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Adipose tissue coregulates cognitive function
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Obesity is associated with cognitive decline. Recent observations in mice propose an adipose tissue (AT)-brain
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axis. We identified 188 genes from RNA sequencing of AT in three cohorts that were associated with perfor-
mance in different cognitive domains. These genes were mostly involved in synaptic function, phosphatidyli-
nositol metabolism, the complement cascade, anti-inflammatory signaling, and vitamin metabolism. These
findings were translated into the plasma metabolome. The circulating blood expression levels of most of
these genes were also associated with several cognitive domains in a cohort of 816 participants. Targeted mis-
expression of candidate gene ortholog in the Drosophila fat body significantly altered flies memory and learn-
ing. Among them, down-regulation of the neurotransmitter release cycle-associated gene SLC18A2 improved
cognitive abilities in Drosophila and in mice. Up-regulation of RIMST in Drosophila fat body enhanced cognitive
abilities. Current results show previously unidentified connections between AT transcriptome and brain func-
tion in humans, providing unprecedented diagnostic/therapeutic targets in AT.

INTRODUCTION
There is an increased awareness that peripheral tissues modulate
brain function shaping different cognitive domains. Recent
studies in rodents revealed that restoring glucose metabolism of
myeloid cells reversed cognitive decline in aging (1), whereas selec-
tive gastrointestinal vagal afferent ablation impaired hippocampus-
dependent episodic and spatial memory in rats (2). The liver has
also been proposed to play a major role in regulating feeding behav-
ior in mice (3).

Obesity is associated with increased risk of cognitive impairment
(4, 5). An increased fatness in middle-aged adults (<65 years) pre-
dicts decreased cognitive abilities in late life, mainly memory, exec-
utive functioning, and learning (6-8). However, the precise
mechanisms involved remain largely unknown.
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The brain regulates adipose tissue performance. For instance,
sympathetic neuroadipose connections mediate lipolysis (9) and cy-
tokine production (10), while neuroimmune interactions are in-
volved in thermoregulation (11). Recent observations in rodents
show that adipose tissue also regulates brain function. Genetically
modified mice engineered to release the peptide NaKtide in adipo-
cytes led to improved hippocampal memory through the inhibition
of Na- and K-dependent adenosine triphosphatase (Na,K-ATPase)
signaling in adipocytes (12). Visceral adipose NLR family Pyrin
Domain Containing 3 (NLRP3) was linked to impaired memory
in obese mice via interleukin-1R1 (IL-1R1) on CX3CR1" cells,
leading to microglial activation (13). An increased abundance of
beige adipocytes in subcutaneous fat restored hippocampal synaptic
plasticity in mice through induction of anti-inflammatory cytokine
IL-4, protecting from obesity-induced cognitive impairment (14).

We have investigated in humans and animal models the mech-
anisms involved in the bidirectional interactions between adipose
tissue gene expression and cognitive abilities. An RNA sequencing
(RNA-seq) analysis of adipose tissue identified genes associated
with different cognitive domains in discovery and different valida-
tion human cohorts. The gene expression of those genes most con-
sistently associated with a battery of neuropsychological tests was
then targeted in the fat body of Drosophila and in adipose tissue
of mice to evaluate the possible functional implications. Last, we
studied the expression of several of these genes in peripheral
blood mononuclear cells (PBMCs) in association with cognitive
traits in humans.

RESULTS

Adipose tissue gene expression is linked to several
cognitive domains

To gain insights into the fat-brain axis, we performed a transcrip-
tomics analysis (RNA-seq) of visceral adipose tissue (VAT) from 17
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subjects with severe obesity [body mass index (BMI) > 35 mg/kg’]
aged 28 to 60 years (table S1). Ten different cognitive tests assessed
the functional performance of three cognitive domains: memory,
executive function, and attention. The tests and their interpretation
are shown in Materials and Methods.

Following normalization by trimmed mean of M value and cal-
culating weights to account for variations in precision between ob-
servations, we fitted robust linear regression models with empirical
Bayes moderation of the standard errors to identify gene transcripts
associated with each cognitive test score controlling for age, sex,
BMI, and years of education, all confounding factors know to
affect cognitive function. There are other lifestyle-related factors
known to cause or contribute to cognitive function such as physical
activity, diet, or alcohol use (15). However, we found no significant
associations of any of the 10 cognitive tests with physical activity
(table S2), macronutrients, alcohol intake, glycemia, or hemoglobin
Alc (fig. S1). Note that all subjects had morbid obesity (table S1).

We observed significant associations with gene transcripts in all
cognitive tests at Benjamini-Hochberg procedure for false discovery
rate (pFDR) of <0.05 (Fig. 1; fig. S2, A and B; and tables S3 to S12).
Among these genes, NUDT2, AMPH, UNC5B, and OAT were those
with most significant associations across the different cognitive
domains (significant in seven, six, six, and eight cognitive tests at
pFDR of <0.05, respectively). The attributed action of the proteins
encoded by these genes was concordant with their function in the
central nervous system (CNS), but their expression in adipose tissue
in association with cognition is unprecedented. Variants in the
NUDT?2 gene have been recently associated with intellectual disabil-
ity (16, 17). AMPH encodes for a protein highly concentrated in
presynaptic terminals (18) and is one of the six proteins altered in
the cerebrospinal fluid of patients with mild cognitive impairment
and Alzheimer's disease (19). Amph in Drosophila is an important
postsynaptic protein that regulates the location of key components
of glutamatergic signaling and dendrite dynamics, maturation, and
synaptogenesis (20, 21). OAT is the gene that encodes for the
enzyme ornithine aminotransferase (OAT), which plays a key role
in transforming ornithine and arginine into glutamate and y-ami-
nobutyric acid as well as major excitatory and inhibitory neuro-
transmitters, respectively (22). In addition, genes involved in
tryptophan metabolism such as KYNU, QPRT, and INMT were
among the most significant genes associated with inhibitory
control (Fig. 1A), attention (fig. S2A), and executive function
(Fig. 1B). Consistently, subjects with obesity had impaired
memory and inhibitory control through alterations in tryptophan
metabolism (23, 24).

To facilitate interpretation and identify relevant adipose tissue
pathways associated with cognitive function, we next performed
overrepresentation analyses mapping significant genes to the Reac-
tome and WikiPathways databases included in the Consensus-
PathDB. We found an overrepresentation of pathways with
important role in the CNS associated with measurements of inhib-
itory control, working memory, immediate memory, and attention
(Fig. 1, D to F; fig. S2, C to F; and tables S13 to S17). Executive func-
tion was associated with axon guidance, nervous system develop-
ment, synaptic vesicle pathway, and signaling by receptor tyrosine
kinases (Fig. 1D). The neuronal system and the serotonin and dop-
amine neurotransmitter release cycles were the most significant
pathways associated with immediate memory (Fig. 1E) and atten-
tion. The axon guidance and the nervous system development
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were also overrepresented in the inhibitory control (Fig. 1F) and at-
tention domains (fig. S2C). Semaphorin signaling and interactions
(Fig. 1F), which play an important role in adult neuronal plasticity
(25), were associated with inhibitory control, while alterations in
complement activation were linked to executive function. We also
found an overrepresentation of pathway involved in inflammation
associated with the different cognitive domains. Hence, alterations
in both notch signaling and complement activation were signifi-
cantly associated with working memory (Fig. 1D).

Adipose tissue gene expression was associated with several
cognitive functions later in life
We next sought to validate these results performing an RNA-seq of
both VAT and subcutaneous adipose tissue (SAT) in an indepen-
dent longitudinal cohort of 22 subjects with severe obesity aged
23 to 57 years that underwent the same battery of cognitive tests
(table S1). Patients from this cohort underwent the same battery
of cognitive tests that patients in the discovery cohort. However,
in this case, the cognitive testing was performed 2 to 3 years after
the collection of adipose tissue samples. Once more, we did not find
any significant association of physical activity, diet, alcohol intake,
glucose, or hemoglobin Alc levels (fig. S1). Thus, models were ad-
justed for age, sex, BMI, and education years. We again found sig-
nificant genes associated with all cognitive test at a pFDR of <0.05
both in VAT (Fig. 2, A to C, and tables S18 to S28) and in SAT (fig.
S3 and tables S29 to S37). Consistent with the previous results, en-
richment analyses highlighted an overrepresentation of pathways
with important roles in the CNS (tables S38 to S40). Axon guidance,
nervous system development, neuronal system, and tryptophan
(Fig. 2, D and E) were replicated as the pathways most significantly
associated with attention (Fig. 2, D and E), while semaphorin sig-
naling was associated with inhibitory control (Fig. 2F). The activa-
tion of the complement system in VAT was again strongly associated
with the performance in several cognitive domains (Fig. 2, D to F).
In SAT (tables S41 to S43), pathways related to synaptic transmis-
sion, neuronal system, and one-carbon metabolism were associated
with both long-term (fig. S3, D and E) and short-term memory (fig.
S3, F and G). Complement activation in SAT was again among the
pathways most significantly linked to attention (fig. S3, H and I).
The gene encoding for Ezrin (EZR) was one with most associa-
tions across the different cognitive domains in VAT (significant in
four tests at a pFDR of <0.05), being the most significantly associ-
ated gene with the digit span forward score (Fig. 2C and table S22).
In line with previous findings, complement-related genes were par-
ticularly and strongly associated with inhibitory control (Fig. 2A).
This cognitive function was also associated with early immediate
genes from the orphan nuclear receptor 4A family (NR4AI and
NR4A2). In particular, NR4A2 was the most significant gene asso-
ciated with the STROOPI test (which evaluates inhibitory control),
while NR4A 1 was among the top genes associated with trail making
test part B (TMTB) (executive function). In SAT, NR4A1 and
NR4A2 were negatively associated with long-term memory (fig.
S3A), while the complement genes were particularly associated
with attention (fig. S3C). A gene from the NR4A (NR4A3) had
again the strongest negative association with inhibitory control
(table S35). Last, AMPH was the gene most significantly associated
with digit span forward test (table S31) and the total digit span test
(table S33).

2 of 20

€202 ‘62 1SNBNY U0 BUO PJeg 8P BLIOUINY TelSOAIUN T8 BI0'80US 195" MMM//SONY WO} pepeo lumod



SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 1. Associations of VAT gene
expression and cognitive domains
in the discovery cohort. Volcano
plots of differentially expressed
genes in the VAT associated with (A)
the STROOP Interference tests, (B)
the trail making test part B (TMTB),
and (C) California verbal learning
test immediate recall (CVLT_IR)
scores in discovery cohort (IRONMET,
n = 17) identified by limma-voom
analysis controlling for age, BMI, sex,
and education years. The log, fold
change associated with a unit
change in the cognitive test score
and the log, P values adjusted for
multiple testing (pFDR) are plotted
for each gene. Differentially ex-
pressed genes (pFDR < 0.05) are
colored in red and green indicating
down-regulation and up-regulation,
respectively. (D) Manhattan-like plot
of pathways significantly associated
(g < 0.1) with the TMTB in the VAT
identified from a pathway overrep-
resentation analysis mapping sig-
nificant genes to the Reactome and
WikiPathways databases. (E) Dot plot
of pathways significantly associated
(g < 0.1) with the CVLT_IR in the VAT
identified from a pathway overrep-
resentation analysis mapping sig-
nificant genes to the Reactome
database. Dots are colored by the g
value. (F) Manhattan-like plot of
pathways significantly associated (g
< 0.1) with the STROOP Interference
in the VAT identified from a pathway
overrepresentation analysis
mapping significant genes to the
Reactome and WikiPathways data-
bases. In the Manhattan-like plots,
the bubble size represents the ratio
of input genes that are annotated in
a pathway (GeneRatio). CREB, aden-
osine 3/,5'-monophosphate re-
sponse element-binding protein;
tRNA, transfer RNA; NCAM1, Neural
Cell Adhesion Molecule 1; TP53,
Tumor Protein 53; PKA, Protein
Kinase CAMP-Activated Catalytic
Subunit Alpha.

Adipose tissue genes linked to cognitive function are
involved in neuronal system and synaptic formation

To gain further insights into the coincident associations between
both cohorts, we performed an enrichment analysis considering
only those genes significantly associated with at least one cognitive
test in all three tissues (VAT from discovery and VAT and SAT from
validation cohorts), and a total of 188 coincident genes were found
(Fig. 3A and table S44). The most overrepresented pathways from
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the subset of genes included mostly pathways with key roles in syn-
aptic function (Fig. 3, B and C; fig. S4, A and B; and table S45) and
inflammation (tryptophan metabolism and complement activa-
tion). Mapping these genes to the Search Tool for the Retrieval of
Interacting Proteins/Genes (STRING) database to construct a gene-
gene interaction network, a cluster of highly interconnected genes
mainly involved in neuronal system and synapse formation and
maintenance (26) (DLG4, DLGAPI, DLG2, ATP1B1, HOMERI,
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Fig. 2. Longitudinal associations of VAT gene expression at baseline and the scores in different cognitive domains later in life. Volcano plots of differentially
expressed genes in the VAT at baseline associated with (A) the STROOP color word tests (STROOPCW), (B) the TMTA, and (C) the Forward Digit Span scores 2 to 3 years later
in the validation cohort (INTESTINE, n = 22) identified by limma-voom analysis controlling for age, BMI, sex, and education years. The log, fold change associated with a
unit change in the cognitive test score and the log;, P values adjusted for multiple testing (pFDR) are plotted for each gene. Differentially expressed genes (pFDR < 0.05)
are colored in red and green indicating down-regulation and up-regulation, respectively. (D) Manhattan-like plot of pathways significantly associated (g < 0.1) with the
TMTA in the VAT identified from a pathway overrepresentation analysis mapping significant genes to the Reactome and WikiPathways databases. (E) Dot plot of pathways
significantly associated (g < 0.1) with the STROOPCW and (F) the Forward Digit Span in the VAT identified from a pathway overrepresentation analysis mapping significant
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Fig. 3. Pathway analysis of differentially ex-
pressed genes in common among the VAT and
SAT in the discovery and validation cohorts (n =
188). (A) Venn diagram representing the overlap of
significant genes associated with at least one cog-
nitive test in VAT of the discovery cohort, the VAT of
the validation cohort, and the SAT of the validation
cohort. (B) Dot plot of significantly overrepresented
pathways (g < 0.1) mapping common differentially
expressed genes (n = 188) to the WikiPathways and
(C) Reactome databases. The x axis in the dot plots
represents the ratio of input genes that are anno-
tated in a pathway (GeneRatio). Dots are colored by D
the g value. (D) Gene-gene interaction network
constructed using common differentially expressed
genes via the STRING database. The network nodes

are genes, and the edges represent the predicted
functional interactions. The thickness indicates the
degree of confidence prediction of the interaction.
Functional gene clusters are colored on the basis of

the Markov cluster algorithm (MCL) with an inflation
parameter of 1.4. Only connected nodes are shown.

A highly connected functional cluster (in red) was
detected comprising genes with important roles in

the CNS. (E) Enrichment map of the interrelation of
significant pathways identified using an active sub-
network oriented approach. Each color displays a
cluster of related pathways using a threshold for

kappa statistics = 0.35. The size of the nodes corre-
sponds to its —log;o(pFDR). The thickness of the

edges between nodes corresponds to the kappa
statistic between the two nodes. IP5, inositol 1,4,5-
trisphosphate; IP,, inositol 1,4,5,6-tetrakisphos-

phate; Pl, phosphatidylinositol; TNF, tumor necrosis
factor; NMDA, N-methyl-p-aspartate; CNV, copy

number variations; L1CAM, L1 Cell Adhesion
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NLGN3, SNCA, BCHE, RIMS1, SLC18A2, ADRB2, EZR, PODXL,
and NCAM2) was disclosed (Fig. 3D).

To obtain a better picture of the associated pathways, we lever-
aged the interaction information from the gene-gene interaction
network to identify distinct active subnetwork and then performed
an active subnetwork-oriented enrichment analysis on these sub-
networks. Using this approach, we identified a total of 120
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overrepresented Reactome pathways (pFDR < 0.05). To reduce
complexity derived from this large number of pathways, we per-
formed a hierarchical clustering to collapse redundant pathways
and ease the identification of mechanisms relevant to cognition
(table S46). Figure 3E shows the functional network of the clustered
pathways. Of 53 clusters, the most significant one included path-
ways related to the neuronal system and synaptic function
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(RIMS1, SLC18A2, DLG2, DLG4, DLGAP1, HOMERI, NLGN3,
PTPRD, BCHE, and KCNN3) (Fig. 4A). This cluster was strongly
connected with three other cluster involved in the synthesis and me-
tabolism of phospholipids, particularly phosphatidylinositols
(PIPs) (PIK3C2B, PIK3C2G, SYNJ1, and PLEKHAG), the signaling
by Rho guanosine triphosphatase (GTPases) (ARHGAP23,

Fig. 4. Selected clusters from

Neurexins and neuroligins

DIAPH3, DLG4, RHOBTBI1, SGO2, and SRF), and the release of
neurotransmitters (RIMSI and SLC18A2) (Fig. 4B).

To gain better insights into potential mechanisms linking
adipose tissue to cognition, we next performed a multiblock
Partial Least Squares (PLS) analysis to integrate these 188 adipose
tissue genes with the plasma levels of metabolites measured by
nuclear magnetic resonance (NMR), high-performance liquid
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chromatography—electrospray ionization tandem mass spectrome-
try (HPLC-ESI-MS/MS) in positive and negative modes and the cir-
culating levels of cytokines and neurotoxic proteins [IL-6, IL-4, Tau,
a-synuclein, and amyloid-B42 (Ap42)]. The expression levels of
adipose tissue genes involved in phospholipid metabolism, such
as PIK3C2B, PLA2G6, or SYNJ1, had a strong association with
several circulating phospholipids and lysophospholipids (Fig. 4C).
Although lipids are essential to brain function and, in particular,
phospholipids are crucial for synaptic plasticity, neurotransmission,
and memory (27), the brain can synthesize a limited number of
lipids. However, plasma fatty acids can cross the Blood-Brain
Barrier (BBB) as nonesterified free fatty acids or esterified in lyso-
phospholipids such as lysophosphatidylcholine (LPC) (28, 29).
Notably, some of the genes from the phospholipid metabolism
cluster codified for phospholipase A2 (PLA2G6), which catalyzes
the hydrolysis of the sn-2 position of glycerophospholipids to
yield nonesterified fatty acids and lysophospholipids. Hence, these
phospholipids could be mediating the effects of adipose tissue on
cognition.

We also identified three highly interconnected clusters of genes
related to inflammatory response that included the complement
cascade (C4A and C4B) and the IL-4, IL-10, IL-13 interleukin sig-
naling (IL18 and TIMPI). Chronic low-grade inflammation is a
hallmark of obesity, and the association between obesity and cogni-
tive decline has recently been shown to be mediated by inflamma-
tion (30, 31). In addition, a complement-dependent synapse
elimination has been recently identified as a mechanism for
memory loss (32). In line with our findings, NLRP3 from the
VAT has recently shown to impair cognition in mice by activating
microglial IL-1 receptor (7), whereas IL-4 has shown to mediate the
protective effects of beige fat on obesity-induced cognitive impair-
ment by restoring synaptic plasticity in the hippocampus (14). Con-
sistent with recent findings that inhibition of Na,K-ATPase
signaling resulted in improved cognitive function (12), we also iden-
tified a cluster containing the Na*/K" ATPase transporting subunit
beta 1 gene (ATP1BI). Notably, the Na,K-ATPase signaling pathway
requires the activation of PIP 3-kinase, and we identified a cluster of
pathways involved in PIP metabolism strongly associated with cog-
nition (Fig. 4B). Last, the genes involved in the inflammatory cluster
(C4A, C4B, IL18, and TIMPI) had a strong positive association with
the circulating levels of IL-6 and a strong negative association with
the IL-4 levels in plasma (Fig. 4C). Therefore, these adipokines
could be released by the adipose tissue and mediate its effects on
cognition. Accumulating evidence indicates that peripheral inflam-
mation contributes to increased neuroinflammation (33) and could
be a potential causal mechanisms involved in the obesity-related
cognitive impairment (34, 35).

Other significant clusters included the nuclear receptor tran-
scription (NR4A1, NR4A2, and NR2F1) and the metabolism of vi-
tamins (ABCC1, TCN2), particularly vitamin A (RBPI1 and GPC4).
Recent studies have shown that NR4A2 activation enhances long-
term memory in young mice and ameliorates age-related memory
impairments in old mice (36). Several studies have also suggested
that water-soluble vitamins (C, E, and Bs) may affect cognitive per-
formance by reducing reactive oxygen species generation and
proinflammatory mediators such as NLRP3 inflammasome (37).
Retinoic acid, the active form of vitamin A, is essential for regulating
synaptic plasticity in regions of the brain involved in memory and
learning (38). Notably, we found a strong positive association
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between the expression levels of genes involved in the metabolism
of vitamins in the adipose tissue, particularly TCN2 and ABCCI,
and the circulating levels of retinoic acid (Fig. 4C). Notably,
RBP1I, which encodes for cellular retinol binding protein 1 involved
in the transport of retinol, had a strong negative association with the
plasma levels of retinoic acid. Together, these results suggest that the
adipose tissue could modulate cognitive performance through the
metabolism of vitamin A.

From the identified cluster of genes in Fig. 4B, SLC18A2 and
RIMSI (regulating synaptic exocytosis 1) were those with the
largest number of significant associations across the different cog-
nitive domains in the three tissues analyzed. SLCI8A2 encodes for
VMAT?2 (vesicle monoamine transporter member 2), a protein that
transports cytoplasmic monoamine neurotransmitters (dopamine,
norepinephrine, histamine, and serotonin) into presynaptic vesicles
and has been linked to the pathophysiology of different neuropsy-
chiatric and neurological disorders (39). The Drosophila and mouse
RIMS] orthologues have shown to be a central component in the
regulation of synaptic vesicle exocytosis and the neurotransmitter
release (40). Mice lacking Rimla show severely impaired learning
and memory (41), and RIMSI has recently been identified as the
highest-ranked candidate gene in autism spectrum disorder (42).

Morbid obesity modulates the direction of the associations
between adipose tissue genes and cognition

We sought to further validate these results using an additional
cohort. Hence, we measured the expression levels of EZR,
UNCS5B, NUDT2, and NR4A2 in the VAT from a third independent
validation cohort (ADIPOBRAIN cohort) consisting of n = 40 pa-
tients with and without obesity aged 40 to 64 years old (Fig. 5A and
table S1) who underwent the Rey-Osterrieth complex figure
(ROCEF) test 4 to 10 years later. The ROCF is one of the top 10
tests used by neuropsychologists for the evaluation of visuospatial
constructional ability, visual memory, and executive function
(43). Consistent with our findings in the discovery cohort (includ-
ing only patients with morbid obesity), the expression of EZR
(Fig. 5B) and UNCS5B (Fig. 5C) at baseline was strongly negatively
associated with the ROCF copy scores in subjects with morbid
obesity (BMI > 35 kg/m?). Conversely, the expression of these
genes was positively associated with executive function in subjects
with a BMI of <35 kg/m? (Fig. 5, F and G). The expression of
NUDT?2 was positively associated with the ROCF copy performance
in subjects with morbid obesity (Fig. 5D) but not in subjects with a
BMI of <35 kg/m” (Fig. 5H), whereas we did not find any significant
association with the expression of NR4A2 (Fig. 5, E and I).

Blood expression levels of key genes linked to cognitive
performance

To further validate these findings and provide noninvasive bio-
markers of cognitive function as an alternative to adipose tissue bi-
opsies, we measured the expression of some of the most promising
genes in the circulation of n = 816 individuals from the general pop-
ulation aged >50 years taking part in the Aging Imageomics study
(Fig. 5] and table S1). Initially, we validated those genes with the
largest number of associations across the different neuropsycholog-
ical tests in the discovery cohort (NUDT2, AMPH, UNC5B, and
OAT) and validation cohort 1 (EZR and NR4A2). In agreement
with our findings, the circulating levels of NUDT2 were negatively
associated with executive function (Fig. 5K), while the circulating
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Fig. 5. Associations of expression
levels of selected genes with cog-
nition in a validation cohort, the
Aging Imageomics cohort, and D.
melanogaster. (A) Main baseline
characteristics of the validation
cohort 3 (ADIPOBRAIN). Scatter plots
of the partial Spearman'’s rank cor-
relations (adjusted for age, BMI, sex,
and education years) between ROCF
copy scores and the VAT expression
levels of (B) EZR, (C) UNC5B, (D)
NUDT2, and (E) NR4A2 in patients
with a BMI of >35 kg/m? from the
ADIPOBRAIN cohort. (F to ) The
same associations but in patients
with a BMI of <35 kg/m?. (J) Main
baseline characteristics of the vali-
dation cohort 2 (Imageomics). Violin
plots of the score in several cognitive
tests and the tertiles (T1, T2, and T3)
of the circulating expression levels of
selected genes: (K) normalized
STROOP color word test—color word
(SCWT CW) versus NUDT2; (L) symbol
digit test (SDT) versus AMPH; (M)
total paired recall (TFP) versus OAT;
(N) normalized digit span test (DST)
backward versus UNC5B; and (O)
normalized DST backward versus
EZR. The ranked residuals after con-
trolling for age, BMI, gender, and
education level are plotted. Overall
significance was assessed using a
Mann-Kendall trend test. (P)
Scheme of the RNA interference via
the UAS-GAL4 system. (Q) Courtship
conditioning paradigm. (R to W) The
graphs display courtship condition-
ing paradigm results of fat body
promoter line w; C7-GAL4; UAS-Dcr-2
crossed with RNAI lines targeting (R)
unc-5, (S) Datp, (T) Moe, (U) Hr38, (V)
Amph, (W) Oat, and their corre-
sponding genetic background con-
trols (controls 1 and 2). Boxplots
represent the Cl of naive (N) and
trained (T) males. Significance of
courtship suppression upon training
was assessed with Kruskal-Wallis
nonparametrical test and post hoc
Dunn’s multiple comparison test. LI
statistical significance was deter-
mined with the nonparametrical
bootstrap analysis with 10,000 iter-
ations. *P < 0.05, **P < 0.01, ***P <
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expression of AMPH was negatively associated with processing
speed (Fig. 5L) and memory (assessed by the total free recall;
Pirena = 0.02). Increased levels of OAT and UNC5B tended to be as-
sociated with delayed memory (Fig. 5M) and executive function
(Fig. 5N). Last, we also found consistent negative associations
between the circulating expression of EZR and executive function-
ing (Fig. 50) and the quintiles of NR4A2 with memory (Pyeng
=0.027).

Down-regulation of candidate genes in the fat body of
Drosophila melanogaster improves cognition

We next assessed the causal effect of the adipose tissue expression of
these candidate genes (AMPH, UNC5B, NUDT2, OAT, NR4A2,
NR4A3, and EZR) on cognitive function using the model organism
D. melanogaster (fruit flies). A main advantage of Drosophila is the
possibility of manipulating gene expression in a tissue-specific
manner by means of the UAS-GAL4 system (Fig. 5P) (44). To eval-
uate Drosophila cognition, we used the courtship conditioning par-
adigm to measure associative learning and memory capabilities (45)
. Male courtship behavior is conditioned by the exposure to nonre-
ceptive premated females resulting in a suppression of courtship
after a learning process. Male courtship rates can be assessed at dif-
ferent times after training periods with premated females. Learning
is assessed immediately after the training period, and short-term
memory is typically assessed 1 hour after training. The courtship
index (CI; the percentage of time spent on courtship during an 8-
min interval) of trained and of socially naive male is used to calcu-
late the learning index (LI). A higher LI is indicative of a better
learning or short-term memory (Fig. 5Q).

We down-regulated Amph, unc-5, Datp, Oat, Hr38, and Moe (the
well-conserved orthologues of AMPH, UNC5B, NUDT2, OAT,
NR4A2/NR4A3, and EZR, respectively) specifically in the fat body
of Drosophila, which is the equivalent of the adipose tissue in
humans. The fat body promoter line w; C7-GAL4; UAS-Dcr-2 was
crossed with at least one RNA interference (RNAI) line targeting
each gene of interest (table S47). Learning capabilities were assessed
immediately after training using the courtship conditioning assay.
Down-regulation of unc-5, Datp, Hr38, and Moe lead to a significant
decrease in learning capabilities compared to their corresponding
genetic background controls in at least one of the RNAI lines
tested (Fig. 5, R to U). Conversely, down-regulation of Amph lead
to an improvement of learning capabilities for one RNAI line
(Fig. 5V). Down-regulation of Oat in the fat body was lethal for
one RNAI line or did not affect learning captivities when using a
second RNAi line (Fig. 5W). Our findings demonstrate that specific
down-regulation of some of these genes in the fat body of Drosophi-
la modulates learning, thereby suggesting a direct effect on cogni-
tion uniquely depending on its expression and/or function in
fat body.

Neurotransmitter release cycle—associated genes SLC18A2
and RIMS1 modulate cognition in mice adipose tissue or
Drosophila fat body

Among the genes associated with cognition in both VAT and SAT
from the discovery and validation cohort 1, the cluster of genes in-
volved in the release of neurotransmitters (RIMSI and SLCI8A2)
(Fig. 4B) had the largest number of significant associations across
different cognitive domains. Therefore, we also validated these as-
sociations in the third validation cohort (ADIPOBRAIN). Again,
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we found that in subjects with morbid obesity (Fig. 6A), the expres-
sion of SLCI8A2 at baseline was strongly negatively associated with
the ROCF copy performance 4 to 10 years later, whereas it was pos-
itively associated in subjects with a BMI of <35 kg/m* (Fig. 6B).

To demonstrate a possible causal effect of adipose tissue
SLC18A2 on cognition, we studied two preclinical models. In a
mice model, we used an AAV2/8-RSV-GFP-Adp-miRNASLC18A2
vector that expresses a miRNA to selectively down-regulate slc18a2
gene expression in adipose tissue (Fig. 6C). Eight-week-old mice
were fed a normal chow diet (ND; n = 23) or a high-fat diet
(HFD; n = 25) for 8 weeks (Fig. 6D). Three days after the start of
the diet, each dietary group was divided into two groups and inject-
ed intravenously via tail vein either with the AAV2/8-RSV-GFP-
Adp-miRNASLCI18A2 vector or with saline. The expression levels
of green fluorescent protein (GFP) contained in the vector as a re-
porter gene was significantly increased in both inguinal and mesen-
teric white adipose tissue (iWAT and mWAT) of mice from the
vector-injected groups compared to the saline groups (fig. S5, A
and B), thereby indicating that the vector was able to reach the
adipose tissue. We also found a significant decrease in the solute
carrier family 18 member A2 (slc18a2) protein levels in the
mWAT of virus-injected mice fed an HFD compared to their re-
spective controls (fig. S5, C and D). Four weeks after injection, we
assessed short- and long-term memory and locomotor activity. As
expected, mice fed an HFD gained more weight in parallel to food
intake compared with those fed an ND (Fig. 6E and fig. S6, A and
B). There is good evidence that obesity affects cognition in rodents
(35). Consistently, mice fed an HFD had lower short- and long-term
memory than mice fed an ND (Fig. 6, F and G). Down-regulation of
slc18a2 in the mice adipose tissue reversed the memory impairment
induced by an HFD (Fig. 6, F and G). We observed no differences in
the exploration time between groups (fig. S6, C and D). Although
we found a diet effect on locomotion, down-regulation of slc18a2
had no substantial effect (fig. S6, E to H).

To further assess the role of adipose tissue SLCI8A mRNA on
cognition, we performed RNAi-mediated knockdown of Vmat
(the orthologue in Drosophila) using the w; C7-GAL4; UAS-Dcr-2
promoter line for specific knockdown in the fat body (the equiva-
lent of adipose tissue in humans). The courtship-conditioning par-
adigm was performed, and short-term memory was assessed 1 hour
after training. Males of Vmat-RNAilwere able to suppress court-
ship significantly better than the corresponding genetic background
control flies (Fig. 6H). Consequently, the LI was significantly in-
creased (Vmat-RNAil: LI = 0.577, control 2: LI = 0.366, P =
0.0064), indicating that Vmat-RNAil presented more short-term
memory (Fig. 6H). Next, we performed real-time polymerase
chain reaction (RT-PCR) to prove that Vmat was specifically
knocked down in the fat body but not in the fly head (Fig. 6I), in-
dicating that when decreasing Vmat expression exclusively in the fat
body flies are able to learn better. To unravel a potential mechanism
through which Vmat expression in the fat body could influence cog-
nition, we performed RT-PCR to evaluated the expression of ruta-
baga (rut), dunce (dnc), amnesiac (amn), homer, CAMKII, and orb2
in Drosophila heads. These genes are part of the cyclic adenosine 5'-
monophosphate pathway, which have been demonstrated to influ-
ence learning and short-term memory in the courtship-condition-
ing assay (46). RNAi-mediated knockdown of Vmat in the fat body
lead to a significant increase in memory related genes (rut, dnc,
caMKIl, and orb) in the fly head (Fig. 6]). To further validate our
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Fig. 6. Associations of SLC18A2 with cognition in the validation cohort 3 and altered expression in preclinical models. Scatter plots of the partial Spearman’s
correlations (adjusted for age, BMI, sex, and education years) between the SLCT18A2 VAT expression and the ROCF copy scores in (A) morbid obese patients (BMI > 35 kg/
m?) and (B) patients with a BMI of <35 kg/m? (ADIPOBRAIN cohort, n = 40). (C) Schematic representation of the AAV packaging plasmid used to down-regulate SLC18A2
gene expression. (D) Timeline of events and mice cognitive testing. Arrows indicate punctual events such as virus injection, tests, and euthanasia. (E) Weekly body weight
(in grams). Means + SEM; n = 12 normal diet + saline (ND-S), n = 11 normal diet + virus (ND-V), n = 13 high fat diet + saline (HFD-S), n = 12 high fat diet + virus (HFD-V).
&&&P < 0.001 week effect; +++P < 0.001 diet effect, @@@P < 0.001 week x diet interaction, and AAAP < 0.001 week X treatment interaction (three-way ANOVA). (F and G)
Short-term (3 hours) and long-term (24 hours) memory using the novel object recognition test. Dots with the means + SEM. **P < 0.01, ***P < 0.001 ND-S versus HFD-S, %P
< 0.05, %%P < 0.01 ND-V versus HFD-S, and ##P < 0.01, ###P < 0.001 HFD-S vs HFD-V (two-way ANOVA). (H) Male short-term memory in the courtship-conditioning
paradigm. Control 2 (w; C7-GAL4/+; UAS-Dcr-2/+) and Vmat-RNAI1 fat body—specific knockdown flies (w; C7-GAL4/+; UAS-Dcr-2/Vmat-RNAiT). (I) Relative gene expression
of Vmat in fly heads and fat body and (J) rutabaga (rut), dunce (dnc), amnesiac (amn), homer, CAMKII, and orb2 in fly heads of Vmat-RNAi1 fat body-specific knockdown flies
and its corresponding genetic background control. Means + SEM. (t test: *P < 0.05, **P < 0.01, and ****P < 0.0001). Data are based on a minimum of five biological and two
technical replicates. (C) and (D) were created with BioRender.com.

results, we used an independent RNAI line against Vmat (Vmat-
RNAi2). When down-regulating Vmat in the fat body with
RNAi2, we observed a significant increase in short-term memory
(Vmat-RNAi2: LI = 0.650, control 1: LI = 0.437, P = 0.002) (fig.
S7A) and a significant overexpression of dnc, CAMKII, and orb2
in the fly head (fig. S7B), confirming our previous data.

In the third validation cohort, VAT RIMSI mRNA was also eval-
uated. In line with the results obtained for SLC18A2, the expression

Oliveras-Caniellas et al., Sci. Adv. 9, eadg4017 (2023) 11 August 2023

of RIMS1 was negatively associated with ROCF in subjects with
severe obesity (Fig. 7A) but positively in subjects with a BMI of
<35 kg/m” (Fig. 7B). To prove a possible causal effect, we assessed
learning in Drosophila after down-regulation or overexpression of
Rim (the well-conserved orthologue of RIMSI) in the fat body. A
significant decrease in CI after learning was observed in two inde-
pendent RNAI lines and corresponding genetic background con-
trols, but we did not observe significant differences in the LI (fig.
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Fig. 7. Associations of RIMS1 with
cognition in the validation cohort 3
and Rim overexpression in Droso-
phila fat body effects in learning
and gene expression profiles. (A
and B) Scatter plots of the partial
Spearman'’s rank correlations (adjust-
ed for age, BMI, sex, and education
years) between the VAT expression
levels of RIMST and the ROCF copy
scores in (A) morbid obese patients
(BMI > 35 kg/m?) and (B) patients with
a BMI of <35 kg/m? from the ADIPO-
BRAIN cohort (n = 40). (C) Rim over-
expression in the Drosophila fat body
and associations with learning. Diff-
erences in Cl between naive and
trained males were assessed with
Kruskal-Wallis nonparametrical test
and post hoc Dunn’s multiple com-
parison test. Lls to assess either short-
term memory (for Vmat) or learning
(for Rim) were calculated from Cls as
specified in Materials and Methods.
Statistical significance was deter-
mined with the nonparametrical
bootstrap analysis with 10,000 repli-
cates. ****P < 0.0001. (D) Rim relative
expression assessed by quantitative
RT-PCR (gRT-PCR) in fly brain or fat
body in UAS-Rim fat body-specific
overexpression flies and its corre-
sponding genetic background
control. Data are derived from a
minimum of five biological and two
technical replicates. (E) Dot plot of
significantly (g < 0.1) overrepresented
Reactome pathways, (F) GO biological
processes (GO-BP), and (G) molecular
functions (GO-MF) associated with the
miss expressed genes in the fat body
of UAS-Rim flies. (H and 1) Gene-
concept network depicting significant
genes involved in enriched Reactome
pathways [from (E)] and GO-GO-BP
[from (F)]. (J) Overrepresentation
analysis of pathways (g > 0.1) associ-
ated with differentially expressed
gene transcript in UAS-Rim fly heads
based on the Reactome database. (K)
Gene-concept network associated
with significant genes involved in Re-
actome pathways of (J). (L) Signifi-
cantly overrepresented GO molecular
functions of significant gene tran-
scripts in fly heads (g > 0.1). HDL, high-
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phosphate; PCNA, proliferating cell nuclear antigen.
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S7, C and D). However, when Rim was overexpressed (UAS-Rim) in
the fat body, males were able to suppress courtship significantly
better than the corresponding genetic background control flies
(Fig. 7C), resulting in a significant increase in the LI (UAS-Rim:
LI = 0.539, control 3: LI = 0.237, P = 0.0001) (Fig. 7D). Our
results indicate that flies that overexpress Rim exclusively in the
fat body are able to learn better. Next, we used RT-PCR to prove
that Rim was uniquely targeted in the fat body but not in the
brain (Fig. 7D). Again, learning improvement was exclusively pro-
moted by Rim altered expression in the fat body and not due to a
“"leakage” of the RNAI in the brain.

To elucidate the potential mechanisms underlying the overex-
pression of Rim in learning, we performed an mRNA-seq in the
fat body and fly heads of UAS-Rim flies that overexpressed Rim spe-
cifically in the adipocytes. We identified the differentially expressed
genes between the flies overexpressing Rim and the corresponding
genetic backgrounds in the fat body (table S48) and fly heads (table
$49). In the fat body, consistent with our results in humans, an en-
richment analysis based on Reactome identified an overrepresenta-
tion of pathways involved in vitamin metabolism and lipid
metabolism, including the hydrolysis of LPC and the glutamate
neurotransmitter release cycle (Fig. 7, E and H). It also identified
genes involved in other pathways involved in biological oxidations
and cytochrome P450 (Cyp4el, Cyp4ac2, Cyp4ac3, Cyp4pl, and
Cyp4p2). Notably, a gene ontology (GO) enrichment analysis iden-
tified mainly biological processes participating in neurotransmitter
regulation, in particular, the metabolism of biogenic amines (dop-
amine, serotonin, and norepinephrine), which is strongly consistent
with our findings in humans (Fig. 7, Fand I). At the molecular func-
tion level, we identified several functions involved in monooxyge-
nase and oxidoreductase activity (Fig. 7G). Notably, we also
identified several functions involved in the PIP transfer and phos-
pholipid transfer and transport. These results were replicated in the
fly heads. We found again an overrepresentation of pathways in-
volved in the metabolism of lipids (particularly phospholipids
and the hydrolysis of LPC), vitamins, and biological oxidations
(table S50). An analysis based only on up-regulated genes also iden-
tified alterations in DNA metabolism (Fig. 7, ] and K), while a GO
analysis identified once more molecular functions related to mono-
oxygenase and oxidoreductase activity (Fig. 7L).

Oxidative damage and reduction of antioxidants are associated
with a decline in cognitive function due to neurodeterioration (47).
Vitamins can act as potent antioxidant molecules protecting
neurons from oxidative stress and improving overall neuronal func-
tioning (48). Reducing oxidative stress in Drosophila has been asso-
ciated with an increase in lifespan (49) and improves age-related
memory impairment (47). Similarly, monooxygenase and oxidore-
ductase enzymes are contributing to the cellular levels of oxygen re-
active species, and cytochrome P450 family members have been
found to be up-regulated in the presence of oxidative stress
having a detoxification and antioxidant function in Drosophila
(50). Notably, low-grade inflammation is also associated with cellu-
lar oxidative imbalance and one of the physiopathological mecha-
nisms behind obesity-associated syndromes (51). Phospholipids are
also abundant molecules in Drosophila brain, where they play essen-
tial roles in cognition, by both supplying energy for brain activity
and particip4ating in membrane trafficking and neurotransmission
(52). Similar to mammals, main source of phospholipids in Droso-
phila are lipid droplets inside fat body cells (53). In Drosophila,

Oliveras-Caniellas et al., Sci. Adv. 9, eadg4017 (2023) 11 August 2023

phospholipid homeostasis has been found to be important for the
regulation of dendrite morphogenesis (54), and lipid imbalance is
used as a target to protect against AB42-induced cytotoxicity in Alz-
heimer's disease (AD) fly model (55).

Overall, we have demonstrated that overexpression of Rim
uniquely in Drosophila fat body is sufficient to promote an incre-
ment in learning and that the effect of Rim overexpression in the
fat body can mediate changes at the transcriptional level in the
adipose tissue itself and in peripheral tissues as the brain modulat-
ing pathways associated with neuronal functioning, cellular oxida-
tive balance and detoxification, and genes from the phospholipid
metabolism. Together, these results suggest that altering Vmat or
Rim expression in the fat body mediates changes in gene expression
in the head (brain) throughout a putative fat body-to-brain axis.

DISCUSSION

While the brain regulates adipose tissue performance, here, we show
that the reverse is also plausible. We found that the expression of
genes linked to axon guidance, nervous system development, neu-
ronal system, tryptophan, and inflammation activity in human
adipose tissue were all linked to cognition in three different
cohorts of subjects.

SLCI8A2 expression in the brain has been linked to the patho-
physiology of different neuropsychiatric and neurological disorders
(39). Similarly, decreased expression of RimIa in the brain of mice
led to impaired learning and memory (41) . For this reason, and
given the associations of both SLCI8A2 and RIMS mRNA in the
adipose tissue with cognitive function, we selected these neuro-
transmitter release cycle—associated genes to test their possible
functional relevance. Knockdown of slc18A2 exclusively in
adipose tissue reversed the memory impairment induced by an
HFD in mice (Fig. 6, F and G). Down-regulation of Vmat in the
fat body of two different lines of Drosophila also led to improved
short-term memory. Overexpressing Rim [the orthologue of regu-
lating synaptic membrane exocytosis 1 (Rims1)] exclusively in the
fat body also led to an increment in learning abilities in Drosophila.
The altered expression of other genes linked to cognition in humans
(AMPH, UNC5B, NUDT2, NR4A2/NR4A3, and EZR) in the fat
body of Drosophila again modified cognition of the latter.

In the search of more accessible biomarkers, we evaluated the
expression of most of these genes in PBMCs. PBMC mRNA levels
of adipogenic genes decreased after weight loss in subjects with
obesity (56), while an HFD-induced cognitive disruption led to al-
terations in the PBMC transcriptome in rats (57). Here, we show
that the expression of genes in PBMCs that were most associated
with cognition in adipose tissue (NUDT2, AMPH, UNC5B, OAT,
EZR, and NR4A2) were also linked to cognitive traits in a cohort
of 816 subjects.

The main limitation of the current study is that it is only focused
on morbid obese subjects (BMI > 35 mg/kg®); hence, our results
may not be generalizable to other populations. Findings should
be confirmed in longitudinal, larger samples of subjects to general-
ize these results to the general population.

Together, these findings suggest a systemic developmental
program that changes in parallel in different tissues and cells,
being reflected in neuronal networks. Current findings hint at po-
tential therapeutic targets: Peripheral administration of miRNAs
targeting the adipose tissue and influencing cognition seems far
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safer than targeting the brain. Current observations also provide in-
formation about useful biomarkers in predicting cognitive decline
and in monitoring response to therapy using accessible sources.

MATERIALS AND METHODS

Clinical cohorts

In discovery cohort (IRONMET, n = 17) (58, 59), from January 2016
to October 2017, a cross-sectional case-control study was undertak-
en in the Endocrinology Department of Dr. Josep Trueta University
Hospital (Girona, Spain). In 17 morbidly obese patients (BMI > 35
mg/kg?) aged 28 to 60 years old, adipose tissue—stranded RNA-seq
was analyzed. In validation cohort 1 (INTESTINE, n = 22) (58),
consecutively, 22 morbidly obese (BMI > 35 kg/m?) subjects with
different degrees of insulin action (measured using hyperinsuline-
mic-euglycaemic clamp) were recruited at the Endocrinology
Service of the Dr. Josep Trueta University Hospital to validate
adipose tissue RNA-seq analysis.

In both cohorts, all subjects were of Caucasian origin and report-
ed a body weight stable for at least 3 months before the study. Sub-
jects were studied in the postabsorptive state. Exclusion criteria were
previous type 2 diabetes mellitus, chronic inflammatory systemic
diseases, and acute or chronic infections in the previous month;
severe disorders of eating behavior or major psychiatric anteced-
ents; neurological diseases, history of trauma or injured brain, lan-
guage disorders; and excessive alcohol intake (>40 g of OH/day in
women or 80 g of OH/day in men). Body fat composition was esti-
mated using bioelectrical impedance analysis (BC-418, Tanita Cor-
poration of America, Illinois, USA).

This protocol was revised, validated, and approved by the ethics
committee of the Dr. Josep Trueta University Hospital. The purpose
of the study was explained to participants, and they signed written
informed consent before being enrolled in the study.

In validation cohort 2 (Imageomics, n = 816) (58, 59), the Aging
Imageomics study is an observational study including participants
from two independent cohort studies (MESGI50 and MARK). De-
tailed description of the cohorts can be found elsewhere (60).
Briefly, the MESGI50 cohort included a population aged >50
years old, while the MARK cohort included a random sample of pa-
tients aged 35 to 74 years with intermediate cardiovascular risk. El-
igibility criteria included ages of >50 years, dwelling in the
community, no history of infection during the past 15 days, no con-
traindications for magnetic resonance imaging, and consent to be
informed of potential incidental findings. The Aging Imageomics
study protocol was approved by the ethics committee of the Dr.
Josep Trueta University Hospital.

In validation cohort 3 (ADIPOBRAIN, n = 40), all the samples
and data of the participants included in this study were provided by
the FATBANK (platform promoted by the CIBEROBN and coordi-
nated by the IDIBGI Biobank) and integrated in the Spanish Na-
tional Biobank Network. A total of 40 patients, ages 40 to 64
years, were included. From these, 26 subjects had morbid obesity
(BMI > 35 mg/kg’), aged between 40 and 63. Patients had no sys-
temic disease other than obesity, and all were free of any infection in
the month before the study. Liver disease [specifically tumor disease
and Hepatitis C Virus (HCV) infection] and thyroid dysfunction
were specifically excluded. Adipose tissue samples were obtained
from VAT depots during elective surgical procedures.

Oliveras-Caniellas et al., Sci. Adv. 9, eadg4017 (2023) 11 August 2023

Neuropsychological assessment

The primary end point in all these cohorts was the study of cognitive
function. In these subjects, the following tests were collected
(58, 59).

Digit span tests

The digit span is a subtest of the Wechsler Adult Intelligence Scale-
III (61). It is based on numbers and includes the forward and the
backward digit span tests. In the forward digit span test, the exam-
inee repeats a number sequence in the same order as presented. This
constitutes a measure not only of working memory but also of at-
tention. In the backward digit span task, the examinee repeats in
reverse order series of digits that became gradually longer. This is
an executive task particularly dependent on working memory. A
higher score reflects a better working memory. In a standardization
sample of 394 participants (aged 16 to 89 years), the reliability co-
efficient was very high, ranging from 0.94 to 0.97 (62).

Trail making test

The TMT is composed by two parts: TMTA and TMTB. The TMTA
(greater focus on attention) consisted of a standardized page in
which numbers 1 to 25 are scattered within the circles, and partic-
ipants were asked to connect the numbers in order as quickly as pos-
sible. Before starting the test, a six-item practice test was
administered to the participants to make sure they understood
both tasks. A maximum time of 300 s was allowed before suspend-
ing the test. The direct scores of TMTA were the time in seconds
taken to complete each task. In the same way, the TMTB (greater
focus on executive function) consisted of an alternating sequence
of numbered circles and letters (63, 64). In both tests, shorter
times to completion indicate better performance.

California verbal learning test-Il

The California verbal learning test-II (CVLT) is used to assess verbal
learning and memory (65). It consists of five learning tests in which
a list of words (list A) is presented and the subject is asked, imme-
diately after each presentation, to recall as much words as possible.
Then, an interference list (list B) is presented, and the subject is
asked to repeat the same task. CVLT immediate recall score is a
result of the first five tests and provides information about the learn-
ing process. In the short delay test, the patient is asked to recall list
A, free (CVLT short-delayed free recall) or with semantic facilitation
(CVLT short-delayed cued recall). After 20 min, in which nonverbal
tasks are carried on, the subjects are asked to repeat a list of words
that the examinee has previously presented without semantic facil-
itation (the CVLT long-delayed free recall) to assess long-term
memory. A higher score reflects a better memory function. About
50 min are necessary to administrate this test, and its reliability
ranges from 0.78 to 0.94 (66).

STROOP test (Golden's version)

The STROOP test was used to assess cognitive flexibility, selective
attention, inhibition, and information-processing speed. This
version consists of three different parts: (i) 100 words (color
names) are printed in black ink, and the subject is asked to read
them as fast as possible; (ii) 100 “XXX" are printed in color ink
(green, blue, and red), and the subject is asked to name as fast as
possible the ink color; and (iii) 100 color names (from the first
page) were printed in color ink (from the second page), the color
name and the ink color do not match, and the subject is asked to
name the ink color (and not to read the color name). The subject
is given 45 s for each task. After the 45 s, the last item completed is
noted, obtaining three scores: one for each part of the test ("W," "C,"
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and "CW"). The interference (“I") index was also obtained from the
subtraction CW — CW’, where CW’ = (C x W)/(C + W). Standard
administration procedures were followed as indicated in the test
manual (67).

Memory binding test

The memory binding test consists of 16 category cues two word lists
containing 16 word items in each list. Both lists are learned and re-
called by controlled learning and cued and paired recall. The
memory binding test produces four principal measures, the total
paired recall, total free recall, total delayed free recall, and total
delayed paired recall.

Symbol digit test

The symbol digit test is a subtest of the Wechsler Adult Intelligence
Scale-III. It includes a coding key that shows nine abstract symbols,
each paired with a number, and below the key, series of symbols
were presented. The participants were asked to write down the cor-
responding numbers associated with the abstract symbols as quickly
as possible. This task is a measure of information processing speed.
The number of correct substitutions during a 90-s interval was
scored, and higher numbers indicate better performance.

General cognition

A composite cognitive score was computed as the sum of the stan-
dardized scores of each individual for each test included in the
Aging Imageomics cohort.

Adipose tissue collection and handling

Adipose tissue samples were obtained from SAT and VAT during
elective surgical procedures (cholecystectomy, surgery of abdominal
hernia, and gastric bypass surgery) (68). Both SAT and VAT
samples were collected from the abdomen, following standard
procedures. Samples of adipose tissue were immediately
transported to the laboratory (5 to 10 min). The handling of
tissue was carried out under strictly aseptic conditions. Adipose
tissue samples were washed in phosphate-buffered saline, cut off
with forceps and scalpel into small pieces (100 mg), and immediate-
ly flash-frozen in liquid nitrogen before stored at —80°C.

VAT- and SAT-stranded RNA-seq (discovery IRONMET;
validation cohort 1 INTESTINE)

VAT and SAT RNA purification was performed using RNeasy-
Tissue Mini-Kit (QIAGEN). Total RNA was quantified by Qubit
RNA BR Assay kit (Thermo Fisher Scientific), and the integrity
was checked by using the RNA Kit (15NT) on 5300 Fragment An-
alyzer System (Agilent Technologies) (68).

The RNA-seq libraries were prepared with Illumina TruSeq
Stranded Total RNA Sample Preparation kit following the manufac-
turer's recommendations with some modifications. Briefly, in func-
tion of availability, 100 to 500 ng of total RNA was ribosomal RNA
depleted using the RiboZero Magnetic Gold Kit and fragmented by
divalent cations. The strand specificity was achieved during the
second-strand synthesis performed in the presence of deoxyuridine
triphosphate. The cDNA was adenylated and ligated to Illumina
platform compatible IDT adaptors with unique dual indexes with
unique molecular identifiers (Integrated DNA Technologies) for
paired-end sequencing. The ligation products were enriched with
15 PCR cycles, and the final library was validated on an Agilent
2100 Bioanalyzer with the DNA 7500 assay (Agilent Technologies).
The libraries were sequenced on NovaSeq 6000 (Illumina) in a frac-
tion of sequencing flow cell with a read length of 2 x 101 base pairs
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following the manufacturer’s protocol for dual indexing. Image
analysis, base calling, and quality scoring of the run were processed
using the manufacturer’s software Real Time Analysis (RTA v3.4.4)
and followed by generation of FASTQ sequence files.

RNA-seq reads were mapped against human reference genome
(GRCh38) using STAR software version 2.5.3a (69) with ENCODE
parameters. Genes were quantified using RSEM version 1.3.0 (70)
with default parameters and using the annotation file from
GENCODE version 29. Only protein-coding genes that were ex-
pressed >1 count per million (cpm) in at least 10 samples were con-
sidered for the association of gene expression with clinical variables.

Circulating gene expression analysis (validation cohort 2,
Aging Imageomics)

Total RNA was purified from blood using PAXgene Blood RNA Kit
(QIAGEN, Gaithersburg, MD). RNA concentrations were assessed
with Nanodrop ND-1000 Spectrophotometer (Thermo Fisher Sci-
entific, Wilmington, DE). Total RNA was reverse-transcribed to
c¢DNA using High Capacity cDNA Archive Kit (Applied Biosys-
tems, Darmstadt, Germany). Gene expression was assessed by
RT-PCR using the LightCycler 480 Real-Time PCR System
(Roche Diagnostics SL, Barcelona, Spain), using SYBR green tech-
nology suitable for relative genetic expression quantification. Glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
endogenous control.

The commercially predesigned KiCqStart primers used were as
follows: NR4A2, 5-GACTATCAAATGAGTGGAGATG-3'
(forward) and 5-GACCTGTATGCTAATCGAAG-3' (reverse);
OAT, 5'-CAGACCTGATATAGTCCTCC-3' (forward) and 5'-
CTTCTTCTA AAACCTCAAGGG-3' (reverse); amphiphysin
(AMPH), 5'-CCTGACATAAAGAATCGCATC-3' (forward) and
5-CAAACACTTTCTGTGCTTTC-3' (reverse); nudix hydrolase 2
(NUDT2), 5-TTCTGCTTCGGTCCTTAG-3' (forward) and 5'-
AACTCAATTGCATTGTTGTC-3’ (reverse); Unc-5 netrin receptor
B (UNC5B), 5'-AGGACAGTTACCACAACC-3' (forward) and 5'-

GGGGATCTCCTGGTATTTG-3’ (reverse); EZR, 5/-
TGACTTTGTGTTTTATGCCC-3’ (forward) and 5/-
CTCCTTTTCTT CTCTGTTTCC-3" (reverse); GAPDH, 5'-

ACAGTTGCCATGTAGACC-3' (forward) and 5-TTGAGCA
CAGGGTACTTTA-3' (reverse).

VAT expression of candidate genes by RT-PCR (validation
cohort 3 ADIPOBRAIN)

Total RNA was purified from VAT using RNeasy Lipid Tissue Mini
Kit (QIAGEN, Izasa, SA). RNA concentrations were assessed with
Nanodrop ND-1000 Spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE), and the integrity was checked by Agilent Bioana-
lyzer (Agilent Technologies, Palo Alto, CA). Total RNA was reverse-
transcribed to cDNA using High Capacity cDNA Archive Kit
(Applied Biosystems, Darmstadt, Germany). Gene expression was
assessed by RT-PCR using a LightCycler 480 Real-Time PCR
System (Roche Diagnostics SL, Barcelona, Spain), using TagMan
technology suitable for relative genetic expression quantification.
Peptidylprolyl isomerase A (PPIA) and GAPDH were used as en-
dogenous control. The commercially available and prevalidated
TaqMan primer/probe sets used were as follows: SLC18A2
(Hs00996835_m1); RIMS1 (Hs01112189_m1), PPIA
(Hs99999904_m1), and GAPDH (4352934). The commercially
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predesigned KiCqStart primers used were as follows: NUDT?2, EZR,
UNCS5B, NR4A2, and PPIA.

Plasma HPLC-ESI-MS/MS metabolomics

(discovery IRONMET)

Metabolites were extracted from plasma samples with methanol
(containing phenylalanine-C13 as an internal standard) according
to previously described methods (58, 59, 71). Briefly, samples (30 pul)
of cold methanol were added to 10 pl of each sample, vortexed for 1
min, and incubated for one hour at —20°C. Samples were homoge-
nized using FastPrep-24 (MP Biomedicals) and were incubated
overnight in a rocker at 4°C. Then, all samples were centrifuged
for 3 min at 12,000g, and the supernatant was recovered and filtered
with a 0.2 pum Eppendorf filter. Two microliters of the extracted
sample were applied onto a reversed-phase column (Zorbax SB-
Aq 1.8 um, 2.1 x 50 mm; Agilent Technologies) equipped with a
precolumn (Zorbax-SB-C8 Rapid Resolution Cartridge 2.1 x 30
mm, 3.5 um; Agilent Technologies) with a column temperature of
60°C. The flow rate was 0.6 Ml/min. Solvent A was composed of
water containing 0.2% acetic acid, and solvent B was composed of
methanol containing 0.2% acetic acid. The gradient started at 2% B,
increased to 98% B in 13 min, and held at 98% B for 6 min. Posttime
was established in 5 min.

Data were collected in positive and negative electrospray modes
time of flight operated in full-scan mode at 50 to 3000 mass/charge
ratio in an extended dynamic range (2 GHz), using N2 as the neb-
ulizer gas (5 liters/min at 350°C). The capillary voltage was 3500 V
with a scan rate of 1 scan/s. The ESI source used a separate nebulizer
for the continuous, low-level (10 liters/min) introduction of refer-
ence mass compounds 121.050873 and 922.009798, which were
used for continuous, online mass calibration. MassHunter Data
Analysis software (Agilent Technologies, Barcelona, Spain) was
used to collect the results, and MassHunter Qualitative Analysis
software (Agilent Technologies, Barcelona, Spain) was used to
obtain the molecular features of the samples, representing different,
comigrating ionic species of a given molecular entity using the Mo-
lecular Feature Extractor algorithm (Agilent Technologies, Barcelo-
na, Spain). We selected samples with a minimum of two ions.
Multiple charge states were forbidden. Compounds from different
samples were aligned using a retention time window of 0.1% + 0.25
min and a mass window of 20.0 parts per million (ppm) + 2.0 mDa.
We selected only those present in at least 50% of the samples of one
group and corrected for individual bias.

Plasma "H NMR metabolomics (discovery IRONMET)

Plasma samples were thawed at room temperature. For each sample,
400 pl of plasma were combined with 200 pl of phosphate buffer [9%
(w/v) NaCl and 100% D,O] that contained 10 mM of 3-trimethyl-
silyl—l—[2,2,3,3—2H4] (TSP) (58, 59). Samples were mixed with the
use of a vortex and centrifuged (10,000g) for 10 min. Then, a 550
ul aliquot was transferred into a 5 mm NMR tube before NMR anal-
ysis. 'H spectra of low—molecular weight metabolites were per-
formed using a Carr-Purcell-Meiboom-Gill (CPMG) sequence
(RD-90°-[t-180°- t],—~ACQ-FID) with spin-echo delay of 400 s
(for a total T2 filter of 210 ms) allowing an efficient attenuation
of the lipid NMR signals. The CPMG sequence generates spectra
edited by T2 relaxation times, reducing broad resonances from
high—-molecular weight compounds facilitating the observation of
low—molecular weight metabolites. The total acquisition time was
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2.73 s with a Recycling Delay (RD) of 2 s, and the 90° pulse
length was automatically calibrated for each sample at around
11.1 ps. For each sample, eight dummy scans were followed by
256 scans and collected in 64,000 points over a spectral width of
20 ppm. TSP was used a general reference for NMR samples
because it does not introduce any additional signals apart from
the sharp methylsilyl resonance at 0 ppm. In addition, a high con-
centration of TSP was used to release low—weight metabolites with
high affinity for serum proteins by binding competition with TSP.

All "H NMR spectra were recorded at 300 K on an Avance I11 600
spectrometer (Bruker, Germany) operating at a proton frequency of
600.20 MHz using a 5 mm Broad Band Multinuclear (PABBO) gra-
dient probe and automatic sample changer with a cooling rack
at 4°C.

Plasma cytokines and neurotoxic proteins

Commercially available enzyme-linked immunosorbent assay
(ELISA) kits were used to measure the plasma of IL-6 (RND-
HS600C, human IL-6 Quantikine HS ELISA kit, R&D Systems),
IL-4 (RND-HS400, human IL-4 Quantikine HS ELISA kit, R&D
Systems), a-synuclein (RND-DY1338-05, human a-synuclein
DuoSet ELISA, R&D Systems), AB42 [RND-DAB142, human Af
(amino acids 1 to 42) Quantikine ELISA kit, R&D Systems], and
tau (NBP2-62749, human tau ELISA kit, Novus Biologicals) follow-
ing the manufacturer’s protocol.

D. melanogaster experiments

D. melanogaster stocks and maintenance

Flies were raised on standard medium (cornmeal, sugar, and yeast)
and cultured according to standard procedures at 28°C in a 12:12-
hour light-dark cycle.

Conditional RNAi lines targeting the genes of interest are sum-
marized in table S47. v60000 (control 1) and v60100 (control 2)
were obtained from Vienna Drosophila RNAi Centre (http://
stockcenter.vdrc.at/control/main) and used as the corresponding
genetic background controls for KK and GD RNAI line collections,
respectively. The Rim overexpression line (UAS-Rim), stock
BL78050, referred to as UAS-Rim and the corresponding genetic
background control (BL36304; control 3) were obtained from the
Bloomington Drosophila Stock Centre (http://flystocks.bio.
indiana.edu/). UAS-Rim was subsequently isomerized for six gener-
ations into the (BL36304; control 3) genetic background.

RNAI expression in the fat body was induced by w; C7-GAL4;
UAS-Dcr-2 driver line, which carries a fat tissue—specific promoter,
driving the expression of GAL4 specifically on Drosophila adiposi-
ties, was provided by M. Jindra (72).

Drosophila courtship conditioning

Drosophila courtship conditioning was used to assess Drosophila
learning and memory capabilities. Courtship conditioning was per-
formed as described previously (45). RNAi and overexpression lines
together with their corresponding genetic background controls
(table S47) were crossed with w; C7-GAL4; UAS-Dcr-2 driver line
and raised at 28°C to down-regulate or overexpress the correspond-
ing targeted genes in the adipose tissue. Males were collected at
eclosion.

and kept in isolation until 7 days of age at 25°C. Males were ran-
domly assigned to either trained or naive groups. Learning capabil-
ities were assessed by pairing individual males with a single
premated wild-type female for 2.5 hours during the training
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period. Immediately after training, the males were tested to assess
learning. Short-term memory was assessed by pairing individual
males with a single premated wild-type female for 6 hours during
the training period, and, subsequently, the male was individually
isolated for 1 hour before testing. Testing was performed by trans-
ferring male to a 1-cm-diameter chamber with in the presence of a
premated female and filmed for 8 min. The courtship behavior of
male flies toward females was quantified manually from videos. The
mean Cls (defined as the percentage of time spent on courtship
during an 8-min interval) of trained males and naive males were
used to calculate the LI, which is defined as the per cent reduction
in mean courtship activity in trained males compared with naive
males; LI = (Clzive — Clirained)/Clpaive.- For all conditions, male-
female pairs were analyzed on a minimum of three different test
days, and the data were pooled.

Nonparametrical statistical bootstrapping analysis was pre-
formed to assess differences in LI (learning and short-term
memory) between RNAi knockdown or overexpression lines and
their corresponding genetic background controls. The R script pro-
vided by Koemans et al. (45) was used to perform the bootstrapping
analysis. Briefly, CI values were randomly sampled with replace-
ment to generate 10,000 hypothetical LIs, which were used to deter-
mine the 95% confidence interval of the difference between the
index of the control and the index of the knockdown and the prob-
ability that this difference is >0. t test or one-way analysis of variance
(ANOVA) was performed to assess statistical differences in CI of the
compared conditions.
mRNA extraction and cDNA synthesis
Seven-day-old male were selected for quantitative RT-PCR (qRT-
PCR) or RNA-seq. A total of 10 adult heads or 10 fat bodies were
collected per sample and transferred to RNAlater solution (Sigma-
Aldrich). Total RNA was extracted using the Arcturus PicoPure
RNA Purification kit (Thermo Fisher Scientific). To avoid amplifi-
cation from genomic DNA, deoxyribonuclease treatment was per-
formed using the DNA-free Ambion kit, and RNA was reverse-
transcribed into cDNA using the High-Capacity cDNA reverse
transcription (Applied Biosystems) according to the manufacturers'’
procedures.

Quantitative real-time polymerase chain reaction

Quantitative PCRs were performed using the LightCycler 480 SYBR
Green Master (Roche) in a LightCycler 480 II machine (Roche).
Primer sequences and the reference genes RNApol2 and 1tub23cf
are provided in table S51. For each condition, a minimum of five
biological replicates and two technical replicates were analyzed. Dif-
ferential gene expression was calculated using the 2**“" method.
The average threshold cycle (C,) value for each sample was calculat-
ed and subtracted from the geometric mean C; value of the reference
genes RNApol2 and 1tub23cf to calculate the AC, value. ¢ test
(GraphPad Prism version 5.00 for Windows) was used for calcula-
tions of P values.

mRNA sequencing of fat body and fly heads

The starting material for sequencing library preparation was total
RNA. The samples were quantified using the Qubit RNA BR
Assay kit (Thermo Fisher Scientific), and RNA integrity was esti-
mated with the RNA 6000 Nano Bioanalyzer 2100 Assay (Agilent
Technologies). The RNA-seq libraries were constructed using the
KAPA Stranded mRNA-Seq Illumina Platforms Kit (Roche), fol-
lowing the manufacturer's recommendations. The size and
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quality of the libraries were assessed using a High Sensitivity
DNA Bioanalyzer assay (Agilent Technologies). The libraries were
sequenced on a NovaSeq 6000 (Illumina) in paired-end mode, with
aread length of 2 x 51 base pairs, following the manufacturer’s pro-
tocol for dual indexing. Image analysis, base calling, and quality
scoring of the run were processed using the manufacturer's soft-
ware, Real Time Analysis (RTA 3.4.4). RNA-seq reads were
mapped D. melanogaste reference genome (BDGP6.32) with
STAR/2.7.8a (refl) with ENCODE parameters (69) with
ENCODE parameters. Gene quantification was performed with
RSEM/1.3.0 (70) with default parameters and using ensembl109 an-
notation. Only protein-coding genes that were expressed >1 cpm in
at least 10 samples were considered.

Mice experiment

Animals

Male wild-type C57BL/6] (Charles River, France) 8-week-old mice
were housed individually in controlled laboratory conditions (21° +
1°C, 55 + 10%) with illumination at 12-hour cycles (lights on at 7:30
a.m. and off at 7:30 p.m.). Animals were fed ad libitum for 8 weeks
either with an ND (~3.514 kcal/kg: 10% fat, 66% carbohydrate, and
24% protein; n = 23) or an HFD (~5.228 kcal/kg: 60% fat, 16% car-
bohydrate, and 24% protein; #n = 25). ND and HFD were obtained
from Altromin Spezialfutter GmbH & Co. (KG, Lage, Germany),
references C1090-10, and C1090-60, respectively. Three days after
the start of the diet, weight-matched mice of each group (ND or
HFD) were divided into two groups and injected intravenously
via tail vein with 200 pl of either the AAV8-RSV-GFP-Adp-miR-
NASLCI8A2 vector containing 1 x 10'> Genome Copies (GC)
(Fig. 6C) in phosphate-buffered saline or with saline. Adeno-asso-
ciated virus (AAV) vector was produced by the Viral Production
Unit, UAB (www.viralvector.eu/). The AAV2/8-RSV-GFP-Adp-
miRNASLC18A2 vector expresses the GFP and an miRNA designed
to down-regulate SLC18A2 gene expression. It has a recombinant
AAV?2/8 serotype that has been demonstrated to be effective at tar-
geting adipose tissue (73). Adipose selectivity was enhanced by in-
corporating a proximal promoter and distal enhancer of the
adiponectin gene into the AAV vector. To decrease vector expres-
sion in the liver, this AAV incorporates eight copies of the liver-spe-
cific miR-122T into the 3’ untranslated region of the expression
cassette (Fig. 6C) (73). Bodyweight and food intake were monitored
weekly for the entire protocol. All experiments were performed
during the light phase. Mice were euthanized by decapitation, and
mWAT was collected and frozen with dry ice. All procedures were
conducted in strict accordance with the guidelines of the European
Communities Directive 86/609/EEC regulating animal experimen-
tation and were approved by the local ethical committee (Comite
Etic d'Experimentacié Animal-Parc de Recerca Biomédica de Bar-
celona, CEEA-PRBB, agreement no. 9687).

Experimental procedure

Behavioral tasks aimed to assess short- and long-term memory
(novel object recognition in V-maze), and locomotor activity (hor-
izontal and vertical activity assessment) was performed chronolog-
ically as indicated in (Fig. 6D) using standardized tests.

Novel object recognition test (V-MAZE)

Object-recognition memory was assayed in a V-shaped maze (30
cm long x 4.5 cm wide x 15 3 cm height each corridor) (74, 75).
On day 1 of the test, mice were habituated for 9 min to the maze.
Then, 24 hours later, mice were put back in the maze for 9 min, two
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identical objects were presented, and the time that the mice spent
exploring each object was recorded. The mice were again placed in
the maze 3 hours (30 days after the AAV injection to assess short-
term memory) or 24 hours (37 days after the AAV injection to assess
long-term memory) later for 9 min, with one of the familiar objects
replaced with a novel object. The total time spent exploring each of
the two objects (novel and familiar) was computed. A discrimina-
tion index was calculated as the difference between the times spent
exploring the novel object divided by the total time exploring both
objects. A higher discrimination index is considered to reflect
greater memory retention for the familiar object (76, 77).
Locomotion

On day 46 after AAV injection, mice underwent a 1-hour locomo-
tion test in individual locomotor activity boxes (10.8 x 20.3 x 18.6
cm; Imetronic, Pessac, France) equipped with infrared sensors to
detect locomotor activity and an infrared plane to detect rearing
(76, 77).

Statistical analysis

The number of animals (1) in each experimental condition is indi-
cated in figure legends. All graphs and statistical comparisons were
performed using GraphPad Prism software version 8.0 for Mac
(GraphPad Software, San Diego, CA, USA). To test whether the
data were normally distributed, the Kolmogorov-Smirnov test was
applied. Comparison of means between different groups was per-
formed using two-way ANOVA, followed by Newman-Keuls mul-
tiple comparisons test as post hoc test. Three-way ANOVA was
performed when required to test the evolution over time. Results
are expressed as individual values with the means + SEM, specified
in the figure legend. A P < 0.05 was used to determine statistical
significance.

RNA expression

RNA purification was performed using RNeasy Lipid Tissue Mini
Kit (QIAGEN, Hilden, Germany), and concentrations were mea-
sured using a Nanodrop ND-1000 Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). Integrity was checked by
Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA). Total
RNA was reversed transcribed to ¢cDNA using High Capacity
c¢DNA Archive Kit (Applied Biosystems, Darmstadt, Germany).
Gene expression was assessed by RT-PCR using a LightCycler 480
Real-Time PCR System (Roche Diagnostics SL, Barcelona, Spain),
using SYBR Green technology suitable for relative genetic expres-
sion quantification. The RT-PCR reaction was performed in a
final volume of 10 pl. The cycle program consisted of an initial de-
naturing of 10 min at 95°C and then 40 cycles of 15 s denaturizing
phase at 95°C and 1 min annealing and extension phase at 60°C. A
C, value was obtained for each amplification curve and then a AC;
was first calculated by subtracting the C, value for endogenous
control from the C; value for each sample. Fold changes compared
with the endogenous control were then determined by calculating 2
— AC,. B-Actin (Actb) was used as housekeeping. Actb and GFP
were analyzed by SYBR green technology using the following
primer sets: Actb, 5-GATGTATGAAGGCTTTGGTC-3'
(forward) and 5-TGTGCACTTTTATTGGTCTC-3' (reverse);
GFP, 5'-CAACAGCCACAACGTCTATATCATG-3' (forward) and
5-ATGTTGTGGCGGATCTTGAAG-3' (reverse).

Protein analysis

Adipose tissue samples (100 mg) were homogenized using radioim-
munoprecipitation lysis buffer system (sc-24948, Santa Cruz
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Biotechnology, CA) at 4°C for 30 min. Cellular debris were elimi-
nated by centrifugation at 13,000 for 15 min (4°C). Protein concen-
tration was determined using the RC/DC Protein Assay (Bio-Rad
Laboratories, Hercules, CA). For Western blot analysis, samples
were resolved by SDS—polyacrylamide gel electrophoresis and trans-
ferred to a polyvinylidene difluoride membrane (Bio-Rad Laborato-
ries, Hercules, CA). Membrane was exposed overnight at 4°C to
primary antibody VMAT2/SLC18A2 (EB06558) at 1:250 dilution
(VWR International EuroLab, SL) diluted in 2% bovine serum
albumin — 1x tris-buffered saline containing 0.1% Tween 20, follow-
ing the recommendations of the manufacturer. After secondary an-
tibody incubation (anti-goat horseradish peroxidase), signal was
detected using enhanced chemiluminescence horseradish peroxi-
dase substrate (Millipore) and analyzed with a luminescent image
analyzer ChemiDoc MP Imaging System (Bio-Rad Laboratories,
Hercules, CA). TGX Stain-Free gels (#4568096, Bio-Rad Laborato-
ries, Hercules, CA) were used as protein loading control.
Statistical analysis

Differential expression gene analyses were performed on gene
counts using the “limma” R package (78). First, low expressed
genes were filtered, so that only genes with more than 10 reads in
at least two samples were selected. RN A-seq data were then normal-
ized for RNA composition using the trimmed mean of M value as
implemented in edgeR package (79). Normalized counts were then
converted to log, count per million with associated precision
weights to account for variations in precision between different ob-
servations using the “voom” function with donor’s age, BMI, sex,
and education years as covariates. A robust linear regression
model adjusted for the previous covariates was then fitted to the
data using the “ImFit" function with the option method =
“robust,” to limit the influence of outlying samples. Last, an empir-
ical Bayes method was applied to borrow information between
genes with the "eBayes” function. P values were adjusted for multi-
ple comparisons using the pFDR. A cutoff for the pFDR of <0.05
was used a threshold for statistical significance. The functional
roles of differentially expressed genes were characterized using over-
representation analyses based on the Reactome and WikiPathways
databases using ConsensusPathDB (80). Pathway significance was
assessed using a hypergeometric test, and a Storey procedure (g
value) was applied for multiple testing corrections. Statistical signif-
icance was set at g < 0.1. For differentially expressed genes simulta-
neously in the VAT and SAT of the discovery and validation cohorts,
data were further analyzed using functional gene-gene interaction
networks mapping genes to the STRING database (which integrates
known and predicted protein/gene interactions) (81). Then, func-
tional local clusters in the interaction network were determined
using a Markov cluster algorithm (MCL) with an inflation param-
eter = 1.4. Active interacting sources including text mining, exper-
iments, databases, coexpression, and cooccurrence and an
interaction score of >0.4 were used to construct the interaction net-
works. In addition, we integrated the information provided from
differential expression analysis, gene-gene interaction networks,
and pathway overrepresentation analysis using the R package “path-
finder” with default parameters (82). First, significant genes were
mapped onto a STRING gene-gene interaction network. Then,
active subnetworks of interconnected genes (including genes that
are not significant themselves but connect significant genes) in
this gene-gene interaction network were identified. Last, separate
pathway overrepresentation analyses based on the Reactome
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databases were performed for each active subnetwork using the sig-
nificant genes in each of the active subnetworks and genes in the
Protein-protein Interaction Network (PIN) as the background
genes. Pathway statistical significance was set at the pFDR of
<0.05. Significantly enriched pathways were clustered via hierarchi-
cal clustering. Genes in each pathway were used to calculate the
pairwise kappa statistics, a chance-corrected measure of cooccur-
rence between pathways. The distance matrix 1-kappa statistic was
used for agglomerative hierarchical clustering and a threshold of
0.35 for the kappa statistics was used to define strong relation.
Partial Spearman's correlation analysis controlling for age, BMI,
sex, and education level was used to determine the correlation
between circulating levels of genes and the neurocognitive tests
scores. As it works by obtaining the residuals of the ranked variables
after removing the effect of the ranked covariates, scatter and violin
plots were generated with the ranked residuals of the model adjust-
ing for selected covariates. Nonparametric monotonic trends ac-
cording to the gene tertiles or quintiles for the selected cognitive
tests were assessed by the Mann-Kendall trend test.
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