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Single-cell profiling of vascular endothelial
cellsreveals progressive organ-specific
vulnerabilities during obesity
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Obesity promotes diverse pathologies, including atherosclerosis and
dementia, which frequently involve vascular defects and endothelial cell
(EC) dysfunction. Each organ has distinct EC subtypes, but whether ECs are
differentially affected by obesity is unknown. Here we use single-cell RNA
sequencing to analyze transcriptomes of ~375,000 ECs from seven organs
in male mice at progressive stages of obesity to identify organ-specific
vulnerabilities. We find that obesity deregulates gene expression networks,
including lipid handling, metabolic pathways and AP1 transcription factor
and inflammatory signaling, in an organ- and EC-subtype-specific manner.
The transcriptomic aberrations worsen with sustained obesity and are only
partially mitigated by dietary intervention and weight loss. For example,
dietary intervention substantially attenuates dysregulation of liver, but not
kidney, EC transcriptomes. Through integration with human genome-wide
association study data, we further identify a subset of vascular disease risk
genes that are induced by obesity. Our work catalogs the impact of obesity
onthe endothelium, constitutes a useful resource and reveals leads for
investigation as potential therapeutic targets.

Obesity israpidly increasing worldwide due to changing diets and life-
styles, with 650 million adults classified as obese'*. Obesity promotes
the development of numerous acute and chronic diseases, including
atherosclerosis, heart failure, neurodegeneration, stroke, pulmonary
hypertension, renal vascular disease, microvascular dysfunction and
arange of hepatic vascular complications®”. All of these disorders are
associated with vascular defects, suggesting that vascular dysfunction
in obesity represents a shared mechanism of disease.

Blood vessels are lined by endothelial cells (ECs), which control
the transport of nutrients, metabolites, oxygen and carbon dioxide
between the blood and organs®. Obesity can cause global EC dys-
function, characterized by reduced nitric oxide bioavailability and
increased oxidative damage”'°. However, ECs in different organs are
functionally and molecularly distinct'". Additionally, dehydration
differentially affects the transcriptomes of kidney ECs found in the
glomerular, medullary and cortical compartments®. Overall, these
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Fig.1| Obesity induces organ-specific changesin ECs. a, Experimental

design; n =3 animals per group. The FACS plot shows exemplary gating for
CD31°CD45"" cells; sc, subcutaneous; vis, visceral; mo., months. b, Uniform
manifold approximation and projection (UMAP) clustering of ECs from seven
organs of mice ona WD or chow diet after filtering. Colors correspond to the
organ from which the ECs were derived. Each dot represents asingle EC;n=3
animals per diet. ¢, Number of ECs analyzed from each organ after filtering out
low-quality cells and non-ECs. d, Schematics of major vessel types. e, Number of

DEGs (adjusted Pvalue of <0.05 and | log (fold change (FC)) | > 0.1) in ECs from
the different organs of obese versus control mice in (1) art, (2) cap and (3) ven.

f, Correlation of gene expression changes in obese versus control conditions
across art, cap and ven ECs. Genes showing a | log (FC) | > 0.1in any tissue for

the indicated EC population were used to collate the list of genes used for these
analyses. A Pearson rvalue for each comparison is provided. Adjusted P value
indicates adjustments for multiple comparisons using the Benjamini-Hochberg
method (e).

observations suggest that the same physiological trigger can have
unique impacts on different EC subtypes. Nevertheless, how obesity
affects the distinct molecular networks in ECs from different organs
isunclear. Thisknowledgeis critical to understand the mechanisms of
vascular dysfunction in metabolic disease.

In addition, to what extent the trajectory of obesity-induced
changes in endothelium can be mitigated by lifestyle interventions
is unclear. One of the best clinical strategies for reducing the risk of
comorbidities in individuals with obesity is weight loss'. However,
despite severe interventions, such as bariatric surgery and associated
weight loss due to dietary restriction, the improvement in health and

long-term life expectancy remains limited"”. From a clinical perspec-
tive, itis critical toidentify the molecular networks that are resistant to
improved metabolic health, asthey could serve astherapeutic targets
aimed at ameliorating high-risk profiles associated with metabolic
disease.

To address these outstanding questions, we used single-cell
RNA sequencing (scRNA-seq) to systematically map the impact of
obesity on the endothelium in mice. We reveal unique organ- and
EC-subtype-specific molecular changes driven by obesity. By switch-
ing obese animals onto a normal chow diet, we uncovered distinct
obesity-driven transcriptome changes in ECs that are responsive or
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resistantto weightloss. In addition, we analyzed human genome-wide
association studies (GWASs) and identified high-risk disease genes that
becomedysregulatedin ECs withsustained obesity. This study provides
an extensive resource of obesity-driven changes in the endothelium
and identifies genes that potentiate the risk of obesity-associated
disorders. The data generated in this study are available through an
interactive website at https://obesity-ecatlas.helmholtz-muenchen.de.

Results

Obesity induces organ-specific changes in ECs

To determine the impact of obesity on vascular ECs, we fed 8-week-old
mice a Western diet (WD) or control chow diet for 3 months (Fig. 1a).
WD led to a significant increase in body weight and percent body fat,
while metabolomics analysis revealed anincreasein serum cholesterol
and stearic acid (Extended Data Fig. 1a-c), confirming the expected
obesity phenotypes. We used fluorescence-activated cell sorting (FACS)
toisolate ECs (CD31*CD45"") from seven major organs (brain, heart,
lungs, kidneys, liver, visceral adipose tissue (AT) and subcutaneous
AT) and performed scRNA-seq (Fig. 1a and Extended Data Fig.1d,e).

ECs were discerned from contaminating cell types based on the
expression of well-established markers'. Cells expressing Pecam1
(Cd31), CdhS and Fit1 were classified as ECs, whereas mural cells (posi-
tive for Myh11, Acta2 and Pdgfrb), fibroblasts (Dcn, Collal and Pdgfra)
and immune cells (Ptprc, Igkc and Cd52) were removed from further
analyses (Extended Data Fig. 1f). Additionally, cells with low counts
(<500 unique genes) or high mitochondrial transcripts (>20% of all
transcripts) were filtered out (Supplementary Table 1). After filtering,
we analyzed between 7,000 and 23,000 ECs for each organ (Fig. 1b,c).
We collated an initial database of 99,739 ECs from obese and control
mice, which we used for our first set of analyses.

Although ECs isolated from different organs had similar tran-
scriptional profiles (r > 0.8; Extended Data Fig. 1d), they segregated
intodistinct groups based on unbiased clustering (Fig. 1b), consistent
with the unique physiological functions of ECsin different organs. We
classified vascular ECs from each organ into three broad subgroups
based onestablished markers"'*", including (1) arteries and arterioles
(‘art’), (2) capillaries (‘cap’) and (3) veins and venules (‘ven’; Fig. 1d and
Extended Data Fig. 2a,b). We then calculated the number of differen-
tially expressed genes (DEGs) in obese versus control mice. Notably,
AT ECs showed the highest number of DEGs, particularly in cap ECs
(Fig. 1e), followed by liver cap ECs. As statistical testing is impacted
by the number of ECs in each cluster, we downsampled to 73 cells, the
lowest number of ECs in any cluster, to equalize statistical power and
quantified DEGs. These analyses confirmed that AT and liver ECs were
the mostimpacted by obesity (Extended DataFig. 2c). Together, these
data are consistent with the AT and liver acting as major hubs of lipid
metabolism.

We next identified the top DEGs in ECs from each organ in obese
animals. There was some correlation between the DEGs in ECs from

visceral AT and subcutaneous AT (cap ECsr=0.35and ven ECsr = 0.38)
and from visceral AT and liver (cap ECs r = 0.23; Fig. 1f). Overall, how-
ever, obesity-induced DEGs displayed low concordance between ECs
from different organs, suggesting that obesity impacts the endothe-
liuminan organ-specific manner. To determine how obesity uniquely
impacts ECs in each organ, we performed unbiased clustering of ECs
ineachorgan, assigned their identities based on known markers™">'¢"8
and investigated obesity-induced changesin EC clusters.

AT ECs. We focused first on AT ECs, given that they had the highest
number of DEGs (Fig. 1e). Visceral AT and subcutaneous AT had 10 and
12 EC clusters, respectively (Fig. 2a—-d and Extended Data Fig. 3a-d).
The cap2 population, which had enriched expression of genes encod-
ing extracellular matrix (ECM) and integrin interactions, was elevated
in visceral AT from obese mice versus controls (Fig. 2b and Extended
DataFig.3e). Consistently, cap ECsin AT, but not other organs, showed
obesity-associated upregulation of genes related to integrin signaling,
focal adhesions and ECM components (Fig. 2e,f and Extended Data
Fig. 3f,g). Among these, a particularly strong upregulation of /tgbh1
mRNA and integrin-B1 protein levels was observed in both visceral AT
and subcutaneous AT ECs (Fig. 2f-h).

Obesity induced a greater than threefold increase in angiogenic
and proliferating ECs in the AT (Fig. 2i and Extended Data Fig. 3h,i),
consistent with the expansion and remodeling of AT in obesity. Notably,
11% of ECs in subcutaneous AT from obese mice displayed an angio-
genic or proliferative phenotype (Fig. 2i). Genes known to regulate
EC proliferation, migration and maturation, namely Rhoc, Tmsb10,
Dll4,Sox4, Col4al, Col4a2,Kdr, Flt1, Acvrll and Itgbl (refs. '), showed
obesity-associated changes in AT cap ECs (Extended Data Fig. 3j).

In comparison to other organs, our FACS isolation proce-
dure yielded the highest number of lymphatic ECs (LECs) in the
visceral AT (Fig. 2j). Visceral and subcutaneous LECs displayed an
obesity-associated upregulation of the RAGE pathway, integrins
and ECM-receptor interactions, while a downregulation in the
brain-derived neurotrophic factor (BDNF), interleukin-5 (IL-5), IL-2
and AP1 networks was observed (Extended Data Fig. 3k,I).

Liver ECs. Theliverisamajor processor of lipids and is highly impacted
by obesity*>. We observed eight EC clusters in liver, including two
liver-specific EC subtypes, EC-liverl and EC-liver2 (Fig. 2k and Extended
DataFig. 4a,b). The cap2 cluster was increased in obesity (Fig. 21) and
was enriched for lipid-processing pathways, such as PPAR signaling,
fat digestion and absorption (Extended Data Fig. 4c-e).

The expression of lipid mobilization genes was highly enriched
in ECs from liver versus other organs and showed obesity-associated
upregulationinliver ECs, particularly in the EC-liverland EC-liver2 pop-
ulations (Fig. 2m and Extended Data Fig. 4f,g). Similarly, obesity trig-
geredincreased expression of the liver-specific fatty acid transporter
Fabpl in hepatic cap ECs and of fatty acid transporters Fabp4, Cd36,

Fig. 2| Obesity induces ECM remodeling, angiogenesis and lipid transporters
in AT and liver ECs. a, UMAP clustering of visceral AT ECs. b, Shifts in EC
populationsin visceral AT. Populations showing a greater than twofold change
inobesity are highlighted in color. ¢, UMAP clustering of subcutaneous AT ECs.

d, Shiftsin EC clusters in subcutaneous AT. Populations showing a greater than
twofold change in obesity are highlighted in color. e, BioPlanet-annotated
pathways upregulated in visceral and subcutaneous AT capl ECs in obesity.
Significantly upregulated (adjusted Pvalue of <0.05) genes were used for these
analyses. f, Expression changes in focal adhesion-related genes in cap ECs in obese
versus control animals. g,h, Inmunostaining of integrin-p1 (ITGB1) and CD31in
visceral (g) and subcutaneous AT (h); n =3 animals per group (black dots); n =4 to
Ssections per animal (gray dots); scale bars, 20 pm; AU, arbitrary units.

i, Quantification of proliferating and angiogenic ECs. Data were analyzed using a
two-sided x test. j, Number of LECs detected per organ. k, UMAP clustering of liver
ECs.1, Shiftsin ECliver populations. Populations showing alog, (WD/chow) > 0.5

change are highlighted in color.m, Changes in select lipid mobilization genes
incap ECs of obese animals. n, UMAPs showing enrichment of fatty acid
transporters. 0, Changes in fatty acid (FA) transportersinart (a), cap (c) and ven (v)
ECsin obesity. p, FabpI mRNA expression in response to free fatty acids, glucose
andinsulin; n=4-8replicates per group. Treatments were compared against BSA-
treated controls; **P=0.003 and ***P=0.0003. q, Predicted transcription factor
binding sites in the FabpI promoter (top) and impact of PPARx (GW6471) and
TBK1/IKKe (MRT67307) inhibitors on fatty acid-driven Fabpl activation

(bottom); n = 6 replicates per group; bp, base pairs; TSS, transcription startsite.

r, Colocalization of CD62P and CD31in livers from obese versus control mice; n =4
animals per group (black dots); n =10 sections per animal (gray dots); scale bars,
100 um. Dataing, h, p, q and r are presented as mean + s.e.m. and were analyzed
using a two-sided Student’s t-test. Expression data in p and q were standardized

to Gapdh and RplpO. The adjusted Pvalue indicates adjustments for multiple
comparisons using the Benjamini-Hochberg method (e).
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Fabp$, Dbiand Lplinartand ven ECs from AT (Fig. 2n,0). Fabpl, but not
Fabp4or FabpSmRNA, increased in primary mouse liver ECs following
24-h treatment with 800 puM free fatty acids (Fig. 2p and Extended predicted binding of PPARa and IRF3 in the promoter region of Fabpl

Data Fig. 4h,i), which is similar to the concentration of fatty acids
foundin the serum ofindividuals with obesity>>**. Consistent with the
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(Fig.2q), the fatty acid-mediated increase in FabpI mRNA was mitigated
by an inhibitor of TBK1 and IKKe (MRT67307), which are upstream
activators of IRF3, and an inhibitor of PPARa (GW6471; Fig. 2q). This
suggests that obesity-associated Fabpl upregulation is promoted by
fatty acids via the PPARa and TBK1-1KKe-IRF3 pathways. In contrast
totheupregulation of lipid-handling genes, mitochondrial respiration
genes were downregulated with obesity in liver cap ECs (Extended Data
Fig. 4j). Together, these analyses suggest an obesity-induced shift in
lipid handling and metabolic networksin liver ECs.

Gene Ontology (GO) analysis revealed enriched expression of
platelet activation and aggregation genes in liver cap2 ECs (Extended
Data Fig. 4d,e). To determine if this was associated with increased
platelet adhesion to cap ECs, we stained liver sections with the acti-
vated platelet marker CD62P. Indeed, livers from obese mice showed
increased staining for CD62P compared to those from chow controls
(Fig. 2r), consistent with increased platelet activation and adhesion
toliver ECs.

Cardiac ECs. Obesity promotes atherosclerosis and thus is amajor risk
factor for myocardial infarction®. Our scRNA-seq analyses of mouse
hearts revealed 11 EC clusters, including interferon-high ECs (IFN-ECs),
hemoglobin-positive ECs (Hb-ECs) and AP1 transcription factor-high
ECs (AP1-ECs; Fig. 3a and Extended Data Fig. 5a).

We observed an increase in the arteriole EC subtype with obe-
sity (Fig. 3b). Genes associated with shear stress and atherosclerosis,
ECM-receptor interaction and leukocyte transendothelial migra-
tion showed enriched expression in arteriole ECs compared to other
ECs in the heart (Extended Data Fig. 5b). Furthermore, arteriole ECs
showed obesity-induced expression of Meox2 and Tcf15 (Extended Data
Fig.5c), which activate a fatty acid uptake program®.

Unexpectedly, obesity-induced DEGs in heart arterial ECs were
markedly different than in arteriole, cap and ven ECs, which were
relatively similar (Extended Data Fig. 5d). Obesity led to increased
expression of the TGF3 signaling pathway and AP1 transcription factor
network in arterial ECs (Fig. 3c). The AP1 transcription factor subunit
genes Jun, Junb, Jund, Fos and Fosb were upregulated in arterial ECs
in obesity but not in arteriole ECs, AP1-ECs or cap ECs (Fig. 3d). Given
the association between the AP1 transcription factor and atheroscle-
rosis”, our data suggest that cardiac artery ECs are particularly prone
to developing atherosclerosis in obesity.

Cardiac EC clusters showed obesity-induced expression of the
Kriippel-like (KLF) transcription factor genes KIf2, Klf3, Kif4, KIf6 and
KIf9 (Fig. 3e and Extended Data Fig. 5e), which play animportant role
invascularinflammation and response to shear stress*®. Furthermore,
cardiac LECs showed an upregulation of the BDNF, FGF1 and ATF2
transcription factor networks (Extended Data Fig. 5f,g), while the AP1
EC cluster showed aninduction in inflammatory pathways, including
IL-2,1L-4 and tumor necrosis factor-a (TNFa) signaling (Extended Data

Fig.5h).Induction of these particularinflammatory networks was not
detected in other cardiac EC populations.

Lung ECs. Analysis of lung ECs from control and obese animals revealed
13 clusters, including two populations of pulmonary ECs (pulmECa
and pulmECDb), two populations of Aqp5-positive ECs (EC-Aqp5a and
EC-Aqp5b) and a population of platelet marker gene-positive (plate-
let) ECs and alveolar ECs (aEC; Fig. 3f and Extended Data Fig. 6a). The
pulmECa and LEC populations were reduced in obesity, whereas the
cap2 populationincreased (Fig. 3g).

Wealso detected asmall cluster that coexpresses typical EC mark-
ers (Pecaml and FltI) and the surfactant genes Sftpal, Sftpb and Sftpc,
which are markers of pneumocytes, the epithelial cellsinvolved ingas
exchange thatline the alveoli (Extended DataFig. 6a,b). We termed this
population‘EC-pneumocytes’ and confirmed its presence via fluores-
cenceinsitu hybridization (FISH), which revealed cells that coexpress
the EC marker Pecam1i together with Lyz2, Sftpal and Sftpb (Fig. 3h
and Extended Data Fig. 6¢). Relative to other ECs, EC-pneumocytes
were enriched for the expression of ribosomal and metabolic genes
(Extended DataFig. 6d). The EC-pneumocyte population was substan-
tially reduced in obese animals (Fig. 3g).

Obesity-induced DEGs were different across EC subtypes in the
lung (Extended DataFig. 6e). The lung cap populations (capland cap2)
showed activation of inflammatory networks with an induction of
histocompatibility genes in obese animals (Fig. 3i and Extended Data
Fig. 6f). Moreover, obesity induced the activation of IFN, TNFa, IL-2
and IL-6 signaling in the aEC population (Fig. 3j). These data suggest
that obesity generally increases the inflammatory state in lung ECs.

The EC-Agp5apopulation showed areductionin the RAGE pathway
andintegrininteractionsin obesity, while the pulmECa, pulmECb and
proliferating ECs showed an upregulationin ribosomal gene expression
(Extended DataFig. 6g,h).

Npr3wasthe mostimpacted DEG across all lung EC subtypes. Npr3
encodes the natriuretic peptide receptor 3, which removes natriuretic
peptides from the blood to maintain sodium balance, diuresis, blood
pressure and vascular tone”. Npr3 was strongly expressed in kidney
and lung ECs and to a lesser extent in AT ECs (Extended Data Fig. 6i).
Similar to lung ECs, kidney ECs showed a global downregulation of
Npr3in obesity, albeit to a lesser extent. This finding suggests that
sodium balance and vascular tone in the body are likely impacted by
deregulation of lung and kidney ECs in obesity.

Kidney ECs. We identified a total of 13 renal EC clusters, including
glomerular ECs (gECs), two populations of medullary ECs (mECs),
Agpl-positive ECs (Agplarteriole ECs) and AP1transcription factor-high
ECs (AP1-ECs; Fig. 3k and Extended Data Fig. 7a,b). Apart from cap ECs,
there was little correlation in obesity-induced DEGs across kidney EC
subtypes (Extended Data Fig. 7¢).

Fig. 3| Obesity triggers deregulation of metabolic and inflammatory
networks insubsets of cardiac, lung, kidney and brain ECs. a, UMAP clustering
of cardiac ECs. b, Shiftsin cardiac EC populations. Populations showing a

log, (WD/chow) > 0.3 change are highlighted in color. ¢, BioPlanet-annotated
pathways upregulated in cardiac arterial ECs in obesity. The top 100 genes,
ranked by fold change, were used for these analyses. d, Obesity-associated
changes in the expression of AP1transcription factor subunits. e, Obesity-
associated gene expression changes in KLF-family transcription factors.f,
UMAP clustering of lung ECs. g, Obesity-associated shifts in lung EC clusters.
Populations showing a log, (WD/chow) > 0.5 change are highlighted in color. h,
FISH images showing overlap of typical pneumocyte markers (Lyz2, Sftpal and
Sftpb) and EC marker (PecamI). Double-positive cells are marked with arrows.
Datawere reproduced in three chow and three obese animals; scale bars, 5 um.
i, Changesin the expression of histocompatibility 2 (H2) genes in obesity. j,
MSigDB-annotated pathways upregulated in aEC in obesity. The top 100 genes,
ranked by fold change, were used for these analyses. k, UMAP clustering of

kidney ECs; Ang, angiogenic.l, BioPlanet-annotated pathways upregulated in
mEC2 cells in obesity. The top 100 genes, ranked by fold change, were used for
these analyses; TCA, tricarboxylic acid. m, Top metabolic DEGs in mEC2 cellsin
obesity. n, Obesity-associated changes in the expression of AP1transcription
factor subunits. 0, Quantification of DLK1in gECs; n = 3 animals per group (black
dots) and n =10 images per animal (gray dots); scale bars, 20 um. p, UMAP
clustering of brain ECs. g, Obesity-associated changes in the expression of AP1
transcription factor subunits. r,s, Gene expression changes in select leukocyte
adhesion (marked in red), tight junction (blue), adherens junction (green) and
gapjunction genes (black) inart (r) and fenestrated ECs (s) in obesity. t, Uptake of
dextran dyesin the choroid plexus (CP); n = 5animals per group (black dots); n =4
sections per animal (gray dots); scale bars, 20 pm. Datain o and t are presented as
mean +s.e.m.and were analyzed using a two-sided Student’s t-test. The adjusted
Pvalue indicates adjustments for multiple comparisons using the Benjamini-
Hochberg method (c,jand]l).
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Obesity led to a reduction in the kidney AP1 EC population
(Extended Data Fig. 7b). Relative to other ECs, AP1-ECs were enriched
forgenesinvolvedin protein processinginthe endoplasmicreticulumas
wellas MAPK, TNF and FOXO signaling networks (Extended Data Fig. 7d).

By contrast, obesity increased the size of the mEC1 population,
which, like the mEC2 population, showed enriched expression of genes
related to metabolic pathways and bicarbonate reclamation (Extended
DataFig.7b,e,f). mECI1 cells were highly enriched for solute transport-
ers, many of whichwere not expressed in ECs of other organs (Extended
Data Fig. 7g,h). The mEC1 population showed an obesity-induced
downregulation of transporters of majorions (Slc34al, Slc4a4, Slc22a8,
Slci3al, Slc22al8 and Slc5al2), neutral amino acids (Slc6ai9) and glu-
cose (Slc5a2; Extended Data Fig. 7i). By contrast, obesity induced the
upregulation of mitochondrial respiration and metabolic genes in
mEC2 cells (Fig. 31,m and Extended Data Fig. 7j). Thus, obesity has
distinctimpacts on the mEC compartment in the kidney.

In contrast to cardiac artery ECs (Fig. 3d), renal ECs generally
showed reduced expression of AP1transcription factor subunit genes
Jun, Junb, Jund, Fos, Fosb and Egrl in obesity (Fig. 3n). However, gECs
showed increased expression of Fos, Fosb and Egrl and increased
expression of FGF receptor, nerve growth factor and IGF1 signal-
ing networks in obesity (Fig. 3n and Extended Data Fig. 7k). In gECs,
DIlk1, which encodes an inhibitor of Notch signaling and angiogen-
esis®®, was the strongest upregulated gene in obesity (Extended Data
Fig. 71), and levels of DLK1 protein were increased twofold in obesity
(Fig.30). Consistently, reduced expression of Notch target genes Heyl
and HesI was detected in gECs (Extended Data Fig. 7m). These data
uncover unique impacts of obesity on the cortical (art, cap and ven),
mEC and gEC populations in the kidney.

Brain ECs. Defectsin neural vasculature are closely related to cognitive
decline and neurodegeneration®. Analysis of brain ECs revealed eight
major clusters, including fenestrated ECs, Hb-ECs, platelet-ECs and
AP1-ECs (Fig. 3p and Extended Data Fig. 8a,b). Obesity-induced DEGs
were similar in ven and cap brain ECs, whereas other EC populations,
and fenestrated ECs in particular, showed unique DEGs (Extended
DataFig. 8c).

Similar to kidney ECs, neural ECs showed downregulation of
AP1 transcription factor subunit genes Fos, Fosb, Jun, Junb, Jund and
Egrlin obesity (Fig. 3q). By contrast, obesity led to upregulation of
mitochondrial-encoded subunits of the electron transport chainacross
EC clusters, suggesting ageneral shiftin the metabolic profile of brain
ECs (Extended DataFig. 8d). Relative to other EC clusters, gene expres-
sionchangesin AP1transcription factor subunitsand metabolic genes
were less pronounced in fenestrated ECs (Fig. 3q and Extended Data
Fig. 8d). SgmsI and Degs2, which encode proteins required for the
production of sphingolipids, showed highly enriched expression in
brain ECsand were upregulated in obesity, particularly in the art cluster
(Extended DataFig. 8e).

Relative to other brain ECs, art ECs showed enriched expression of
several leukocyte adhesion genes (Extended Data Fig. 8f), and Vcaml1,
Pecaml, Alcam and Icam1 were upregulated in art ECs in obesity

(Fig.3r). These datasuggest that leukocyte adhesion and transendothe-
lial migrationincrease in brain artin obesity.

Fenestrated ECs are typically found in the choroid plexus. Cell
junction proteins showed enriched expression in fenestrated ECs
(Extended DataFig. 8f), and Jam3, Pdch12, Afdn and Tjpl were upregu-
lated in obesity in fenestrated ECs (Fig. 3s). Several solute transporters
showed enriched expression in fenestrated ECs and were downregu-
lated in obesity (Extended Data Fig. 8g,h). These data suggest that
obesity reduces transport across the choroid plexus. Consistently,
in vivo tracing with fluorescent dextran dyes showed reduced dye
uptake by fenestrated ECs in the choroid plexus of obese animals
(Fig. 3t and Extended Data Fig. 8i). Given that defective EC transport
and functionin the choroid plexus is linked with memory deficiency®
and neurodegeneration®**, our datauncover a potential link between
obesity and deregulation of neural homeostasis.

Sustained obesity exacerbates gene dysregulationin ECs
Toexamine how dietary intervention affects obesity and EC phenotypes,
wemonitored three cohorts of mice: mice fed achow diet for 6 months
(cohort1, chow diet), mice fed a WD for 6 months (cohort 2, sustained
WD) and mice fed aWD for 3 months followed by achow diet for 3months
(cohort 3, reversiondiet; Fig.4a). ECswereisolated by FACS at the 4- and
6-month timepoints and analyzed by scRNA-seq (Fig. 4a,b and Extended
DataFig. 9a). After switching diets, cohort 3showed aninitial reduction
inbody weight and fat mass, which stabilized atintermediate levels that
were between those observed in animals fed exclusively a WD or chow
diet (Fig. 4c,d). These data suggest that reversion to a chow diet only
partially restores body weight and fat mass.

After filtering, a total of 376,293 ECs were compiled across eight
experimental groups for further analysis (Extended Data Fig. 9b-e;
chow 3-month and WD 3-month groups analyzed above, chow 4- and
6-month, WD 4- and 6-month and reversion 1- and 3-month groups).

First, we identified obesity-induced DEGs in cap ECs that were
shared across the seven tissues. We focused on cap ECs because they
had the highest number of DEGs across organs. The gene encoding
ubiquitin A52 ribosomal protein fusion product (Uba52), which is
important for protein translation®, showed the strongest upregula-
tion across cap ECs in sustained obesity (cohort 2; Fig. 4e). Similarly,
genes encoding circadian clock regulators (Dbp, Nr1d1 and Nr1d2),
KLF transcription factors (KIf2 and KIf6) and cell signaling molecules
(Rhob and Shank3) were also upregulated in sustained obesity (cohort
2) but notinthe reversion group (cohort 3; Fig. 4e and Extended Data
Fig. 9f). Genes related to the stress response, including heat-shock
proteins (Hspala, Hsp90aal, Dnajbl and Hspalb), AP1 transcription
factor subunits (Fosand Jun), Egrl, VEGF receptor 2 (Kdr) and electron
respiratory chain-related genes (mt-Atp6, mt-Co3, mt-Co2, mt-Nd2,
mt-Ndland mt-Nd4) were downregulated in sustained obesity (cohort 2;
Fig. 4e and Extended Data Fig. 9f). The expression of these genes was
more similar to control levels following a reversion diet (cohort 3).
Thus, adiverse set of genes, including transcriptional regulators, cell
signaling molecules, stress response and metabolic genes, become
systemically deregulated in cap ECs with sustained obesity.

Fig. 4| Switching obese animals to a healthy diet modifies trajectory of animal
weight, fat mass and the EC transcriptome. a, Experimental design. For the
reversion group (cohort 3), animals were fed a WD for 3 months and switched to a
chow diet. Data for the 3-month chow and WD timepoints are from Figs.1-3; rev,
reversion. b, UMAPs of all ECs analyzed at the 4-month and 6-month timepoints
after filtering out low-quality and non-ECs. ¢,d, Weights and percent body fat mass
of animals analyzed at the 4-month (c) and 6-month (d) timepoints. The dotted line
indicates when the WD was switched to a chow dietin reversion animals. Dataare
presented as mean +s.e.m.; **P=0.0005and **P=0.0029 (c); **P=7.56 x 10 and
*P=0.0062 (c,d; two-sided Student’s -test). e, Heat map representing genes most
commonly impacted in cap ECs across organs in obesity and after reversion diet.

The list of genes was generated based on the 6-month WD timepoint. The following
genes are marked: translation-related genes (blue), transcription regulators

(red), stress response genes (green), electron respiratory chain genes (orange)

and signaling molecules (pink). Data were standardized to the appropriate chow
controlateach timepoint. f, Proportion of up- and downregulated genesin cap ECs
that retain the obesity transcriptional profile or change their trajectory toward a
healthier profile in the reversion group (cohort 3). Gene expression changes after 6
months of a WD were compared to the 3-month reversion timepoint. Data for both
WD and reversion groups were standardized to chow controls at each timepoint.
‘Restored’ indicates genes in the reversion group that show expression levels more
similar to the chow versus WD group.
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Organ-specific ECresponses to dietary intervention

Next, we investigated what proportion of gene expression changes
observed in sustained obesity could be prevented by dietary
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liver cap ECs were the most responsive to dietary intervention, with
~88% of DEGs in sustained obesity remedied by dietary intervention
(Fig. 4f). Moreover, 60-85% of DEGs in cap ECs from AT, heart, lungs
and brain were remedied by dietary intervention (Fig. 4f). Strikingly,
kidney cap ECs were less responsive to dietary interventions; 47% of
upregulated genes and 88% of downregulated genes were unaffected
by the reversion diet compared to the exclusive WD (Fig. 4f). These
data suggest that, of the organ-specific ECs, kidney ECs are the most
vulnerable to obesity.

AT ECs. Consistent with remodeling of the AT during obesity, the WD
promoted EC angiogenesis and proliferation (Fig. 5a). However, the
proportion of angiogenic and proliferating ECs was reduced in sub-
cutaneous AT with sustained obesity compared to the earlier 3- and
4-month WD timepoints (Fig. 5a). This is consistent with defective
angiogenesis in clinical obesity*. Furthermore, the gene encoding
hypoxia-inducible factor 1-a (Hifla) was upregulated in cap ECs in
visceral AT at the 6-month timepoint (Extended Data Fig.10a). These
observations suggest that AT ECs display a more diseased state with
sustained obesity.

Sustained obesity led to the upregulation of integrin and focal
adhesion networks in cap ECs, and this effect was mitigated by the
reversion diet (Fig. 5b,c and Extended Data Fig. 10b-d). AT cap ECs
displayed areduction in BDNF, TSH and AP1 transcription factor net-
works with sustained obesity, which was not observed in the 3-month
reversion group (Extended Data Fig.10b). Among fatty acid transport-
ers, Fabp5 showed the strongest obesity-induced upregulation in AT
ECs (Fig. 5d). The expression of fatty acid transporters was partially
normalized in the 3-month reversion group in AT ECs (Fig. 5d).

Liver ECs. Inflammatory networks wereinduced inliver cap ECs from
mice fed a WD for 6 months but not in mice fed the reversion diet
(Fig. 5e,f). In particular, the expression of Vcam1, Icam1, Cxcl9 and
Cxcl10 was restored to normal levels after 3 months of chow on the
reversiondiet (Fig. 5g).

We found that sustained obesity exacerbated the reduced expres-
sion of mitochondrial respiration subunits across liver ECs, but this
was mitigated by dietary reversion (Fig. 5h and Extended Data Fig.
10e). Consistent with increased circulating lipids and fatty acids in
obesity, a6-month WD induced increased expression of fatty acid and
lipid transporters Cd36, Fabp4, Fabp5 and Abcal inliver ECs, which was
partially restored by the reversion diet (Fig. 5i).

Although most DEGs in liver cap ECs were restored in the rever-
sion group (Fig. 5e), the expression levels of Apocl, Apoa2 and Apoc3
remained high (Fig. 5j). Similarly, low-density lipoprotein receptor
(LDLR) Ldlr mRNA levels remained low in liver cap ECs in the dietary
reversiongroup (Fig. 5j). Thelack ofimprovementin Apo and Ldlr gene
expression isimportant, as high levels of APO proteins and low levels
of LDLR increase the risk of cardiovascular disease®*.

After 3 months on the WD, platelet activation and adhesion to
liver cap ECs was already increased (Fig. 2r). We observed a cluster of

ECs that displayed typical platelet transcripts (Fig. 5k and Extended
Data Fig. 10f), and sustained obesity increased the size of this popu-
lation in the liver but not in other organs (Fig. 51 and Extended Data
Fig.10g). The frequency of platelet-positive ECs in the liver was only
partly restored in mice fed the reversion diet compared to those sus-
tained on the WD. As increased platelet activation and adhesion are
related to tissue and endothelial damage®, our observations suggest
that the liver endothelium s prone to damage in obesity, and this can
be partially mitigated by weight loss.

Cardiac ECs. The AP1 transcription factor subunit genes Jun, Junb,
Jund, Fos and Fosb were already upregulated in heart arterial ECs after
3 months on the WD and were further upregulated in mice fed the
WD for 6 months (Extended Data Fig. 10h,i). These genes were also
upregulated in arteriole ECs following 6 months on the WD (Fig. 6a).
The expression of AP1subunits was restored to control levels follow-
ing 3 months on the reversion diet, which was particularly striking in
arterial ECs (Extended Data Fig.10h,i). These data suggest that the risk
ofatherosclerosisin cardiac arteries can be at least partially mitigated
by animproved diet.

Cardiac cap ECs showed reduced expression of ECM organization
genes with sustained obesity, which was mitigated by the reversion diet
(Fig. 6b). Similarly, sustained obesity increased the expression of the
fatty acid transporter Fabp4in heart cap ECs, and this was not observed
inthereversion group (Extended Data Fig. 10j).

Obesity upregulated the expression of Kif2, Kif4, Kif6 and KIf9 at all
timepointsinheartart, cap and ven ECs (Fig. 6¢). Interestingly, arever-
siondietreduced the expression of KIfgenes to control levelsin cap and
venECsbutnotin cardiacart ECs. Given that KLF factors are activated in
response to stress®®, our data suggest thatart ECs in the heart continue
to experience some level of stress despite an improved diet.

Lung ECs. The EC-pneumocyte population in the lungs showed an
approximately threefold reduction after 3 months on the WD. This
population was further depleted after 4 and 6 months of the WD but
recovered strongly in the diet reversion group (Fig. 6d).

Similar to the 3-month timepoint, GO analysisrevealed induction
of inflammatory networks in lung cap ECs following 6 months of aWD
but not in the diet reversion group (cohort 3; Fig. 6e). Consistently,
expressionofinflammatory genes Cxcl12, Edn1, Plat and Thbdincreased
in lung cap and art ECs in the WD group (Fig. 6f). Of these, Cxcl12,
Ednland Plat showed reduced expressionin the diet reversion group,
whereas Thbd mRNA remained high. Sustained obesity reduced the
levels of mitochondrial-encoded transcripts in lung art, cap and ven
EC populations, which was attenuated by dietary reversion (Extended
DataFig.10k). By contrast, ECM genes, VEGF signaling members Vegfa
and Vegfcand Notchl signaling genes DIl1,/Jagl and Numb were upregu-
lated by sustained obesity in lung cap ECs but were not attenuated by
areversion diet (Extended Data Fig. 101).

The aEC cluster showed an upregulation of genes encoding mito-
chondrial respiration subunitsand, in particular, the fourth respiratory

Fig. 5| Improved trajectories of ECM components in AT ECs and of metabolic
and inflammatory networks in liver ECs in the reversion group. a, Changes
inthe proportion of angiogenic and proliferating ECs in visceral AT and
subcutaneous AT in WD-treated and reversion cohorts. Data are presented
relative to chow controls at each timepoint. b, GO cellular component pathways
upregulated in AT cap ECs in obesity, which switch toward chow levels in the
reversion group. ¢, Gene expression changes in focal adhesion genes in cap
ECsinvisceral and subcutaneous AT. d, Gene expression changes in fatty acid
transportersinart, cap and ven ECs in the visceral and subcutaneous AT. e, DEGs
(adjusted Pvalue of <0.05and | log (FC) | > 0.1) in hepatic cap ECs at the 6-month
timepoint. Genes that show a restored transcriptional profile in the reversion
group areindicated. f, BioPlanet-annotated pathways upregulated in cap ECs
inobesity (adjusted Pvalue of < 0.05and log (FC) > 0.1), which are restored

toward chow levels in the reversion group. g, Expression of Vcaml, Icam1, Cxcl9
and Cxcl10in WD and reversion groups in liver cap ECs. h, BioPlanet-annotated
pathways downregulated in hepatic cap ECs in obesity (adjusted Pvalue of
<0.05andlog (FC) < 0.1), which are restored toward healthy chow levelsin the
reversion group. i, Gene expression changes in fatty acid transporters in liver
art, cap and ven ECs. j, Expression of Apocl, Apoa2, Apoc3and Ldlrin WD and
reversion groupsin liver cap ECs. k, UMAPs showing coexpression of endothelial
markers (Pecaml and Flt1) and platelet markers (Pf4, Ppbp and Nrgn) in the liver
EC-platelet population, which is marked by the black arrow. I, Percentage of ECs
positive for Pf4, Ppbp or Nrgninliver in chow, WD and reversion cohorts at each
timepoint. The adjusted P value indicates adjustments for multiple comparisons
using the Benjamini-Hochberg method (b, fand h).
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complex with sustained obesity, but notin the dietary reversion group
(Fig. 6g). Notably, despite not being impacted by a 3-month WD, AP1
subunits and heat-shock protein (Hsp) genes Hspla, Hsplb, Hsple
and Hsp90aal were downregulated in the lung aEC population with
sustained obesity and in the dietary reversion group (Extended Data
Fig. 10m), suggesting that obesity primes the deregulation of stress

response genes in this population.

Kidney ECs. Kidney ECs were most vulnerable to obesity and showed
the least improvement after a reversion diet (Fig. 4f). Kidney ECs
showed a global downregulation of AP1 transcription factors with
sustained obesity that was not restored by the reversion diet (Fig. 6h).
Similarly, kidney cap ECs upregulated ECM components, namely inte-
grins, laminin subunits and ephrins, with sustained obesity, and the

expression of these genes did not improve after weight loss (Extended
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Fig. 6 | Partial improvement in trajectories of obesity-induced gene

expression changes in heart, lung, kidney and brain ECs by areversion diet.

a, Changes in the gene expression levels of AP1transcription factor subunitsin
arteriole ECs in obesity and reversion conditions. b, DEGs associated with ECM
organization, including Col4al, Col4a2, Coll5al and Nrp2,in cardiac cap ECs.
¢, Gene expression changes in Kifgenes in cardiac art, cap and ven ECs of obese
and reversion animals. d, Quantification of the EC-pneumocyte population
asaproportionof all lung ECs. e, MSigDB-curated pathways upregulated in
obesity inlung cap ECs (adjusted P value of <0.05 and log (FC) > 0.1), which
show improved trajectory in the diet reversion group. f, Expression levels of
selectinflammation-associated genes upregulated inlung cap and art ECs in

obesity. g, Gene expression changes in members of the fourth mitochondrial
respiratory chain complex in the aEC population. h, Gene expression changes
in AP1transcription factor subunitsin kidney art, cap and ven ECs of obese and
reversion animals. i, Differential expression of genes encoding mitochondrial
respiration subunits in the kidney mEC2 population. Select genes are indicated.
Data were standardized to the chow control group at each timepoint.j, BioPlanet-
annotated pathways upregulated in brain cap ECsin obesity (adjusted Pvalue
of <0.05 and log (FC) > 0.1), showing an improved trajectory in the reversion
group. k, Expression of select leukocyte adhesion genes in brain art ECs. Adjusted
Pvaluesineandjindicate adjustments for multiple comparisons using the
Benjamini-Hochberg method.
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Data Fig.10n). The kidney mEC2 population showed obesity-induced
upregulation of diverse metabolic genes, including glycolysis and res-
pirationgenes, evenin mice fed the reversion diet (Fig. 6i). This resultis
particularly striking, as upregulation of metabolic networksinkidney
mECsisassociated with cellular stress, such as hyperosmolarity”, sug-
gesting that short-term or moderate obesity is sufficient to induce a
stress state in kidney mECs.

Brain ECs. Sustained obesity led toincreased expression of genes asso-
ciated with protein translation, electron transport chain, Alzheimer’s
disease (forexample, Apoeand Cycs), integrin and IFN signaling (Fig. 6j).
The expression of these networks was mitigated by a reversion diet.
Genes associated with leukocyte migration, such as Alcam, Icaml,
Pecam1l and Vcaml, wereinduced in brainart ECs by sustained obesity
(Fig. 6k). However, only Icam1 and Pecaml1 showed lower expression
levels with the reversion diet (Fig. 6k).

Disease-associated genes are induced by obesity

To identify obesity-induced DEGs in ECs that can increase the risk of
vascular dysfunction, we integrated our 6-month WD and 6-month
chow datasets with the NHGRI-EBI GWAS database*°. The NHGRI-EBI
database in manually curated and quality controlled and contains all
published GWAS studies that meet the quality threshold*’. We focused
ongeneticrisklociassociated with disorders having vascular patholo-
gies, such as coronary artery disease, atherosclerosis, heart failure,
hypertension, stroke, Alzheimer’s disease and bipolar disorder.

Gene loci associated with coronary artery disease, including
neurobeachin-like 1 (VBEALI) and APOE, were upregulated in heart
art ECsin obesity (Fig. 7a). Interestingly, genetic variants of NBEAL1, a
gene thatis poorly understood at the functional level, also significantly
increasestherisk of atherosclerosis developmentinyoungindividuals
and promotes the risk of myocardial infarction**>. These observations
strongly suggest NBEALI as an obesity-induced candidate gene that
couldincrease therisk of disease in cardiac art ECs.

Further genesupregulatedin cardiacart ECsin obesity, including
Hivep2and Cfdp1, were associated with atherosclerosis (Fig. 7b), while
CDKNIA, the gene encoding the senescence factor p21, was associated
with heart failure (Fig. 7c). As age and EC senescence are important
risk factors for heart failure®, the induction of Cdknla suggests that
obesity may induce an aging phenotypein heart arterial ECs, whichin
turn promotes heart failure.

Genetic variantsin SOX17were recently reported as the strongest
risk factor for pulmonary arterial hypertension**. Obesity led to the
upregulation of Sox17 in lung art ECs, which, importantly, was miti-
gated by the reversion diet (Fig. 7d). ULK4 is a significant genetic risk
factor for systemic hypertension and was upregulated with obesityin
lung art, heart art, kidney art, brain art and gECs (Fig. 7e-i). ULK4 is a
serine-threoninekinase that plays animportantrolein brain develop-
ment*. The function of ULK4 in ECs is not well understood, but ULK4
genetic variants are associated with aortic disease*. Ulk4 was the only

high-risk hypertension gene that was systemically upregulated in art
ECs with obesity. Other hypertension-associated genes impacted by
obesity included Podxland Ebf1upregulated inlung art ECs, Nbeall and
Thx3upregulatedin heartart ECsand /gfbp3with reduced expression
inheart, kidney and brain art ECs (Fig. 7e-i).

Defects in neural vasculature are associated with numerous dis-
eases, including stroke, Alzheimer’s disease and bipolar disorder**.
Geneticvariants of ULK4, CAV2, HTRA1and KLF12are all associated with
increased risk of stroke and the orthologous genes were upregulated
in brain art ECs in obesity (Fig. 7j). Genetic variants of APOE are the
strongest known risk factor for Alzheimer’s disease®, and Apoe was
upregulated in brain cap ECs in obesity (Fig. 7k). Genes encoding the
cytoskeleton-interacting proteins PLEC and PARVB are risk factors
for Alzheimer’s disease, and genetic variants of PLEC and SYNEI are
high-risk alleles for bipolar disorder (Fig. 7k,1). All three genes were
downregulated in brain cap ECs with obesity. Reduced levels of Plec,
Parvb or Synel can adversely impact EC shape and EC permeability® .
Giventhat dysregulation of vascular permeability is an early hallmark
of neurodegeneration®, our data suggest that changes in cytoskeleton
networksinbrain cap ECsin obesity promote a diseased state.

Discussion

Our study systematically investigated the impact of obesity on ECs.
Our scRNA-seq analyses of 375,000 ECs revealed that obesity differ-
entially impacts EC subtypes across AT, liver, heart, lungs, kidneys
and brain (Fig. 7m-r). We show that dietary intervention can partially
mitigate changes in body weight, fat mass and EC transcriptomes,
suggesting weight loss and improved metabolic health has an overall
positive effect on the endothelium. Our work identified vascular dys-
function risk genes, including Sox17, Ulk4, Nbeall, Cdknla and Plec,
as obesity-regulated genes in the endothelium. These dataimplicate
these genes in the pathophysiology of obesity-induced vascular
defects associated with diseases, such as atherosclerosis, heart fail-
ure, neurodegeneration, stroke and pulmonary hypertension. Our
datarepresentavaluable resource for the community and are publicly
available through an interactive website at https://obesity-ecatlas.
helmholtz-muenchen.de.

Our findings suggest that obesity primarily affectsECsinan organ-
and subtype-specific manner rather thanin aglobal manner (Fig. 7m-r).
This finding is in agreement with the unique physiological functions
of blood vessels in different organs and the organ-specific expres-
sion profiles of vascular cells''>**, Nevertheless, why different EC
subpopulations show opposing responses to the same physiological
trigger, namely obesity, remains unclear. For instance, genes encod-
ing AP1 transcription factor subunits were upregulated specifically
in heart arterial ECs but not in other heart EC populations (Fig. 3d).
Furthermore, AP1 transcription factor expression was repressed in
kidney and brain ECs in obesity (Fig. 3n,q). In a similar manner, fatty
acidswere ableto upregulate Fabpl expressionin liver ECs but not lung
ECs (Fig. 2p). We speculate that these organ-specific responses of ECs

Fig. 7| Integration of human GWAS datareveals vascular disease risk genes
that areinduced by obesity. a, Comparison of known high-risk variants
(identified via GWAS) for coronary artery disease with obesity-induced gene
expression changesin heartart ECs at the 6-month timepoint. b, Comparison
of known high-risk variants for atherosclerosis with obesity-induced gene
expression changesin heartart ECs at the 6-month timepoint. ¢, Comparison of
known high-risk variants for heart failure with obesity-induced gene expression
changes in heart art ECs at the 6-month timepoint. d, Expression levels of Sox17,
the most significant genetic risk factor for pulmonary arterial hypertension
(PAH), in pulmonary art ECs in obesity and after reversion. e-i, Comparison of
known high-risk variants for hypertension with obesity-induced gene expression
changesinlungart (e), heartart (f), kidney art (g), kidney gkC (h) and brain art
(i) ECs at the 6-month timepoint. j, Comparison of known high-risk variants

for stroke with obesity-induced gene expression changes in brain art ECs at the

6-month timepoint. k, Comparison of known high-risk variants for Alzheimer’s
disease with obesity-induced gene expression changes in brain cap ECs at the
6-month timepoint. 1, Comparison of known high-risk variants for bipolar
disorder with obesity-induced gene expression changes in brain cap ECs at the
6-month timepoint. m-r, Summary of the most prominent obesity-induced
gene expression changes in EC populations identified in this study. Changesin
EC populations of the AT (m), liver (n), heart (0), lungs (p), kidneys (q) and brain
(r) are provided. Genes indicated in red are high-risk genes for the development
of vascular pathologies and overlap with human GWAS studies. The x axesina-c
and e-Irepresent the -log,, (Pvalue) of disease-associated SNPs assigned to a
gene, while the y axesina-Irepresent the log (FC) of the marked gene in obesity.
Genes with|log (FC) | > 0.1are highlighted in red. Select candidate genes are
labeled. SNPs associated with each disease were obtained from the NHGRI-EBI
GWAS database.
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are due to a primed epigenetic state, which reflects the functionality
ofthe respective organ. For instance, as the liver is a major metabolic
hub, liver ECs are likely programmed to transport fatty acids to support
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liver function. By contrast, lungs are not known to play amajor rolein
lipid or fatty acid metabolism and, therefore, are unlikely to possess
the machinery to transport fatty acids in the presence or absence of
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metabolic stress. Consistently, EC subtypes are likely to respond dif-
ferently to metabolic triggers, such as increased fatty acids, glucose
or insulin, depending on the signaling networks active in the EC sub-
type and the primed epigenetic state of target genes. Future studies
integrating analysis of obesity-induced epigenomic changes with our
scRNA-seq dataset will be crucial for the identification of chromatinand
transcriptional regulators that mediate EC-subtype-specific responses
to metabolic disease.

The EC-pneumocyte population was significantly reduced in
the lungs with obesity (Fig. 6d). A similar loss of this population was
reported in mouse models of pulmonary arterial hypertension®, sug-
gesting a general loss of this population in diseased states. As the
EC-pneumocyte population has only been detected via scRNA-seq
analysis, we confirmed the presence of the EC-pneumocytesin mouse
lungs via FISH (Fig. 3h). EC-pneumocytes express high levels of genes
related to surfactant production (Sftpal, Sftpb, Sftpb and Sfta), which
are important in innate defense against pathogens and are typically
expressed by pneumocyte typell cells in the lungs™. Moreover, our data
revealed thatimmune response-related genes, including Hc (hemolytic
complement), Ptprfand Cxcl1$, and lysosomal genes, including Lyz1
and Lyz2, were strongly enriched in EC-pneumocytes relative to other
lung EC clusters. Thus, it is tempting to speculate that the loss of this
population in obesity leads to reduced immunity against respiratory
infections, such as influenza and severe acute respiratory syndrome
coronavirus2.

Platelet activation and adhesion is related to tissue and EC dam-
age®. We uncovered that obesity is associated with increased platelet
activationandaccumulationin theliver endothelium, which progresses
with sustained obesity (Fig. 51). Platelet activation is an important
defense mechanismthatleads toincreased inflammation and immune
cell recruitment”. Metabolic syndrome and insulin-resistant obese
individuals show elevated platelet counts and P-selectin®**°, which is
consistent with our findings. Antiplatelet treatment resultsinreduced
platelet-endothelial adhesion and has shown promising results as
a therapy for non-alcoholic steatohepatitis®®. As activation of ECs is
instrumental for platelet aggregation, targeting endothelial adhesion
moleculestoreduce platelet-orchestrated inflammationin metabolic
and chronicliver disease may be anew alternative therapeuticstrategy.

Guided by our scRNA-seq data, we undertook tracing studies with
fluorescent dextran dyes and uncovered reduced transport across
fenestrated ECs in the choroid plexus in brains of obese animals
(Fig. 3t). The choroid plexus is animportant metabolic and secretory
compartment of the brain that produces cerebrospinal fluid to main-
tain ahomeostatic neural environment®. Alterations in choroid plexus
morphology and function are associated with aging and Alzheimer’s
disease®**. Reduced transport across the choroid plexus is observed
inindividuals with Alzheimer’s disease®?, while reduced permeability
of the choroid plexus has been reported in animal models of inflam-
matory bowel disease, where it is associated with increased anxiety
and memory deficiency®. Taken together with our transcriptomic
and tracer data, it is possible that choroid plexus dysfunction may be
one mechanismthat causes deregulation of neural homeostasisin the
context of obesity.

Obesity is a risk factor for chronic kidney disease and glomeru-
lopathy development®***. Obesity leads to increased sodium reab-
sorption, hypertension and glomerular hyperfiltration, which are
associated with dysfunction of tubular and glomerular epithelial
cells®. Here, we show that specialized kidney EC populations, such
asmECs and gECs, are strongly impacted by obesity and show unique
transcriptional changes (Fig. 31-o and Extended Data Fig. 7e-1). Fur-
thermore, dietary intervention was unable to restore the majority of
obesity-induced transcriptional changes in kidney ECs, such as the
upregulation of metabolic genesin mECs (Fig. 6i). This likely reflects
the low regenerative capacity of the kidneys versus the higher regener-
ative capacity of organs such as theliver®®*®, where ECs show improved

transcriptional profiles on a reversion diet (Fig. 4f). In kidney gECs,
we observed DLK1, which encodes an inhibitor of Notch signaling®®,
to be strongly upregulated in obesity (Fig. 30). As DLK1is thought to
inhibit inflammation in the kidney®’, the upregulation of DLK1 may
be a protective response to obesity-induced damage. To date, major
treatments for diabetes- and obesity-associated kidney dysfunction
have focused on the renin-angiotensin-aldosterone axis and the
regulation of vascular tone’. By uncovering unique transcriptional
networks deregulated in renal EC subtypes in obesity, we provide
here new directions to explore for therapeutics for treating kidney
dysfunctionin metabolic disease.

Theincreaseinlipids and AT expansionin obesity creates aneces-
sity for endothelial vascularization’. We observed an increase in EC
angiogenesis, proliferation and ECM remodeling following a 3-month
WD (Fig. 2e-j), consistent with a ‘healthy’ compensatory mechanism
for fat expansion. However, sustained obesity resulted in reduced
angiogenesis, particularly inthe subcutaneous AT (Fig. 5a), along with
an induction of Hifla expression in visceral AT ECs (Extended Data
Fig.10a). These changesin sustained obesity are likely associated with
increased hypoxia, which promotes inflammation and accumulation
ofimmune cells in AT, leading to AT dysfunction’>”. Furthermore, the
upregulation of ECM genes was less pronounced with sustained obesity
(Fig.5cand Extended DataFig.10d). As loss of angiogenic potential and
improper extracellular remodeling are key characteristics of adipose
dysfunction®, targeting angiogenesis, vascularization and EC function
withtherapeuticsislikely toimprove AT health in the context of obesity.

In conclusion, our work catalogs obesity-induced changes in the
endotheliumand provides the foundation for abetter understanding
of vascular dysfunction in metabolic disease and obesity-associated
comorbidities. The molecular networks we have uncovered are can-
didate tissue-specific therapeutic target pathways to ameliorate EC
dysfunctionin awide variety of disorders.

Methods

Animal models

All experiments were performed in accordance with the animal eth-
ics laws of Saxony, Germany, and were approved by the state animal
ethics committee (Landesdirektion Sachsen, Leipzig, Germany). Male
C57BL/6N mice were put on a WD (Ssniff Spezialdidten, D12331) or
control chow diet (Ssniff Spezialdidten, V1534) starting at -8 weeks of
age. Animals were maintained on the respective diets for 3months and
weighed weekly. For the ‘reversion’ experiments, animals maintained
on a WD for 3 months were changed to a chow diet and analyzed 1 or
3 months later. Body composition was measured using the Minispec
BCA Analyzer LF110 (Bruker Biospin). Mice were maintained on a12-h
day/12-h night cycle. Water and food were provided ad libitum. The
temperature was maintained at 22 + 2 °C, with humidity maintained
at55+10%.

Statistical analysis

Data, which were not derived from scRNA-seq data analyses, are pro-
vided as mean + s.e.m. All statistical tests were exclusively undertaken
onbiological replicates. Comparison of databetween the indicated two
groups was performed using a two-sided Student’s ¢-test. A Pvalue of
<0.05 was considered statistically significant.

Preparation of single-cell suspensions

Brain. Brains were dissected and rinsed inice-cold PBS. The olfactory
bulb and cerebellum were removed. The brain was then dissociated
withthe Neural Dissociation kit P (Miltenyi Biotec,130-092-628), as per
the manufacturer’sinstructions, viathe gentleMACS Octo Dissociator
system with heaters (MACS Technology, Miltenyi Biotec) using the
37C_NTDK_1 program. Cells were transferred via a 20-gauge syringe
through a 70-pm cell strainer and into a 50-ml Falcon tube. Cells were
collected by centrifugation (4 °C,300g, 5 min).
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Lungs. The lungs were surgically removed, rinsed inice-cold PBS and
transferred into a gentleMACS C tube (Miltenyi Biotec, 130-096-334)
containingtissue digestion buffer (TDB). TDB consisted of 1x penicillin/
streptomycin (Thermo Fisher Scientific, 15140122), 2x antibiotic-anti-
mycotic (Thermo Fisher Scientific,15240062),1 mM sodium pyruvate
(Thermo Fisher Scientific, 1360070), 1x MEM non-essential amino
acidssolution (Thermo Fisher Scientific, 11140035), 0.13 Wunsch units
(WU) Liberase (Merck, 5401127001) and 160 U DNase I (Sigma-Aldrich,
D4527-10KU) made up in KnockOut DMEM (Thermo Fisher Scientific,
10829018). Each sample was further dissociated with the gentleMACS
Octo Dissociator system with heaters using the 37C_m_LDK_1protocol.
The cell suspensionwas filtered through a 70-pum cell strainer, and the
cell strainer was rinsed once with 10 ml of wash buffer (WB; contain-
ing 0.5% bovine serum albumin (BSA; BSA Fraction V, Sigma-Aldrich,
10735096001) and 2 mM EDTA (Thermo Fisher Scientific, 14190-094)
in PBS). Cells were collected via centrifugation (4 °C,300g, 5 min).

Heart. The heart was surgically removed, rinsed in ice-cold PBS, cut
into approximately 10 pieces and transferred into a gentleMACS C
tube containing TDB supplemented with 0.13 WU Liberase (Merck,
5401127001) and 80 U DNase I (Sigma-Aldrich, D4527-10KU). Each
sample was dissociated with the gentleMACS Octo Dissociator system
with heaters using the preprogrammed protocol 37C_NTDK_1. The
cell suspension was transferred using a 20-gauge needle and filtered
through a 70-um cell strainer, rinsed (10 ml of WB), collected by cen-
trifugation and used for staining.

Kidneys. The kidneys were surgically removed and rinsed in ice-cold
PBS.Kidneys were cutinto small pieces using surgical scissors and trans-
ferred into a gentleMACS C tube containing TDB supplemented with
0.13 WU Liberase (Merck, 5401127001) and 80 U DNase I (Sigma-Aldrich,
D4527-10KU). Each sample was dissociated with the gentleMACS Octo
Dissociator system with heaters using the preprogrammed protocol
37C_Multi_E. The cell suspension was filtered through a 70-pm cell
strainer. The gentleMACS C tube and the cell strainer were subsequently
rinsedin10 ml of WB. Cells were collected via centrifugation (4 °C,300g,
5min), washed once in 10 ml of WB and used for staining.

Liver. The liver was dissected, rinsed in ice-cold PBS, minced using
scissors and transferred into a gentleMACS C tube containing TDB
supplemented with 0.13 WU Liberase (Merck, 5401127001) and 80 U
DNase I (Sigma-Aldrich, D4527-10KU). Each sample was dissociated
with the gentleMACS Octo Dissociator system with heaters using the
preprogrammed protocol 37C_m_LIDK_1. The cell suspension was
filtered through a 70-um cell strainer and further rinsed with 10 ml
of WB. Cells were collected by centrifugation (4 °C, 300g, 5 min) and
used for staining.

AT.Thevisceraland subcutaneous AT were surgically removed, rinsed
inice-cold PBS and transferred into a gentleMACS C tube containing
adipose digestion buffer (DMEM (Gibco, 41966-029), 1% penicillin/
streptomycin (Thermo Fisher Scientific,15140122) and 0.2% collagenase
11(Gibco, 17101-015)). Using surgical scissors, the AT was cut into small
pieces. Samples were then dissociated with the gentleMACS Octo Dis-
sociator using the preprogrammed protocol 37C_mr_ATDK_1. The cell
suspensionwas filtered through a300-um cell strainer. The gentleMACS
C tube and the cell strainer were subsequently rinsed twice with 10 ml
of WB. Cells were collected by centrifugation (4 °C, 300g, 5 min). The
adipose layer at the top was discarded, the cell pellet was washed once
in10 ml WB and the cells were subsequently used for staining.

ECstaining and isolation by FACS

For the 3-month timepoint (WD 3 months and chow 3 months), cell
suspensions fromthe liver and kidneys were treated with red blood cell
lysis buffer (0.154 MNH,CI, 0.01 MKHCO, and 0.1 mM EDTA for 3 min

atroom temperature), washed once in WB and subsequently used for
staining. Myelin was removed from brain samples using myelin removal
beads (MiltenyiBiotec,130-096-733), as per the manufacturer’sinstruc-
tions, before staining. Similarly, ECs were removed from lung suspen-
sionsusing CD326 (EpCAM) microbeads (MiltenyiBiotec,130-105-958)
according to the manufacturer’s instructions.

For the 4-month (WD 4 months, chow 4 months and reversion
1 month) and 6-month (WD 6 months, chow 6 months and reversion
3 months) timepoints, cell suspensions from the liver, heart, kidneys,
brain and lungs were treated with CD31 MicroBeads (Miltenyi Biotec,
130-097-418) to enrich for ECs before staining. CD31 enrichment was
performed according to the manufacturer’s instructions.

FACSisolation of ECs was performed as previously described’”.
Briefly, all samples were stained with CD45-PE (BD Pharmigen, 533081;
1:400) and CD31-APC (eBioscience, 17-0311-85; 1:250) antibodies
diluted in FACS buffer (2% fetal calf serum in PBS). Staining was done
onice in atotal volume of 200 pl. Cells were washed in 14 ml of FACS
buffer, collected by centrifugation (4 °C,300g, 5 min), resuspendedin
FACS buffer containing1 pg ml™ propidiumiodide and passed through
a100-pm cell strainer into a FACS tube. Cells were sorted on a FACS
Melody or FACS Aria (BD Biosciences). Single cells were selected based
onforwardandside scatter. Dead cells were removed using propidium
jodide. ECs were gated based on CD31* and CD45"°" expression.

Single-cell workflow

scRNA-seqwas performed using al0x Next GEM Single-Cell 3’ GEM kit
v3.1(10x Genomics) according to the manufacturer’s protocol. Briefly,
an equal number of FACS-isolated CD31*CD45"" cells from three bio-
logical replicates per condition were pooled, centrifuged (4 °C,300g,
5min), resuspended at~1,000 cells per pland immediately loaded into
the 10x Chromium controller. Separate 10x Genomics reactions were
used for each organ, timepoint and condition, with ECs pooled from
three mice per group. Generated libraries were sequenced on an Illu-
minaNovaSeqwith>27.5 x 10°reads per cell followed by demultiplexing
and mapping to the mouse genome (build mm10) using CellRanger
v5.0 (10x Genomics).

Bioinformatics analyses

Data preprocessing. Gene expression matrices were generated using
the CellRanger software v5.0.1(10x Genomics) with standard settings
and mapping to the mm10 reference mouse genome. The following
data analysis was performed using Seurat package v3.0 (ref. ”®). First,
we performed datafiltering steps by removing low expressed genes and
low-quality cells from further analyses: (1) genes with O raw counts were
removed, (2) cells with <500 or >6,000 uniquely expressed genes or
with >25,000 unique molecularidentifiers were excluded and (3) cells
with ahigh percentage of mitochondrial genes (>20%) were removed.
The data were normalized using the NormalizeData() function, the
3,000 most variable features were detected with FindVariableFea-
tures(), data were scaled with ScaleData() and the first 30 principal
components were calculated with RunPCA() and used for clustering
(RunUMAP(), FindNeighbours() and FindClusters()). Doublets were
removed with the DoubletFinder package according to the doublet
rates provided by 10x Genomics. Second, we merged the data from
all organs into one object and annotated major cell types. Clusters
were annotated based on the expression of the following markers:
Pecam1l (Cd31) and CdhS5 (vascular ECs); ProxI and Lyvel (LECs); Dcn,
Pdgfraand Collal (fibroblasts); Myhll,Acta2 and Tagln (smooth muscle
cells); Pdgfrb, Cspg4 and Anpep (pericytes) and Ptprc, Igkc and Cd52
(hematopoetic cells). Non-ECs, which showed no Pecaml or Cdh5
expression, were removed from all downstream analyses. For further
analyses, cells were separated according to the organ of origin for
subclustering and differential gene expression. DEGs were obtained
using the FindMarkers() function based on a Wilcoxon rank-sum test
with Benjamini-Hochberg P value correction. Significant DEGs were
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identified by the criteria Benjamini-Hochberg-adjusted P value of
<0.05 and | log (FC) | > 0.1. Differential expression is expressed on a
naturallog (log,) scale.

Heat maps. Heat maps were generated using log (FC) of DEGs or z
scores calculated for average expression per cluster, as indicated in the
figure legends, via the ggplot2 package. For better visual representa-
tion, upper and lower value cutoffs were introduced as stated on the
heat maps. For reversion experiments (Figs. 4-6), datafor the WD and
reversion groups at each timepoint were standardized to the associated
chow controls at the same timepoint.

Designation of art, cap and ven ECs. General EC subtypes were
assigned based on marker genes from previous studies™'*'®, As such,
artECsingeneral were assigned by expression of FbinS5, Gkn3, Heyl and
Mgp, with additional markers Agp1 (kidney) and Plac8and Adgrgé6 (liver).
Cap ECs were assigned based on expression of Car4 and Rgcc as well as
Sema3c (lungs), Plpp3 (kidneys) and Stab2 and Lyvel (liver). Ven ECs were
assigned based onthe expression of Vcaml and Vwf, whereas Nr2f2and
Lcn2were used for brain, IgfI for kidneys and Selp and Bmp4for liver.

Designation of cell clusters. Every organ was analyzed separately for
subclustering and differential gene expression analysis. Clusters were
assigned based on the art-cap-ven markers and other organ-specific
markers using the FindAlIMarkers() function. Proliferating and angio-
genic populations were defined by the expression of Mki67 (ref.””),
Top2a™” and Apln, Col4a2 and Trp53ill, respectively. EC-Hb cells were
defined by Hba-al and Hbb-bs, and EC-AP1 cells were defined by enrich-
mentof/unb, Fos and Fosb. LECs were defined by the expression of Flt4,
Ccl21a, Lyvel and Fgl2. For analyses of later timepoints and reversion
at4 and 6 months, cells were incorporated with the original object for
each organ using the merge() function and reclustered, and cluster
identities were assigned based on the original 3-month timepoint. For
the quantification of platelet-positive ECs, we applied the following cri-
teria: >1 count for any of the platelet-specific genes Pf4, Ppbp and Nrgn.

Correlation analysis of DEGs. A list of genes that showed anincrease
or decrease of log (FC) > 0.1in the obese versus chow conditions in
theindicated EC subpopulations was generated. Pairwise correlation
analysis was then performed on genes that were expressed in both data-
sets being compared. Correlation coefficients representing Pearson’s
rvalues were calculated.

Identification of genes most consistently changing across organs.
For the indicated timepoints, genes were selected that were detected
inall organs. The log (FC) valuesin the obese versus control conditions
were then compiled in a matrix for each gene across all organs. Genes
wereranked by average log (FC) across all seven organs. The top genes
up-and downregulated, showing aminimumaverage| log (FC) | > 0.2,
wereincluded.

GO and pathway enrichment analysis. GO and pathway enrichment
analyses were performed using Enrichr®. Selected pathways and GO
terms significantly enriched with a Benjamini-Hochberg-adjusted
Pvalue of <0.05 are presented. Data are presented on a -log,, scale.

Transcription factor binding motif analysis. To identify putative
transcriptional regulators of Fabpl, genomic sequences of the Fabpl,
Fabp4, Fabps, Cd36 and Abcal promoter regions (1,000 kilobases
upstream ofthe transcription start site) were extracted from the UCSC
Table Browser® using the mm10 reference genome. Promoter regions
were analyzed with AME online tools v5.4.1 (ref. **) viathe HOMOCOMO
v11l motif database. Top enriched motifs for the mouse were subse-
quently mapped to the Fabpl promoter using the CentriMo online
tool v5.4.1 (ref. %2).

Integration of GWAS data. GWAS datawere searched and downloaded
from the NHGRI-EBI Catalog of human GWASs*’. This database contains
allhuman GWASs that meet the NHGRI-EBI quality criteria (more than
100,000 single-nucleotide polymorphisms (SNPs) analyzed in study).
Human genetic variants showing statistically significant association
(P<107%) with the indicated disease were compared to DEGs in our
scRNA-seq dataset. Child trait data were excluded. For dot plots com-
paring GWAS SNP-associated genes and DEGs in our dataset, we used
thelog (FC) of WD versus chow cohorts at the 6-month timepoint and
plotted it against the -log,, (P value) of the disease-associated SNP of
thatgene.

Metabolomics

Metabolomics analyses were performed using gas chromatography-
mass spectrometry (GC-MS) as previously described”. Briefly, serum
sampleswere collected fromanimals at the time of death. A total of 25 pl
of serum was mixed with 200 pl of 100% ice-cold methanol. Norvaline
and D27-myristic acid were used as spike-in controls. The samples were
frozenforatleast 24 hat-80 °C. The mixture was centrifuged (20,000g,
4°C, 5min), and the supernatant was kept for analysis. For measure-
ment, the supernatant was dried in a speed-vac (room temperature),
and samples were resuspended in 10 pl of pyridine with 10 mg ml™
methoxyamine and incubated for 1 h at 30 °C. Samples were centri-
fuged (20,000g, 3 min), and the supernatant (7.5 pl) was transferred to
GC-MStubes. Subsequently, metabolites were derivatized by the addi-
tion of 15 pl of N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamid
with 1% tert-butyldimethylchlorosilane (Sigma-Aldrich, 375934) and
incubation for 60 min at 80 °C. Metabolites were measured using a
DB5-MS GC columnin a7890 GC system (Agilent Technologies) com-
bined with a 5977 MS system (Agilent Technologies).

Immunofluorescence

Obese and chow animals were killed and intracardially perfused with
15 ml of PBS (Sigma, D8537) and 15 ml of freshly prepared paraformalde-
hyde, pH 7.4 (Sigma, P6148). Tissues were then processed as described
below.

Liver. The liver was cut into approximately 0.5-cm? pieces and fixed
with 4% formaldehyde (overnight at 4 °C). Tissues were embedded in
paraffin, and 5-pm sections were cut using amicrotome (Thermo Scien-
tific, HM355S) and attached to Superfrost slides (Epredia, JISOOAMNZ).

Immunostaining was performed using antibodies for CD62P
(P-selectin, Psel.KO.2.7; Novus Biologicals, NB100-65392; 1:100) and
CD31 (Abcam, ab28364; 1:50). Sections were deparaffinized and
hydrated followed by postfixation in ice-cold acetone for 1 min and
washing in PBS for 10 min. Antigen retrieval was performed using
antigen-unmasking solution (Vector). Sections wereincubated for1h
inblocking solution (1.5% fetal calf serum and 3% BSA prepared in PBS),
followed by the addition of primary antibodies (CD62P and PECAM1)
overnight at 4 °C. Following washing in PBS for 10 min, sections were
incubated for 120 min with corresponding secondary antibodies.
Sectionsincubated with only secondary antibodies were used as nega-
tive controls. Sections were then washed twice for 10 min each in PBS
and mounted in Vectashield containing DAPI and visualized using a
fluorescence microscope (Leica). Image exposure and acquisition
settings were set using negative controls (without primary antibod-
ies), and similar settings were used for all sections. Quantification was
done using Image]J software via the colocalization color map plug-in,
andindex of correlation (/_,,,) score was plotted.

Visceral and subcutaneous AT. Thetissue was dissected and fixed with
40 mlof 4% paraformaldehyde (overnight at 4 °C) and then sequentially
incubated in 40 ml of 10%, 20% and 30% sucrose for 24 h each. Pieces
around 1cm?®were cut, and tissue was embedded in OCT (Cell Path,
KMA-0100-00A), frozen on dry ice and stored at -80 °C. Sections of
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40 pmwere generated using a Cryostat (Leica, CM1950), and sections
were attached to Superfrost slides (Epredia, JISOOAMNZ).

Immunostaining was performed on cryosections. Slices were incu-
batedin PBS for 30 minand permeabilizedin 0.5% Triton X-100 (Roth,
3051.3) in PBS for 30 min. Sections were washed three times for 5 min
eachin PBS and blocked in blocking solution (5% BSA (PanReac Appli-
Chem, A1391),10% glycine (Roth, 0079.3) and 0.2% Triton X-100 (Roth,
3051.3)) for 2 h. Primary antibodies were incubated for 48 h at 4 °C
(anti-CD31, 1:50 (Abcam, ab56229); anti-integrin-B1,1:50 (sc-374429))
inblocking solution. Following three washes in PBS (5 min each), sam-
ples were incubated for 120 min with the corresponding secondary
antibodies in blocking solution (Alexa Fluor 647 goat anti-rabbit IgG
(H+L),Life Technologies, A21244; Alexa Fluor 488 donkey anti-rat IgG
(H+L), Life Technologies, A21208; Alexa Fluor 555 goat anti-mouse IgG
(H+1L), Life Technologies A28180; 1:300). Sections were then washed
twicefor2 minin 0.2% Triton X-100 in PBS, washed twice for 5 min with
PBS and mounted with Mowiol (Roth, 0713.2) containing DAPI (Roth,
6335.1) and visualized using a confocal microscope (Zeiss, LSM980).
The same image exposure and acquisition settings were used for all
sections. Quantification was done using ImageJ software. Four regions
persample (n =3 animals per dietary group) were acquired. Expression
ofintegrin-B1wasstandardized to the CD31signal. Normal distribution
of data was evaluated with a Shapiro test (R studio), and an unpaired
t-test was performed (GraphPad Prism 8.4.3).

Kidneys. Five-micron-thick paraffin sections were prepared. Sections
were deparaffinized with xylene and rehydrated with graded ethanol
washes. Sections were then cooked in Tris-based antigen-unmasking
solutiontoretrieve the epitopes. Following antigen retrieval, sections
were covered with TrueBlack (Biotium, 23007) for 1 min and washed
twice with PBS for 10 min. Blocking was done at room temperature
for1hin3%donkey serumand M.O.M. blocking reagent (Vector labs).
Slides were incubated with primary antibodies raised against DLK1
(1:200; Abcam, ab119930) and CD31 (1:200; Abcam, ab28364) for 48 hat
4 °C.Slides were washed three times with PBS and incubated with corre-
sponding secondary antibodies (anti-mouse Alexa Fluor 546, A10036;
anti-rabbit Alexa Fluor 488,SA5-10038;1:200) for 2 hfollowed by three
washes in PBS. Sections were mounted using VECTASHIELD mounting
medium containing DAPI (Vectashield plus Antifade DAPI, Vector lab,
H-2000).Images were acquired using a Leica Thunder microscope. The
exposure settings and laser gain were kept constant for each condition,
and analysis was performed using NIH ImageJ software.

Choroid plexus barrier permeability/dye uptake assay
The following protocol was used with minor modifications®. Obese
and chow-fed mice wereintraperitoneally administered 100 pl of tracer
solution (2 mMdextran fluorescein, 3 kDa (Thermo Fisher, D3306), and
2 mMdextran TexasRed, 70 kDa (Thermo Fisher, D1864)). Mice injected
with PBS were used as a negative control. Five minutes after tracers were
injected, animals were slowly anesthetized in an isoflurane chamber.
Ten minutes after (thatis, 15 min after dyeinjection), a cardiac puncture
was performed, and 500 pl of blood was collected from each animal.
Mice were intracardially perfused with 15 ml of PBS (Sigma, D8537),
the brainwas isolated, and the two hemispheres were separated. One
hemisphere was embedded in OCT (Cell Path, KMA-0100-00A), frozen
ondryice and preserved at -80 °C. Blood samples were centrifuged
at10,000g for 10 min at 4 °C, and serum was collected. Fifty microlit-
ers of diluted serum (2:5 in PBS) was used to perform fluorescence
measurements at excitation/emission of 595/615 and 494/521 nmviaa
multimode microplate reader FlexStation 3 (Molecular Devices). The
fluorescence intensity from serumwas usedin the nextstepasacontrol.
Sections (10 pm) were generated using a cryostat (Leica, CM1950)
and attached to Superfrostslides. Cryosections were fixed with freshly
prepared 4% paraformaldehyde, pH 7.4 (Sigma, P6148) for 30 min,
permeabilized with 0.2% Triton X-100 in PBS for 15 min and blocked

in a solution composed of 5% BSA, 10% glycine and 0.2% Triton X-100
in PBS for 1 h. Incubation with anti-CD31 (Abcam, ab28364; 1:50) was
performed overnight in blocking solution at 4 °C. After three washes
in PBS (5 min each), sections were incubated for 120 min with the cor-
responding secondary antibody. Sections were then washed twice for
2 min each in 0.2% Triton X-100 and for 5 min in PBS and mounted in
Mowiol (Roth, 0713.2) containing DAPI and visualized using a confocal
microscope (Zeiss, LSM980). The same image exposure and acquisition
settings were used for all sections. Quantification was done using Image]J
software. Four regions of the choroid plexus (n =5 mice per dietary
group) wereacquired, and raw fluorescence (RFU) values were normal-
ized against raw fluorescence measurements of the serum fromthe plate
reader. Normal distribution of datawas evaluated with aShapiro test (R
studio), and an unpaired ¢-test was performed (GraphPad Prism 8.4.3).

FISH

Obese and chow animals were killed and intracardially perfused with
15 ml of PBS followed by 15 ml of freshly prepared 4% paraformalde-
hyde, pH 7.4 (Sigma, P6148). The lungs were promptly dissected and
further fixed in 4% paraformaldehyde overnight at 4 °C.

Tissues were cryoprotected and processed as previously
described®*. Lungs were placed in OCT (Cell Path, KMA-0100-00A),
frozen on dry ice and preserved at -80 °C. Seven-micron sections
were cut using a Cryostat (Leica, CM1950) and attached to Superfrost
slides, which had previously been treated with poly-L-lysine®. Fixation,
permeabilization, proteinase K digestion (1:1,500), hybridization and
mounting were performed as previously described®. The fluorescent
probes were ordered from Biosearch Technologies and possessed
between 30 and 48 unique hybridization primers per target gene
(Supplementary Table 8). PecamI probes were labeled with Fluor Red
590, and all other probes were labeled with Quasar 670 to allow for
multiplexing. Tubb3was used as anegative control, asitis typically not
expressed in healthy lungs. Sections were visualized using a confocal
microscope (Zeiss, LSM980). Four regions per sample (n=3 animals
per dietary group) were acquired.

Primary mouse EC culture

Liver and lungs were dissected from female C57/BL6N mice at 6 to 9
weeks old and placed in ice-cold sterile PBS. Samples were moved to
asterile tissue culture hood, and single-cell suspensions were pre-
pared using the Miltenyi Octo Dissociator as described above. ECs
were enriched from the single-cell suspensions using CD31 MicroBeads
(Miltenyi Biotec, 130-097-418), following the manufacturer’s instruc-
tions, under sterile conditions. Cells were cultured in collagen-coated
(Sigma, C8919) plates with EC growth medium (Cell Applications,
211-500).

Fatty acid, glucose and insulin treatment

Fatty acid conjugation. A fatty acid cocktail was prepared with the fol-
lowing fatty acids purchased from Sigma and dissolved inethanol:1 mM
c14:0 (myristic acid, M3128), 26.7 mM ¢16:0 (palmitic acid, P0500),
8 mM c18:0 (stearic acid, S4751), 36.6 mM c18:2 (linoleic acid; L1376),
21 mM c18:1 (oleic acid; E4637) and 6.4 mM c20:4 (arachidonic acid,
Merck, 181198). These are six of the most common free fatty acids found
inhuman serum. Our chosen combination of fatty acids represents the
relative quantities of these six fatty acids in human serum**°, The fatty
acid cocktail (100 mM) was conjugated with 10% BSA (Sigma, A8806)
for 2 hwithshakingat1,500 r.p.m. at 37 °Cin athermoshaker.

EC treatment. Liver ECs were treated with metabolic stressors 24 h
after initial culture, while lung ECs were treated at passage 3. Primary
ECs were treated with 30 mM glucose (Gibco, A24940-01), 1:1,000
insulin (10 pg ml™* final concentration; Sigma, 19278) and the fatty acid
cocktail at three concentrations (100,400 and 800 pM) for 24 h. These
three concentrations were used because the normal concentration of
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free fatty acids in human serumis ~450 puM (ref. ), whileitis increased
around twofold in obesity**. RNA was subsequently isolated for quan-
titative PCR withreverse transcription (QRT-PCR) analysis. For rescue
experiments, ECs were treated with 5 pM GW6471 (Sigma, G5045) or
1uMMRT67307 (Sigma, SML0702) for1 h, followed by a23-h treatment
with 800 pM fatty acid cocktail and the respective inhibitor together.
After treatment, ECs were washed twice with ice-cold PBS, and RNA
wasisolated using an RNeasy Mini kit (Qiagen, 74106) accordingto the
manufacturer’sinstructions.

cDNA synthesis and quantitative PCR analysis Isolation of cardiac
ECs.CD31'CD45"" cells were isolated by FACS as described above, and
RNA was isolated using a Qiagen RNeasy kit.

Isolation of lung ECs. CD31'CD45"" cells were isolated by FACS as
described above, and RNA was isolated using a Qiagen RNeasy kit.

Following DNase digestion, RNA was reverse transcribed to
c¢DNA using a Maxima first-strand cDNA synthesis kit (Thermo Fisher
Scientific, K1671). For each experiment, an equal quantity of input RNA
was used for each sample for the cDNA reaction. qRT-PCR reactions
were run in triplicate with Power SYBR Green PCR master mix (Life
Technologies, 4368708) on an LC480 instrument (Roche). Therelative
expression changes were normalized to RplpO. For heart EC samples,
the RplpO-set 2 primers were used. The full list of primers is provided
inSupplementary Table 9.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All gene expression data are provided on the website https://
obesity-ecatlas.helmholtz-muenchen.de. Processed data canbe inter-
rogated using the graphical user interface provided, and normalized
count matrices can be downloaded from the website by clicking the
‘download 5had’ button under each dataset. Differential expression
analysis between any two populations of interest can also be performed
viathe website.

Source data are provided with this paper.

Code availability
The code used for bioinformatics analysis can be accessed via GitHub
at https://github.com/Osynchronika/sc_EC_obesity_atlas.
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Extended Data Fig. 1| Isolation and bioinformatical filtering of ECs. (a) Mouse
body weight over 3 months of WD. N =9 animals per group. (b) Percentage of
lean versus fat mass in animals maintained on WD and chow diets for 3 months.

N =9 animals per group. (c) Metabolomics (GC-MS) data showing serum
cholesterol, palmitate and stearic acid levels in obese versus control animals.

N =3 animals on chow diet, 4 on WD. (d) Correlation matrix comparing the
overall EC transcriptome from the 7 indicated organs, with WD and chow groups
combined. Pearson’s r-value for each comparison is provided. (e) Representative

FACS plots showing sorting strategy for ECs at the 3-month timepoint. Single
cells were selected based on forward and side scatter, dead cells removed based
on propidiumiodide staining, and enriched populations of ECs isolated based
on high CD31 (PECAMLI) and low CD4S5 levels. (f) UMAPs showing the presence

of vascular EC, mural, fibroblast (FB), hematopoietic and lymphatic EC (LEC)
markers across all CD31* CD45"" cell analyzed by scRNA-seq. The arrows indicate
the positive populationin each category. Data are presented as mean + SEM and
were analyzed using a two-sided Student’s t-test (a-c).
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Extended DataFig. 3| Obesity induces ECM genes in adipose tissue ECs.

(a-b) Top 5 enriched genes in (a) visceral and (b) subcutaneous AT EC clusters.

(c-d) Comparison of obesity-induced gene expression changes across EC
clustersin (c) visceral and (d) subcutaneous AT. Any gene showing a |log(FC)|

>0.1inany cluster was used to collate the list of genes used for these analyses.

The numbers show the Pearson’s r-value for each comparison. (e) BioPlanet-
annotated pathways enriched in DEGs in the cap2 versus capl population
invisceral AT. Data are expressed as -log;,(p-adj). Genes significantly
enriched (p-adj<0.05) in cap2 versus capl ECs were used for this analysis.

(f) Heatmap showing obesity-associated gene expression changes in select
ECM components. a - arteries +arterioles (art), ¢ - capillaries, v - veins +
venules (ven). Art, capillary and ven ECs were defined using markers outlined
in Extended Data Fig. 2. (g) Heatmap showing gene expression changes in the

‘Integrin signaling’ pathway in cap ECs. Cap ECs were defined using markers
outlined in Extended Data Fig. 2. (h-i) Quantification of (h) angiogenic and

(i) proliferating ECs in each of the 7 tissues. Top genes enriched in angiogenic
and proliferating ECs in the AT are provided in Extended Data Fig. 3a, band
Supplementary Tables 3-6. Data were analyzed using a two-sided x>-test.

(j) Obesity-associated changes in the expression of genes associated with
angiogenesis and proliferation in visceral and sc AT capillary ECs. (k-1)
BioPlanet-annotated terms significantly enriched in genes (k) upregulated and
(I) downregulated in LECs in visceral and sc AT. Data are expressed as -log,,
(p-adj). Top 100 (k) up- and (I) downregulated genes, ranked by log(FC), were
used for these analyses. p-adj indicates adjustments for multiple comparisons
using the Benjamini-Hochberg method, FC - fold change. Differential
expression from scRNA-seq data is expressed on a natural log (log,) scale.
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Extended DataFig. 4 | Liver ECs activate lipid mobilization networks in obesity.
(a) TopSenriched genesinliver EC clusters. (b) Comparison of obesity-associated
gene expression changes across EC clustersin liver. Any gene showing a |log(FC)|
>0.1linany cluster was used to collate the list of genes used for these analyses.

The numbers show the Pearson’s r-value for each comparison. (c) BioPlanet-
annotated pathways significantly enriched in the liver capl population relative to
other capillary ECs. Data are expressed as -log;(p-adj). (d) BioPlanet-annotated
pathways significantly enriched in the liver cap2 population relative to other
capillary ECs. Data are expressed as -log,,(p-adj). (e) KEGG and BioPlanet terms
mostsignificantly enriched in cap2 versus capl population. Data are expressed
as-log,o(p-adj). Genes significantly enriched (p-adj < 0.05) in the cap2 population
versus capl were used for this analysis. (f) UMAPs showing expression of Apoal,
Apoa2, Apocl, Alb, Apoe and Abcal in ECs across all organs. (g) Heatmap showing

induction of lipid mobilization genes in liver EC clusters relative to chow controls.
(h-i) Induction of (h) Fabp4 and (i) FabpS mRNA expressionin response to 100 M,
400 pM and 800 pM free fatty acids (FA), as well as 30 mM glucose and 10 pg per
mlinsulinin primary mouse liver and lung ECs. Data were standardized against
BSA-treated controls and are presented as mean + SEM. N = 4 replicates per group,
with ECs for each replicate derived from a different animal. Expression data were
standardized to Gapdh and Rplp0. (h) **p = 0.002; (i) ***p = 0.0003, *p = 0.021
(two-sided Student’s t-test). Each condition was compared against BSA-controls.
() KEGG, BioPlanet and gene ontology - biological process (GO BP) terms enriched
ingenes downregulated in theliver capl population in obesity. Data are expressed
as-log,,(p-adj). p-adjindicates adjustments for multiple comparisons using the
Benjamini-Hochberg method, FC - fold change. Differential expression from
scRNA-seq datais expressed on a natural log (log,) scale.
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Extended Data Fig. 5| Leukocyte migration and inflammation networks are
activated by obesity in cardiac ECs. (a) Top Senriched genesin each of the heart
EC clusters. (b) GO terms for genes significantly enriched in arteriole ECs relative
to other cardiac ECs. Data are expressed as -log,,(p-adj). Exemplary genes found
across alllisted GO categories are provided. Genes significantly enriched (p-adj
<0.05) inthe arteriole EC population relative to other cardiac ECs were used for
this analysis. (c) Obesity-associated gene expression changes in Meox2 and Tcf15
in cardiacarteriole ECs. (d) Comparison of obesity-associated gene expression
changes across cardiac EC clusters. Any gene showing a [log(FC)| > 0.1in any
cluster was used to collate the list of genes used for these analyses. Pearson’s
r-value for each comparisonis provided. (e) Relative KIf2 and Kif4¢ mRNA levelsin
bulk FACS-isolated CD31" CD45" cells from hearts of control and obese animals.
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N =8animalsin chow group; 5in WD group. Data were standardized to RplpO
expression and analyzed using a two-sided Student’s t-test. Data are presented as
mean + SEM. (f-g) BioPlanet-annotated terms significantly (f) upregulated and
(g) downregulated in cardiac LECs in obesity. Data are expressed as -log;,(p-adj).
Top 100 (f) up- and (g) downregulated genes, ranked by log(FC), were used for
these analyses. Exemplary genes for select pathways are listed. (h) BioPlanet
annotated pathways significantly upregulated in AP1ECs in obesity. Dataare
expressed as -log;,(p-adj). Top 100 upregulated genes, ranked by log(FC), were
used for these analyses. p-adj indicates adjustments for multiple comparisons
using the Benjamini-Hochberg method, FC - fold change. Differential expression
from scRNA-seq datais expressed on a natural log (log,) scale.
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Extended DataFig. 6 | Obesity induces inflammatory networks inlung ECs.
(a) Top Senriched genesin each of the lung EC clusters. (b) UMAPs showing the
co-expression of EC markers PecamI and FltI with pneumocyte markers Sftpal
and Sftpb. Arrows indicate the population showing overlap of pneumocyte

and EC markers. (c) Representative fluorescence in situ hybridization (FISH)
images showing the colocalization of pneumocyte markers (Lyz2, Sftpal,

Sftpb) and endothelial marker Pecam1. Tubb3is provided as a negative control,
asitistypically not expressed in the lungs. White arrows indicate the double
positive cells. The data were reproduced in 3 control and 3 WD fed animals. Scale
bars equal 5 um. (d) KEGG curated pathways enriched in the EC-pneumocyte
population relative to other lung ECs. Data are expressed as -log,,(p-adj). Genes
significantly enriched (p-adj < 0.05) in the EC-pneumocyte population relative to
other lung ECs were used for this analysis. (€) Comparison of obesity-associated
gene expression changes across lung EC clusters. Any gene showing a [log(FC)|

>0.1linany cluster was used to collate the list of genes used for these analyses. The
numbers presented are Pearson’s r-value for each comparison. (f) Expression of
histocompatibility genes H2-Ab1, H2-Aa and H2-Eb1 in bulk FACS-isolated CD31"
CD45 cells from lungs of control and obese animals. N = 5 animals in chow group;
4in WD group. Data were standardized to Hsp90ab1 and Gapdh expression. Data
are presented as mean + SEM and were analyzed via a Student’s t-test. (g) BioPlanet
curated pathways downregulated in Aqp5a ECs in obesity. Data are expressed
as-log,y(p-adj). Top 100 downregulated genes, ranked by log(FC), were used for
these analyses. (h) Heatmap showing obesity-induced gene expression changesin
select ribosomal genes across lung EC clusters. (i) UMAP of Npr3 expression across
organs. Bar graphs represent obesity-associated changes in Npr3 expressionin
lung and kidney ECs. p-adj indicates adjustments for multiple comparisons using
the Benjamini-Hochberg method, FC - fold change. Differential expression from
scRNA-seq datais expressed on a natural log (log,) scale.
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Extended Data Fig. 7 | Obesity induces metabolic changes and
downregulation of solute transportersin kidney ECs. (a) Top 5 enriched genes
ineach of the kidney EC clusters. mEC - medullary ECs, gEC - glomerular ECs. (b)
Obesity-associated shifts in kidney EC clusters. Populations showing a change
oflog,(WD/chow) > 0.5 in obesity are highlighted in color. (c) Comparison of
obesity-associated gene expression changes across renal EC subtypes. Any gene
showinga|log(FC)|> 0.1in any cluster was used to collate the list of genes used
for these analyses. Pearson’s r-value for each comparison is provided. (d) KEGG
curated pathways significantly enriched in AP1ECs versus other kidney ECsGenes
significantly enriched (p-adj < 0.05) in AP1ECs were used for these analyses. (e)
KEGG pathways enriched in the mEC1and mEC2 clusters relative to other kidney
ECs. Genes significantly enriched (p-adj < 0.05) in mEC1and mEC2, relative to
other kidney EC populations, were used for these analyses. (f) Enrichmentin the
expression of metabolic genes across kidney EC clusters. Z-scores of average
gene expression per cluster are presented. (g) Enrichment of genes encoding SLC

transporters across kidney EC clusters. SLC transporters enriched in the mEC1
population are highlighted in red and indicated below the heatmap. (h) UMAPs
showing the enrichment of Slc34al, Slc4a4, Slc6a19, Slc5a2, Slc22a8, Sic13al,
Slc22ai18and Slc5a12in renal mECl1 cells. The mEC1 population is marked by the
black arrows. (i) Obesity-associated gene expression changes in SLC transporters
inthe mEC1 population. (j) Changes in the expression of mitochondrial
respiratory genes in the mEC2 population in obesity. Respiratory complex
identities are marked at the bottom. (k) BioPlanet curated pathways upregulated
inglomerular ECs (gECs) in obesity. Top 100 downregulated genes, ranked by
log(FC), were used for these analyses. (I) Top differentially expressed genes,
ranked by p value, in gECs. (m) Obesity-associated changes in the expression

of Notch target genes HeyI and HesI in gECs. p-adj indicates adjustments for
multiple comparisons using the Benjamini-Hochberg method, FC - fold change,
gEC - glomerular EC, mEC - medullary EC. Differential expression from scRNA-
seq datais expressed on a natural log (log,) scale.
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Extended Data Fig. 8 | Brain ECs show obesity-induced changes in metabolic,
celljunction and solute carrier genes. (a) Top 5 enriched genesin each of the
neural EC clusters. (b) Shifts in neural EC clusters. Quantification of the shifts
isprovided in the lower bar graph, with changes expressed on alog2 scale. (c)
Comparison of obesity-associated gene expression changes across neural EC
subtypes. Any gene showing a [log(FC)| > 0.1in any cluster was used to collate
thelist of genes used for these analyses. Pearson’s r-value for each comparison

is provided. (d) Heatmap depicting obesity-induced gene expression changes in
mitochondrial encoded members of the electron respiration chain. (e) UMAPs
depicting enrichment of SgmsI and Degs2 mRNA in ECs across all organs. Obesity-
associated gene expression changes in neural ECs are shown. (f) Enrichment

(z-scores) of tight junctions (blue), adherent junctions (green), gap junctions
(black) and leukocyte adhesion molecules (red) across neural EC clusters. (g)
Heatmap showing the enrichment (z-scores) of SLC transporters across neural
EC clusters. The Slc genes enriched in fenestrated EC population are indicated
by the red box. (h) Gene expression changes in select Slc genesin fenestrated
ECsin obesity. (i) Representative mages of Dextran 3 kDa (FITC) and Dextran

70 kDa (Texas red) in the choroid plexus of obese and control animals. ECs
wereimmunostained with CD31 (purple). Allimages were taken with the same
exposure and laser power. Quantifications are provided in Fig. 2r.N = 5 animals
per group. Scale bars represent 20 um. FC - fold change. Differential expression
from scRNA-seq data is expressed on a natural log (log,) scale.

Nature Metabolism


http://www.nature.com/natmetab

Article https://doi.org/10.1038/s42255-022-00674-x
a Brain Heart Lungs Kidneys Liver Visceral AT Subcutaneous AT
o -
2| ¢ 10 (0 I
& | 10" 10* : 1 A,
o -
ol 1@ 108 ’ : g 10*
o
= 1 10 4 A ; 1
- 0 17101016 0 10101010 0 10 10’ 10" 10 0 16 10° 10* 10°
—_ 5
b log1 0 (CD45-PE) c
B 16000 Brain
5 14000 Ak 2
§ :gggg [ Chow 3 mo. m Chow 4 mo. M Chow 6 mo. [WD 3 mo. Ho CapAl
@ ¢
8 8000 EWD4mo. BWD6mo. HRevimo. MRev3mo. Cap
B 6000 Platelef Fenestr
3 4000 Mylo¥
g 2000
Brain Heart Lungs Liver Kidneys Vis AT Sc AT
d ECs Mural FBs Hematopoietic LECs )
Maximum
~ R L o » - Q‘ ! Minimum
E B g = 2 5 ¢ : 5
g £ 5 &4 § , g { <
8 \@ » =7 . - S -
s A %
o p 5 L V3 < ,é
8 <3 3 - Y N 7 3
g &N 8 ; 2 <
\ < Lungs
EC-pneumocyte
Lymph
a LA © . o - ' ‘{) APS proii
= = d o [ 1 =5 ~ 5
g R ? 3 3 5 3 PulmECa "‘Cafj»
- Lo - o n 2
Bt 4, Cép
Oy et
aEC
e ECs Mural FBs Hematopoietic LECs
‘ !
% LY
~ o ps . - * Minimum
g = 4 < il © %
S - s
3 s » ] & &
Q N s
[N
\e ’
- '
2 N I g © 8
< 3 = =< bS]
8 < v 8 > < _
[N 7 Kidneys
T, [N Venile -
4
K q [ fw > Ang BP1
2 © ‘) % § Lymph Cap3
= = £ ¥ ) % Cap4
& 3 » 3 8 3 3 ek LO%P4 \mEC2
[N 4 9EC. G2 proif
‘?‘ @%rteriole
f Brain Heart Lungs Kidneys Liver Vis A Sc AT '°g(0':g)
fgggd ggeédg ggedd ggged gggde geggd geeid Vie AT
™ < © V; ('>J ™ < © V; (;) 8 <+ © v; (‘>7 8 <+ © v; (‘: g <+ © V; (;) 8 <+ © '; !'>) 8 <+ © '; (;’
el o000 oo oo [al=) oo oo
S33cdc 232320 cC 2232 c 33 TIICC TIZoa 2=3ad lUogs
CIo e ’ Arterial

Arteri

Lymph2

L F

Prolif

Tmsb10

Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Impact of diet reversion on ECs. (a) Representative FACS
plots showing enrichment of ECs based on PECAM1 (CD31) and CD45 staining.
ECsfromthe heart, brain, lungs, kidneys and liver were enriched at the 4-and
6-month timepoints using CD31 magnetic beads prior to staining and FACS.

(b) Number of ECs analyzed at each timepoint and in each experimental group
after filtering out low quality and non-ECs. (c¢) UMAPs of ECs combined from

all timepoints showing distinct clusters in each organ. Markers described in
Extended Data Figs. 1-8 were used to define these populations. These markers
were originally obtained from published scRNA-seq datasets*'*"'%, (d) UMAPs
showing the presence of typical EC, mural, fibroblast (FB), hematopoietic and
lymphatic EC (LEC) markers at the 4-month time point (4-month chow, 4-month
WD, 1-month reversion groups). The arrows indicate the positive populationin

each category. (e) UMAPs showing the presence of typical EC, mural, fibroblast
(FB), hematopoietic and lymphatic EC (LEC) markers at the 6-month time
point (6-month chow, 6-month WD, 3-month reversion groups). The arrows
indicate the positive populationin each category. (f) Select genes showing
similar deregulation across all organs in obesity. The 6-month WD timepoint
was used to select these genes. Expression is shown relative to the chow control
ateach timepoint. Following genes are marked: translation-related genes
(blue), transcription regulators (red), stress response genes (green), electron
respiratory chain-related genes (orange), and signaling molecules (pink). FC

- fold change. Differential expression from scRNA-seq datais expressed on a
natural log (log,) scale.
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Extended Data Fig.10 | See next page for caption.
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Extended Data Fig. 10 | Changes in trajectories of EC transcriptome following
areversiondiet. (a) Changesin the expression levels of Hifla in AT cap ECs.

(b) BioPlanet pathways enriched in visceral and sc AT cap ECs. Analysis was
done on genes significantly downregulated by sustained obesity (6 m WD,
p-adj<0.05, [log(FC)| > 0.1), which recover towards control levels in the dietary
reversion group. (c) BioPlanet terms upregulated by sustained obesity (6 m WD,
p-adj<0.05, [log(FC)| > 0.1) in visceral AT ECs, which recover towards control
levels in the dietary reversion group. (d) Gene expression changes of integrin
signaling networkin cap ECs of visceral and subcutaneous (sc) AT. (e) Gene
expression changes in mitochondrial respiratory network in liver art, cap and
ven EC clusters. Respiratory complex identities are marked on the right side. (f)
BioPlanet terms enriched in the brain EC-platelet population relative to other
ECs. Genes significantly enriched (p-adj < 0.05) in the EC-platelet population
were used for these analyses. (g) Quantification of platelet marker-positive ECs
inthebrain, heart, lungs, and kidneys as a proportion of all ECs in the respective

organ. (h) UMAPs showing enrichment of large vessel and arterial markersin
heart ECs. The arrow denotes arterial ECs, where all the tested markers overlap.

(i) Gene expression changes in AP1transcription factor subunitsin cardiac
arteries. (j) Expression of Fabp4in heart cap ECs. (k) Obesity-associated gene
expression changes in mitochondria-encoded genesinlungart, cap and ven EC
populations. (I) BioPlanet terms significantly upregulated by sustained obesity
(6 mWD, p-adj<0.05, [log(FC)| > 0.1) in lung cap ECs, which do not recover
towards control levels in the dietary reversion group. (m) Changes in expression
levels of AP1transcription factor subunits and Hsp genesin the lung aEC
population. (n) BioPlanet pathways upregulated by sustained obesity (6 m WD,
p-adj<0.05, [log(FC)| > 0.1) in the kidney cap population, which do not recover
towards control levels in the dietary reversion group. p-adj indicates adjustments
for multiple comparisons using the Benjamini-Hochberg method, FC - fold
change. Differential expression from scRNA-seq data is expressed on a natural log
(log.) scale.
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Software and code

Policy information about availability of computer code

Data collection Single cell RNA-seq data was collected from FACS sorted CD31 high, CD45 low cells from male mice using the 10x genomics platform. The full
methods are enclosed in this document below.

Data analysis Gene expression matrices were generated using the CellRanger software v5.0.1 (10x Genomics). Data analysis was performed using Seurat
package v3.0. Data were normalized using the NormalizeData() function, the 3000 most variable features detected with FindVariableFeatures
(), data scaled with ScaleData(), the first 30 principal components calculated with RunPCA(), and used for clustering (RunUMAP(),
FindNeighbours(), FindClusters()). Doublets were removed with the DoubletFinder package according to the doublet rates provided by 10x
Genomics. Differentially expressed genes were obtained using the FindMarkers() function based on a Wilcoxon Rank Sum test with Benjamini
p-value correction.

Heatmaps were generated using the ggplot2 package.

Gene ontology and pathway enrichment analyses were performed using Enrichr (v. Mar2021).

TF binding motif analysis was performed using AME online tools v5.4.1 via the HOMOCOMO v11 motif database.
The code used for bioinformatics analysis can be accessed via GitHub:
https://github.com/Osynchronika/sc_EC_obesity_atlas
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are provided on the website:

https://obesity-ecatlas.helmholtz-muenchen.de

Processed data can be interrogated using the graphical user interface provided and normalized count matrices downloaded from the website by clicking the
“download 5had” button under each dataset. Differential expression analysis between any two populations of interest can also be undertaken via the website.
The code used for bioinformatics analysis can be accessed via GitHub:

https://github.com/Osynchronika/sc_EC_obesity_atlas

The NHGRI-EBI GWAS catalog can be accessed at: https://www.ebi.ac.uk/gwas/
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Single cell RNA-seq: for each time point and condition, an equal number of CD31+ CD45 low cells were extracted from at least 3 different male
mice prior to single cell analysis.
For other experiments, at least 3 biological replicates per experimental group were performed. The exact number of replicates is indicated in
the figure legends.
As per good scientific practice, a minimum of 3 biological replicates were undertaken for each experiment. Where extra samples / animals
were available, more than 3 replicates were used. No statistical method was used to determine sample size.

Data exclusions Only cells showing expression of endothelial markers (Cdh5, Pecam1) were included and non-endothelial cells excluded from the analysis. This
was done firstly during FACS sorting of ECs, and secondly during pre-processing of scRNA-seq data by excluding Pecam1- and Cdh5-negative
cells, as the study primarily focused on ECs.

For quality control of the sequencing data, we used commonly used, pre-determined metrics to filter cells.

Cells where less than 500 unique genes (low quality or dead cells), or more than 6000 uniquely expressed genes (likely doublets) were
detected were removed; cells with >25000 UMIs were excluded (likely doublets); cells with high percentage of mitochondrial genes (more
than 20% of all detected transcripts) were removed (low quality or dead cells); cells identified as doublets with DoubletFinder R package were
removed.

Replication - Multiple replicates - at least 3 animals - were used for each condition and time point. Biological replicates showed similar results, and data
from each biological replicate has been indicated as a separate point in the figures.

- Data were compared over multiple time points to observe changes over progressive / more severe obesity in the single cell dataset.
Randomization Prior to administering animals with a Western diet, animals were randomly assigned into the "chow" or "Western diet" groups.
For reversion experiments - switching animals from a Western diet to a chow diet, animals on a Western diet were randomly assigned into the

sustained obesity or reversion groups.

Blinding As obese animals are obvious, blinding was not possible.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [x]|[ ] chip-seq
Eukaryotic cell lines D E Flow cytometry
Palaeontology and archaeology IZI D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Antibodies

Antibodies used CD45-PE (BD Pharmigen 533081, 1:400)
CD31-APC (eBioscience 17-0311-85, 1:250)
CD31 (for immunofluoresence) (Abcam ab28364, 1:50)
CD31 (for immunofluoresence) (Abcam ab56229, 1:50)
CD62P (P-selectin, Psel.KO.2.7, Novus Biologicals NB100-65392, 1:100)
ITGB1 (sc-374429, 1:50)
DLK1 (Abcam ab119930, 1:200)
Secondary antibodies:
AlexaFluor-546 anti-mouse 1gG, A10036 (1:200)
AlexaFluor-488 anti-rabbit 1gG, SA5-10038 (1:200)
Alexa Fluor 647 goat anti-rabbit IgG (H+L), Life technologies A21244 (1:300)
Alexa Fluor 488 donkey anti-rat I1gG (H+L), Life technologies A21208 (1:300)
Alexa Fluor 555 goat anti-mouse IgG (H+L), Life technologies A28180 (1:300)

Validation CD31-APC, CD45-PE: We have previously utilized these antibodies to isolate endothelial cells and ensured endothelial identity by
single cell RNA-seq and gPCR / RNA-seq analysis for endothelial markers (Sheikh et al. 2020, Nature Cell Biology, Sheikh et al. 2019
iScience). During this study, we also undertook single cell sequencing on CD31-positive cells. As expected, we specifically obtained
endothelial cells.

The CD31 Abcam antibodies (for IF) were verified by ensuring vascular staining on test sections. Secondary antibody only controls did
not show this staining. We observed the expected staining of blood vessels, which have a very distinct pattern in tissues. The
manufacturer (Abcam) has also provided verifications of vascular stainings in multiple organs using both antibodies. According to the
manufacturer, the ab28364 antibody has been cited in more than 1,600 studies, while the ab56299 has been cited in more than 75
studies.

The ITGB1 antibody was tested by the manufacturer for specificity using Western blot on 3 different cell types. Expected band sizes
between 100 and 130 kDa were observed. The antibody has been used in 60 studies (SantaCruz website). Knockout of ITGB1 leads to
a loss of signal with this antibody suggesting that this antibody is specific (Lu et al. 2020, American Journal of Transplantation).
CD62P (P-selectin) antibody was verified by staining of activated platelets. It co-stained with CD42b, another marker of platelets. This
monoclonal antibody was widely tested and verified by the authors via flow cytometry, immunohistochemistry, adhesion assays and
immunoprecipitation (Massaguer et al., 2000, Tissue Antigens). As expected, treatment of platelets with calcium, thrombin and MA
induced expression of CD62P which was detected by this antibody (Novus Biologicals website, Massaguer et al., 2003, Vet Immunol
Immunopathol.).

DLK1 was tested by the manufacturer (Abcam). It detects recombinant DLK1 via Western blot, and shows the expected cell surface
localization in U251 cells. Consistently, we found cell surface staining on glomerular ECs as predicted by our scRNA-seq data. Other
studies have also found the highly specific expression of DLK1 in the expected cell populations (Eze et al. 2021 Nature Neuroscience).

Animals and other organisms

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

Laboratory animals Male C57BL/6N mice were put on a Western diet (Ssniff Spezialdidten GmbH D12331) or control chow diet (Ssniff Spezialdiaten
GmbH V1534) starting at 6 to 8 weeks of age. Mice were housed in an individual ventilated cage (IVT) system. Temperature was
maintained at 22C (+/- 2C) and the humidity at 55% (+/- 10%). Water was provided ab liditum.

Wild animals Study did not involve wild animals
Field-collected samples Study did not involve field collected samples
Ethics oversight All experiments were performed in accordance with the animal ethics laws of Saxony, Germany, and were approved by the state

animal ethics committee (Landesdirektion Sachsen, Leipzig, Germany).

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

Plots

Confirm that:

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

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

E All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Preparation of single cell suspensions

Brain. Brains were dissected and rinsed in ice-cold PBS. The olfactory bulb and cerebellum were removed. The brain was then
dissociated with the Neural Dissociation Kit P (Miltenyi Biotec 130-092-628) as per the manufacturer’s instructions via the
gentleMACS™ Octo Dissociator system with heaters (MACS Technology, Miltenyi Biotec) using the “37C_NTDK_1" program.
Cells were transferred via a 20 G syringe through a 70 um cell strainer and into a 50 ml Falcon tube. Cells were collected by
centrifugation (4°C, 300 g, for 5 min).

Lungs. The lungs were surgically removed, rinsed in ice-cold PBS, and transferred into a gentleMACS C tube (Miltenyi Biotec
130-096-334) containing tissue digestion buffer (TDB). TDB consisted of 1x penicillin/streptomycin (Thermo Fisher Scientific
15140122), 2x Antibiotic-Antimycotic, (Thermo Fisher Scientific 15240062), 1 mM sodium pyruvate (Thermo Fisher Scientific
1360070), 1x MEM Non-Essential Amino Acids Solution (Thermo Fisher Scientific 11140035), 0.13 WU Liberase TM (Merck
5401127001) and 160 U DNase | (Sigma-Aldrich D4527-10KU), made up in KnockOut™ DMEM (Thermo Fisher Scientific
10829018). Each sample was further dissociated with the gentleMACS™ Octo Dissociator system with heaters (MACS
Technology, Miltenyi Biotec) using pre-programmed protocol “37C_m_LDK_1". The cell suspension was filtered through a 70
um cell strainer and the cell strainer was rinsed once with 10 ml wash buffer (WB; containing 0.5% BSA (BSA Fraction V,
Sigma-Aldrich 10735096001), 2 mM EDTA (Thermo Fisher Scientific 14190-094) in PBS). Cells were collected via
centrifugation (4°C, 300 g, for 5 min).

Heart. The heart was surgically removed, rinsed in ice-cold PBS, cut into approximately 10 pieces and transferred into a
gentleMACS C tube (Miltenyi Biotec 130-096-334) containing TDB supplemented with 0.13 WU Liberase TM (Merck
5401127001) and 80 U DNase | (Sigma-Aldrich D4527-10KU). Each sample was dissociated with the gentleMACS™ Octo
Dissociator system with heaters (MACS Technology, Miltenyi Biotec) using the pre-programmed protocol “37C_NTDK_1". The
cell suspension was transferred using a 20 G needle and filtered through a 70 um cell strainer. The cell strainer was rinsed
with 10 ml WB. Cells were collected by centrifugation and used for staining.

Kidneys. The kidneys were surgically removed and rinsed in ice-cold PBS. Kidneys were cut into small pieces using surgical
scissors and transferred into a gentleMACS C tube (Miltenyi Biotec 130-096-334) containing TDB supplemented with 0.13 WU
Liberase TM (Merck 5401127001) and 80 U DNase | (Sigma-Aldrich D4527-10KU). Each sample was dissociated with the
gentleMACS™ Octo Dissociator system with heaters (MACS Technology, Miltenyi Biotec) using the pre-programmed protocol
“37C_Multi_E”. The cell suspension was filtered through a 70 um cell strainer. The gentleMACS C tube and the cell strainer
were subsequently rinsed in 10 ml WB. Cells were collected via centrifugation (4°C, 300 g, 5 min), washed once in 10 ml WB,
and subsequently used for staining.

Liver. The liver was dissected, rinsed in ice-cold PBS, minced using scissors and transferred into a gentleMACS C tube
(Miltenyi Biotec 130-096-334) containing TDB supplemented with 0.13 WU Liberase TM (Merck 5401127001) and 80 U
DNase | (Sigma-Aldrich D4527-10KU). Each sample was dissociated with the gentleMACS™ Octo Dissociator system with
heaters (MACS Technology, Miltenyi Biotec) using pre-programmed protocol “37C_m_LIDK_1". The cell suspension was
filtered through a 70 um cell strainer and further rinsed with 10 ml WB. Cells were collected by centrifugation (4°C, 300 g, for
5 min) and subsequently used for staining.

Adipose tissue. The visceral and subcutaneous AT were surgically removed, rinsed in ice-cold PBS, and transferred into a
gentleMACS C tube (Miltenyi Biotec, 130-096-334) containing adipose digestion buffer (DMEM (Gibco 41966-029), 1%
penicillin/streptomycin (Thermo Fisher Scientific 15140122), 0.2% Collagenase Il (Gibco 17101-015)). Using surgical scissors,
the adipose tissue was cut into small pieces. Samples were then dissociated with the gentleMACS™ Octo Dissociator system
with heaters (MACS Technology, Miltenyi Biotec) using pre-programmed protocol “37C_mr_ATDK_1". The cell suspension
was filtered through a 300 pum cell strainer. The gentleMACS C tube and the cell strainer were subsequently rinsed twice with
10 ml of WB. Cells were collected by centrifugation (4°C, 300 g, for 5 min). The adipose layer at the top was discarded, the
cell pellet washed once in 10 ml WB, and the cells subsequently used for staining.

EC staining and isolation by FACS

For the 3-month timepoint (WD 3 months, chow 3 months), cell suspensions from the liver and kidneys were treated with
RBC lysis buffer (0.154 M NH4Cl, 0.01 M KHCO3, 0.1 mM EDTA, 3 minutes, room temperature), washed once in WB, and
subsequently used for staining. Myelin was removed from brain samples using myelin removal beads (Miltenyi Biotec
130-096-733) as per the manufacturer’s instructions prior to staining. Similarly, epithelial cells were removed from lung
suspensions using CD326 (EpCAM) microbeads (Miltenyi Biotec 130-105-958) according to the manufacturer’s instructions.
For the 4-month (WD 4 months, chow 4 months, reversion 1 month) and 6-month (WD 6 months, chow 6 months, reversion
3 months) timepoints, cell suspensions from the liver, heart, kidneys, brain and lungs were treated with CD31 MicroBeads
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Instrument

Software

Cell population abundance

Gating strategy

(Miltenyi Biotec 130-097-418) to enrich for ECs prior to staining. The CD31 enrichment was carried out according to the
manufacturer’s instructions.

All samples were stained with the CD45-PE (BD Pharmigen 533081, 1:400) and CD31-APC (eBioscience 17-0311-85, 1:250)
antibodies, diluted in FACS buffer (2% FCS in PBS). Staining was done on ice in a total volume of 200 pl. Cells were washed in
14 ml of FACS buffer, collected by centrifugation (4°C, 300 g, for 5 min), resuspended in FACS buffer containing 1 pg / ml
propidium iodide and passed through a 100 um cell strainer into a FACS tube.

FACS Melody (BD Biosciences).
FACS Aria (BD Biosciences)

Flowjo v10.6.2

FACS sorted cells were used for single cell RNA-seq analysis.

More than 85% of the cells in the CD31+ CD45-low gate were endothelial cells according to our single cell analysis.
Endothelial cells were identified based on well established markers (Cdh5, Pecam1, Flt1). Any contaminating mural cells,
fibroblasts and immune cells were identified based on the expression of known markers and removed from the analyses.

Debris was removed using the FSC-A versus SSC-A gate, with the smallest events being removed. Single cells were selected
based on forward and side scatter (FSC-H versus FSC-W; SSC-H versus SSC-W; FSC-A versus FSC-H). Dead cells were removed
using propidium iodide. ECs were gated based on CD31pos and CD45low expression.

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