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Summary
In response to cold exposure, thermogenic adipocytes internalize large amounts of fatty acids after lipopro-
tein lipase-mediated hydrolysis of triglyceride-rich lipoproteins (TRL) in the capillary lumen of brown adipose
tissue (BAT) and white adipose tissue (WAT). Here, we show that in cold-exposed mice, vascular endothelial
cells in adipose tissues endocytose substantial amounts of entire TRL particles. These lipoproteins subse-
quently follow the endosomal-lysosomal pathway, where they undergo lysosomal acid lipase (LAL)-mediated
processing. Endothelial cell-specific LAL deficiency results in impaired thermogenic capacity as a conse-
quence of reduced recruitment of brown and brite/beige adipocytes. Mechanistically, TRL processing by
LAL induces proliferation of endothelial cells and adipocyte precursors via beta-oxidation-dependent pro-
duction of reactive oxygen species, which in turn stimulates hypoxia-inducible factor-1a-dependent prolifer-
ative responses. In conclusion, this study demonstrates a physiological role for TRL particle uptake into BAT
and WAT and establishes endothelial lipoprotein processing as an important determinant of adipose tissue
remodeling during thermogenic adaptation.
Introduction

Brown adipose tissue (BAT)-dependent nonshivering thermo-

genesis is a key determinant of energy expenditure in mice. In

BAT, heat is generated through release of the proton-motive

force across the inner mitochondrial membrane via uncoupling

protein 1 (UCP1) (Cannon and Nedergaard, 2004). In addition

to classical BAT, cold-induced UCP1-positive cells can also be

recruited in white adipose tissue (WAT), a process known as

browning. These brite (Petrovic et al., 2008) or beige (Wu et al.,

2012) adipocytes are thermogenically active (Shabalina et al.,

2013) and can beneficially affectmetabolic health inmice (Bartelt

and Heeren, 2014).
Heat production by thermogenic adipocytes is mainly depen-

dent on beta-oxidation of fatty acids that are released from intra-

cellular lipid droplets (Young and Zechner, 2013). To replenish

lipid stores, activated thermogenic adipocytes take up substan-

tial amounts of nonesterified fatty acids (Furler et al., 2000; Heine

et al., 2018), glucose (Heine et al., 2018; Stanford et al., 2013), as

well as triglycerides that are delivered by very-low-density lipo-

proteins (VLDL) and chylomicrons (Bartelt et al., 2011; Dijk

et al., 2015; Heine et al., 2018). These triglyceride-rich lipopro-

teins (TRL) are processed by lipoprotein lipase (LPL) in the

vascular lumen, liberating fatty acids that are taken up via trans-

porters such as CD36 and fatty acid-transport protein 1 (Bartelt

et al., 2011; Goldberg et al., 2009; Lynes et al., 2017). In
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consequence, thermogenic activation of adipose tissues lowers

plasma triglycerides (Bartelt et al., 2011), accelerates the meta-

bolism of cholesterol-rich lipoproteins (Bartelt et al., 2017;

Worthmann et al., 2017), and ultimately reduces atherosclerosis

(Berbée et al., 2015 ). The remaining TRL remnants are internal-

ized by hepatocytes, where lipoprotein-associated triglycerides

and cholesterol esters are degraded by lysosomal acid lipase

(LAL). The lack of LAL activity results in severe multiorgan

lipid-storage disease with premature death in mice and humans

(Li and Zhang, 2019). LAL-deficient mice are characterized by

steatohepatitis and concomitant lipid depletion in adipose tis-

sues (Du et al., 2001), which is associated with impaired BAT-

dependent thermogenesis (Duta-Mare et al., 2018). However,

the mechanisms underlying LAL-dependent adipose tissue

functions are difficult to dissect since the liver—heavily damaged

in global knockouts—has a fundamental role both in maintaining

glucose and lipoprotein plasma levels and in the regulation of li-

poprotein processing in adipose tissues, heart, and muscle

(Scheja and Heeren, 2016). Of note, we previously showed that

thermogenically activated BAT and WAT internalize entire TRL

particles (Bartelt et al., 2011; Heine et al., 2018; Schlein et al.,

2016) in a process that does not depend on low-density lipopro-

teins (LDL) receptors or apolipoprotein E (Bartelt et al., 2011).

Since fatty acids liberated from TRL by LPL and from lipid drop-

lets by intracellular lipases probably provide sufficient energy for

mitochondrial respiration (Young and Zechner, 2013), the phys-

iological relevance of the observed lipoprotein particle uptake

and subsequent intracellular processing by thermogenic adi-

pose tissues needs to be established.

Thermogenic adipose tissues are highly vascularized to permit

efficient flux of energy substrates, oxygen, and heat. Capillary

endothelial cells of BAT andWAT form a nonfenestrated vascular

endothelium, and thus—probably in an interplay with adipo-

cytes—they are a gatekeeper for nutrient uptake. This concept

has been demonstrated for the TRL pathway. Here, GPI-

anchored HDL-binding protein 1 (GPIHBP1), a receptor ex-

pressed exclusively in endothelial cells, is essential for transen-

dothelial transport of LPL produced in adipocytes (Young

et al., 2019). Accordingly, GPIHBP1-deficient mice and humans

display massive hypertriglyceridemia (Beigneux et al., 2007;

Beigneux et al., 2009). These mice also display cold intolerance

(Larsson et al., 2018), emphasizing the importance of endothelial

cells for lipid transport and thermogenesis by BAT and WAT. In

addition to their role in the control of nutrient uptake, endothelial

cells are also mandatory for adipose tissue development and

growth (Han et al., 2011; Tran et al., 2012). Cold exposure in-

duces the expansion of thermogenic adipose tissues, which is

accompanied by angiogenesis required to maintain functional

capacity of BAT and thermogenic WAT (Luo et al., 2017; Xue

et al., 2009). Generally, angiogenesis is triggered by the activa-

tion of hypoxia-inducible factor 1 alpha (HIF1a), which induces

expression of several genes, including vascular endothelial

growth factor (Vegf) (Li et al., 2019b). This angiogenic factor is

expressed by adipocytes in response to cold exposure, adren-

ergic stimulation (Asano et al., 1997; Fredriksson et al., 2005),

or by pharmacological activation of peroxisome proliferator-acti-

vated receptor g (PPARg) by rosiglitazone (Gealekman et al.,

2008). This PPARg agonist is a known inducer of brite/beige ad-

ipocytes in WAT (Ohno et al., 2012; Petrovic et al., 2010). Taken
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together, these findings suggest that rosiglitazone-dependent

browning is at least in part secondary to angiogenesis. By bind-

ing to its receptor VEGFR2, VEGF induces proliferation of endo-

thelial cells and sustains angiogenesis (Cao, 2009; Corvera and

Gealekman, 2014). Intriguingly, modulation of these pathways

has been shown to affect the thermogenic capacity of adipose

tissues. Transgenic expression of dominant negative HIF1a

(Zhang et al., 2010) and VEGFR2 blockade reduce thermogenic

activation (Seki et al., 2016; Wang et al., 2017; Xue et al., 2009).

On the other hand, overexpression of VEGF protects from diet-

induced obesity by increasing the number of active brown and

brite/beige adipocytes (Elias et al., 2012; Park et al., 2017; Sun

et al., 2012; Sung et al., 2013), underlining the importance of

endothelial cell expansion for thermogenic adaptation of adi-

pose tissues.

Here, we show that endothelial cells of BAT and WAT inter-

nalize entire TRL particles, which follow the endosomal pathway

for LAL-dependent hydrolysis. Furthermore, utilizing transgenic

mice lacking LAL specifically in endothelial cells, we find that

intracellular TRL processing is important for cold-induced

recruitment of brite/beige adipocytes and adaptive thermogene-

sis. Mechanistically, we demonstrate that endocytic TRL uptake

and subsequent LAL-dependent processing induce proliferation

and differentiation of endothelial cells and adipocyte precursors

in a HIF-dependent manner. Overall, this study provides evi-

dence for a role of intracellular TRL processing by vascular endo-

thelial cells in the adaptive expansion of thermogenic adipose

tissue in response to cold exposure.

Results

Cold exposure induces TRL uptake and the expression
of lipoprotein-processing genes in vascular endothelial
cells of BAT
To follow the processing of TRL in vivo, we used a nanoparticle-

based lipoprotein-labeling method (Bruns et al., 2009, 2017) that

can employ either quantum dots (QD) for intravital microscopy or

superparamagnetic iron-oxide nanoparticles (SPIOs) for mag-

netic resonance imaging (MRI) (Figure S1A). In this study, we

determined the cellular fate and processing of TRL particles in

BAT of cold-exposed mice. By intravital microscopy, we de-

tected strong fluorescence signals that were associated with

the BAT endothelium of cold-housed but not control (warm-

housed) mice 5 min after QD-TRL injection (Figure 1A). Whole-

mount staining of BAT showed co-localization of QD-TRL with

the endothelial cell marker GPIHBP1 (Figure 1B), a finding that

was confirmed in an independent experiment using murine

TRL containing Cy3-labeled apolipoproteins (Figure S1B). It is

well established that in the initial step of intravascular lipolytic

processing, TRL particles bind to LPL attached to GPIHBP1 on

the endothelial cell surface (Beigneux et al., 2007), a complex

that can be dissociated by exogenously administered heparin

(Bartelt et al., 2011). To directly assess whether TRL binding at

the vascular endothelium is followed by particle internalization,

we performed a heparin-release time course experiment using

MRI imaging. The association of SPIO-TRL with BAT of cold-

exposed mice was inhibited or reversed when heparin was in-

jected prior to or up to 5min after SPIO-TRL injection (Figure 1C).

Heparin treatment had less to no effect on signal intensities at
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later time points (Figure 1C). To quantify the effects of heparin

treatment before or after TRL injection by an independent

approach, we administered TRL particles containing 14C-triolein,

a label for both whole particles and fatty acids liberated by li-

pases, and 3H-retinolester, a label for the particle core (Figures

1D and 1E). Confirming the results generated in theMRI analysis,

pretreatment with heparin, as well as treatment up to 5 min post

TRL injection diminished the uptake of both fatty acids (Fig-

ure 1D) and lipoprotein particles (Figure 1E). However, adminis-

tration of heparin 15 min after TRL injection had little effect

compared with control mice with no heparin treatment (Figures

1D and 1E). These data show that TRLs are inaccessible to hep-

arin at later time points, suggesting that TRLs are internalized by

vascular endothelial cells after initial LPL-mediated processing in

the lumen of the capillary.

To further explore the processing of TRL by BAT endothelial

cells, we determined the expression of genes regulating lipopro-

tein transport andmetabolism, both at thewhole organ level (Fig-

ure S2A) and in a cell-type-specific manner (Figures 2A–2H). To

isolate endothelial cells and adipocytes (Figure 2A), we em-

ployed the antibody-based magnetic-activated cell-sorting

(MACS�) technology. To avoid potential confounding effects

of myeloid cell contamination in the endothelial and adipocyte

fractions, we first depleted myeloid cells using anti-CD11b

beads (Figure 2A). Successful depletion was verified by qPCR

analysis showing high mRNA expression of the macrophage

marker Emr1 in the CD11b+ fraction, while no Emr1 expression

could be detected in the CD31+ endothelial cells or in the flow-

through (FT) fraction containing predominantly brown adipo-

cytes (Figure S2B). The efficient isolation of endothelial cells

was confirmed by high expression of Gpihbp1 in CD31+ cells

(Figure 2B). The adipocyte markers Adipoq (Figure 2C), Ucp1

(Figure 2D), and Glut4 (Figure 2E) were detectable at low levels

in CD31+ cells but were highly enriched in the FT fraction. As ex-

pected, adipocyte genes known to be linked to thermogenesis

(Ucp1) and energy uptake (Glut4 and Lpl), were higher in cold-

exposed compared with control mice (Figures 2D–2F). Of note,

basal and cold-induced mRNA levels of the lipid uptake facili-

tator Cd36 (Figure 2G) and the gene encoding LAL, Lipa (Fig-

ure 2H), were higher in the endothelial cell than the FT fraction,

indicating that Cd36 and Lipa expression in the CD31+ fraction

can be explained by endothelial cells rather than contaminating

adipocytes.
Figure 1. Visualization of lipoprotein particle processing by endothelia

Wild-type mice were housed at 22�C (control) or exposed to 6�C (cold) for 24 h.

(A) Intravital imaging was used to visualize TRL processing by interscapular BAT in

show BAT structure (reflection, gray) and TRL (red). Scale bar, 50 mm.

(B) BAT was harvested 20 min after injection of QD-TRL into cold-exposed mice.

(red), GPIHBP1 (purple), and lipid droplet associated perilipin (green). Scale bar,

(C) Association of SPIO-labeled TRL with interscapular BAT was followed by ma

transversal sections showing interscapular BAT regions (white arrow) that were u

lowed by heparin injections at indicated time points (see color-coded arrows). A d

control’’ is indicated separately.

(D and E) Cold-exposed mice were injected with 14C-triolein-3H-retinolester dou

points.

(D) BAT uptake of 14C-triolein (n = 4).

(E) BAT uptake of 14C-retinolester (n = 4).

*p < 0.05 by one-way ANOVA compared with ‘‘no heparin.’’

See also Figure S1.
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To validate endothelial expression of lipid- and lipoprotein-

handling genes in humans, single nucleus RNA-seq was per-

formed in UCP1-positive BAT biopsies of 16 patients undergoing

neck surgery. This dataset has been described and analyzed to

deconvolute adipocyte heterogeneity but not to study endothe-

lial cells or genes involved in lipid metabolism (Sun et al., 2020).

In this study, we used unsupervised clustering of 40,003 nuclei

profiles and identified 12 separate cell clusters (Figure 2I).

Among these clusters, mature adipocytes could be detected

by expression of ADIPOQ (Figure 2J), whereas endothelial cells

were identified by expression of cadherin 5 (CDH5) (Figure 2K).

Notably, CD36 was strongly associated with both the adipocyte

and endothelial cell clusters (Figure 2L). The majority of LPL

expression was detected in mature adipocytes (Figure 2M).

LIPA reads were generally low, which may be due to technical

limitations of the single-nuclei RNA-seq method, but expression

was detected in both endothelial cells and mature adipocytes as

well as in other clusters (Figure 2N). Taken together, BAT endo-

thelial cells are equipped for the internalization and lysosomal

degradation of TRL.

Endothelial cells of cold-activated BAT internalize
whole TRL particles via CD36
To quantify the uptake of TRL-derived fatty acids and TRL par-

ticles simultaneously, we double-labeled lipoproteins with 14C-

triolein, a label for both whole particles and fatty acids liberated

by lipases, and the nonhydrolysable 3H-cholesterol ether for

exclusive labeling of the particle core (Figure 3A). After injection

of these radiolabeled TRLs in cold-exposed and control mice,

we isolated endothelial cells and adipocytes from BAT by

MACS� as described above. As indicated by the 3H-choles-

terol ether, TRL particles were almost exclusively taken up by

endothelial cells and uptake was strongly induced by cold

exposure (Figure 3B). A cold-dependent induction was also

observed for the fatty acid label 14C-triolein; however, equiva-

lent quantities of the label were detected in endothelial cells

and adipocytes (Figure 3C). Similar results were obtained

when primary rat chylomicrons double-labeled with 3H-retinol

ester as core label (Figure S3A) and 14C-triolein (Figure S3B)

were used. This demonstrates that a large fraction of TRL par-

ticles is internalized and sequestered by endothelial cells while

TRL fatty acids are channeled to adipocytes of cold-acti-

vated BAT.
l cells of activated BAT in vivo

real time. Representative images taken 5min after injection of QD-labeled TRL

Whole-mount staining was performed to visualize nuclei (DAPI, blue), QD-TRL

10 mm.

gnetic resonance imaging in cold-exposed mice. Upper panel: representative

sed for quantification. Graph: SPIO-TRL were administered, preceded or fol-

ecrease in signal indicates association of SPIO-TRL with BAT. The ‘‘no heparin

ble-labeled TRL, preceded or followed by heparin injections at indicated time
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Figure 2. Cell-type-specific expression of lipoprotein-handling genes in murine and human BAT

(A) Picture describing purification of endothelial cells from BAT using MACS� technology.

(B–H) Wild-type mice were housed at 22�C (control) or at 6�C (cold) for 24 h. Gene expression in CD31+ endothelial cells and adipocyte-enriched flow-through

fraction isolated from BAT of control and cold-exposed mice. Gene expression is presented as mean values ± SEM from up to 13 independent isolations.

(B) Gene expression of Gpihbp1.

(C) Gene expression of Adipoq.

(legend continued on next page)
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Lipoprotein particle processing by BAT endothelial cells of

cold-exposed mice was further studied by electron microscopy

(Figure S3C). After injection of TRL harboring electron-dense

SPIOs, initial attachment of TRL particles to the endothelium

(Figure 3D, image I), shrinkage indicative of LPL processing at

the vascular surface (image II), endothelial TRL particle endocy-

tosis (Figure 3D, image III), and finally SPIO-TRL presence within

endosomal structures (Figure 3D, image IV) were observed. To

confirm endosomal localization, the superparamagnetic proper-

ties of SPIO-TRL were utilized for magnetic pulldown (Fig-

ure S3C). Western blot analysis showed enrichment of the lyso-

somal protein LAMP2 and the endosomal marker RAB5 in the

pulldown fractions of BAT from cold-exposed mice (Figure 3E).

This was not observed for markers of cytosol, mitochondria, or

lipid droplets. The specificity of the pulldown approach was

demonstrated by using nonmagnetic QD-TRL as negative

controls.

Previously, we have shown that CD36 is important for effi-

cient lipid disposal in activated BAT (Bartelt et al., 2011; Schlein

et al., 2016), and it has been demonstrated that CD36 ex-

pressed by endothelial cells mediates fatty acid uptake into

metabolically active tissues (Son et al., 2018). To study whether

CD36 also mediates uptake of whole TRL particles, we first

determined CD36 localization within BAT. In line with expres-

sion data of isolated cells (Figure 2G), we found a strong induc-

tion of CD36 immunostaining in endothelial cells of cold-

exposed mice (Figure 3F). Moreover, by an in vivo intravascular

biotinylation approach, higher levels of CD36 protein were de-

tected in BAT on the endothelial surface of cold-housed versus

control mice, while GPIHBP1 presence on the cell surface was

unaltered (Figure 3G). These data suggest that next to Cd36

expression, translocation of CD36 to the endothelial plasma

membrane is also increased. Notably, the cold-induced in vivo

uptake of whole particles and fatty acids into endothelial cells

and the shuttling of fatty acids into adipocytes was blunted in

CD36-deficient mice (Figures 3H and 3I). This was reflected

by a lack of cold-induced uptake of both whole particles and

fatty acids in CD36-deficient BAT on a whole-tissue level (Fig-

ures 3J and 3K). These data were confirmed by electron micro-

scopy studies (Figures S3D and S3E). In wild-type but not

CD36-deficient mice, we observed engulfment of TRL particles

by endothelial cells only after considerable shrinkage, the latter

indicated by the small size of the internalized particles and the

dense packaging of the SPIOs. Taken together, these findings

show that TRL particles are first processed by triglyceride hy-

drolysis in the vascular lumen, internalized in a CD36-depen-
(D) Gene expression of Ucp1.

(E) Gene expression of Glut4.

(F) Gene expression of Lpl.

(G) Gene expression of CD36.

(H) Gene expression of Lipa.

(I–N) Single nucleus RNA sequencing of 40,003 nuclei of deep-neck BAT of 16 in

(I) Unsupervised clustering and annotation plot by SingleR. A, adipocytes; EC, e

(J) Feature plot for ADIPOQ.

(K) Feature plot for CDH5.

(L) Feature plot for CD36.

(M) Feature plot for LPL.

(N) Feature plot for LIPA.

*p < 0.05 by two-way ANOVA comparing control versus cold. #p < 0.05 by two-
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dent manner, and eventually targeted to the endosomal/lyso-

somal compartment of BAT endothelial cells.

Endothelial cell-specific deletion of LAL results in
impaired thermogenesis
LAL is the only hydrolytic lysosomal enzyme for triglycerides

and cholesterol esters of endocytosed lipoproteins (Li and

Zhang, 2019); therefore, blocking the enzyme in endothelial

cells allows us to study the relevance of TRL particle uptake

into these cells for the function of thermogenic adipose tissues.

In this study, we crossed mice expressing a tamoxifen-induc-

ible Cre recombinase under the control of the VE-cadherin

(Cdh5) promoter with Lipaflox/flox mice to generate mice lacking

LAL in endothelial cells (Lipafl/fl-Cdh5Cre+) and control litter-

mates (Lipafl/fl-Cdh5Cre�), which were both treated with tamox-

ifen. The inducible gene knockout was demonstrated by

recombination-specific PCR in BAT of Lipafl/fl-Cdh5Cre+ but

not in Lipafl/fl-Cdh5Cre� (Figure S4A). Confirming cell-type-spe-

cific deletion, Lipa expression was reduced in MACS�-isolated

endothelial cells but not in adipocytes of BAT and inguinal WAT

from control-housed Lipafl/fl-Cdh5Cre+ mice (Figures S4B and

S4C). For metabolic phenotyping, transgenic mice were fed

with a cholesterol-enriched high-fat diet, which better reflects

typical human diets compared with sugar- and fiber-rich ro-

dent-chow diets and enhances lipoprotein particle uptake

and processing by murine adipose tissues. To account for dif-

ferences in the basal thermogenic differentiation states (Kalino-

vich et al., 2017), we utilized two different cold-exposure regi-

mens to study acclimation processes, namely, 4 days acute

cold exposure with the focus on BAT, and 4 weeks of chronic

cold for WAT browning. Following acute cold exposure,

Lipafl/fl-Cdh5Cre+ mice presented a reduction in whole-body en-

ergy expenditure (Figures 4A and 4B). Energy intake and phys-

ical activity were not different (Figures S4D and S4E), while a

trend toward lower body temperature was detected in Lipafl/fl-

Cdh5Cre+ mice (Figure S4F). The latter, however, is not a direct

readout for BAT activity but suggests a general impairment in

responding properly to cold environments in these mice. Lipid

and glucose uptake into BAT (Figure 4C) but not into inguinal

WAT (Figure S4G) were reduced in Lipafl/fl-Cdh5Cre+ versus

Lipafl/fl-Cdh5Cre� mice. Consistently, gene expression of

thermogenic marker genes (Figure 4D), as well as total UCP1

protein levels (Figures 4E and 4F) were reduced in BAT of

Lipafl/fl-Cdh5Cre+ versus Lipafl/fl-Cdh5Cre� mice. Altogether,

these data indicate that LAL in endothelial cells is important

for proper adaptation of BAT in response to acute cold.
dividuals.

ndothelial cells; M, macrophages; PA, preadipocytes.

way ANOVA comparing CD31+ cells versus FT. See also Figure S2.
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Figure 3. Endothelial cells of activated BAT internalize and sequester whole TRL particles via CD36

(A) Schematic drawing showing TRL labeling with 3H-cholesterol ether (CEt) and 14C-triolein, allowing to follow the fate of the particle core or fatty acids liberated

by LPL.

(B–G) BAT was harvested from wild-type mice housed at room temperature (control) or at 6�C for 24 h (cold). For uptake studies, BAT was harvested 20 min after

injection of labeled TRL.

(B) Uptake of 3H-CEt into MACS�-isolated endothelial cells (CD31+) and adipocytes (FT) (n = 5).

(legend continued on next page)
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Next, we studied transgenic mice under chronic cold

conditions to determine the role of endothelial LAL in brite/beige

adipose tissues. Gene expression analysis confirmed cell-type-

specific knockout of Lipa (Figures S4H and S4I). As observed

under acute cold, Lipafl/fl-Cdh5Cre+ mice displayed reduced day-

time and diurnal levels of energy expenditure (Figures 4G and

4H). Energy intake and physical activity were unaffected (Figures

S4J and S4K), while a trend toward a lower body temperature

was observed (Figure S4L). Importantly, as determined by a

combined oral-fat and glucose-tolerance test, the total organ

uptake of the tracers 3H-deoxyglucose and 14C-triolein was

similar in BAT of Lipafl/fl-Cdh5Cre+ and Lipafl/fl-Cdh5Cre mice un-

der these conditions (Figure S4M). In contrast, glucose and lipid

uptake was lower in inguinal WAT of mice lacking LAL in endo-

thelial cells (Figure 4I). Moreover, maximal thermogenic capacity

determined by indirect calorimetry after the injection of the beta-

3-agonist CL316,243 was lower in Lipafl/fl-Cdh5Cre+ than in

Lipafl/fl-Cdh5Cre� mice (Figure S4N). This was accompanied by

reduced tail temperature, indicative of lower CL316,243-induced

heat production (Figure S4O). In line with the reduced nutrient

uptake into inguinal WAT, the content of multilocular brite/beige

adipocytes (Figure 4J) and the expression of typical thermogenic

and mitochondrial genes, including Ucp1, Dio2, Cox7a, and

Elovl3 (Figure 4K), were lower in Lipafl/fl-Cdh5Cre+ compared

with Lipafl/fl-Cdh5Cre�mice. In contrast, BAT thermogenic genes

were largely unchanged (Figure S4P), and a similar or even

higher abundance of BAT thermogenic and mitochondrial pro-

teins was confirmed by western blot (Figures S4Q and S4R). In

contrast, proteins enriched in brite/beige versus white adipo-

cytes, such as UCP1, DIO2, as well as mitochondrial oxidative

phosphorylation (OXPHOS) proteins were lower in inguinal

WAT from Lipafl/fl-Cdh5Cre+ compared with Lipafl/fl-Cdh5Cre�

mice (Figures 4L and 4M). Impaired lipid handling in WAT but

not in BAT of mice lacking endothelial LAL was reflected by

reduced tissue cholesterol-ester content, while the levels of

other lipid classes were unchanged (Figures S4S–S4V). More-

over, and in line with a general defect in endothelial cell lipid

processing in these mice, we found an accumulation of TRL

core label in endothelial cells of BAT and WAT from Lipafl/fl-

Cdh5Cre+ mice compared with Lipafl/fl-Cdh5Cre� mice (Figures

S4W–S4Z), while whole-tissue uptake was only modestly

affected in WAT but not BAT (Figures S4AA and S4AB). Taken
Data in (B) and (C) are presented as mean values ± SEM, *p<0.05 by Student’s t

(C) Uptake of 14C-triolein in CD31+ cells and FT (n = 5).

(D) Electron microscopy analysis after injection of SPIO-labeled TRLs. Represe

shrinkage; III, engulfment; IV, appearance in endosomal compartments. Dotted lin

cell (EC). Scale bar, 100 nm.

(E) Magnetic pulldown of BAT lysates from cold-exposedmice after injection of QD

pulldown fractions were analyzed for markers of cytosol (AKT), lipid droplets

somes (LAMP2).

(F) Immunostaining of CD36 (green). Scale bar, 50 mm.

(G) After in vivo vascular surface biotinylation, BAT lysates were generated for st

pulldown fractions.

(H–K) For uptake studies in CD36�/� mice and littermate controls, cold exposure

(H) Uptake of 3H-CEt into MACS�-isolated endothelial cells (CD31+) and adipoc

(I) Uptake of 14C-triolein in endothelial cells and adipocytes as described in (H).

(J) Uptake of 3H-CEt into BAT.

(K) Uptake of 14C-triolein into BAT of the same mice, as shown in (J).

Data in (J) and (K) are presented as mean values ± SEM (n = 5–6), #p < 0.05 con

Figure S3.
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together, these data show that LAL in endothelial cells is impor-

tant for adaptive responses in BAT after acute and in WAT after

chronic cold exposure.

LAL modulates abundance of HIF1a and endothelial
markers in BAT and WAT
Alterations in endothelial cell proliferation and angiogenesis, pre-

requisites for adipose tissue expansion and function (Luo et al.,

2017; Xue et al., 2009), may explain the impaired cold adaptation

of BAT and WAT in the absence of endothelial LAL. In line with

this hypothesis, protein expression of the angiogenic transcrip-

tion factor HIF1a and its target pyruvate dehydrogenase kinase

1 (PDK1) were reduced in BAT (Figures 5A and 5B) but not in

inguinal WAT (Figures S5A and S5B) of Lipafl/fl-Cdh5Cre+

compared with Lipafl/fl-Cdh5Cre� mice under conditions of acute

cold exposure. Furthermore, the endothelial cell proteins zonula

occludens-1 (ZO-1) and epithelial cadherin (CDH1) were

reduced in BAT but not in inguinal WAT of the knockout mice

(Figures 5A, 5B, S5A, and S5B). This was accompanied by spe-

cific reductions in expression levels of Pdk1 and endothelial

markers Tjp1 (ZO-1) and Pecam1 (CD31) in BAT (Figure 5C)

but not in inguinal WAT of Lipafl/fl-Cdh5Cre+ mice (Figure S5C).

In line with these findings, CD31-positive area in BAT sections

of acutely cold-exposed Lipafl/fl-Cdh5Cre+ was diminished

compared with Lipafl/fl-Cdh5Cre� mice (Figures 5D and 5E).

Consistent with an effect of endothelial LAL deficiency onWAT

browning under conditions of prolonged cold acclimation, the

protein levels of HIF1a, PDK1, and the endothelial cell markers

ZO-1 and CDH1 were reduced in inguinal WAT (Figures 5F and

5G) but not in BAT (Figures S5D and S5E) of long-term cold-

acclimated Lipafl/fl-Cdh5Cre+ compared with Lipafl/fl-Cdh5Cre�

mice. Similarly, expression of the angiogenic markers Cdh5,

Tjp1, and Pecam1 was reduced in inguinal WAT (Figure 5H)

but not in BAT (Figure S5F) of Lipafl/fl-Cdh5Cre+ compared with

Lipafl/fl-Cdh5Cre� mice. Notably, Pdk1 and 4 were lower in WAT

(Figure 5H), while other HIF1a target genes were unaffected (Fig-

ures S5G and S5H). Reduced CD31-positive area in inguinal

WAT after chronic cold acclimation confirmed reduced angio-

genic responses in Lipafl/fl-Cdh5Cre+ compared with control

mice (Figures 5I and 5J). The lower expression of the HIF1a

target genes Pdk1 and Pdk 4 as seen on a whole-tissue level

was confirmed in endothelial cells isolated by MACS� from
test comparing control versus cold.

ntative images showing different stages of TRL processing: I, attachment; II,

e represents the border between the brown adipocyte (BA) and the endothelial

- or SPIO-labeled TRLs. Input fraction (postnuclear lysate) as well as magnetic

(perilipin), mitochondria (VDAC), as well as endosomes (RAB5a) and lyso-

reptavidin pulldown. Western blot of CD36 and GPIHBP1 was performed with

was limited to 4 h to avoid hypothermia in knockouts.

ytes (FT) pooled from n = 6 mice.

trol versus cold, *p < 0.05 WT versus CD36�/� by two-way ANOVA. See also
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inguinal WAT of transgenic mice, where expression of Pdk1 and

Pdk4 was significantly reduced in Lipafl/fl-Cdh5Cre+ compared

with Lipafl/fl-Cdh5Cre� mice (Figure 5K). In the adipocyte-en-

riched flow through, Ucp1 expression was markedly reduced

(Figure 5L), confirming the browning phenotype. Overall, endo-

thelial LAL enhances HIF1a activity and expression of endothe-

lial cell markers under conditions of thermogenic differentiation

in BAT and WAT in vivo.

LAL-dependent TRL processing stimulates proliferation
and thermogenic differentiation via HIF1a
Reduced abundance of thermogenic adipocytes, lower HIF1a

content, and decreased endothelial markers in BAT and WAT

of Lipafl/fl-Cdh5Cre+ indicate that intracellular TRL processing

promotes the activation of HIF1a during cold acclimation. To

address this hypothesis under defined conditions, we incubated

human vascular endothelial cells (HUVEC) with TRL and de-

tected higher protein levels of HIF1a and PDK1 compared with

controls, an effect that was blunted by co-incubation with the

specific LAL inhibitor Lalistat (Figures S6A and S6B) (Rose-

nbaum et al., 2010). Next, we investigated these TRL effects in

WT1, a precursor cell line for thermogenic adipocytes that was

generated by immortalization of stromal-vascular cells from mu-

rine BAT (Klein et al., 1999). In these precursor cells, the TRL ef-

fects mediated by LAL on HIF1a activity were even more pro-

nounced than those observed in HUVEC (Figures 6A–6C). To

study a causal role of HIF1a, we employed a specific inhibitor

that suppresses induction of the transcription factor in cells

cultured under hypoxic conditions (Figure S6C). Notably,

HIF1a induction and expression of its targets in response to

TRL treatment were also blunted by this inhibitor (Figures 6D–

6F), confirming a causal role of HIF1a in TRL-triggered signaling.

The upregulation of HIF1a and its target genes Pdk1 and Pdk4

that trigger a metabolic response associated with cell growth

(Wang et al., 2019;Woolbright et al., 2018) prompted us to inves-

tigate a potential effect of TRL on cellular proliferation. As deter-

mined by 3H-thymidine incorporation, TRL treatment promoted

proliferation of HUVEC and WT1 cells, and this effect was blunt-

ed by LAL inhibition using Lalistat (Figures S6D and S6E).

Furthermore, TRL-dependent proliferation was prevented by

the HIF1a inhibitor (Figures S6F and S6G). Altogether, these
Figure 4. Endothelial LAL deletion causes impaired adaptive thermoge

Transgenic mice were treated with tamoxifen to generate mice lacking LAL in end

cholesterol-rich high-fat diet.

(A–F) shows mice acclimated to thermoneutrality (30�C) for 2 weeks, followed b

perature, followed by 4-weeks chronic acclimation to 6�C.
(A) Energy expenditure. Body weights were 26.5 ± 1.1 g for Lipafl/fl-Cdh5Cre-and

(B) Quantification of day/night and diurnal energy expenditure, as shown in (A).

(C) Whole BAT uptake of 3H-deoxyglucose (3H-DOG) and 14C-triolein-TRL after a

(D) BAT gene expression (n = 7–8).

(E) Western blot of BAT including Ponceau staining.

(F) Quantification per BAT depot and normalization of UCP1 shown in (E) (n = 7).

(G) Energy expenditure. Body weights were 29.5 ± 0.9 g for Lipafl/fl-Cdh5Cre� an

(H) Quantification of day/night and diurnal energy expenditure, as shown in (G).

(I) Whole inguinal WAT (iWAT) uptake of 3H-DOG and 14C-triolein after a combin

(J) Representative images of HE-stained iWAT. Scale bar, 50 mm.

(K) Gene expression in iWAT (n = 5–6).

(L) Western blot of iWAT including Ponceau staining.

(M) Quantification per iWAT depot and normalization of proteins shown in (L) (n =

Data are presented as mean values ± SEM, *p < 0.05 by Student’s t test, Lipafl/fl
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data indicate that the degradation of internalized TRL particles

by LAL triggers HIF1a-dependent signaling and proliferation. A

possible link between lysosomal lipid processing andHIF1a acti-

vation could be related to the catabolism of fatty acids released

by the action of LAL. Interestingly, incubation of WT1 preadipo-

cytes with TRL led to a LAL-dependent increase in the genera-

tion of reactive oxygen species (ROS) (Figure S6H). ROSs have

previously been linked to HIF1a stabilization (Jung et al., 2008;

Movafagh et al., 2015), and we thus examined whether fatty

acid metabolism and ROS production link LAL-mediated TRL

processing with HIF1a activity. To this end, we treatedWT1 cells

with TRL and etomoxir, an inhibitor of mitochondrial fatty acid

import and beta-oxidation. Similar to the effects of LAL and

HIF1a inhibition, etomoxir treatment abolished the effects of

TRL treatment on HIF1a activity (Figures 6G–6I). Similarly,

reducing intracellular ROS levels with the mitochondrial antioxi-

dant MitoQ also led to a blunted induction of HIF1a levels and

target gene expression (Figures 6J–6L). Taken together, these

data indicate that lysosomal TRL processing leads to release

of fatty acids that increase ROS production, and thereby affect

HIF1a activity and proliferation.

To elucidate whether LAL- and HIF1a-dependent effects of

TRLs on proliferation would also translate into altered thermo-

genic adipocyte differentiation, we isolated stromal-vascular

fraction (SVF) from BAT and studied the differentiation into ther-

mogenic adipocytes. This model was chosen to more closely

mimic the in vivo situation since the SVF contains both adipocyte

precursors and endothelial cells. It is, however, important to note

that these heterogeneous cell types may not be present

throughout the time course of differentiation. Nevertheless, it

has been shown that the endothelial compartment can give

rise to adipogenic precursors that can differentiate into thermo-

genic adipocytes. The SVF model thus most likely represents a

mix of cell-autonomous effects and cellular cross-talk. Treat-

ment with TRL, but not with LDL (Figure S6I), throughout the dif-

ferentiation resulted in higher expression of the thermogenic

adipocyte markers Pparg, Ppargc1a, Ucp1, and Dio2 (Fig-

ure 6M). Of note, the TRL-mediated induction of differentiation

markers was completely blocked by LAL inhibition (Figure 6M),

by the HIF1a inhibitor (Figure 6N), and by MitoQ treatment (Fig-

ure 6O). Taken together, these findings describe a direct role of
nesis

othelial cells (Lipafl/fl-Cdh5Cre+) and controls (Lipafl/fl-Cdh5Cre�) and fed with a

y 3 days at 18�C and 4 days at 6�C. (G–M) shows mice housed at room tem-

26.6 ± 0.5 g for Lipafl/fl-Cdh5Cre+ (n = 4).

combined oral glucose and fat gavage (n = 7–8).

d 27.6 ± 0.9 g for Lipafl/fl-Cdh5Cre+ (n = 8).

ed oral glucose and fat gavage (n = 4–9).

5).

-Cdh5Cre+ versus Lipafl/fl-Cdh5Cre�. See also Figure S4.
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lysosomal TRL processing in inducing proliferative responses via

a mechanism involving fatty acid oxidation, ROS production and

HIF1a induction in endothelial cells, and stromal-vascular cells

from adipose tissue, ultimately promoting the differentiation of

precursor cells into thermogenic adipocytes.

Discussion

The rediscovery of active thermogenic adipose tissues in adult

humans has prompted a plethora of studies investigating the

origin of thermogenic cells (Chouchani et al., 2019; Ikeda et al.,

2018) and assessing the metabolic benefits of adaptive thermo-

genesis (Chen et al., 2020; Scheele and Wolfrum, 2020).

Recently, it was demonstrated in a large retrospective study

that the presence of active BAT inversely associates with cardio-

vascular disease and with its risk factor triglycerides (Becher

et al., 2020). This observation confirms data generated in rodent

models showing pronounced triglyceride-lowering and antia-

therogenic effects mediated by active thermogenic adipose tis-

sues (Bartelt et al., 2011; Berbée et al., 2015). These effects were

linked to both accelerated intravascular LPL-mediated lipolysis

of TRL and uptake of whole lipoprotein particles into activated

BAT (Bartelt et al., 2011; Heine et al., 2018); yet, details of cellular

trafficking and the physiological significance of TRL uptake re-

mained elusive. In this study, we show that endothelial cells of

thermogenic adipose tissues are the main cell type responsible

for whole-TRL-particle uptake. Furthermore, we find that lyso-

somal TRL processing by LAL in endothelial cells is critical for

efficient adaptive thermogenesis both in BAT and WAT.

By employing nanoparticle-based imaging techniques and

tracer studies combined with cell sorting, we demonstrate that

TRL remnants generated by LPL-dependent triglyceride hydro-

lysis are taken up by endocytosis into vascular endothelial cells.

LPL is mandatory in this two-step process, presumably because

the enzyme mediates the shrinkage of TRL to reach the upper

size limit for particle endocytosis of nonphagocytic cells, which

is approximately 100–200 nm (Rejman et al., 2004). Supporting

this notion, administration of the pharmacological LPL-inhibitor

tetrahydrolipstatin (Bartelt et al., 2011) or transgenic expression

of the endogenous LPL-inhibitory protein angiopoietin-like 4

(Angptl4) (Dijk et al., 2015) diminishes LPL activity and subse-

quent TRL core-label uptake into thermogenic adipose tissues.

The second step, the endocytosis of remnant particles, is depen-
Figure 5. LAL modulates abundance of HIF1a and endothelial markers

Lipafl/fl-Cdh5Cre+ and Lipafl/fl-Cdh5Cre� mice were fed a cholesterol-rich high-fat

(A–E) shows mice acclimated to 30�C for 2 weeks, followed by 3 days at 18�C a

4 weeks of chronic acclimation to 6�C.
(A) Western blot of BAT including Ponceau staining.

(B) Quantification of proteins shown in (A) (n = 7).

(C) BAT expression of endothelial marker genes and Pdk1/4 (n = 7–8).

(D) Representative images of CD31 staining in BAT. Green=CD31, blue=DAPI, sc

(E) Quantification of CD31 area in BAT sections as detected in (D) (n = 7–8).

(F) Western blot of iWAT including Ponceau staining.

(G) Quantification of proteins shown in (F) (n = 5).

(H) Expression of endothelial marker genes and Pdk1/4 in iWAT (n = 6–8).

(I) Representative images of CD31 staining in iWAT. Green, CD31; blue, DAPI, sc

(J) Quantification of CD31 area in iWAT as detected in (I) (n = 4).

(K) Gene expression in CD31+ endothelial cells MACS�-isolated from iWAT (n =

(L) Gene expression in adipocyte-enriched FT after MACS� of iWAT (n = 3).

Data are presented as mean values ± SEM, *p < 0.05 by Student’s t test compa
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dent on CD36, which we found markedly induced in its abun-

dance at the luminal side of the endothelium in BAT of mice

exposed to cold. Global deletion of CD36 strongly attenuated

the cold-induced whole-TRL-particle uptake into BAT. At the

same time, the internalization was unaffected by CD36 defi-

ciency inmice housed under warm ambient temperatures, point-

ing toward a role of other lipoprotein receptors for basal endocy-

tosis into BAT. Recently, another example of endothelial

lipoprotein particle uptake was reported in a pathophysiological

context. In that elegant study, it was demonstrated that LDL par-

ticles undergo endothelial transcytosis via the scavenger recep-

tor SR-B1, and thereby this process causes arterial cholesterol

deposition and thus atherosclerosis (Huang et al., 2019). It is

clear from our results that SR-B1 cannot compensate for the

lack of CD36, arguing against an important role SR-B1 for TRL

uptake and transcytosis in adipose tissues. In addition to the

likely differences between arterial and capillary endothelium,

another main difference between these studies is the lipoprotein

particle composition and size. In the future it will be important to

unravel the relevance of endothelial lipoprotein processing in

other metabolically active organs, especially in the context of

physiological adaptations and disease development, and it will

be intriguing to compare the endocytic machinery of endothelial

cells with that of other cell types such as hepatocytes (Gilleron

et al., 2019).

Based on a single-cell transcriptome atlas of eleven organs

not including adipose tissues, a specific subclass of lipid-

handling endothelial cells in heart and skeletal muscles was

recently identified. These specific endothelial cells were charac-

terized by the expression of lipid and lipoprotein-processing

genes including Cd36 and Lpl (Kalucka et al., 2020). Interest-

ingly, a higher expression of CD36 and LPL in thermogenic adi-

pose tissue of cold-exposed humans has been reported (Chon-

dronikola et al., 2016), although the cellular origin of expression

was not assessed in that study. Here, we show that in addition

to Cd36 and Lpl, endothelial cells of thermogenic adipose tis-

sues express Lipa, indicating that endothelial cells of thermo-

genic adipose tissue are equipped to metabolize internalized li-

poproteins. LAL is the only lysosomal triglyceride and

cholesterol ester hydrolase, and consequently, LAL deficiency

in humans leads to the development of Wolman’s disease, a

lysosomal storage disorder, which is characterized by ectopic

lipid accumulation especially in liver and spleen, atherosclerosis,
upon thermogenic recruitment

diet.

nd 4 days at 6�C. (F–L) shows mice housed at room temperature, followed by

ale bar: 50 mm.

ale bar, 50 mm.

3).

ring Lipafl/fl-Cdh5Cre+ versus Lipafl/fl-Cdh5Cre�. See also Figure S5.
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Figure 6. LAL-dependent TRL processing stimulates proliferation and thermogenic differentiation via HIF1a

Immortalized brown adipocyte precursor cells (WT1) and primary BAT stromal-vascular cells (SVC) were cultured in the absence (mock) or presence of lipo-

proteins (TRL). LAL was inhibited by Lalistat, HIF1a by a specific inhibitor, beta-oxidation by etomoxir, and mitochondrial ROS was scavenged MitoQ. Repre-

sentative images are shown of two (G and J) or three (A and D) independent western blot experiments.

(legend continued on next page)
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diarrhea, as well as pulmonary and neurological defects due to

accumulation of cholesterol esters (Bernstein et al., 2013; Krivit

et al., 1992). However, the relevance of LAL in endothelial cells

has not been addressed so far. Here, we show that specific

depletion of endothelial LAL causes impaired TRL processing,

an alteration compromising the adaptation of thermogenic adi-

pose tissues to a cold environment and thus thermogenesis. Un-

der conditions of acute coldwith previous acclimation to thermo-

neutrality, LAL deficiency blunted the thermogenic response in

BAT but not in WAT. On the other hand, sustained cold exposure

of mice had only subtle effects on classical BAT depots while

pronounced differences in the number and function of brite/

beige adipocytes in WAT were observed. Specific effects on

thermogenic WAT remodeling with minor effects on BAT have

been observed previously in other models. For example, inhibi-

tion of the sterol synthesis pathway by statins leads to impaired

inguinal WAT browning with negligible effects on BAT thermo-

genic capacity (Balaz et al., 2019). The temporal difference

observed in this study between BAT and WAT recruitment may

be explained by distinct precursor populations responsible for

the thermogenic recruitment, as well as in a higher proportion

of already existing terminally differentiated thermogenic adipo-

cytes in BAT compared with those in WAT (Kalinovich

et al., 2017).

For optimal thermogenic function, adipose tissues require

adequate vascularization to ensure sufficient supply of nutrients

and oxygen, as well as to achieve rapid heat dissipation (Bagchi

et al., 2013; Luo et al., 2017; Xue et al., 2009). Chronic cold expo-

sure increases proliferation of endothelial cells and thus angio-

genesis in both BAT and in inguinal WAT (Xue et al., 2009). We

observed reduced levels of endothelial cell markers in inguinal

WAT of cold-acclimated mice lacking LAL in endothelial cells.

This indicates disturbed angiogenesis, a pathway that is mainly

controlled by HIF1a (Corvera and Gealekman, 2014; Hirota and

Semenza, 2006; Semenza and Wang, 1992). Notably, our data

indicate that LAL-dependent TRL processing activates a HIF1a--

dependent proliferative response of endothelial cells and is

required for efficient differentiation of thermogenic precursors

and browning. It has been shown that during the developmental

phase angiogenesis precedes the appearance of adipocytes

(Han et al., 2011). Importantly, various precursor cells including

subsets with an endothelial origin that can differentiate to ther-

mogenic adipocytes, have been described to reside in the

vascular niche (Gupta et al., 2012; Min et al., 2016; Tang et al.,
(A) Effect of TRL and Lalistat on HIF1a and PDK1 protein levels in WT1 cells.

(B) Quantification of proteins described in (A) (n = 9).

(C) Effect of TRL and Lalistat on Pdk1 and Pdk4 expression in WT1 cells (n = 9).

(D) Effect of TRL and HIF1a inhibitor on HIF1a and PDK1 protein levels in WT1 c

(E) Quantification of proteins described in (D) (n = 9).

(F) Effect of TRL and HIF1a inhibitor on Pdk1 and Pdk4 expression in WT1 cells

(G) Effect of TRL and etomoxir on HIF1a and PDK1 protein levels in WT1 cells.

(H) Quantification of proteins described in (G) (n = 6).

(I) Effect of TRL and etomoxir on Pdk1 and Pdk4 expression in WT1 cells (n = 6).

(J) Effect of TRL and MitoQ on HIF1a and PDK1 protein levels in WT1 cells.

(K) Quantification of proteins described in (J) (n = 6).

(L) Effect of TRL and MitoQ on Pdk1 and Pdk4 expression in WT1 cells (n = 6).

(M) Thermogenic gene expression of SVC differentiated for 7 days with or withou

(N) Thermogenic gene expression of SVC differentiated for 7 days with or withou

(O) Thermogenic gene expression of SVC differentiated for 7 days with or withou

Data are presented as mean values ± SEM. p < 0.05 by ANOVA comparing moc
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2008; Tran et al., 2012), thus directly linking the endothelium to

the development of thermogenic BAT and WAT. We observed

stimulating effects of TRL on adipogenesis in the SVF, which

next to endothelial cells also contains various adipocyte precur-

sors (Vishvanath and Gupta, 2019). Future studies are warranted

to investigate whether TRL stimulate browning primarily by

angiogenesis or by paracrine factors released from endothelial

cells that promote thermogenic precursor differentiation. Impor-

tantly, the positive effect on adipocyte differentiation was only

observed for TRL but not for LDL, which argues against a role

for cholesterol and derivatives thereof that may influence ther-

mogenic adipocyte formation. It is also increasingly recognized

that fatty acid metabolism in endothelial cells is a key determi-

nant of angiogenesis (Li et al., 2019a). In support of this hypoth-

esis, here, we show that inhibition of beta-oxidation and ROS

production can effectively block the proliferative and differentia-

tive effects of TRLs, arguing for a role of fatty acid catabolism in

this process. Additionally, there are a number of lipids trans-

ported by TRL that are released by LAL and could affect thermo-

genic differentiation. For instance, the bioactive derivative of

vitamin A, retinoic acid, has been described to stimulate the

VEGF-dependent brite/beige adipocyte differentiation from

endothelial niche precursors (Wang et al., 2017). TRL particles

contain retinol esters that can be converted into retinoic acid in

adipose tissues (Kiefer et al., 2012; Krois et al., 2019), and our

data show that radiolabeled retinol incorporated into TRL is

readily taken up by endothelial cells. In addition, PUFAs as well

as their derivative prostaglandins have been shown to induce

adipose tissue browning (Ghandour et al., 2018; Vegiopoulos

et al., 2010), and to affect—at least in the context of the tumor

microenvironment—HIF1a activity (Krishnamoorthy and Honn,

2011). It is important to note that, in addition to the effects of fatty

acid catabolism and subsequent HIF1a activity, fatty acids liber-

ated by LAL could also affect the activity of ligand-activated tran-

scription factors regulating thermogenic gene expression, such

as PPARg. Thus, next to the effects of endothelial TRL process-

ing on HIF1a activity described in this study, other fatty-acid-

dependent mechanisms may contribute to the TRL-dependent

thermogenic differentiation pathway.

Taken together, this study shows that internalization and pro-

cessing of lipoproteins in capillary endothelial cells determines

thermogenic function and browning of adipose tissues. Future

studies based on this novel aspect of adaptive thermogenesis

are warranted to identify TRL responsive endothelial and/or
ells.

(n = 9).

t TRL ± Lalistat (n = 7).

t TRL ± HIF1a inhibitor (n = 6).

t TRL ± MitoQ (n = 8).

k versus TRL(*) and TRL versus TRL + inhibitors ($). See also Figure S6.
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adipocyte precursor subtypes. In addition, single-cell transcrip-

tomics with samples from cold-exposed mice and humans

would be a promising approach to investigate the roles of endo-

thelial subtypes expressing lipoprotein-processing enzymes,

including LAL, in thermogenic adipose tissues.

Limitations of study
In this study, we show a role of endothelial LAL for the recruit-

ment of thermogenic adipose tissues. We chose a tamoxifen-

inducible, endothelial-cell-specific Cre system to exclude poten-

tial undesired effects of Lipa depletion in nonendothelial cells

during embryonic development. However, this may have

masked relevant effects of LAL during early development. In

this context, it is of note that there is no Cre system specific to

the endothelial cells of adipose tissues. Therefore, effects on

endothelial cells in other organs, e.g., the heart, even though

not readily visible in our studies, may contribute to some of our

findings, such as reduced body-core temperature in the cold.

In humans, the overall importance of LAL is easily seen by the

drastic phenotype of Wolman’s disease (Li and Zhang, 2019),

which, however, is probably mostly related to LAL function in he-

patocytes. Thus, establishing a role of endothelial cell LAL in hu-

mans will provemore difficult but may be overcome by the use of

single-cell sequencing of biopsied BAT after controlled cold-

intervention studies. Another important factor to note is that

our in vitro settings of preadipocytes and endothelial cells do

not recapitulate the complex cellular interactions that are most

likely taking place in vivo. We show that TRL can affect endothe-

lial cell and adipocyte precursor proliferation and differentiation

in a LAL and HIF1a-dependent manner. However, these experi-

ments do not address conceivable effects of paracrine factors

released by endothelial cells in response to intracellular TRL pro-

cessing. Future studies are necessary to identify the nature of

these potential molecular mediators and to explore the proposed

endothelial cell-adipocyte cross-talk.
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STAR+methods
Key resources table
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-ACC Cell Signaling Cat# 3662, RRID:AB_2219400

Rabbit polyclonal anti-AKT Cell Signaling Cat#9272; RRID: AB_329827

Hamster monoclonal anti-CD31 Millipore Cat# MAB1398Z; RRID:AB_94207

Rabbit polyclonal anti-CD36 Moore lab (NYU) N/A

Rabbit polyclonal anti-DIO2 Abcam Cat# ab77779, RRID:AB_1951738

Rabbit monoclonal anti-E-Cadherin Cell Signaling Cat# 3195, RRID:AB_2291471

Mouse monoclonal anti-FASN BD Bioscience Cat# 610962; RRID:AB_398275

Rat monoclonal anti-GPIHBP1 Young lab (UCLA) N/A

Rabbit monoclonal anti-HIF1a Cell Signaling Cat# 14179; RRID:AB 2622225

Rat monoclonal anti-LAMP2 Santa Cruz Biotechnology Cat# sc-20004, RRID:AB_626857

Mouse OXPHOS WB cocktail Abcam Cat# ab110413, RRID:AB_2629281

Rabbit monoclonal anti-PDK1 Abcam Cat# ab207450 RRID: N/A

Rabbit monoclonal anti-PLIN1 Cell Signaling Cat#9349; RRID:AB_10829911

Mouse monoclonal anti-Rab5A Santa Cruz Biotechnology Cat# sc-46692; RRID:AB_628191

Rabbit monoclonal anti-gTubulin Abcam Cat# ab179503, RRID: N/A

Rabbit anti-UCP1 Cannon lab (Stockholm University) N/A

Rabbit monoclonal anti-VDAC Cell Signaling Cat# 4661; RRID:AB_10557420

Rabbit polyclonal anti-ZO1 Thermo Fisher Cat# 61-7300, RRID:AB_2533938

Alexa 594 goat-anti-hamster Jackson ImmunoResearch Labs Cat# 127-585-099, RRID:AB_2338998

Cy2 donkey-anti-rabbit Jackson ImmunoResearch Labs Cat# 711-225-152, RRID:AB_2340612

Cy5 donkey-anti-rat Jackson ImmunoResearch Labs Cat# 712-175-153, RRID:AB_2340672

HRP goat anti-mouse Jackson ImmunoResearch Labs Cat# 115-035-003, RRID:AB_10015289

HRP goat anti-rabbit Jackson ImmunoResearch Labs Cat# 111-035-144, RRID:AB_2307391

HRP goat anti-rat Jackson ImmunoResearch Labs Cat# 112-035-175, RRID:AB_2338140

Chemicals and reagents

Acepromacin Sigma Cat# A7111

CD11b MicroBeads Milteny Cat# 130-049-601

CD31 MicroBeads Milteny Cat# 130-097-418

CL316,243 Tocris Cat# 1499

Collagenase II Sigma Cat# C2-22-BC

cOmplete�Mini Protease Inhibitor Cocktail Roche Cat# 1836153001

DAPI Invitrogen Cat# D1306

Dextran40 Sigma Cat# 68084

DMEM, high glucose Gibco Cat# 11965118

Endothelial cell basal media Promocell Cat# C-22210

Endothelial cell growth medium

SupplementPack

Promocell Cat# C-39210

Eosin Merck Cat# 1.15935

Etomoxir Sigma Cat# E1905

EZ-Link NHS-SS-Biotin Thermo Fisher Cat# 21441

Hematoxylin Sigma Cat# MHS32-1L

Heparin Rotexmedica N/A

HIF1a inhibitor (3-(2-(4-Adamantan-1-yl-

phenoxy)-acetylamino)-4-hydroxybenzoic

acid methyl ester)

Santa Cruz Biotechnology Cat# sc-205346
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Insulin Sigma Cat# I9278

Lalistat2 Cayman Chemical Cat# 25347

MitoQ Hölzer Cat# HY-100116A

NuPAGE LDS 4x sample buffer Invitrogen Cat# NP0008

NuPAGE reducing sample buffer Invitrogen Cat# NP0004

Pierce Streptavidin Magnetic Beads Thermo Fisher Cat# 88817

SolvableTM Perkin Elmer Cat# 6NE9100

Scintillation fluid Zinsser Analytic Cat# 1008500

Trizol peqlab Cat# 30-2010

Western-Type Diet Sniff Cat# TD88137 mod
3H-Cholesteryl-hexadecylether Perkin Elmer Cat# NET85900
3H-Deoxyglucose Hartmann Analytik Cat# MT911
3H-Retinol Perkin Elmer Cat# NET927250UC
14C-Triolein Hartmann Analytik Cat# ARC 0291

Chromium Single Cell 30 Library & Gel Bead

Kit v3

10x Genomics Cat# 1000092

Chromium Single Cell 30 Library
Construction Kit v3

10x Genomics Cat# 1000078

Nuclei EZ Lysis Buffer Sigma Cat# NUC101

Critical commercial assays and equipment

Cy3- CyDye Mono-Reactive Dye Kit GE Amersham Cat# GEPA23001

NucleoSpin RNA/Protein kit Macherey & Nagel Cat# 740933

High Capacity cDNA RT kit Invitrogen Cat# 4368813

Internal Standards Kit for Lipidyzer platform Sciex Cat# 5040156

AA 45/32 Phys Control Plasma Sciex Cat# 4386703

QC Spike Standards Kit for Lipidyzer

platform

Sciex Cat# 5040408

MACS LD Column Milteny Cat# 130-042-401

Quant-iT dsDNA Broad-Range Assay Kit Invitrogen Cat# Q33130

Rectal Thermometer Physitemp Cat# BAT-12

Thermo Camera FLIR Cat# E60

TaqMan assay for Adipoq Thermo Fisher Mm00456425_m1

TaqMan assay for Bnip3 Thermo Fisher Mm01275601_g1

TaqMan assay for Cdh5 Thermo Fisher Mm00486938_m1

TaqMan assay for Cd36 Thermo Fisher Mm00432403_m1

TaqMan assay for Cox4i1 Thermo Fisher Mm00438289_g1

TaqMan assay for Cox7a1 Thermo Fisher Mm00438297_g1

TaqMan assay for Cox8b Thermo Fisher Mm00432648_m1

TaqMan assay for Dio2 Thermo Fisher Mm00515664_m1

TaqMan assay for Elovl3 Thermo Fisher Mm00468164_m1

TaqMan assay for Emr1 Thermo Fisher Mm00802530_m1

TaqMan assay for Fabp4 Thermo Fisher Mm00445880_m1

TaqMan assay for Glut1 Thermo Fisher Mm00441480_m1

TaqMan assay for Glut4 Thermo Fisher Mm01245502_m1

TaqMan assay for Gpihbp1 Thermo Fisher Mm01205849_g1

TaqMan assay for Hilpda Thermo Fisher Mm00727638_s1

TaqMan assay for Lipa Thermo Fisher Mm00498820_m1

TaqMan assay for Lipg Thermo Fisher Mm00495368_m1

TaqMan assay for Lpl Thermo Fisher Mm00434764_m1

TaqMan assay for Myc Thermo Fisher Mm00487803_m1
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TaqMan assay for Pecam1 Thermo Fisher Mm01242584_m1

TaqMan assay for Pdk1 Thermo Fisher Mm00554300_m1

TaqMan assay for Pdk4 Thermo Fisher Mm00443325_m1

TaqMan assay for Pfkfb 3 Thermo Fisher Mm00504650_m1

TaqMan assay for Pfkfb 4 Thermo Fisher Mm00557176_m1

TaqMan assay for Ppara Thermo Fisher Mm00440939_m1

TaqMan assay for Pparg Thermo Fisher Mm00440945_m1

TaqMan assay for Ppargc1a Thermo Fisher Mm00447183_m1

TaqMan assay for Prdm16 Thermo Fisher Mm00712556_m1

TaqMan assay for Tbp Thermo Fisher Mm00446973_m1

TaqMan assay for Tjp1 Thermo Fisher Mm00493699_m1

TaqMan assay for Ucp1 Thermo Fisher Mm00494069_m1

TaqMan assay for Vegfa Thermo Fisher Mm00437306_m1

TaqMan assay for Vegfb Thermo Fisher Mm00442102_m1

TaqMan assay for Vldlr Thermo Fisher Mm00443281_m1

Experimental models: organisms/strains

Mouse: C57BL/6J The Jackson Laboratory Stock No: 000664

Mouse: B6.129S1-Cd36tm1Mfe/J The Jackson Laboratory Stock No: 019006

Mouse: B6.Tg(Cdh5-cre/ERT2)Rha Eschenhagen lab (UKE) N/A

Mouse: B6. Lipatm1c(EUCOMM)Hmgu Eucomm ES-cell clone HEPD0960_2_B11

Mouse: B6. Lipatm1cHmgu_B6.Tg(Cdh5-

cre/ERT2)Rha

This paper N/A

Mouse: B6.Ucp1-DTReGFP Wolfrum lab (ETH) N/A

Cell line: immortalized preadipocytes Cannon lab (Stockholm) (Klein et al., 1999)

HUVEC Promocell C-12203

Software

Excel 2018 (Version 16.16.20) Microsoft RRID:SCR_016137

GraphPad Prism (Version 8.4.1) GraphPad RRID:SCR_002798

Image Studio Lite (Version 5.2.5) LICOR RRID:SCR_013715

ImageJ/Fiji NIH RRID:SCR_002285

Lipidomics Workflow Manager SCIEX RRID:SCR_017003

NIS-Elements Advances Research NIKON RRID:SCR_014329

RStudio RStudio RRID:SCR_000432

Scrublet RRID:SCR_018098

Seurat RRID:SCR_016341
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Resource availability

Lead contact
Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Joerg Heeren (heeren@

uke.de).

Materials availability
All materials used in this study are either commercially available or through collaboration, as indicated.

Data and code availability
This study did not generate datasets or code. The Single Nucleus RNASeq data analyzed in Figure 2 are reported in detail in (Sun

et al., 2020) and sequencing data are deposited in ArrayExpress: E-MTAB-8564 for single-nucleus RNAseq of human BAT cells.
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Experimental Model and Subject Details

Mice
Experiments were approved by the Animal Welfare Officers of University Medical Center Hamburg-Eppendorf (UKE) and Behörde f€ur

Gesundheit und Verbraucherschutz Hamburg. All mice used in this study are listed in the Key Resource Table. For practical reasons,

investigators were not blinded as to group allocation. Mice were bred and kept in the animal facility of UKE at room temperature (22-

24�C) and a 12-h light, 12-h dark cycle with ad libitum access to standard laboratory chow diet and water. The mice used in the

studies were C57BL/6J wild type mice (Charles River or bred in-house), Cd36-/- mice (Bartelt et al., 2011), as well as Lipafl/fl mice

that were crossed with mice carrying the Cdh5-CRE-ERT2 transgene (Tg(Cdh5-cre/ERT2)1Rha (Monvoisin et al., 2006)). For

BAT imaging, mice expressing eGFP-labelled diphtheria toxin receptor under control of the Ucp1 promoter (B6.Ucp1-DTReGFP

(Rosenwald et al., 2013); kindly provided by Christian Wolfrum, Zurich, Switzerland) were used. To generate Lipafl/fl mice, the

Lipatm1a(EUCOMM)Hmgu ES-cell clone HEPD0960_2_B11 was obtained from IMPC/Eucomm consortium (Dickinson et al., 2016). In

this clone, the L1L2_Bact_P cassette was inserted at position 34512166 of Chromosome 19 upstream of the critical exon 4. The

cassette is composed of an FRT site followed by lacZ sequence and a loxP site. This first loxP site is followed by a neomycin resis-

tance gene under the control of the human beta-actin promoter, SV40 polyA, a second FRT site and a second loxP site. A third loxP

site is inserted downstream of the targeted exon at position 34510706. The critical exon is thus flanked by loxP sites. Cells from the

clone HEPD0960_2_B11were injected into C57BL/6J blastocysts to generate chimeras. Lipatm1amicewere genotyped by PCRusing

Lipa-specific primers flanking the 3’ loxP site downstreamof the critical exon 4 (forward 5’-ATTGACAACAGCAGCTTGGG-3’; reverse

5’-GGGGAGATTGCCTGAGAGTT-3’) amplifying PCR products of 403 bp and 480 bp from the wild type and targeted locus,

respectively. Lipatm1a mice were backcrossed to C57BL6/J for 7 generations, and heterozygous mice were then crossed with flip-

pase (Flp)-expressing mice to delete the FRT-flanked selection cassette and generate Lipatm1c mice with a floxed exon 4 in the

Lipa gene. Correct deletion of the FRT-flanked cassette was verified by PCR (forward 5’-GGCCTTTCACTTGCTTGGTT-3’; reverse

5’-GGTTTGCATCGATCCCTGAC-3’) yielding products of 443 bp in wild type mice, 646 bp in flipped Lipatm1a mice, and a �7 kb,

and thus undetectable, product in non-flipped Lipatm1a mice. These mice were then crossed with Cdh5-CreERT2-expressing

mice to obtain tamoxifen-inducible endothelial cell-specific Lipa-deficient mice (Lipafl/fl-Cdh5Cre+) and control littermates (Lipafl/fl-

Cdh5Cre-). Cre-mediated recombination was confirmed by PCR on genomic DNA isolated from brown adipose tissue using the

following primers (forwardWT+KO 5’-GGCCTTTCACTTGCTTGGT-3, reverseWT 5’-GTTTGCATCGATCCCTGAC, reverseWT+KO 5’-

AGCCCACAAGGCCAGGAAT), where the WT-only reverse primer binds in the excised exon, while the WT+KO reverse primer binds

in the following intronic sequence, leading to the amplification of two products in tissues without recombination (635 bp and 2053 bp)

and one product in tissues with recombination (499 bp).

Routinely, male mice at age 10-18 weeks were used. For high fat diet feeding, mice were fed a cholesterol-enriched high fat diet

(Sniff EF R/M acc.TD88137mod) for 6-8weeks starting at 6-8 weeks of age. Control micewere housed at room temperature (22�C) or
30�C as indicated. For initial characterization, cold exposure was performed by housing mice at 6�C for 24 hours including a 4-hour

fasting period, unless indicated differently. For metabolic studies, tamoxifen treatment of Lipafl/fl-Cre mice was performed starting at

6-8 weeks of age by oral gavage of 2 mg tamoxifen in 100 mL corn oil on 3 consecutive days. Subsequently, two different cold expo-

sure regimens were performed. To investigate the functional relevance of endothelial LIPA for BAT function, we set up an experi-

mental design in which BAT is not fully differentiated and the initial thermogenic recruitment response can be captured. To this

end, we first acclimated mice to thermoneutrality for 2 weeks to reduce the thermogenic capacity of BAT. Then, mice were housed

under cold conditions for 3 days at 18�C and subsequently 4 days at 6�C. To investigate the functional relevance of endothelial LIPA

for WAT browning, we kept mice for 4 weeks at room temperature and for additional 4 weeks at 6�C. In the second regimen, mice

received another gavage of 2mg tamoxifen after 2 weeks to account for the appearance of new endothelial cells due to cold-induced

angiogenesis (Luo et al., 2017; Xue et al., 2009).

To acutely activate BAT in indirect calorimetry, mice were injected subcutaneously with 1 mg/kg body weight CL316,243, dis-

solved in sterile saline. For metabolic turnover studies, mice were fasted in single cages for 4 hours prior to injection or gavage of

radiolabeled glucose and/or lipids. Blood samples were taken by cardiac puncture in terminally anaesthetized mice. For intravital

microscopy, mice were anaesthetized by isoflurane. For all terminal procedures, mice were anesthetized with ketamine (100mg/

kg) and xylazine (10mg/kg).

Clinical Studies
The clinical study was approved by the Local Ethics Committee of the University Hospital in Bratislava, Slovakia. All study partici-

pants provided witnessed written informed consent prior to entering the study. BAT samples were obtained from the lower third

of the neck by an experienced ENT surgeon during neck surgery under general anesthesia. The deep neck BAT samples were taken

from pre- and paravertebral space between common carotid and trachea in case of thyroid surgery and just laterally to carotid sheath

in case of branchial cleft cyst surgery. Patients with malignant disease and subjects younger than 18 years were excluded from

participation in the study. Deep neck BAT samples were collected from 16 individuals (4 male/12 female; 49.2 ± 19.0 years (22 –

77 years); BMI 24.8 ± 4.7 kg/m2 (16.9 – 35.2 kg/m2); body fat 29.1 ± 8.5 % (15.6 – 46.6 %); thyroid surgery n=14 or branchial cleft

cyst surgery n=2; data are expressed as mean ± SD. Samples were cleaned immediately from blood and connective tissue, frozen in

liquid nitrogen and stored at -80�C.
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Method Details

Preparation of TRL
Preparation of fluorescently or radioactively labelled TRL was described previously (Bartelt et al., 2011; Heine et al., 2018). Briefly,

chloroform lipid extracts from human TRL were traced with [Carboxyl-14C]-triolein and [Cholesteryl-1,2-3H(N)]-cholesteryl

hexadecylether. For imaging studies, 10mg of lipid wasmixedwith either 0.5mg super paramagnetic iron-oxide (SPIO) or 40 ml quan-

tum dot (QD) nanocrystals (Chen et al., 2013) per 1 ml of final TRL solution. The solvent was evaporated under nitrogen flow and PBS

was added. The mixture was sonicated and filtered through 0.45 mm filters to produce TRL with a diameter typical for postprandial

lipoproteins of 250-400 nm (Heine et al., 2018). To produce Cy3-labelled murine TRL, plasma samples were taken from C57BL/6/J

mice 2 hours after gavage of 200 mL olive oil. TRL were isolated by ultracentrifugation in a discontinuous KBr gradient. Protein con-

centration was determined, and 1 mg of protein was labelled with Cy3 using the CyDye Mono-Reactive Dye Kit, according to the

manufacturer’s instruction. KBr and excess dye were removed by gel filtration through a PD10-column (GE Healthcare). Rat native

chylomicrons were prepared as described previously (Hultin et al., 1996). Briefly, primary native rat chylomicrons were isolated from

the thoracic duct of anaesthetized rats that had been intragastrically infused with intralipid solution traced with [11,12-3H(N)] retinol

and [1-14C] oleic acid.

Metabolic turnover studies
For uptake studies of radiolabeled TRL, mice were fasted for 4 hours before they were intravenously injected with 200 ml of TRL-so-

lution (80 mg triglyceride/kg body weight), traced with 3H-cholesteryl ether (0.15 – 0.75 MBq/kg body weight) and 14C-triolein (0.03 –

0.15 MBq/kg body weight) (Heine et al., 2018). Alternatively, mice were injected with tracer doses of 3H-deoxyglucose and a TRL-

solution containing 14C-triolein. For oral glucose and fat tolerance tests (OGFT), mice were fasted for 4 hours before receiving an

oral gavage of 300 ml of a glucose-lipid-emulsion containing 47 mg/kg body weight triglycerides from intralipid and 2 g/kg body

weight glucose, traced with 3H-deoxyglucose (0.72 MBq/kg body weight) and 14C-triolein (0.15 MBq/kg body weight). After 20 mi-

nutes (TRL turnover) or 2 hours (OGFT), mice were anaesthetized and transcardially perfused with PBS containing 10 U/ml heparin.

For heparin-release studies, mice were injected rat chylomicrons double-labeled with 3H-retinylester and 14C-triolein in combination

with injection of 100 U heparin or vehicle at indicated time points. Organs were harvested and dissolved in 10x (v/w) Solvable�, and

radioactivity (in dpm) was measured by scintillation counting using a Perkin Elmer Tricarb Scintillation Counter. Radioactive uptake

into different cells in BAT was measured by liquid scintillation counting on cell fractions, isolated as described below.

Isolation of endothelial cells, tissue-resident macrophages and brown adipocytes
Dissected and pooled interscapular BAT or inguinal WAT were minced with surgical scissors, and digested for 45 min at 37�C in PBS

containing 10 mM CaCl2, 2.4 units/mL dispase II, and 1.5 units/mL collagenase D. After digestion, the homogenate was passed

through a cell strainer (100 mm), and the flow through was centrifuged for 5 min, at 600 x g, 4�C. The pellet was resuspended in

PBS containing 2 mM EDTA, 0.5% BSA, 2 mM glucose, and filtered through a cell strainer (40 mm). The filtrate was centrifuged at

600 x g for 5min, the cell pellet was resuspended and incubatedwith CD11bMicroBeads for depletion or isolation of themacrophage

fraction (Miltenyi; 10 ml beads/107 cells). CD11b+ cells were captured from the lysate using magnetic columns (Miltenyi). The flow

throughwas centrifuged, the pellet was resuspended and incubatedwith CD31MicroBeads (Miltenyi; 10 ml beads/107 cells) to isolate

endothelial cells. The flow through, containing predominantly adipocytes, was collected. Cell fraction pellets were then dissolved

either in TRIzol� reagent for RNA extraction, liquid scintillator for radioactivity counting or in PBS for DNA quantification.

Immunofluorescence, transmission electron microscopy and HE-staining
To follow the fate of lipoproteins into activated BAT,mice were injected intravenously with 200 ml Cy3-labeledmurine chylomicrons or

quantum dot (QD)-labelled TRL. After 15min, mice were anesthetized with ketamin/rompun and perfused transcardially with ice-cold

PBS containing 4% paraformaldehyde and 5% sucrose for 2 min at constant perfusion rate (5 ml/min). Afterwards, BAT was har-

vested, post-fixed for 1 hour, embedded in gelatin, and cut into 200 mm slices using a vibratome (Leica). Background fluorescence

was reduced by incubation with 5%glycine in PBS for 30min. Afterwards, sections were then permeabilized and blocked in 3%BSA,

0.1% Triton-X-100 for 1 hour at room temperature. Primary antibody incubation was performed in 3% BSA in PBS at 4�C over night.

The following primary antibodies were used: rat-anti-GPIHBP1 (1:500), hamster-anti-CD31(1:250), rabbit-anti-CD36 (1:1000) or rab-

bit-anti-Perilipin (1:1000). Sections were then washed 3 times 10min with PBS and incubated for 1 hour at room temperature with the

following secondary antibodies in 3% BSA: Alexa 594 goat-anti-hamster (1:500); Cy2-donkey-anti-rabbit (1:500); Cy5-donkey-anti-

rat (1:250). Subsequently, sections were again washed 3 times, nuclei were stained with DAPI, and fluorescent microscopy was per-

formed on a NikonA1 Ti confocal laser scanning microscope as described before (Fischer et al., 2019).

Quantification of CD31 was performed using the ImageJ channel quant function. For this, the fluorescence intensity of three inde-

pendent BAT images per mouse were quantified, and normalized to total image area.

For transmission electronmicroscopy,micewere injected intravenously with 200 mL SPIO-labeled TRL. After 30min,micewere sacri-

ficed with a lethal dose of ketamin/rompun injection anesthesia and perfused with PBS containing 2% paraformaldehyde and 1%

glutaraldehyde for 2 min (5 mL/min). Then, interscapular BAT was dissected and prepared for electron microscopy by the Tokuyasu

technique. 70 nm ultra-thin sections were examined with a FEI Tecnai G20 transmission electron microscope operated at 80 kV.
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Hematoxylin-Eosin stainings were performed on paraffin-embedded tissues using standard procedures (Fischer et al., 2019). Im-

ages were taken using a NikonA1 Ti microscope equipped with a DS-Fi-U3 brightfield camera.

Intravital microscopy and magnetic resonance imaging
Intravital microscopy was performed as described previously (Heine et al., 2018). Briefly, mice were anaesthetized with isoflurane

inhalation anesthesia and interscapular BAT was surgically prepared. BAT was visualized using a NikonA1 Ti confocal laser scanning

microscope, equipped with a fast resonance scanner at 30 fps. 200 ml of QD-labelled TRL were injected via a tail vein catheter, and

the uptake of QD-TRLwasmonitored for 10min. BAT structure was visualized using a 648 nm laser combinedwith a 648 nmdetector

in reflection mode.

Dynamic non-invasive magnetic resonance imaging (MRI) was performed as described before (Bruns et al., 2009; Heine et al.,

2018). Briefly, anesthetized mice were injected with 200 ml of SPIO-labelled TRL without or in combination with 100 U heparin at indi-

cated time points. MRI scanning was performed with a 3 Tesla clinical MR scanner (PhilipsMedical Systems, the Netherlands) equip-

ped with a custom-made small animal solenoid coil. The scan protocol included a T2*-weighted imaging, which is highly sensitive to

susceptibility effects caused by local magnetic field inhomogeneities indicating SPIO presence. Quantification of the SPIO-induced

negative contrast was performed in ImageJ using a ROI covering interscapular BAT.

In vivo biotinylation
For in vivo biotinylation (Fischer et al., 2018a), mice were injected intraperitoneally with acepromazin (3 mg/kg body weight) to pro-

mote vasodilatation. Immediately afterwards, mice were anesthetized with ketamin/rompun and perfusedwith 10mL PBS containing

10% (w/v) Dextran40. Afterwards mice were perfused with a biotinylation solution containing 1 mg/mL EZ-Link NHS-SS-Biotin in

perfusion buffer for 10 min at a constant perfusion rate (1.5 mL/min). For quenching of unreacted biotin, mice were further perfused

with 10 mL quenching solution (50 mM Tris-HCl in 10% Dextran40/PBS; pH 7.4). Interscapular BAT was dissected and lysed in cell

lysis buffer (pH 8,0) supplemented with 50 mM Tris base, 2 mM CaCl2, 80 mM NaCl, 1% Triton X-100 and Complete mini protease

inhibitor cocktail using the TissueLyser (Qiagen). After centrifugation (14000 rpm, 4�C), the biotinylated protein containing superna-

tant was incubated with pre-washed Pierce� streptavidin magnetic beads according to the manufacturer’s instructions. After incu-

bation at 4�C for 1.5 hours on a rotating wheel, magnetic beads were washed with TBST followed by PBS. Biotinylated proteins were

eluted in NuPAGE reducing sample buffer and subjected to Western blotting (see below).

Magnetic organelle isolation
To isolate organelles from BAT of cold-activated mice, mice were exposed to 6�C for 24 hours and injected with 200 ml SPIO-TRL or

QD-TRL, as described above. 15 min after injection, the mice were anaesthetized and transcardially perfused with PBS containing

10 U/ml heparin. BAT was harvested, placed in ice-cold 250 mM sucrose solution, minced with scissors and homogenized with 8

strokes using a glass potter homogenizer. Lysates were filtered through a 100 mm cell strainer and centrifuged at 800 g for 10 min

to obtain a postnuclear supernatant. The supernatant, without the top fat layer, was harvested and centrifuged again to avoid lipid

contamination. The resulting supernatant was filtered again through a 30 mm cell strainer and applied on magnetic separation col-

umns (Miltenyi). The columns were washed with 250 mM sucrose, the bound fraction was eluted in PBS, and proteins were precip-

itated using pure trichloroacetic acid (TCA). The pellet was washed with acetone, dried and resuspended in NuPAGE reducing sam-

ple buffer for Western blot analysis (see below).

Cell culture
Immortalized brown adipocyte precursors (Klein et al., 1999) were cultured in DMEM/high glucose supplemented with 10% FBS

(Gemini Benchmark) and 1%Penicillin/Streptavidin. HUVEC cells were cultured in endothelial cell media supplemented with the rec-

ommended Supplement Pack (Promocell). Cells were cultured in the presence of either Lalistat2 (30 mM), HIF1a inhibitor 3-(2-(4-Ada-

mantan-1-yl-phenoxy)-acetylamino)-4-hydroxybenzoic acid methyl ester (30 mM), Etomoxir (100 mM), MitoQ (100 nM) or vehicle

(DMSO), and treated with TRL (25 mg/ml) as indicated in the figure legend. For determining proliferation, 3H-thymidine (0.1 mCi

per ml) was added to the cells for 3 hours before harvesting the cells. Cellular DNA was precipitated and washed with 10% TCA.

Afterwards, DNA was dissolved in 0.2 M NaOH, and radioactivity was measured by scintillation counting. Stromal-vascular fractions

from BAT were isolated from male wildtype C57BL/6J mice aged 4-6 weeks and brown adipocyte differentiation was induced as

described (Fischer et al., 2019). The differentiation protocol was conducted in the absence or presence TRL or LDL (25 mg/ml), Lali-

stat2 (30 mM), HIF1a inhibitor (30 mM), MitoQ (100 mM) or vehicle (DMSO) as indicated in the figure legend. Ultimately, cells were

washed with PBS and harvested either in Trizol or RIPA buffer.

Western blotting
Western blotting was performed using standard procedures (Fischer et al., 2019). Primary antibodies (in 5% BSA in TBS-T) were

applied over night at 4 �C. Secondary antibodies were diluted 1:5000 in 5% milk powder in TBS-T, and detection was performed

with enhanced chemiluminescence using Amersham Hyperfilm (GE Healthcare) or Amersham Imager 600 (GE Healthcare). The

following primary antibodies were used: rabbit-anti-ACC (1:1000; Cell Signaling), rabbit-anti-AKT (1:1000; Cell Signaling), rabbit-

anti-CD36 (1:5000), rabbit-anti-DIO2 (1:1000; Abcam), rabbit-anti-E-Cadherin (1:1000, Cell Signaling), mouse-anti-FASN (1:500;

BD Biosciences), rat-anti-GPIHBP1 (1:400), rabbit-anti-HIF1a (1:1000; Cell Signaling), rat-anti-LAMP2 (1:200; Santa Cruz Biotech-
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nology), mouse-anti-OXPHOS (1:20000; Abcam ab110413), rabbit-anti-PDK1 (1:1000; Abcam); mouse-anti-Rab5 (1:250; Santa Cruz

Biotechnology), rabbit-anti-gTubulin (1:2000, Abcam), rabbit-anti-UCP1 (1:25.000 for BAT and 1:5000 for iWAT), rabbit-anti-VDAC

(1:1000; Cell Signaling), rabbit-anti-ZO1 (1:1000, Invitrogen). Quantification was performed using ImageStudio Lite (Licor). For calcu-

lation of BAT and inguinal WAT total UCP1 and OXPHOS levels, the expression levels as measured by Western blot were multiplied

with the tissue total protein content.

Indirect calorimetry
Formeasurement ofmetabolic activity, micewere transferred to IVC green line cages in a TSE PhenoMaster system in a temperature-

and humidity-controlled cabinet. The mice were allowed to acclimate to the chambers for 1 day at indicated temperatures. Oxygen

consumption, carbon dioxide production, as well as energy (calculated from food intake) and water intake and locomotor activity

were monitored continuously in 15-21 min intervals. The cabinets were kept at 6�C for cold-acclimated and acutely cold-exposed

mice. For measurement of maximal adaptive thermogenic capacity, cold-acclimated mice were kept in the TSE system at 28�C
for 1 day and then injected with 1 mg/kg CL316,243 (Fischer et al., 2017; Heine et al., 2018). Energy expenditure (in Watt) was calcu-

lated using a modified Weir equation (Fischer et al., 2018b), and RQ was calculated as V(CO2)/V(O2).

Measurement of heat-loss and body temperature
Body temperature in cold-acclimated mice was measured using a rectal probe (Physitemp BAT-12), inserted 1 cm into the rectum.

Tail heat loss was measured as described previously (Fischer et al., 2016) using a FLIR E60 thermal camera (FLIR, Germany).

Gene expression Analysis of murine samples
Total RNA was isolated from cell samples or whole tissue using the NucleoSpin RNA II kit (Macherey & Nagel). After synthesis of

cDNA, quantitative real-time PCR was performed and relative expression of genes of interest was calculated by normalization to

housekeeper TATA-box binding protein (Tbp) mRNA using the 2�DDCt method.

RNAseq of human BAT samples
Nuclei were isolated following a modified nuclear isolation protocol. (https://doi.org/10.1101/2020.01.20.890327). Briefly, frozen hu-

man BAT tissue were thawed on ice, minced to 1 mm3 and homogenized in cold 0.1% CHAPS in Tris-HCL. The minced adipose

tissue was filtered through 40 mm cell strainer, centrifuged at 500 xg for 5 minutes at 4�C and the pellet was resuspended in PBS

with DAPI. Nuclei suspensions were loaded to MoFlo Astrios EQ Cell Sorter and sorted into a 1.5 ml tube. 10x based libraries

were acquired with Chromium Single Cell V3.0 reagent kit following manufacturer’s protocol (10x Genomics). Nuclei suspensions

containing at �500 nuclei/ml were loaded to nine independent lanes. Libraries were sequenced on a Novaseq 6000 (Illumina). For

data analysis, first we applied CellBender (https://www.biorxiv.org/content/10.1101/791699v1) to distinguish cell-containing drop-

lets from empty droplets. Then, we applied Scrublet (Wolock et al., 2019), DoubletFinder (McGinnis et al., 2019) to exclude potential

doublets, while nuclei that express bothmale and female signature geneswere excluded for down-streamanalysis. Human Ensembl-

GRCh38.p13 was used for mapping. CCA (Stuart et al., 2019) from Seurat package was applied for batch correcting, clustering and

signature genes identification. SingleR was applied for annotation (Aran et al., 2019).

Lipidomic analysis using MS/MS approach
For lipidomic analysis, sample preparation and analysis were performed according to protocols of the Lipidyzer� Platform using the

corresponding standard kits (SCIEX). Briefly, 5 mg of snap frozen interscapular BAT and inguinal WAT were homogenized and ex-

tracted using a MTBE/methanol extraction. Lipidyzer� Internal Standards (SCIEX) were added to all samples during lipid extraction.

Lipid extracts were concentrated and reconstituted in running buffer (10mM ammonium actetate, dichloromethane (50): methanol

(50)). Quantitative measurement of lipid species was performed using an ESI-QqQ system in multiple reaction monitoring (MRM)

mode (QTRAP� 5500; SCIEX)). Quantification of lipids was conducted by the Lipidyzer� software was used (Lipidomics Workflow

Manager software; SCIEX).

Quantification and statistical analysis

Data are expressed as mean ± S.E.M. Two groups were compared by Student’s t test, more than two groups by ANOVA followed by

Sidak’s or Tukey’s correction for multiple comparison. Nomethodwas used to determinewhether the datamet assumptions of either

Student’s t test or ANOVA. The statistical parameters (i.e. p values, numbers of biological repeats) can be found in the figure legends.

No exclusion or inclusion criteria were used for data analyses. Microsoft Excel 2016 and GraphPad Prism 6.0 were used for statistical

calculations. P % 0.05 was considered to be statistically significant.
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