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Human adipose tissue microvascular
endothelial cells secrete PPARY ligands
and regulate adipose tissue lipid uptake
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Human adipose cells cannot secrete endogenous PPARYy ligands and are dependent on unknown
exogenous sources. We postulated that the adipose tissue microvascular endothelial cells (aMVECs)
cross-talk with the adipose cells for fatty acid (FA) transport and storage and also may secrete
PPARYy ligands. We isolated aMVECs from human subcutaneous adipose tissue and showed that
in these cells, but not in (pre)adipocytes from the same donors, exogenous FAs increased cellular
PPARY activation and markedly increased FA transport and the transporters FABP4 and CD36.
Importantly, aMVECs only accumulated small lipid droplets and could not be differentiated to
adipose cells and are not adipose precursor cells. FA exchange between aMVECs and adipose cells
was bidirectional, and FA-induced PPARY activation in aMVECs was dependent on functional
adipose triglyceride lipase (ATGL) protein while deleting hormone-sensitive lipase in aMVECs had
no effect. aMVECs also released lipids to the medium, which activated PPARYy in reporter cells as
well as in adipose cells in coculture experiments, and this positive cross-talk was also dependent
on functional ATGL in aMVECs. In sum, aMVECs are highly specialized endothelial cells, cannot be
differentiated to adipose cells, are adapted to regulating lipid transport and secreting lipids that
activate PPARY, and thus, regulate adipose cell function.

Introduction

The adipose tissue plays a key role in regulating whole-body energy homeostasis through storage and
release of lipids according to need. In humans, the subcutaneous adipose tissue (SAT) is the largest and
best site to store excess lipids and release them according to needs (1, 2). SAT is also an important regulator
of whole-body insulin sensitivity by preventing ectopic lipid accumulation and through its thermogenic and
endocrine functions (1, 3, 4).

Most studies of adipose tissue function and metabolism have focused on the adipose cells, but
recent studies have also emphasized the importance of stromal vascular cells, including progenitor and
inflammatory cells (4, 5).

Very little is known about the role of the abundant microvascular endothelial cells in the adipose tissue
apart from their critical role in regulating angiogenesis, essential for normal adipose tissue expansion (6,
7). However, by virtue of providing a barrier between the blood and adipose tissue cells, they must also
be important regulators of lipid transport to and from the bloodstream. In support of this, it was recently
shown that inducing apoptosis in adipose endothelial cells with specific peptides reduced both obesity and
insulin resistance in obese monkeys (8). Furthermore, a recent extensive study showed that endothelial cells
and adipose cells can cross-talk through the release of extracellular vesicles regulated by glucagon, sphin-
gomyelinase, and ceramide generation (9). In agreement with this, it was previously shown that the adipose
tissue is a rich source of systemic trafficking of extracellular vesicles targeting other tissues (10).

Two principal mechanisms for fatty acid (FA) transport have been described: the diffusion model with
a rapid rate of FA “flip-flop” across the plasma membrane independent of proteins (11, 12) and the facil-
itated, protein-mediated mechanism (13, 14). However, the precise mechanisms by which different tissues
take up FAs are still under debate.

PPARY is the key regulator of adipose cell differentiation and ability to store lipids and the synthetic
PPARYy agonists, the thiazolidinediones (TZDs), and to lower free FA levels in humans, primarily by
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directing lipids into the adipose tissue and away from liver and muscle and, thereby, improving insulin
resistance. The adipose cells require PPARy activation, and human cells, in contrast with murine 3T3-
L1 cells (15, 16), are unable to secrete endogenous PPARy ligands and are dependent on exogenous
TZD sources for differentiation in vitro (17). However, nothing is known about the in vivo situation and
the presence of endogenous PPARy ligands. Interestingly, genetic animal models have also documented
the importance of PPARYy in the endothelial cells for peripheral lipid uptake (18, 19). Obese mice lack-
ing endothelial PPARY have increased circulating free FA levels and decreased expression of the lipid
transporters FA translocase (FAT/CD36) and FA-binding protein 4 (FABP4) in peripheral tissues (18,
19). The positive effects of exogenous PPARY ligands in increasing lipid uptake and FA transporters in
human endothelial cells have also recently been reported (20).

Adipose triglyceride lipase (ATGL) plays a key role for lipid droplet degradation in adipocytes and
nonadipocyte cells and exhibits high specificity for triglycerides (21, 22). Apart from regulating lipolysis in
response to cAMP activation, ATGL may also play a role in the formation of lipid activators of PPARa in
the heart (23) and liver (24, 25).

In this study, we isolated and purified primary microvascular endothelial cells (aMVECs) from human
SAT needle biopsies, using our previously reported method (26), to examine FA transport and potential
cross-talk between purified aMVECs and preadipocytes (PAs) in the stromal vascular cell fraction isolated
from the same donors. Our data show an intimate cross-talk between these cells and that aMVECs regulate
adipose tissue FA transport as well as adipose cell PPARy activation through functional ATGL in aMVECs.

Results
We first examined FA transport in purified aMVECs and its regulation through ambient FA levels, focusing
on potential long-term effects of elevated ambient FA levels as seen in obesity and type 2 diabetes (T2D).

Figure 1A shows basal uptake and that the presence of 300 uM oleic acid (OA), the major circulating
FA in humans, for 24 hours increased transport several-fold in aMVECs. Thus, aMVECs adapt to the ambi-
ent FA levels in their ability to transport FA, suggesting that human conditions with increased FA levels are
associated with enhanced transport capacity across the aMVECs to and from the adipose cells.

PPARy and FA regulate lipid transporters in aM VECs but not in HUVECs or cardiac microvascular cells. To fur-
ther address this, we tested whether aMVECSs are specialized and differ from other microvascular or macro-
vascular cells. We examined the regulation of the key lipid transporters FABP4 and CD36 in human mac-
rovascular HUVECs, aMVECs, and human microvascular cardiac-derived endothelial cells (cMVECsS).
Both of these transporters were robustly expressed at the transcription level, but neither OA nor the
PPARYy ligand rosiglitazone (ROSI) affected their transcript or protein levels in HUVECs, while aMVECs
were clearly responsive to both, including for PPARYy activation (Figure 1, B-D). Human cMVEC:s, like
HUVECG:s, did not respond to OA for transcriptional activation of either PPARY or FA transporters (Figure
1G). Thus, the difference in regulation by FA is because of tissue source, rather than micro- or macrovas-
cular origin, and shows that aMVECs are specialized in their response to FAs. Because both FABP4 and
CD36 are well-established PPAR-responsive genes (14, 17), these data suggest that OA activates PPARy in
aMVECs but not in macrovascular HUVECs or microvascular cMVECs.

This effect of OA in aMVECs was both time and concentration dependent. It was quite rapidly
induced, requiring around 4 hours but then further increasing over the 48-hour exposure time. As shown by
the concentration curves in Supplemental Figure 1, A-D (supplemental material available online with this
article; https://doi.org/10.1172/jci.insight.125914DS1), oleic and palmitic acid as well as the short-chain
FA octanoate significantly increased the expression of FABP4, CD36, and PPARy in aMVECs. A similar
effect was seen with the unsaturated omega-3 FA a-linolenic acid (Supplemental Figure 1E). Thus, long-
chain FAs, independent of degree of saturation, induce PPARy and lipid transporters in aMVECs while
macrovascular HUVECs and cMVECs are unresponsive.

Of note, there was no additive effect of OA and ROSI in aMVECs, suggesting that the effect of OA
was mediated through PPARy activation. This was also confirmed by the finding that 2 specific PPARy
inhibitors, GW9662 and T0070907(Figure 1, E and F), completely inhibited the effect of both OA and
ROSI on FABP4 and CD36 activation. Thus, microvascular aMVECs show marked differences in their
regulation by FA and ability to respond with PPARYy activation compared with other macro/microvas-
cular endothelial cells. As shown in Figure 1I, aMVECs were also characterized by high endogenous
transcriptional levels of PPARy.
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Figure 1. Effects of free fatty acids (FA). (A) FA transport: aMVECs were incubated for 24 hours without (basal condition; BAS) or with 300 uM OA
followed by 60 minutes starvation, but with maintained OA, as indicated. The FA transport assay (Quencher-Based Technology assay) was performed
as described in Methods. The results, expressed as relative fluorescence units (RFU), are the means of data from 4 experiments. *P < 0.05 compared
with BAS. (B-D) Regulation of lipid transporters: aMVECs and HUVECs were incubated without (BAS) or with 300 uM OA or 5 uM ROSI for 24 hours.
Quantitative real-time PCR (gRT-PCR) of FABP4 (B), CD36 (C), and PPARY (D) expressed as mRNA/18S rRNA ratio; n = 8 aMVECs or n = 5 HUVECs. *P
< 0.05; **P < 0.01; ***P < 0.001 compared with BAS. (B and C) The bottom images show representative Western blots of the protein level of FABP4
(B) and CD36 (C). (E and F) Effect of a PPARy inhibitor in aMVECs: Cells were incubated for 24 hours without (BAS) or with 300 uM OA or 5 uM ROSI,
alone or in the presence of 1 uM T0070907(T007). gRT-PCR of FABP4 (E) and CD36 (F); n = 6. *P < 0.05 compared with OA alone. (G) OA in cMVECs:
The cardiac microvascular cells were starved and incubated without (BAS) or with 300 pM OA for 24 hours. gRT-PCR of CD36, FABP4, and PPARy, n =
5. (H) Effect of VEGF in aMVECs: Cells were starved and incubated without (BAS) or with 100 uM hrVEGF-B for 24 hours. gRT-PCR in aMVECs for CD36
and FABP4; n = 7. (1) Comparative mRNA expression of PPARy in HUVECs, PAs, and aMVECs. Data are from at least 5 experiments. *P < 0.05; **P <
0.01 compared with HUVECs. In all graphs bars represent mean + SEM. Wilcoxon's signed-rank test (A), Kruskal-Wallis test (B-D and G-1), and 1-way
ANOVA (E and F).
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To further verify specificity in the regulation of lipid transporters, we examined whether aMVECs were
responsive to VEGF-B, previously shown to regulate lipid transport in microvascular endothelial cells from
skeletal muscle and heart (13, 27), but saw no such effects (Figure 1H).

aMVECs are not adipose precursor cells. Adipose precursor cells are closely associated with vascular cells
(28), and adipose cells can grow from cultured, intact human adipose tissue biopsies (29). Thus, we examined
whether these purified CD31* aMVECs could become adipose cells by incubating them with adipogenic dif-
ferentiation cocktail or OA for several days. Although they could clearly accumulate many small lipid droplets
when incubated with OA (Figure 2, B and E), this was not induced by the differentiation cocktail alone (Fig-
ure 2I) and no lipids were accumulated in the absence of OA (Figure 2H), contrasting with the expected effect
seen in PAs (Figure 2, F and G). Furthermore, the cells never accumulated large lipid droplets or expressed
markers of specific adipogenic differentiation, such as CCAAT/enhancer-binding protein o (CEBPo.) and glu-
cose transporter 4 (GLUT4) (Figure 2, J-N). In addition, aMVECs did not express PPARy2 (data not shown).
Thus, we conclude that the aMVECs are not adipogenic precursor cells but do express some “adipose-like”
markers, supporting that they are specialized and adapted to the function of the adipose tissue.

Uptake and release of lipids by aMVECs. To further characterize the integrated function of aMVECs, we
incubated the cells without or with OA for up to 48 hours. During the last 24 hours, we also added the lipo-
lytic agent forskolin to examine whether this reduced the accumulated triglycerides. The microphotographs
in Figure 2, A—E, show aMVECs stained with Oil Red O. No or only few lipids were revealed by Oil Red O
staining in the BAS (Figure 2A) whereas clear staining shows the presence of accumulated triglycerides in
cells treated with OA (Figure 2, B and E). When forskolin was added to OA-treated cells during the last 24
hours, the cells lost their previously accumulated lipids (Figure 2D, OA + forskolin), but they remained in
cells not treated with forskolin (Figure 2B). Quantification of lipid surface area showed an approximately
13-fold increase in cells incubated with OA, and this surface area was reduced by approximately 80% with
forskolin (Figure 2D). Cells continuously exposed to OA also had clear small lipid droplet accumulation
(Figure 2E) but never differentiated to adipose cells.

aMVEC adipocytes cross-talk in regulating lipid compartmentalization. To further characterize the interaction
between aMVEC and SAT adipocytes, we performed coculture experiments using 2 experimental designs (Fig-
ure 3, A and B). aMVEC:s or partially differentiated PAs were preloaded with BODIPY to allow the identifica-
tion of FAs (Figure 3, C and D, microphotographs). The cells were then carefully washed before the coculture
insert was introduced. As shown in Figure 3D (microphotographs), preloading the adipocytes allowed BODIPY
uptake in aMVECs and vice versa from BODIPY preloaded aMVEC into adipocytes (Figure 3C). aMVECs
accumulate many small lipid droplets, which are released and taken up by the PAs and accumulated in their
large droplets. No direct quantification of lipid accumulation was performed, but additional experiments were
performed with similar results, as shown in Supplemental Figure 2, A and B. These data support the expected
intimate bidirectional cross-talk between the adipose cells and aMVECs in release and uptake of FAs.

OA does not activate PPARy or FA transporters in PAs. In contrast with aMVECs, the presence of OA for 24
hours or longer did not increase the transcriptional activation of CD36, FABP4, or PPARy in PAs whereas
the cells were, as expected, responsive to PPARYy ligands (Figure 4, A—C). Thus, FA uptake by the PA is
primarily regulated at the substrate level and by exogenous PPARYy ligands.

Effects of aMVECs on PA differentiation and PPARYy activation. The potential role of the intimate cross-talk
between the human PAs and aMVECs in also activating PPARY in the adipose cells was then addressed.
This is an important question because human PAs are dependent on an external PPARYy ligand for differ-
entiation and lipid storage (17) and, thus, are unable to induce or secrete endogenous PPARy ligands in
contrast with murine 3T3-L1 cells (16).

To directly test the cross-talk between these cells, we performed Thincerts cocultures with human
PAs and aMVECs, examining the effect on PPARy and FABP4 in the PAs. PAs were cultured for 48
hours, and inserts with cultured aMVECs were then added on top of the PAs for an additional 48 hours.
The graphs in Figure 4, D and E, show that aMVEC inserts significantly increased the transcriptional
activation of FABP4 and PPARy in PAs. The degree of activation of PPARy was related to the phenotype
of the donor such that the medium released by aMVECsSs from obese donors activated PPARY to a greater
extent than cells or medium from lean donors (Figure 4F).

To further validate the presence of PPARy agonist(s) in the supernatants of cultured aMVECs,
we examined the effect of the culture medium in the cell-based PPARY reporter assay GeneBLAzer.
As shown in Figure 4G, aMVEC-conditioned medium significantly increased PPARYy activation in the
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Figure 2. aMVECs take up and release lipids but are not adipose precursor cells. (A-E) Lipolytic effect of forskolin in aMVECs: Cells were treated for 24
hours without (BAS) or with 300 uM OA. During the last 24 hours of incubation, OA was removed (B and D) or not (E), and the cells were exposed to 10 uM
forskolin for an additional 24 hours (C and D). The intracellular lipid accumulation was revealed by Oil Red O staining (original magnification, x100). (F-N)
aMVECs are not adipose precursor cells. PAs and aMVECs were incubated with or without an adipogenic differentiation (Diff) cocktail for 7 days. (F-1) The
presence of lipids was revealed with Qil Red O staining (original magnification, x100). (J-N) The genes, as indicated in the figures, were analyzed with gRT-
PCR. Data are from at least 4 experiments. **P < 0.01. Bars represent mean + SEM. Wilcoxon's signed-rank test.

reporter cells (PPARy-UAS-bla HEK 293H cells), an effect that was further enhanced by the presence
of OA in the culture media, which activated PPARy to a similar extent as 1 nM ROSI (Figure 4H).
However, we did not see this when we incubated the cells with media from the cultured PAs from the
same donors (Figure 4G). Although the nature of the secreted PPARY ligands is currently under inves-
tigation, recovery of PPARYy activation in lipid medium extracts supports that they are lipids. This is
further supported by the direct enhancing effect of FAs in aMVECs and the importance of aMVEC
ATGL in mediating this effect, as discussed below.

To further validate the role of FAs in inducing endogenous and secreted PPARy ligands in aMVECs,
we examined whether the free FA receptor 1-specific (FFAR1- or GPR40-specific) and modified FA ligand
GW9508 exerted similar effects as OA and other FAs in aMVECSs. As shown in Figure 5, A and B, GW9508
was even more potent than OA in enhancing PPARy and FABP4 in aMVECs. In addition, human PAs
responded to GW9508 (Figure 5, C and D) but not to OA, as discussed, showing that modified FAs can be
PPARy ligands in both cell types while only aMVECs directly respond to native FAs.

‘We then examined mechanisms for the effects of FAs, focusing on documenting the regulatory effect
of PPARy itself and the importance of ATGL and hormone-sensitive lipase (HSL) in generating ligands
and activating PPARy.
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Figure 3. aMVEC/adipocyte cross-talk. (A and B) Experimental design with Thincert coculture with the long-chain FA analog fluorescent BODIPY-500/510
C1, C12: Adipocytes and aMVECs were independently seeded in the bottom of a culture dish or on the insert membrane. **BODIPY was added to the mono-
cultures and then combined with the opposite unlabeled population, as shown in the schematic figures. (C and D) Microphotographs showing aMVECs

and adipocytes cross-talk. aMVECs previously exposed to OA and partially differentiated PAs were grown independently as described. The differentiated
PAs (PA diff) and aMVECs filled with lipids were incubated with 3 uM fluorescent BODIPY for 3 hours (upper microphotographs). After a thorough wash of
the excess label with PBS, the labeled and not labeled cells were paired as shown in the figures (A) and (B), and the microphotographs were taken after 48
hours of coculture (bottom microphotographs). Original magnification, x100 (left); x400 (right).

PPARYy is critical for endogenous FABP4 and CD36 activation by OA and GPR40 ligand in aMVECs. To further
validate the importance of PPARY in regulating the FA transporters, we silenced PPARy in aMVECs, and
this significantly inhibited the effects of both OA and GW9508 on FABP4 and CD36 (Figure 6, A-D).
Similar results were found for the PPARy ligand ROSI (Figure 6, E-G).

These results confirm that PPARY plays a critical role in mediating the effect of both OA and the mod-
ified lipid ligand GW9508 in enhancing lipid transport in aMVECs.

ATGL is critical for endogenous PPARy, FABP4, and CD36 activation by OA and GPR40 ligand. OA
increased lipid droplet formation in aMVECs, and these were reduced by cAMP activation (Figure
2), supporting the importance of ATGL. OA also increased ATGL protein in aMVECs (Figure 7A).
To examine the importance of aMVEC lipolysis, we silenced ATGL in aMVECs, and this completely
inhibited the positive effect of OA on PPARy and the PPARy-regulated lipid transporters (Figure 7,
A-E). Interestingly, basal PPARy protein was also reduced, supporting a constitutive effect of ATGL
on endogenous PPARYy expression in aMVECs. In addition, the positive effect of the GPR40 agonist
GW9508 on these transporters was markedly inhibited by silencing ATGL (Figure 7, G-J). To exam-
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Figure 4. Effect of OA in PAs. (A-C) Human PAs were starved and incubated without (BAS) or with 300 uM OA or 5
uM ROSI for 24 hours. gRT-PCR of FABP4 (A), CD36 (B), and PPARY (C); n = 6. *P < 0.05; **P < 0.01 compared with
BAS. (D-F) aMVECs and PAs cross-talk. aMVECs and PAs were grown independently either in cell culture dishes or

in cell culture inserts for 48 hours. PAs were cocultured with the aMVEC insert or without (BAS) for an additional 48
hours. gqRT-PCR of FABP4, where n = 8 (D), and PPARy, where n = 6 (E). *P < 0.05. (F) Correlation between PPARy
expression and donor's BMI; n = 6, and P < 0.05. Pearson’s correlation. (G and H) PPARy activation: PPARy-UAS-bla
HEK 293H cells were plated in a 384-well plate and cultured for 20 hours with aMVEC- or PA-conditioned medium
obtained after 24 hours of incubation. Naive medium was used as a control. After the incubation time the assay was
resolved as described in Methods, and the fluorescence emission values at 460 nm (blue) and 530 nm (green) were
obtained after 90 minutes using a fluorescence plate reader. (G) The bars show the blue/green ratio after back-
ground subtraction (medium only, without cells) for each condition tested; n = 6. *P < 0.05; **P < 0.01 compared
with naive medium; *P < 0.05 compared with BAS aMVECs. (H) Dose-response of PPARy-UAS-bla HEK 293H cells
exposed to ROSI and resolved with the same assay (n = 4). Bars represent mean + SEM. Kruskal-Wallis test (A-C and
G) and Wilcoxon's signed-rank test (D and E).

ine whether this effect was specific for ATGL, we silenced HSL. As shown in Supplemental Figure
3, suppression of HSL, in contrast with ATGL silencing, did not inhibit the positive effects of OA
or GW9508. We conclude that ATGL, but not HSL, plays a critical role in aMVECs for FA-induced
PPARy and lipid transporter activation and, thus, for the induction of their endogenous and secreted
PPARy ligands.
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aMVECs are unable to store large triglyceride droplets, indicating that lipids taken up by the cells need
to be released continuously. As shown in Figure 7F, aMVECs cultured with OA for 24 hours accumulat-
ed many lipid droplets, and silencing ATGL further increased the number and size of the lipid droplets
around 4-fold, supporting ATGL as an important regulator of continuous lipid degradation and activator
of PPARy in aMVECs and, subsequently, in adipocytes.

To further validate this, we performed coculture experiments with human PAs and aMVECs with or with-
out prior silencing of ATGL in the aMVECs. As shown previously in Figure 4, D and E, aMVECs enhanced
activation of PPARy and FABP4 in PAs. Analogously, silencing ATGL in aMVECs markedly reduced tran-
scriptional activation of PPARy, CD36, and FABP4 in PAs in the coculture experiments (Supplemental Figure 4).
These findings corroborate the importance of the cross-talk between aMVECs and PAs in promoting PPARy
activation and the associated differentiation of the adipocytes and its regulation by ATGL in aMVECs.

Discussion

The adipose tissue is the main storage site for excess lipids and release of FAs as needed for energy
homeostasis. PPARy activation is essential for adipose precursor cells to undergo adipogenic differen-
tiation (15) and to maintain their white phenotype through the cross-talk between zinc finger protein
423 and PPARy (29-31). Murine cell lines, like 3T3-L1 cells, secrete their own ligands for PPARy
(15, 16). However, human adipose cells in vitro require external ligands for differentiation, and they
undergo dedifferentiation if removed (17). This obviously cannot be the case in vivo, but how this is
regulated is unknown. Several modified lipid species have been shown to activate PPARy (32-34), but
their physiological relevance is unclear.

The adipose tissue contains several different cells, and integrated communication between the cells is
not unexpected. Recent studies showed that the adipose tissue is a major source of circulating exosomal
miRNA targeting other tissues (10). Similarly, it was recently shown that murine endothelial cells release
extracellular vesicles targeting the adipose cells in a glucagon- and sphingomyelinase-dependent system
(9). We here show another distinct and important cross-talk, such that the adipose tissue endothelial cells
regulate adipose cell lipid uptake and function through FA-dependent activation of PPARy in the aMVECs
and associated secretion of PPARYy ligand(s).

Human adipose tissue—derived endothelial cells have not been studied much previously, but a recent
study showed that these cells are responsive to exogenous PPARY ligands, leading to an increase in FA
transporters, as we show here with FAs directly (20). It was also shown that senescence in these cells
reduced their responsiveness to PPARy ligands. We have also found that aMVECs can become senescent
and are currently examining mechanisms and consequences for the adipose cells.

Using our previously described method to obtain purified aMVECs (26), we showed that they have
an active transport of FA and that prolonged elevation of FA levels, as seen in obesity and T2D, induce a
marked enhancement of their FA transport capacity and increase key FA-transporting proteins. This would
obviously not only be related to external serum levels but also be following increased adipose cell lipolysis.

https://doi.org/10.1172/jci.insight.125914 8
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The effect of FAs was concentration and time dependent, required endogenous PPARYy activation,
and was inhibited by different selective PPARy antagonists and by genetic silencing of PPARY. Consis-
tent with this concept, mouse models with ubiquitous endothelial cell PPARY deletion developed elevat-
ed lipid levels in the blood and had impaired uptake in peripheral tissues (18, 19). Thus, endothelial cell
PPARY is important for lipid transport and elimination to and from the blood in both human and murine
cells. It has also been shown that endothelial cell CD36 acts as a gatekeeper for parenchymal FA uptake
in the heart and skeletal muscle and that increased FA uptake in these tissues, not unexpectedly, reduces
whole-body insulin sensitivity (35). In contrast, increased uptake and storage of FAs in the white adipose
tissue should be protective for whole-body insulin sensitivity (36).

In contrast with aMVECsSs, human adipose precursor cells from the same donors did not respond to exog-
enous FAs with either PPARy or FABP4 induction, consistent with the findings that these cells are dependent
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on exogenous PPARy ligands (17). However, modified FAs developed as specific ligands for the FA receptor
GPR40 (GW9508) exerted positive effects in both human adipose cells and aMVECs. Thus, both cell types
respond to modified FAs whereas only aMVECs respond to nonmodified FAs as present in the bloodstream.

Long-term incubation of aMVECs with FAs enhanced lipid accumulation in the cells, but they never
differentiated to adipose cells. Adipose precursor cells have been shown to reside in proximity to the vessel
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cells, and endothelial cells have been postulated as adipose precursor cells (28). However, our data clearly
show that mature aMVECs are not adipose precursor cells and cannot undergo adipogenic differentiation
when exposed to a full differentiation cocktail. They do, however, accumulate lipid droplets when exposed to
FAs and also respond to cAMP elevation by reducing their lipid content as a direct consequence of activat-
ing ATGL. Silencing ATGL for up to 72 hours increased their lipid accumulation, but the aMVECs cannot
store large lipid droplets and, thus, can be susceptible to undergo lipid toxicity. These findings support the
concept that ATGL plays an essential role in aMVECs by regulating their lipid accumulation and cell health.

An additional important finding was that ATGL-induced lipolysis, but not by HSL, is essential for the
formation of endogenous and secreted lipids that activate PPARy and the downstream PPAR-responsive
FA transporter proteins in aMVECs. Furthermore, the adipose precursor cells responded to these secreted
lipid(s) with increased PPARy and FABP4 activation, showing the intimate cross-talk and dependence on
aMVECs. Cocultures with aMVECs and PAs further documented the importance of functional ATGL in
aMVECs in maintaining PPARYy activation and adipogenic differentiation, indicating that dysfunctional
aMVEC:s in the adipose tissue may directly also lead to dysfunctional adipose cells.

We did not examine whether aMVECs also secreted ligands for PPARa following increased FA
exposure. However, recent studies have shown that ATGL is important for the generation of ligands for
PPARa in both the heart and liver (23-25). Thus, ATGL appears to have a particular role in the forma-
tion of modified lipids targeting the PPAR family in several tissues, and this effect is independent of any
exogenous adrenergic stimulation or of HSL.

Even if aMVECs cannot become differentiated adipose cells, it is clear that they are highly specialized and
resemble the adipose cells in several pathways related to lipid transport and accumulation. We also showed
that aMVEC:s are different from both macrovascular HUVECs and microvascular cells derived from the heart
in their gene regulation and ability to respond to FAs. This difference between endothelial cells is consistent
with our previous findings that aMVECs do not respond to the amino acid metabolite 3-HIB, promoting FA
uptake in skeletal muscle cells as well as in HUVECs and cMVECs (37). Thus, aMVECs have adopted a phe-
notype with specific advantages for their location as a barrier between blood and the adipose cells and with the
ability to enhance lipid uptake, release, and storage/function in the adipose cells.

Finally, we showed here as well that the downstream effect of GPR40 ligands on FA transporters in
aMVECs is dependent on ATGL. GPR40 has been shown to be an important downstream mediator of the
effect of pioglitazone and other PPARY ligands in human pulmonary endothelial cells (38). However, our
data showed that this downstream effect in aMVECs is also dependent on ATGL and, thus, the formation
of lipolytic products that enhance PPARYy activation (39).

Taken together, we showed here for the first time to our knowledge that human adipose tissue—derived
endothelial cells are highly specialized and important regulators of adipose tissue lipid uptake and release
and that they also cross-talk with the adipose cells to regulate PPARy and ability to take up and store lipids.
A priority is to identify the lipids aMVECs secrete and the mechanisms for the formation of PPAR ligands
by ATGL. In this context, it should be added that several covalent modifications of FAs, including their
nitration, have been shown to enhance the ability to activate PPARy (38), but aMVECs essentially lack
nitric oxide synthase 3 (26), making this an unlikely modification.

Methods
Source of adipose tissue. Human needle biopsies of the SAT were obtained from the abdominal region from
43 healthy donors and used to isolate aMVECs and the stromal vascular fraction containing PAs. The
donors were 21 women and 22 men; had an average BMI (+SEM) of 27 (£0.9) and 27.4 (+0.8) kg/m?,
respectively; and were 50.6 (+2.4) and 43.8 (£2.7) years old, respectively.

aMVEC and PA isolation and culture. About 3 g adipose tissue was incubated in Medium199, Hanks’ solu-
tion (Thermo Fisher Scientific), containing 4% BSA (Sigma-Aldrich) and 0.8 mg/ml collagenase (Sigma-Al-
drich), at 37°C. The digest was filtered and washed with fresh medium as described previously (26). The
fraction containing the stromal vascular cells was collected and cultured in an endothelial cell (EC) growth
medium, EGM-2MV BulletKit (Lonza), consisting of EC basal medium-2 supplemented with EGM-2MV
SingleQuot Kit (Lonza). The extraction of human aMVECs was performed with the Dynabeads magnetic
CD31 MicroBeads cell sorting system (Thermo Fisher Scientific) as described previously (26). The positive
selected ECs were resuspended in EC growth medium and cultured. The cells obtained with this procedure
were 99% ECs with typical cobblestone morphology. Passages no higher than 8 were used for the experi-
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ments. The CD31- cells with no beads attached included PAs and other stromal vascular cells, were removed
during successive washings, and were collected and grown in DMEM:F12 (Lonza) supplemented with 10%
FBS (Thermo Fisher Scientific) and penicillin/streptomycin (Thermo Fisher Scientific).

Cell culture conditions and collection of conditioned media. aMVECs, cMVECs (HMVEC-C, Lonza), and
HUVECs (ATCC-CRL-1730, LGC Standards) were grown in EC growth medium or, for PAs, in DMEM:F12
supplemented as described. aMVECs, HUVECs, cMVECsS or PAs were serum starved and incubated in their
respective medium containing FA-free BSA (1 mg/ml) (Sigma-Aldrich) without (BAS) or with 300 pM OA
(Sigma-Aldrich) or 5 pM ROSI (Sigma-Aldrich). For the conditioned media collection, the cells were grown
as described above but in phenol red—free media. Aliquots of the collected media were used in the PPARYy
reporter assay analysis. Other conditions are specified in figure legends. All the cells were free from mycoplas-
ma contamination as assessed with MycoAlert Mycoplasma Detection Kit (Lonza).

PPARYy reporter assay. GeneBLAzer PPARy-UAS-bla HEK 293H cells (Thermo Fisher Scientific) were
plated in a 384-well black plate following the protocol provided by the supplier. aMVEC-conditioned
media, obtained as described above, or naive media (control), were added to the cells and incubated for 20
hours. ROSI was used as a positive control. To determine the fB-lactamase activity, CCF4-AM substrate—
loading buffer (Thermo Fisher Scientific) was added to the cells and incubated in the dark. The plate was
read in a fluorescence plate reader (Infinite F200 Tecan) using 409-nm excitation and 460-nm (blue) and
530-nm (green) emissions through the clear bottom of the plate. The data were plotted as a blue/green ratio
(460 nm/530 nm) after background subtraction (medium only, without cells).

Adipogenic differentiation of adipose stromal cells. The human PAs were induced to differentiate, after 3
days of confluence, in DMEM:F12 supplemented with 3% FBS (Thermo Fisher Scientific), 850 nM insu-
lin (Novo Nordisk), 10 uM dexamethasone (Sigma-Aldrich), 0.5 mM isobutylmethylxanthine (Sigma-Al-
drich), and 10 pM pioglitazone (Sigma-Aldrich). After 3 days, the medium was changed to DMEM:F12
containing 10% FBS, 850 nM insulin, 1 M dexamethasone, and 1 pM pioglitazone. The same differentia-
tion cocktail but with EC growth medium was used for aMVEC differentiation.

aMVEC and adipocyte coculture and labeling with fluorescent BODIPY-500/510 C1, C12. aMVECs and PAs
were grown independently either in cell culture dishes or in cell culture inserts, Thincerts (Greiner bio-one,
BioNordika). The coculture design is illustrated in Figure 3, A and B. PAs were first differentiated into
adipocytes as described above. The cells were used at differentiation days 7-10, when the lipids were visible
under contrast microscopy. aMVECs were seeded and cultured in EC growth medium, to promote lipid
accumulation, and the cells were exposed to 300 uM OA for 48 hours in serum-free EC growth medium
containing FA-free BSA (1 mg/ml). For fluorescent-labeled lipids, the differentiated adipocytes and the
aMVEQC:s filled with lipids were incubated with 3 uM fluorescent long-chain FA analog BODIPY-500/510
C1, C12 (Thermo Fisher Scientific) for 3 hours, followed by a thorough wash of the label with PBS and
subsequent addition of fresh medium. A second set of cells, differentiated adipocytes and non—OA-stimu-
lated aMVECs with no fluorescent label, was also included in the coculture experiments (nonlabeled cells).
The BODIPY-labeled and nonlabeled cells were paired as shown in Figure 3, A and B. BODIPY-labeled
adipocytes were cocultured with unlabeled aMVECs, and BODIPY-labeled aMVECs were cocultured with
unlabeled adipocytes. The microphotographs were taken after 48 hours of incubation with a Leica TCS
SP5 microscope (Leica Microsystems).

Coculture aMVECs and PAs. Human primary PAs and aMVECs were separately seeded in Thincerts
inserts or plates and cultured for 24 hours. After this period, inserts with aMVECs were added on top of the
PAs or partially differentiated PAs, for 48 hours, and RNA was collected. Using the same coculture tech-
nique, additional experiments were performed with and without prior silencing of ATGL in the aMVECs.

FA uptake assay Quencher-Based Technology. The FA uptake was measured using the Quencher-Based
Technology (QBT) Fatty Acid Uptake Assay Kit (Molecular Devices) according to the manufacturer’s
instructions. aMVECs were plated into a 96-well black-wall/clear-bottom plate at 10,000 cells/well. After
20 hours, the cells were stimulated without (BAS) or with 300 uM OA for 24 hours. Cells were then serum
deprived for 1 hour, followed by the addition of QBT FA-loading buffer to each well. Kinetic readings were
started immediately with the Infinite M200 fluorescence plate reader (Tecan). Instrument settings were
bottom read, excitation 488/emission 515, with a filter cutoff at 495 nm.

Oil Red O staining. Before staining, the cells were fixed for 10 minutes in 4% formaldehyde (Histolab)
and washed with PBS. The cells were incubated with filtered Oil Red O (O-R-O) (Sigma-Aldrich) working
solution for 20 minutes. The cells were counterstained with hematoxylin (Histolab).
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Quantification of images in ImageJ. Lipid accumulation was quantified for the amount of O-R-O staining
by the image-dedicated software ImageJ (NIH). The estimate of O-R-O was obtained by using pixel num-
bers as the quantitative measurement. The results expressed as RawIntDen represent the sum of all values
of all pixels in the image.

RNA interference. aMVECs were transfected with siRNA directed against ATGL (Hs01 00225605 and
Hs01 00225606; Sigma-Aldrich), PPARy (Hs01 00218390 and Hs01 00218391), HSL (Hs01 00175631), or
MISSION siRNA Universal Negative Control (SIC001; Sigma-Aldrich). Briefly, cells were transfected with
30 nmol/1 siRNA by using Lipofectamine RNAIMAX (Thermo Fisher Scientific) according to the manu-
facturer’s instructions using 12-well plates.

RNA extraction and qRT-PCR. RNA was isolated with the E.Z.N.A. Total RNA Kit (Omega Bio-tek),
and cDNA synthesis was done using the High Capacity cDNA Reverse Transcription Kit (Thermo Fish-
er Scientific). qRT-PCR was performed using the ABI PRISM 7900HT Sequencing Detection System or
the QuantStudio6 Flex System (Thermo Fisher Scientific). Relative quantities of target transcripts were
calculated from duplicate samples after normalization of the data against the endogenous control, human
18S rRNA (Thermo Fisher Scientific). Primers and probes were designed using the Primer Express soft-
ware (Supplemental Table 1) or purchased as Assay-on-Demand for PPARg (Hs00234592_m1), CD36
(Hs00169627_m1) or FABP4 (Hs01086177_m1) (Thermo Fisher Scientific).

Whole-cell extracts and Western blot analyses. Whole-cell protein lysates were prepared and Western blot analy-
ses were performed as previously described (40). Briefly, protein concentration was determined using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific), and 5-15 ug whole-cell extracts were loaded on NuPAGE
Novex 4%—12% Bis-Tris protein gels (Thermo Fisher Scientific). The Trans-Blot Turbo Transfer System (Bio-
Rad) was used for protein transfer, and to ensure that the procedure had been fully completed, the membranes
were colored using 0.5% Ponceau S (Merck Chemicals). The quantification of protein expression was based
on a minimum of 4 replicates, and for the detection of specific proteins, the following primary antibodies were
used: anti-FABP4 (AF1443 or MAB3150, R&D Systems), anti-PPARy (2443, Cell Signaling Technology), anti-
CD36 (14347, Cell Signaling Technology, or ab17044, Abcam), anti-ATGL (sc-67355, Santa Cruz Biotechnolo-
gy), anti-HSL (4107, Cell Signaling Technology), anti-actin (sc-8432, Santa Cruz Biotechnology), and HRP-con-
jugated secondary antibodies anti—rabbit IgG (catalog 7074), anti-mouse IgG (catalog 7076), and anti-rat IgG
(catalog 7077) from Cell Signaling Technology and anti—goat IgG (sc-2020) from Santa Cruz Biotechnology.

Statistics. The statistical analyses were performed using GraphPad Prism 8 or SPSS Statistics software.
Normal data distribution was determined using Shapiro-Wilk test. Student’s two-tailed ¢ test or Wilcox-
on’s signed-rank test was performed for paired comparisons and 1-way ANOVA or Kruskal-Wallis test for
multiple value comparisons. Data analyses are presented as mean SEM. The different tests were used as
specified in the figure legends. P value less than 0.05 was considered significant.

Study approval. All participants were informed and provided written consent before taking part in
the study, which was approved (dnr. 151-14) by the Ethics Committee of the University of Gothenburg,
Gothenburg, Sweden.
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