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The function of prohibitin-1 (PHB1) in adipocytemitochon-
drial respiration, adaptive thermogenesis, and long-chain
fatty acid (LCFA) metabolism has been reported. While
intracellular PHB1 expression is ubiquitous, cell surface
PHB1 localization is selective for adipocytes and endothe-
lial cells of adipose tissue. The importance of PHB1 in adi-
pose endothelium has not been investigated, and its
vascular cell surface function has remained unclear. Here,
we generated and analyzed mice with PHB1 knock-out
specifically in endothelial cells (PHB1 EC-KO). Despite the
lack of endothelial PHB1, mice developed normally and
had normal vascularization in both white adipose tissue
and brown adipose tissue (BAT). Tumor and ex vivo
explant angiogenesis assays also have not detected a
functional defect in PHB1 KO endothelium. No metabolic
phenotype was observed in PHB1 EC-KO mice raised on
a regular diet. We show that both male and female PHB1
EC-KO mice have normal body composition and adaptive
thermogenesis. However, PHB1 EC-KO mice displayed
higher insulin sensitivity and increased glucose clearance
when fed a high-fat diet. We demonstrate that the efficacy
of LCFA deposition by adipocytes is decreased by PHB1
EC-KO, in particular in BAT. Consistent with that, EC-KO
mice have a defect in clearing triglycerides from systemic
circulation. Free fatty acid release upon lipolysis induction
was also found to be reduced in PHB1 EC-KO mice. Our
results demonstrate that PHB1 in endothelial cells regu-
lates bidirectional LCFA transport and thereby sup-
presses glucose utilization.

Prohibitin-1 (PHB1) is a ubiquitously expressed multifunc-
tional protein (1). Genetic and pharmacological PHB1 target-
ing studies have identified the diverse functions of this

protein in various organs and pathologies (2). Multifaceted
functions of PHB1 have surfaced and turned out to be par-
ticularly important in adipose tissue (AT) (3). The ability of
adipocytes to store and metabolize lipids predetermines
susceptibility to metabolic diseases. White AT (WAT), pre-
sented as visceral AT (VAT) and subcutaneous AT (SAT),
stores lipids (4). While excessive lipid accumulation of WAT
adipocytes is linked with type 2 diabetes (T2D) (5), adipo-
cytes of brown AT (BAT) and beige adipocytes in SAT can
also expend energy through adaptive thermogenesis (6).

Cell type-specific roles of PHB1 are in part explained by
its distinct functions in different cellular compartments. It
has been shown that mitochondrial PHB1 is important for
normal function of adipocytes in AT (3,7). However, recent
studies have indicated a separate role of cell surface-local-
ized PHB1 in AT (8). A peptide sequence KGGRAKD, bind-
ing to PHB1, has revealed PHB1 expression on the surface
of endothelium selectively in AT (9). In search for PHB1
function in WAT, we have identified annexin A2 (ANX2) as
a PHB1-binding protein containing a domain mimicked by
the WAT-homing peptide KGGRAKD (8,10). We have shown
that ANX2 and PHB1 are found in a protein complex pre-
sent in the cell membrane lipid rafts of both mouse and
human WAT (10). We subsequently demonstrated that
PHB1 and ANX2 are found in a complex with the fatty acid
translocase CD36 and demonstrated that the PHB1 sup-
ports CD36-mediated long-chain fatty acid (LCFA)
uptake by adipocytes in cell culture (8). Recently, we
reported that mice lacking adipocyte PHB1 are diabetic due
to a defect in mitochondrial respiration and uncoupling/
thermogenesis in brown adipocytes (7). However, this
study also demonstrated that PHB1 contributes to LCFA
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transport in adipocytes. The relative importance of cell sur-
face-localized and intracellular PHB1 in AT endothelium
has remained unclear.

Here, we generated and analyzed mice with PHB1 knock-
out (KO) specifically in endothelial cells (ECs). We demon-
strate that PHB1 is dispensable for angiogenesis and that it
modulates metabolism by promoting bidirectional LCFA
transport though ECs.

RESEARCH DESIGN AND METHODS

Animal Experiments
All animal experimentations were approved by the Univer-
sity of Texas Health Animal Care and Use Committee.
Mice were housed in the animal facility with a 12-h light/
dark cycle at a temperature of 22–24�C, with free access to
water and diet. PHB1 fl/fl (11) and TIE2e-Cre (12) mice
were used for generating KO mice. PCR genotyping was
performed as previously described (7,13). For diet-inducted
obesity induction, mice were fed a 58 kcal% (fat) diet
(Research Diets, D12331). For tumor studies, 1 × 105 can-
cer cells were grafted with a 21-gauge needle into the
mammary fat pad (E0771) or subcutaneously onto the
upper flank (RM1), as described (13). Body composition
was measured using EchoMRI-100T (Echo Medical Sys-
tems). Indirect calorimetry studies were performed with
OXYMAX (Columbus Instruments) Comprehensive Lab
Animal Monitoring System (CLAMS), as described previ-
ously (14). Food intake and spontaneous locomotor activity
were quantified over a 2-day time course at the same time.
The core body temperature was determined using a Micro-
Therma 2 K High Precision Type K Thermocouple Meter
(THS-221-092, ThermoWorks)/RET-3 rectal probe (Brain-
tree Scientific), as described (14). Cold tolerance/adaptive
thermogenesis was measured upon placing mice into an
environmental chamber IS33SD (Powers Scientific), as
described (14). For glucose tolerance test (GTT), glucose
(2 g/kg body wt) was injected i.p. into overnight-fasted
mice. For insulin tolerance test (ITT), insulin (0.6 units/kg
body wt) was injected i.p. into mice fasted for 4 h. Blood
glucose concentration was measured with a glucometer
(One Touch Ultra). Intravenous (iv) lipid tolerance tests
were performed by injecting overnight-fasted mice with 100
mL of 20% Intralipid LCFA emulsion. Blood from the tail
vein was measured for triglycerides (TAG) using the Enzy-
Chrom Triglyceride Assay Kit (BioAssay System, cat no.
ETGA-200). Lipolysis was induced by i.p. injection of isopro-
terenol (10 mg/kg). Plasma free fatty acids (FFAs) were
measured with the EnzyChrom Free Fatty Assay Kit (Bio-
Assay System, cat no. EFFA-100). For radiolabeled LCFA
biodistribution analysis (13), 6 mCi of [9,10-3H(N)]-palmitic
acid (NET043001MC; PerkinElmer, Waltham, MA) was
injected iv. Its tissue uptake was measured by liquid scintil-
lation counting by using Wallac 1209 RackBeta (LKB), as
described (15,16). BODIPY-C16 (Molecular Probes, Wal-
tham, MA) was injected iv (0.1 mg).

Cell and Tissue Analysis
Paraformaldehyde-fixed cells and formalin-fixed paraffin-
embedded tissue sections were analyzed by immunofluo-
rescence (IF), as described previously (7,13). Upon blocking,
primary (4�C for 12 h) and secondary (room temperature
for 1 h) antibody incubations were performed. Anti-PHB1
(1:100; Invitrogen, cat no. MA5-32000), antiperilipin1
(1:200; Abcam, cat no. ab61682), antiendomucin (1:100;
R&D, cat no. AF4666), and anti-ANX2 (1:75; R&D, cat no.
AF3928) antibodies, as well as secondary donkey Alexa
488-conjugated (1:200) and Cy3-conjugated (1:300) IgG
from Jackson ImmunoResearch, were diluted in PBS with
0.05% Tween 20. Biotinylated isolectin B4 (1:50; Vector
B-1205) binding was detected with Alexa-488– or Dylight-
650–labeled streptavidin (Invitrogen, Carlsbad, CA), as
described (7,13). Nuclei were stained with Hoechst 33258
(Invitrogen, H3569). Images were acquired with a confocal
Leica TCS SP5 microscope/LAS AF software (Leica), or Carl
Zeiss upright Apotome Axio Imager Z1/ZEN2 Core Imaging
software. ImageJ analysis software was used to quantify data.

Cell Isolation and Cell Culture Assays
For adipocyte and stromal/vascular fraction (SVF) cell isola-
tion, SAT pads of 8-week-old mice were excised, minced,
and digested in 0.5 mg/mL collagenase type I (Worthing-
ton Biochemical, cat no. LS004196) and 2.5 mg/mL of Dis-
pase (Roche, cat no. 04942078001) solution in a shaking
bath for 1 h at 37�C. The cell suspension was filtered
through a 70-mm cell strainer (Thomas Scientific, cat no.
1181X53), followed by centrifugation at 360g for 5 min at
room temperature. Pelleted cells were plated in DMEM/
10% FBS. The AT explant angiogenic sprouting assay was
performed, as previously described (8,17). To construct
pLenti-CRISPR/Cas9 PHB1 guide RNA expression vector, tar-
get sequence 50-TGGAAAGTTCGGCCTGGCGTTGG-30 con-
taining the PAM sequence (underlined) was ligated into
Lenti-CRISPR v2 plasmid (no. 52961, Addgene, Watertown,
MA). For transendothelial transport assay, bEND.3 (wild-
type [WT] and PHB1 KO) cells were grown to 100% conflu-
ency on top of the 0.4-mm pore transwells; adipocytes differ-
entiated from WT mouse embryo fibroblasts (MEFs) were
seeded in the bottom of the wells. BODIPY-C16 (2 mmol/L)
was added to the upper chamber, and then adipocytes in
the lower chamber were imaged after times indicated.

Statistical Analysis
All statistical analyses were performed with GraphPad
Prism 6 software. Experimental results are shown as mean
± SEM. Two-tailed Student unpaired t tests were per-
formed to compare littermates, unless otherwise indicated.
P < 0.05 was considered significant.

Data and Resource Availability
Additional data and critical resources supporting the
reported findings, methods, and conclusions will be avail-
able upon request.
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RESULTS

Mice With Endothelial Deletion of PHB1 Have Normal
AT and Vascularization
To create a model with a KO of PHB1 in ECs, we used the
TIE2e-Cre mouse strain with endothelial- specific Cre
expression (12). We crossed these mice with PHB1fl/fl strain
(11) in which the PHB1 gene is flanked by loxP recombina-
tion sites. The resulting TIE2e-Cre; PHB1fl/fl (EC-KO) and
control Cre-negative PHB1fl/fl (WT) littermates were identi-
fied by PCR genotyping (Supplementary Fig. 1A). PHB1 KO
was confirmed by IF on the cells of WAT SVF cells plated in
culture. Isolectin B4 (IB4), binding to ECs (apparent as large
and cobblestone colony-forming cells) and monocytes
(apparent as small individual cells), was used as a marker.
In KO SVF, no PHB1 protein was observed in ECs, while
stromal cells were PHB1-positive, as expected (Fig. 1A). As
expected, PHB1 expression was observed in adipocytes dif-
ferentiated from MEFs of EC-KO mice (Supplementary Fig.
1B). EC-specific loss of PHB1 expression was also evident
from IF analysis of SAT, in which ECs were identified by
endomucin IF (Fig. 1B). Four-color IF with IB4 as an EC
marker confirmed these findings for VAT (Fig. 1C and D)
as well as for SAT and BAT (Supplementary Fig. 1C). The
PHB1 signal was specifically lost in IB41 blood vessels
while present in adipocytes and other nonendothelial cells
of EC-KO mice, which was quantified by ImageJ software
(Fig. 1C).

There was no difference detected in AT organization and
adipocyte size between PHB1 EC-KO and WT littermates.
Specifically, we extensively analyzed the vasculature for pos-
sible abnormalities. No differences were detected in VAT,
SAT, or BAT vasculature organization between WT and
PHB1-KO mice (Fig. 1D and Supplementary Fig. 1C). This
indicated that endothelial PHB1 is not required for vascular
development. WAT explants, established as described previ-
ously (8,17), also did not reveal a significant difference in
endothelial sprouting between WT and PHB1 KO (Fig. 1E).
We also investigated the role of endothelial PHB1 by using
the tumor angiogenesis model in vivo. RM1 prostate carci-
noma (Fig. 1F) and EO771 breast carcinoma (Supplementary
Fig. 1D) grafts grew at least as large in KO mice as in WT
mice. No defect in neovascularization was observed in sec-
tions of PHB1-KO tumors (Fig. 1G). VAT blood vessel den-
sity was also comparable for WT and EC-KO mice fed the
high-fat diet (HFD), which promotes AT expansion accompa-
nied by angiogenesis (Fig. 1G). These data indicate that
PHB1 is dispensable for endothelial cell proliferation and
sprouting. Interestingly, while cancer cells in both WT and
EC-KO mice expressed PHB1 as expected (Fig. 1F), there was
an apparent difference in their physiology. In KO mice, can-
cer cells had reduced expression of hydroxyacyl-CoA dehy-
drogenase (HADHA), the enzyme catalyzing the last three
steps of mitochondrial fatty acid oxidation (FAO) (18), sug-
gesting a decrease in b-oxidation (Supplementary Fig. 1E).
To determine whether tumors instead switch to glucose uti-
lization, we measured the expression of GLUT1, the main

tumor glucose transporter. Indeed, GLUT1 expression
was more widespread, not only in cancer cells but also in
the stroma surrounding tumors of KO mice, suggesting
a shift to glycolysis (Supplementary Fig. 1E). These data
indicated that EC expression of PHB1 promotes lipid
metabolism.

Endothelial Deletion of PHB1 Has No Metabolic Effect
in Mice on a Low-Fat Diet
We performed a comprehensive metabolic phenotyping of
PHB1 EC-KO and WT littermates. EchoMRI analysis did
not reveal a difference in either fat or lean body mass accu-
mulation in male (Fig. 2A) or female (Supplementary Fig.
2A) KO mice. There was no significant effect of PHB1
EC-KO on food consumption (Fig. 2B) or locomotor activity
(Fig. 2C). Cold tolerance was unaffected in both male (Fig.
2D) and female (Supplementary Fig. 2B) KO mice. VO2

measured by indirect calorimetry did not reveal changes in
nighttime or daytime energy expenditure in KO males (Fig.
2E) or females (Supplementary Fig. 2C). There was also no
significant difference detected in the respiratory exchange
ratio (RER) between control and KO mice (Fig. 2F). There
was a trend for lower nonfasting glucose levels in KO male
littermates (Fig. 2G); however, no significant difference was
detected between control and KO females (Supplementary
Fig. 2D). GTT did not reveal a significant difference in fast-
ing glucose clearance rates for males (Fig. 2H) or females
(Supplementary Fig. 2E). Neither male (Fig. 1I) nor female
(Supplementary Fig. 2F) KO mice displayed a significant dif-
ference in insulin tolerance compared with controls when
raised on chow.

Mice With PHB1 Endothelial Deletion Increase Glucose
Utilization on HFD
Because PHB1 has been shown to stimulate CD36-medi-
ated LCFA transport, we also phenotyped mice after HFD
feeding for 3 months, which resulted in modest fat mass
gain in both WT and EC-KO mice (Supplementary Fig. 3A).
There was no significant effect of PHB1 EC-KO on food con-
sumption (Fig. 3A) or locomotor activity (Fig. 3B) in males.
HFD-fed females also did not display a change in these
parameters (Supplementary Fig. 3B and C). Cold tolerance
was not significantly different in KO littermates fed the
HFD (Fig. 3C). Indirect calorimetry did not reveal significant
differences in VO2 in KO males (Fig. 3D) or females
(Supplementary Fig. 3D). However, unlike for chow feeding,
the RER was elevated in both KO males (Fig. 3E) and
females (Supplementary Fig. 3D). In addition, GTT revealed
significantly faster glucose clearance rates for both KO
males (Fig. 3F) and females (Supplementary Fig. 3E). Also,
ITT revealed a higher insulin sensitivity in male (Fig. 3G)
and female (Supplementary Fig. 3F) KO mice. To determine
whether this phenotype is due to PHB1 EC-KO resulting in
increased glucose utilization, we measured GLUT expres-
sion. Expression of GLUT4, the main adipocyte GLUT, was
notably higher in both VAT and SAT of KO mice
(Supplementary Fig. 3G). Moreover, an apparent GLUT1
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upregulation was observed for the liver of KO mice
(Supplementary Fig. 3H). After 3 months of HFD feeding, a
higher proportion of adipocytes in VAT and BAT of KO

mice contained smaller lipid droplets (Fig. 3H). Combined,
these observations indicated that endothelial PHB1 plays a
role in the lipid/glucose metabolism balance.

A B C

D

E GF

Figure 1—PHB1 EC-KO mice have normal AT and vascularization. A: IF of AT-derived SVF plated in culture. ECs, bound by isolectin B4 (IB4)
are PHB11 in WT mice (yellow arrows) and PHB1� in KO mice (green arrows). Arrowhead: IB41 monocyte. Red arrows: stromal cells PHB11

in both WT and KOmice. B: IF on SAT sections reveals a lack of PHB1 in endomucin1 endothelium of KO mice (yellow arrow: colocalization in
WT mice); a: PHB11 adipocytes. Quantification of PHB1 signal in IB41 endothelium (C) and in perilipin-1 (PLN1)1 adipocytes (D) by ImageJ
in IF images. P value by Student t test. D: IF on VAT sections reveals the lack of PHB1 in IB41 endothelium (purple vs. white arrows); a: PLN11

adipocytes, which still express PHB1 in KO mice. E: AT explant assay showing that angiogenic sprouting is comparable for WT and PHB1
KO-ECs. Graph: branches/view field in (E) quantified by ImageJ. P value: Student t test. F: Sections of RM1 tumors grown subcutaneously
subjected to anti-PHB1 IF show comparable vascular networks stained with IB4 and the lack of PHB1 in ECs of KO mice. Inset images: repre-
sentative tumors upon resection. G: Quantification of IB41 vessel density in VAT of mice fed the HFD for 3 months and in tumors (IF images in
F by ImageJ). In all mouse experiments, 15-month-old males (n> 3) were used. In all panels, scale bar: 50 mm.
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Lipid Metabolism Suppression in Mice With PHB1
Endothelial Deletion
To investigate the importance of endothelial PHB1 for
lipid metabolism, we analyzed 8-month-old chow-fed WT
and KO littermates that had no difference in body compo-
sition. Both fasting and nonfasting TAG were found to be
higher in circulation of EC-KO mice (Fig. 4A), a phenotype
previously reported for mice with defective LCFA transport

(19). EC-KO mice raised on the HFD were found to have
signs of hepatosteatosis, further indicating dyslipidemia
(Supplementary Fig. 4A). Increased hepatocyte expression
of HADHA, a marker of liver FAO into ketone bodies (18)
indicated that FAO is activated to counter the circulating
lipid overload (Supplementary Fig. 4B). Normal TAG con-
tent in the feces of KO mice ruled out a possibility that the
phenotype results from a change in lipid assimilation

A B C

D E F

G H I

m
L/
kg
/h

Figure 2—PHB1 EC-KO mice have no metabolic phenotype on low-fat diet. For all panels, WT and PHB1 EC-KO male littermates (n = 5)
were analyzed at 16 weeks of age A: EchoMRI analysis reveals no difference. B: Chow consumption is similar. C: Spontaneous locomotor
activity is similar. XTOT, total number of x-axis infrared-beam breaks. D: Body temperature maintenance in mice placed at 4�C is similar.
E: VO2 measured by indirect calorimetry is similar. F: RER (RER = VCO2/VO2) is similar. G: Nonfasting glucose concentration in blood. H:
GTT: After overnight fasting, mice were injected with glucose (2 g/kg body wt) i.p., and glucose in blood was measured. H: ITT: After
4-h fasting, mice were injected with insulin (0.6 units/kg body wt) i.p., and glucose in blood was measured. In all panels, plotted data are
mean ± SEM.
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Figure 3—PHB1 EC-KOmice have a metabolic phenotype on HFD. For all panels, WT and PHB1 EC-KOmale littermates (n = 5) were ana-
lyzed at 62 weeks of age after 3 months on the HFD. A: HFD consumption is similar. B: Spontaneous locomotor activity is similar. XTOT,
total number of x-axis infrared-beam breaks. C: Cold tolerance in mice placed at 4�C. D: VO2 consumption measured by indirect calorime-
try with average night and day VO2 plotted below. E: RER (VCO2/VO2) with average night and day plots below showing a significant
increase. F:GTT in overnight fasted mice.G: ITT in 4 h-fasted mice. H: Hematoxylin and eosin staining of VAT and BAT. Graph: Quantifica-
tion of adipocyte size in H by ImageJ. In all panels, scale bar: 50 mm. Plotted data are mean ± SEM. *P< 0.05 (Student t test).
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Figure 4—Lipid metabolism suppression in PHB1 EC-KO mice. A: Plasma TAG concentration in circulation in overnight fasted and non-
fasted males (n = 3). B: In vivo LCFA uptake: data combined from two independent experiments. Upon iv administration of [3H]palmitate
after 30 min of circulation and subsequent perfusion to clear [3H]palmitate in circulation, liquid scintillation counts per minute (CPM) were
measured on indicated resected tissues. Inset: [3H]palmitate in blood prior to perfusion. C: BODIPY-C16 uptake by VAT, SAT, and BAT
adipocytes in WT and KOmice 3 h after iv injection. Green fluorescence was imaged in cell suspension upon tissue digestion with collage-
nase. Graph: Quantification of BODIPY-C16 signal in (C) by ImageJ. D: TAG blood concentration analysis upon iv intralipid infusion into
prestarved mice shows a delay in clearance for KO littermates compared with WT. *P < 0.05, **P < 0.01 (Student t test). E: Plasma
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(Supplementary Fig. 4C). Expression of lipoprotein lipase
(LPL), which releases FA from circulating triglycerides, was
also not affected in AT of EC-KO mice (Supplementary Fig.
4D).

To investigate the uptake of circulating LCFA, we per-
formed liquid scintillation counting 30 min after iv
administration of radiolabeled [9,10-3H]palmitic acid
([3H]palmitate). Equal administration into PHB1 EC-KO
and WT mice was confirmed by measuring circulating
[3H]palmitate (Fig. 4B). Short term palmitate uptake was
significantly lower in BAT of KO mice (Fig. 4B). SAT data
were variable possibly due to heterogeneity of beige AT
presence in samples with high palmitate uptake. In VAT,
known to have relatively slow LCFA uptake rate, the 3H
signal was at the background level observed for control
tissues (lung and muscle); in liver and kidney, the 3H sig-
nal was undistinguishable between KO and WT mice (Fig.
4B). To assess the importance of EC PHB1 over a longer
period of time, we iv injected mice with a fluorophore-
labeled palmitic acid, BODIPY-FL-C16, and analyzed AT
recovered after 180 min of circulation. BODIPY-FL-C16
accumulation was significantly lower in adipocytes of
PHB1 EC-KO mice compared with WT controls, with the
difference again particularly striking for BAT (Fig. 4C).
This was not due to an intrinsic adipocyte change, as adi-
pocytes from KO mice differentiated in culture were
found to uptake LCFA normally (Supplementary Fig. 4E).
These data indicated that endothelial PHB1 is specifically
important for LCFA uptake in AT. The defect in LCFA
assimilation was also confirmed by a lipid tolerance test.
Upon intralipid infusion, the time course of triglyceride
blood concentration demonstrated delayed LCFA clear-
ance for PHB1 EC-KO littermates compared with WT
(Fig. 4D). We also investigated the importance of endo-
thelial PHB1 for the release of lipids from AT. Upon lipol-
ysis induction by the b-adrenergic agonist isoproterenol,
circulating FFA levels were expectedly increased. Com-
pared with WT mice, FFA mobilization was significantly
blunted in PHB1 EC-KO littermates (Fig. 4E). Hormone-
sensitive lipase phosphorylation in adipocytes from PHB1
EC-KO and WT mice was undistinguishable upon isopro-
terenol treatment, indicating that that lipolysis in adipo-
cytes is normal and does not account for the phenotype
(Supplementary Fig. 4F).

To directly examine a role of PHB1 in LCFA transport
across the endothelium, we used a mouse bEND.3 endothe-
lial cell line. PHB1 was knocked out by using the clustered
regularly interspaced short palindromic repeats (CRISPR)/

Cas9 method (Supplementary Fig. 4G). Interestingly,
expression of ANX2, a protein found in complex with PHB1
and CD36 (8), was downregulated in PHB1-KO cells (Fig. 4F).
Analysis of AT expression by IF provided further evidence for
endothelial ANX2 downregulation in the absence of PHB1
(Supplementary Fig. 4H). We then developed an assay mea-
suring LCFA transport across the endothelium (Fig. 4G). To
simulate the endothelial wall lining, we seeded a monolayer
of WT or KO bEND.3 cells on a transwell. WT adipocytes
seeded in the lower chamber were used to read out BODI-
PY-FL-C16 transport. BODIPY-FL-C16 added into the upper
chamber was transported across bEND.3 cells and deposited
into adipocyte lipid droplets in a time-dependent manner
(Fig. 4H). In contrast, no transport was observed across KO
bEND.3 cells, as evident from a complete lack of BODI-
PY-FL-C16 deposition in adipocytes (Fig. 4H). Combined, our
results indicate the importance of endothelial PHB1 for bidi-
rectional LCFA transport in AT.

DISCUSSION

Our study shows that PHB1 in ECs regulates LCFA transport
in AT, suppression of which results in reduced LCFA utiliza-
tion and increased glucose utilization as an energy source in
both male and female mice. Interestingly, the phenotype of
PHB1 EC-KOmice is starkly different from that of PHB1 adi-
pocyte-KO mice reported previously (7). While PHB loss in
adipocytes also resulted in reduced LCFA transport in AT and
increased glucose utilization, PHB1 adipocyte-KO mice have
hyperplastic adipocytes and are insulin resistant (7). As we
have demonstrated, T2D development in PHB1 adipocyte-KO
mice is largely due to defects in adipocyte mitochondrial oxi-
dation dysfunction, lipolysis, and adaptive thermogenesis. It
is not surprising that these processes are not affected in PHB1
EC-KOmice.

Our results demonstrate that endothelial deletion of
PHB1 does not affect vascularization of AT in development
and that its function in ECs is dispensable for angiogenesis.
This suggests that intracellular PHB1 function in the endo-
thelium is not critical. The phenotype of EC-KO mice clearly
indicates the role of PHB1 in lipid metabolism. Intestinal
lipid absorption and indirect changes in adipocytes we ruled
out here as possible mechanisms of endothelial PHB1 func-
tion. The stimulation of LCFA transport in AT appears to be
the main role of PHB1 in the endothelium. It is likely that
this function is linked with the cell-surface PHB1 localization
in AT endothelium reported previously (9), which is consis-
tent with the lack of endothelial PHB1 deletion effect in
other organs. LCFA transport is mediated first by LPL, then

concentration of FFA after isoproterenol injection increases less in KO mice than in WT. A–E: Experiment used 8-month-old males raised
on chow. F: Expression of PHB1 and ANX2 in b.END3 cells (parental and PHB1-KO) detected by IF.G: Schematic of the assay (H) measur-
ing LCFA transport across a monolayer of bEND.3 endothelial cells. H:WT and PHB1-KO bEND.3 were grown to 100% confluency on the
top of the 0.4-mm pore transwells; adipocytes differentiated from WT MEFs were seeded in the bottom of the wells. BODIPY-C16 (2 mmol/
L) was added to the upper chamber, and then adipocytes in the lower chamber were imaged after the time indicated. LCFAs are trans-
ported through control bEND.3 cells and deposited into adipocytes (green arrows), PHB1-KO bEND.3 cells do not transport LCFAs into
adipocytes (white arrows). In all panels, data plotted are mean ± SEM. *P< 0.05, **P< 0.01 (Student t test). Scale bar: 50 mm.
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by CD36, and subsequently by the FA transport proteins
(FATPs). According to our expression analysis, LPL function,
particularly important in ECs, does not appear to be affected
in PHB1-KO mice. Because PHB1 is not known to interact
with FATPs, the main mechanism of PHB1 action appears
to be assisting CD36, along with ANX2 (13). Consistent
with this, the phenotype observed here is similar to those
reported for mice with endothelial KO of CD36 (20) and
for ANX2-KO mice (8). Interestingly, downregulation of
ANX2, a protein found in complex with PHB1 and CD36,
in PHB1-KO cells (Fig. 4F) is consistent with PHB1 down-
regulation previously reported for ANX2-KO (8). For endo-
thelial KO of CD36, LCFA uptake defect was observed in
AT as well as skeletal muscle, but not in liver (20). Because
PHB1 is selectively displayed on the surface of ECs in AT,
but not in skeletal muscle or liver, it is unlikely that PHB1
EC-KO in those organs directly contributes to the pheno-
type we report, which is consistent with normal LCFA
uptake in liver and muscle (Fig. 4B). However, EC PHB1
loss in organs other than AT may still contribute to lipid
metabolism regulation.

The question regarding cell surface versus intracellular role
of PHB1 in ECs remains open. To attempt addressing it, we
injected mice with phage-displayed KGGRAKD, a peptide
binding to cell membrane-expressed PHB1 in AT (9). As
expected, KGGRAKD homed to SAT vasculature in WT but
not in PHB1 EC-KO mice (Supplementary Fig. 5A and B).
Because adipocytes also express PHB1 on the surface, the lack
of KGGRAKD localization in adipocytes of KO mice indicates
that endothelial PHB1 is required for peptide transport across
the endothelium, as it is for LCFA transport. Interestingly,
KGGRAKD-phage homing to BAT was not observed in either
WT or KO mice, which was confirmed by IF (Supplementary
Fig. 5A and B). Because our study clearly shows that endothe-
lial PHB1 is important for LCFA transport in BAT, this is a
surprising result. A possible explanation is that PHB1 protein
interactions and/or folding in the cell membrane of BAT
endothelium is different from that in SAT and is incompatible
with the peptide binding. Alternatively, in BAT endothelium,
PHB1 may be not localized to the surface and may facilitate
LCFA trafficking through a mechanism distinct from that in
WAT.

The new data from this study are important in consid-
ering PHB1 as a drug target. A proapoptotic peptide (Adi-
potide), directed with KGGRAKD to endothelial PHB1,
has been shown to deplete AT ECs and reverse obesity in
various animal models (9,21,22). Our study further vali-
dates the WAT vascular-targeting capacity of KGGRAKD
peptide and offers PHB1 EC-KO mice as a tool that could
be used to assess possible off-target effects of Adipotide.
Small molecules interfering with PHB1 function have
been characterized previously (2) and proven potent to
block LCFA utilization and increase glucose utilization by
adipocytes (7). This study demonstrates that PHB1 inacti-

vation in ECs also contributes to this metabolic switch.
While PHB1 inactivation in brown adipocytes has adverse
metabolic consequences due to inhibition of nonshivering
thermogenesis, it could be possible to dose or formulate
systemically administered PHB1 inhibitors to only block
its function in ECs. The potential usefulness of PHB1 as a
drug target remains to be determined.
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