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Abstract

Treatment of type 2 diabetes mellitus continues to pose an important clinical challenge, with most
existing therapies lacking demonstrable ability to improve cardiovascular outcomes. The
atheroprotective peptide apelin (APLN) enhances glucose utilization and improves insulin
sensitivity. However, the mechanism of these effects remains poorly defined. We demonstrate that
the expression of APLNR (APJ/AGTRL1), the only known receptor for apelin, is predominantly
restricted to the endothelial cells (ECs) of multiple adult metabolic organs, including skeletal
muscle and adipose tissue. Conditional endothelial-specific deletion of Aplnr (AplnrECKO)
resulted in markedly impaired glucose utilization and abrogation of apelin-induced glucose
lowering. Furthermore, we identified in-activation of Forkhead box protein O1 (FOXO1) and
inhibition of endothelial expression of fatty acid (FA) binding protein 4 (FABP4) as key

lCorresponding author. hyung.chun@yale.edu.

These authors contributed equally to this work.
Author contributions: C.H., J.W.,, and H.J.C. designed the research. C.H., JW.,, I.P, B.S., S.P,, L.Z, T.A., HJ, G.-w.G., G.C., and
A.R.M. performed the experiments. M.1., J.K.J., and J.R. generated and provided the apelin formulations. S.L.K. collected and
prepared the human samples. M.O.L. generated and provided the Foxo1™f mouse line. T.Q. generated and provided the Apln_/_ and
Ap/nfﬂ/ﬂmouse lines. M.O.L., T.Q., A.R.M., A M,, and K.R.-H. assisted with the data analyses and review of the manuscript. C.H.,
JW,, I.P.,, and H.J.C. prepared the figures and wrote the manuscript.

Competing interests: The authors declare that they have no competing interests.

Data and materials availability: The gene expression profile data have been deposited into the GEO data set (accession no.
GSE67390). Cadh5(PAC)-CreERT2 mice are available from R. Adams under a material agreement with Cancer Research UK.
Foxo1™H mice are available from M.O.L. under a material agreement with Memorial Sloan Kettering Cancer Center.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hwangho et al. Page 2

downstream signaling targets of apelin/APLNR signaling. Both the Ap/r/~ and Aplnr=cK0 mice
demonstrated increased endothelial FABP4 expression and excess tissue FA accumulation,
whereas concurrent endothelial FoxoZ deletion or pharmacologic FABP4 inhibition rescued the
excess FA accumulation phenotype of the Ap/i/~ mice. The impaired glucose utilization in the
ApInrFEKO mice was associated with excess FA accumulation in the skeletal muscle. Treatment of
these mice with an FABP4 inhibitor abrogated these metabolic phenotypes. These findings provide
mechanistic insights that could greatly expand the therapeutic repertoire for type 2 diabetes and
related metabolic disorders.

INTRODUCTION

Our understanding of the role of the mature endothelium continues to evolve, with
recognition that it serves as a key regulator of physiologic and pathologic processes through
its signals to the surrounding organs (1, 2). The network of endothelial capillaries
coordinates fluid and nutrient transport between the circulation and the target tissues and has
a key role in the control of energy balance. In particular, fatty acids (FAs) must cross the
endothelial barrier for storage in the adipose tissues and for energy utilization in the skeletal
and cardiac muscles. Although FAs can serve as a crucial energy source, excess FA
deposition may have deleterious effects on the target tissues, such as impaired glucose
utilization and insulin resistance (3-7).

Heterotrimeric guanine nucleotide-binding protein—coupled receptor signaling mediated by
apelin and APLNR has critical roles in developmental angiogenesis and protective effects in
multiple vascular disease models, including atherosclerosis (8—11). Although metabolic
effects such as improvement in insulin sensitivity and decreased adiposity have been
attributed to apelin (12, 13), the downstream mechanisms of apelin/APLNR signaling
remain inadequately defined. Here, we demonstrate that in adult metabolic tissues, APLNR
expression is predominantly constrained to the endothelium. We found that apelin serves as
a key inhibitor of FA transport across the endothelial layer, as shown by excess FA transport
and accumulation in target tissues of mice with disrupted apelin signaling. This process is
critically dependent on apelin-induced inactivation of the transcription factor Forkhead box
protein O1 (FOXO1) in the endothelium, which subsequently causes marked inhibition of
endothelial FA binding protein 4 (FABP4) expression. Our findings identify apelin signaling
as an endothelial-based therapeutic target that may concurrently improve glycemic control
while reversing endothelial dysfunction, providing notable advantages over traditional and
newer classes of antidiabetic agents that fail to improve cardiovascular outcomes (14-19).

RESULTS

APLNR expression is restricted to the endothelium of adult tissues

Given the absence of a robust antibody to detect APLNR expression, we used two
independent techniques to characterize APLNR expression in adult tissues. First, we
performed in situ hybridization in human skeletal muscle and white adipose tissue (WAT)
and found that APLNR expression is restricted predominantly to the endothelial cells (ECs)
(Fig. 1A and fig. S1A). Second, we evaluated APLNR expression using a recently described
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mouse line harboring an inducible Cre recombinase under the control of the Ap/nrenhancer/
promoter (Ap/nrCeER) on a Rosa™ ™G reporter background (20, 21). In adult skeletal
muscle, WAT, and brown adipose tissue (BAT), APLNR expression was again
predominantly restricted to the endothelium (vessel diameters of <~50 um), as confirmed by
costaining for the endothelial marker vascular endothelial cadherin (VE-cadherin) (Fig. 1B),
although not all ECs expressed APLNR, including those in muscularized vessels (fig. S1B).
We next determined Ap/nrexpression in tissue homogenates of mouse skeletal muscle,
WAT, and BAT, and compared it to its expression in isolated ECs from the respective tissues.
Consistent with the tissue sections, we found that mRNA expression of Ap/nrin the isolated
ECs is ~10- to ~150-fold higher than in the whole tissues (Fig. 1C).

Endothelial APLNR is critical for apelin signaling and its glucose-lowering effects

Given the restricted expression profile of APLNR, we investigated the role of ECs in
mediating apelin’s downstream signaling. Skeletal muscle cell preparations subjected to EC
depletion using negative cell sorting with anti-CD31 antibody failed to respond to exogenous
apelin, as demonstrated by the absence of increased AKT or 5-adenosine monophosphate—
activated protein kinase a (AMPKa) phosphorylation, whereas skeletal muscle cell
preparations treated with control immunoglobulin G (IgG) antibody demonstrated robust
response to apelin (Fig. 2A). Next, we determined the effect of apelin treatment in
conditional, endothelial-specific Ap/nr-deficient mice (AplnrECkO) by crossing tamoxifen-
inducible, Cah5PAC)-CreERT2 miceto Ap/nr” mice (22, 23). Apelin treatment of skeletal
muscle from Ap/nrECKO mice failed to induce AKT or AMPKa phosphorylation, further
supporting the endothelial basis of this signaling (Fig. 2B). Moreover, phosphorylation of
endothelial nitric oxide synthase (eNOS) was also impaired in response to apelin stimulation
of skeletal muscle from Ap/nrEC¢KO mice (Fig. 2B).

We further investigated the metabolic phenotype of Ap/nrECKO mice against Aplnr/f
controls. The body weights were comparable between the two groups (29.56 + 0.19 g for
control versus 29.53 + 0.94 g for Ap/nrECKO, not significant), and body composition
analysis found no significant difference in the fat mass or muscle mass of these mice
compared to controls (fig. S2). Ap/nrECKO mice had increased blood glucose concentrations
compared to control mice when subjected to intraperitoneal glucose tolerance test (IPGTT)
(Fig. 2C). Moreover, whereas apelin injection in control mice resulted in a reduction in
glucose levels in IPGTT, apelin injection in Ap/nrECKO mice failed to elicit any changes in
their glucose concentrations (Fig. 2D). In addition, Ap/nECKO mice displayed impaired
response to insulin tolerance testing compared to control mice (Fig. 2E). Basal
concentrations of circulating insulin in the Ap/r™'=, Apinr'=, and ApinrFCKO mice were not
significantly different from their respective control groups (fig. S3). Moreover, the serum
concentration of adiponectin, which can also affect glucose utilization, was not significantly
altered in Ap/nrFCKO mice (fig. S4).

We sought to further evaluate the mechanism of impaired glucose utilization in Ap/nECko
mice. First, to examine whether the difference in glucose utilization was due to changes in
tissue blood flow, we conducted a laser Doppler scan to determine the resting hindlimb
blood flow. We found no difference between control and Ap/nECKO mice under basal
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conditions (fig. S5, A and B). Second, we tested whether apelin stimulation can affect
transendothelial glucose or insulin transport. Pretreatment of human coronary microvascular
ECs (HCMECs) with apelin had no effect on transendothelial glucose or insulin transfer (fig.
S6, A and B). We also evaluated the endogenous expression of apelin, via lacZ staining of
Aplrit!acz mice (24). Apelin, similar to APLNR, was expressed predominantly in the ECs of
skeletal muscles, WAT, and BAT (Fig. 2F). In mice that were subjected to a high-fat diet,
developed weight gain, and impaired glucose utilization (fig. S7, A and B), there was a
decrease in apelin expression, as determined by both lacZ staining and quantitative
polymerase chain reaction (PCR) analysis (Fig. 2, F and G). We also tested whether high
glucose conditions (30 mM) could affect APLN expression in cultured HCMECs and found
no significant change in apelin expression (fig. S8).

Apelin induces endothelial FOXO1 inactivation

The expression profile of APLNR in human tissues, the Ap/nreER reporter mouse strain,
and our metabolic findings in the Ap/nrFKO mice all suggested that the ECs are likely the
primary determinants of apelin signaling in adult tissues. We sought to investigate
endothelial-based targets of apelin that are integral to the demonstrated metabolic
phenotype. A well-described target of AKT is the transcription factor FOXO1, which
belongs to the forkhead family of transcription factors with important roles in metabolism
(25-27). We found that apelin can robustly promote FOXO1 phosphorylation in ECs (Fig. 3,
A and B), in conjunction with its cytoplasmic translocation (Fig. 3C). EC pretreatment with
either Wortmannin or LY-294002, inhibitors of the phosphoinositide 3-kinase pathway,
abrogated apelin-mediated FOXO1 phosphorylation (Fig. 3D).

FABP4 is a key target of EC-based apelin-FOXO1 signaling

Given the robust phosphorylation and inactivation of FOXO1 by apelin and the known
importance of FOXO1 in endothelial transcriptional regulation (28), we sought to identify its
transcriptional targets that are also regulated by apelin/APLNR signaling. We conducted
gene expression profiling analysis to identify transcripts that are inversely regulated by
APLN/APLNR knockdown and FOXO1 knockdown in human umbilical vein endothelial
cells (HUVECS) [fig. S9; GEO (Gene Expression Omnibus) data set accession no.
GSE67390]. We found that the two transcripts that were the most robustly inversely
regulated were C100rf10(DEPP), a transcript preferentially expressed in the developing
arterial ECs without a well-described function (29), and FABP4, an FA transport protein that
was originally identified in adipocytes but also described to be expressed in ECs (30, 31). A
closely related gene, FABP5, was not significantly affected by APLN/APLNR knockdown
in the expression profiling analysis. Moreover, we found a strong correlation between the
genes differentially regulated in our gene expression profile in response to FOXO1
knockdown and a previous study of FOX0O1/FOXO3A combined knockdown (table S1)
(28). Of these genes, only a subset was inversely regulated by APLN/APLNR knockdown,
suggesting that although FOXO1 regulates a wide spectrum of EC genes, other upstream
mechanisms, independent of apelin/APLNR, are also important in regulating FOXO1
activity.
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We chose to further investigate the role of FABP4 as a key metabolic target of endothelial
apelin/FOXO0L1 signaling. FABP4 was increased by APLN knockdown and decreased in
response to FOXO1 knockdown; moreover, concurrent knockdown of APLNand FOXO1
abrogated APLN knockdown—mediated FABP4 induction, further supporting the hypothesis
that FOXO1 functions downstream of apelin in regulating FABP4 (Fig. 3E and fig. S10). We
also tested whether a previously described transcriptional regulator of FABP4, peroxisome
proliferator— activated receptor -y (PPAR<y) (32), may be involved in controlling FABP4
downstream of apelin. We found that APLN knockdown-mediated increase in FABP4 was
not affected by concurrent PPARG knockdown, suggesting that PPARy is not a direct
downstream target of apelin signaling (fig. S11).

To validate our findings in vivo, we used Ap/r'~ and Ap/nrFCKCO mice (22) and mice with
conditional, endothelial-specific deletion of Foxol (FoxolECKO) (23, 33). Apli!~ and
AplnrF€KO mice displayed increased expression of FABP4 in isolated ECs from skeletal
muscle (Fig. 3F). In contrast, FABP4 expression in the ECs of Foxo15¢KO mice was
decreased compared to littermate controls (Fig. 3F). Increased endothelial FABP4
expression was also demonstrated in skeletal muscles of Ap/r/~ mice by
immunofluorescence staining; this increase was abrogated in the Ap/r’~: Foxo1E€KO mice
(fig. S12). Next, we subjected wild-type C57BI/6 mice to concurrent high-fat diet and
continuous infusion of apelin. We found that after 1 week, the high-fat diet—fed mice in the
vehicle group had worse glucose utilization, as determined by IPGTT, compared to those
receiving apelin infusion (fig. S13). This was associated with decreased expression of
FABP4 in the skeletal muscle homogenates of apelin-treated mice (fig. S14).

FA uptake and transport across the endothelial layer are regulated by apelin signaling

Given the regulation of FABP4 by the apelin/FOXO1 signaling cascade in the endothelium
and its known role in FA binding and transport (34), we examined whether FA uptake and
transfer across the endothelium may be targeted by this signaling cascade. First, we used
HCMEQG:s to test the effects of either apelin stimulation or APLNR knockdown on
endothelial FA uptake. BODIPY 558/568C12 (BODIPY) uptake was decreased when ECs
were stimulated with apelin (Fig. 4A), whereas APLNR knockdown resulted in increased
BODIPY uptake (Fig. 4B). Similar effects were also demonstrated in HUVECs (fig. S15A).
Next, we used ECs plated to confluence on Transwell inserts to evaluate the transfer of
BODIPY across the EC layer. We found that pretreatment with apelin decreased BODIPY
transfer across the cell layer, whereas knockdown of APLNR increased it in both HCMECs
(Fig. 4, C and D) and HUVEC:s (fig. S15B). Furthermore, we sought to investigate whether
the enhanced FA transfer due to disruption of apelin/APLNR signaling can be abrogated by
BMS309403, which is a potent FABP4 inhibitor (35, 36). We found that BMS309403
effectively reversed the increased FA transfer observed in ECs subjected to combined APLN
and APLNR knockdown in a dose-dependent manner in both HCMECs (Fig. 4E) and
HUVECs (fig. S15C).
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AplIn~~ mice develop excess FA accumulation that is rescued by deletion of endothelial
Foxol or FABP4 inhibition

We next proceeded to recapitulate our findings in vivo. Ap/i~/~ mice demonstrated an
increase in FA accumulation in multiple metabolically active tissues, including the heart,
skeletal muscle, liver, and BAT, after these animals were treated with 14C-labeled oleic acid
(14C-0OA) by oral gavage (Fig. 4F). Skeletal muscles of Ap/r’~ mice demonstrated
increased oil red O staining compared to wild-type littermates (Fig. 4G). Conversely,
Foxo1F€KO mice had reduced FA accumulation (fig. S16). These changes were in the
absence of any significant difference in the circulating serum concentrations of 14C-OA in
Aplri’~ and Foxo1E€KO mice, suggesting that the intestinal lymphatic absorption was not
affected in these mice (fig. S17) (37). We evaluated the serum concentrations of 14C-OA in
the Ap/nrE€KO mice up to 24 hours after oral administration and found no significant
difference from the control group (fig. S18).

To further validate the relevance of FOXO1 and FABP4 as key downstream endothelial
targets of apelin/APLNR signaling in the regulation of FA uptake, we investigated the effects
of either (i) combined Ap/nand endothelial Foxol deletion (Ap/i'—: Foxo1ECKO) or (ii)
treatment of Ap/i’~ mice with BMS309403 as potential strategies to rescue the excess FA
uptake observed in Ap/r~/~ mice. First, we found that impaired glucose utilization in
Aplr~ mice, as demonstrated in IPGTT, was improved in the Ap/i'~: Foxo1E€KO mice
(Fig. 5A). The Aplri'~: Foxo1E€KO mice also had decreased staining for oil red O in their
skeletal muscles compared to Ap/i'~ mice (Fig. 5B). Finally, we found normalization

of 14C-OA uptake in Ap/i!=: Foxo1E€KO mice compared to Ap/i/~ mice (Fig. 5C).
Treatment of Ap/r’~ mice with BMS309403 decreased 14C-OA uptake but had negligible
effect on wild-type littermates (Fig. 5D).

Impaired glucose utilization of ApInrECKO mice can be rescued by FABP4 inhibition

To further evaluate the metabolic effects of endothelial apelin/APLNR signaling, we
characterized the Ap/nrE¢K0O mice. Similar to what we observed in the Ap/r/~ mice, we
found increased FA accumulation in multiple tissues of Ap/n=CKO mice that received 14C-
OA by oral gavage (Fig. 6A), in conjunction with increased oil red O staining in skeletal
muscles (Fig. 6B). Analysis of skeletal muscle FA components and triglycerides was
performed and demonstrated that palmitic acid (16:0) and stearic acid (18:0) were elevated,
whereas the triglyceride content was unaffected in the Ap/nrECKO mice (fig. S19). Given
previous data suggesting increased endothelial permeability from disrupted apelin signaling
(37), we evaluated for any changes in vascular permeability in the Ap/nECKO mice and
found no increase in Evans Blue dye leakage in skeletal muscles and lungs compared to the
control littermates (fig. S20). Furthermore, we assessed transendothelial transfer of 70-kDa
fluorescein isothiocyanate (FITC)- labeled dextran across a confluent monolayer of
HCMECs subjected to APLNand APLNR knockdown and found no change in endothelial
permeability (fig. S21).

To further validate the role of the endothelial apelin/APLNR signaling pathway in regulation
of glucose utilization, we tested the efficacy of FABP4 inhibition in restoring the
normalization of glucose utilization in the Ap/nrECKCO mice. Treatment of Ap/nrECkO mice
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with BMS309403 improved glucose utilization by IPGTT (Fig. 6C), whereas control mice
were minimally affected (fig. S22). The improved glucose utilization in Ap/nrECK0 mice
was associated with decrease in oil red O staining in skeletal muscles (Fig. 6D), further
demonstrating the important role of FABP4 as a critical target of endothelial apelin/APLNR
signaling.

DISCUSSION

Recent studies focusing on endothelial mechanisms of FA uptake have shed insights into
pathways ensuring stringent metabolic control, which can be therapeutically targeted to
improve metabolic parameters, such as insulin sensitivity and glucose uptake (38—41). Our
findings that (i) endothelial-specific Ap/nrdeletion results in glucose intolerance and failure
to respond metabolically to apelin, (ii) apelin is a robust inhibitor of endothelial FOXO1
activity and FABP4 expression, and (iii) genetic or pharmacologic targeting of these
downstream targets rescues the metabolic phenotype in Ap/i'~ or AplnrECKO mice
demonstrate that the endothelial mechanism described here is a key mediator of apelin’s
metabolic effects (Fig. 6E). Moreover, our current findings provide mechanistic insights into
the previous studies on Ap/i/~ mice, which have normal weights at baseline but become
obese and insulin-resistant in response to high-fat diet (13, 37). Here, we demonstrate two
concepts in the role of apelin/APLNR signaling in metabolism. First, our characterization of
the ApInrE¢KO mice provides genetic evidence that endothelial apelin signaling is the
determinant of its effects on insulin sensitivity and glucose utilization. Second, we show that
active endothelial FA uptake and transfer, rather than compromised endothelial permeability,
as previously suggested (37), is a critical mechanism controlled by apelin/APLNR signaling
through downstream targeting of FOXOL inhibition and endothelial FABP4 expression.
Because our current studies using Ap/nrE¢KO mice under basal conditions do not
demonstrate any perturbation in endothelial permeability, the impact of high-fat diet and
other metabolic imbalances on additional downstream targets of apelin/APLNR signaling
warrants further evaluation.

Our studies provide a profiling of APLNR expression in adult tissues, which, to date, has
been hampered by the lack of a reliable antibody. The combination of in situ hybridization
and the use of the Ap/nr®ER mouse line demonstrates that APLNR expression is
predominantly restricted to the endothelium in adult mice. The restricted expression pattern
of APLNR strongly suggests that the endothelial mechanism may be the key driver of
apelin’s metabolic effects. Given apelin’s demonstrated physiologic effects in other organs
such as the brain and the heart (42), additional studies using conditional deletion of Ap/nr
will be necessary to examine the cell-specific role of this pathway. Our demonstration of
differential 14C-OA uptake at 2 hours in the hearts of Ap/i7~/~ mice, which is abrogated by
24 hours, highlights a difference between cardiac FA uptake and utilization compared to
those of skeletal muscle. Although investigation of the mechanism for this difference is
beyond the scope of the current work, additional knowledge of the disparity in energy
utilization will be essential, as we seek to understand the mechanisms of diabetes and
associated cardiovascular complications.
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Our demonstration of decreased apelin expression in mice subjected to high-fat diet provides
support for impaired apelin signaling as an important contributor to the pathogenesis of
diabetes and metabolic syndrome. Although clinical studies have attempted to measure
circulating apelin concentrations in these conditions, they have been hampered by the lack of
reliable assays and the heterogeneity of the studied patient populations (43-45). Additional
studies to expand our knowledge of how apelin’s transcription and isoform cleavage are
regulated, as well as the feasibility of using this pathway for clinical therapies, will be
critical, and ongoing clinical trials are already testing the efficacy of augmenting apelin/
APLNR signaling in humans (46, 47). Studies demonstrating apelin as a transcriptional
target of PPAR-y in the lung endothelium (48, 49) provide a potentially important regulatory
mechanism that may also be involved in other endothelial beds.

The function of endothelial FOXO factors has been described in both developmental and
vascular disease contexts (50-52). Both the global FoxoI knockout and the Tie2-Cre—driven
endothelial deletion of FoxoI result in early embryonic lethality (51, 53). In contrast, mice
with combined endothelial deletion of Foxol, Foxo3a, and Foxo4 were viable and were
protected against atherosclerosis on the £a/r/~background (52). Insulin signaling regulates
FOXO1 phosphorylation and activity via AKT (54); in turn, endothelial FOXO activation
can cause endothelial dysfunction by (i) inhibiting eNOS expression and (ii) promoting
negative feedback on insulin signaling (52, 55, 56). Further investigation into how apelin and
insulin may converge to synergistically regulate FOXOL1 signaling should provide additional
insights into these secretory factors that can regulate FOXO1 functions in health and disease.
Moreover, AMPK is a downstream target of apelin (9, 57). Although AMPK also regulates
the FOXO family of transcription factors (58), understanding the convergence of these
molecules as downstream targets of apelin signaling will elucidate the metabolic flexibility
afforded by this key pathway.

FABP4 and other proteins involved in FA binding and transport continue to be intensely
investigated. Emerging studies have begun to identify the function of these proteins in the
ECs (59). Although the exact mechanisms remain to be fully understood, these proteins
facilitate the uptake and transport of FA, and their pharmacologic inhibition in experimental
models has demonstrated compelling evidence for improvement of atherosclerosis (36),
improvement of endothelial dysfunction (60), and amelioration of dyslipidemia (61).
Characterization of the FABP4 global knockout mouse has also identified its critical role in
promoting insulin resistance (62). Delineation of endothelial FABP4 contribution to this
context would be important, as we continue to explore endothelial mechanisms that have
profound effects on global metabolic states.

Although our findings of engagement of FOXO1 and FABP4 by apelin/APLNR signaling
demonstrate the importance of these factors as key downstream mediators, given the
molecular signaling complexities of diabetes and its experimental animal models, cross-talk
among multiple signaling pathways, including those that mediate endothelial regulation of
FA transport (39, 41), is likely a key determinant in how discrete tissue beds regulate energy
and nutrient utilization. Our studies identify an endothelial signaling mechanism that is
important for glucose utilization in response to apelin. In an era when approval of
antidiabetic drugs does not require demonstrated improvements in cardiovascular outcomes
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(18, 19) and aggressive glycemic control with existing therapies fails to correlate with a
reduction in cardiovascular comorbidities (14-16), using the endothelial apelin/APLNR
signaling paradigm and its robust downstream vasoprotective effects represents an
innovative antidiabetic therapeutic strategy (10). Our studies highlight the importance of
targeting the FA transport properties of the endothelium as an emerging translational
strategy to improve glucose utilization and insulin sensitivity in type 2 diabetes.

MATERIALS AND METHODS

Study design

The main research objectives of these studies were to investigate the mechanisms by which
engagement of the apelin/APLNR signaling enhances glucose utilization and increases
insulin sensitivity. These studies were conducted using a combination of genetically
modified mice and pharmacologic treatments supported by in vitro mechanistic data. The
number of animals used in each group for each experiment is reported in the figure legends.
The mice used for pharmacologic treatment were assigned randomly once their genotypes
were confirmed. The metabolic and FA accumulation studies were analyzed blinded to the
genotype or pharmacological treatment. All graphs and numerical values in the figures are
presented as means + SEM.

Study approval

Mice

All animal experiments were conducted with approval of the Yale University or Stanford
University Institutional Animal Care and Use Committees. Human tissue studies were
conducted on discarded, deidentified surgical specimens or on purchased tissue sections
(OriGene).

The Aplr=, ApinrCeER Rosa™ MG, Foxo1™f Aplnr and Cah5%PAC)-CreERT2 mice
have been previously described (20, 22—24, 33). For AplnrCeER :Rosa™ MG mice, 6- to 8-
week-old mice were injected with 4 mg of tamoxifen (T5648, Sigma-Aldrich; 10 mg/ml
dissolved in 100% ethanol and subsequently in corn oil) intraperitoneally three times at an
interval of 2 days to induce recombination. For Ap/nrE¢K0 and Foxo1£€KO mice, Cre
activity was induced in 5-week-old mice by five consecutive intraperitoneal injections of 1
mg of tamoxifen. Gene deletion efficiency was confirmed (figs. S23 and S24). Littermates
for the respective conditional knockout mice lacking the Cre driver injected with the same
tamoxifen regimen were used as controls. Five weeks after tamoxifen injection, the mice
were used for the indicated experiments. For high-fat diet—fed mice, they were given an
atherogenic rodent diet (TD-02028, Harlan). Body composition was assessed by 1H
magnetic resonance spectroscopy using a Bruker Minispec analyzer (Bruker BioSpin). For
laser Doppler flow imaging analysis, the animals were anesthetized and maintained under
2% isoflurane and oxygen flow rate of 1 liter/min. Tissue perfusion of mouse hindlimb was
measured by laser Doppler spectroscopy. For the apelin infusion experiment, apelin-13
(Sigma-Aldrich) diluted in phosphate-buffered saline (PBS) or vehicle (PBS only) was
continuously infused for 7 days at 2 mg/kg per day by subcutaneous osmotic mini-pump
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(model 1004, ALZET) in 8-week-old mice. Miles assay using filtered Evans Blue dye was
performed as previously described (63).

Ex vivo treatment with apelin

Mouse soleus muscle was dissected and minced. The muscle was digested with collagenase
A (2 mg/ml) with gentle agitation for 45 min at 37°C. The cell suspension was triturated,
filtered through 70-um cell strainers, and then centrifuged. Cells were resuspended with 10
ml of cold PBS containing 0.1% bovine serum albumin (BSA). To remove ECs from the
tissue, the cell suspension was incubated for 30 min with Dynabeads (11035, Invitrogen)
coated with (i) control 1gG (12-371, Millipore) for non—-EC-depleting conditions or (ii)
antibody against CD31 (553370, BD Pharmingen) for EC-depleting conditions. Dynabeads
were then magnetically removed. EC depletion was conducted a total of three times per
sample. The skeletal myocytes were resuspended in complete Dulbecco’s modified Eagle’s
medium and stimulated with apelin (1 uM) for 1 hour before protein lysates were prepared.

Cell culture and reagents

HUVECs were purchased from the Yale Vascular Biology and Therapeutics core and
cultured in endothelial basal medium-2 (EBM-2) containing the BulletKit supplement
(Lonza). Additional HUVECs and HCMECs were purchased from Lonza. HUVECs and
HCMECs between passages 3 and 7 were used for the experiments. Mouse ECs from hearts,
skeletal muscles, and adipose tissues were isolated as previously described (8), and efficacy
was confirmed by measuring Pecam mRNA expression (fig. S25). Briefly, minced tissue was
digested with collagenase A (2 mg/ml) with gentle agitation for 45 min at 37°C. The cell
suspension was triturated, filtered through 70-um cell strainers, and then centrifuged. Cells
were resuspended in 2 ml of cold PBS with 0.1% BSA, and the cell suspension was
incubated with Dynabeads (11035-mouse, Invitrogen) coated with purified antibody to
CD31 (553370, BD Pharmingen) for positive selection.

Apelin-13 (Sigma-Aldrich) was used for all apelin stimulation conditions at the indicated
doses and time points. For phosphorylation studies, HUVECs were serum-starved in EBM-2
with 0.2% fetal bovine serum overnight. Pretreatment with 200 nM Wortmannin (Sigma-
Aldrich) or 1 uM LY-294002 (Sigma-Aldrich) was carried out for 1 hour after overnight
serum starvation before apelin stimulation. Cells were washed with ice-cold PBS and lysed
using radioimmunoprecipitation assay lysis buffer (Thermo Fisher Scientific) containing
Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). The protein
concentrations were measured using the Micro BCA Protein Assay kit (Thermo Fisher
Scientific). Western blotting was performed as previously described (9, 10). Each Western
blot is representative of three independent experiments done in triplicates. The antibodies
used were as follows: phospho-FOXO1 (Thr24) (9464, Cell Signaling), FOXO1 (2880, Cell
Signaling), phospho-AKT (Ser4’3) (4060, Cell Signaling), AKT (4691, Cell Signaling),
phospho-AMPKa (Thrl72) (2535, Cell Signaling), AMPKa (2603, Cell Signaling),
phospho-eNOS (S1177) (9571, Cell Signaling), eNOS (BD 610296), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (2118, Cell Signaling), and FABP4 (AF1443, R&D
Systems).
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In situ hybridization

Human skeletal muscle was purchased from OriGene (CS617749). Discarded and
deidentified surgical specimens of human adipose tissue were obtained from Yale New
Haven Hospital. Human APLNR probe was made using a full-length complementary DNA
(cDNA) clone (MHS6278-202801919; clone ID: 5241995, Dharmacon). Whole-mount in
situ hybridization was performed as previously described (64) for human adipose tissue.
Briefly, tissue was fixed in 4% paraformaldehyde (PFA) overnight at 4°C and dehydrated the
next day in a methanol series. Tissue was rehydrated to PBS/0.1% Tween 20 and digested
for 10 min in proteinase K (500 pg/ml) (Sigma-Aldrich), followed by fixation in 4% PFA/
0.2% glutaraldehyde in PBS/0.1% Tween 20. The tissue was washed in PBS/0.1% Tween
20, preincubated in hybridization buffer for 3 hours at 70°C, and then incubated in
hybridization buffer with digoxigenin (DIG)-labeled RNA probe overnight at 70°C. Section
in situ hybridization was performed as previously described (65) for human skeletal muscle.
Briefly, tissue was fixed in 4% PFA overnight at 4°C and then cryoprotected in 30% sucrose
treated with diethyl pyrocarbonate overnight at 4°C. Tissue was frozen in OCT (optimum
cutting temperature) compound (Sakura Tissue-Tek) and sectioned transversely on a Leica
CM1950 cryostat at 15 to 20 um. Sections were dried for 2 hours at room temperature and
then incubated in hybridization buffer with DIG-labeled RNA probe overnight at 70°C. The
probe was labeled with DIG-uridine triphosphate (11277073910, Roche) and detected with
alkaline phosphatase (AP)-conjugated anti—-DIG-AP antibody (11093274910, Roche)
overnight at 4°C, and the signal was visualized with BM Purple AP substrate (1144207001,
Roche). Adjacent skeletal muscle sections were stained with an anti-vWF antibody (A0082,
Dako) overnight at 4°C and detected with Alexa Fluor 568 goat anti-rabbit 19G (A11011,
Invitrogen). DAPI (Sigma-Aldrich) was used to stain the nuclei. Images were obtained using
bright-field and fluorescence microscopy (PerkinElmer UltraVIEW VoX Spinning Disk and
Nikon Eclipse 80i).

Intraperitoneal glucose tolerance test

Overnight-fasted mice were injected with p-glucose (2 g/kg) (D16-1, Thermo Fisher
Scientific; 200 mg/ml dissolved in PBS) intraperitoneally. For analysis of blood glucose
concentrations, blood was collected from the tail vein at 0, 15, 30, 60, 45, 90, and 120 min
after glucose administration, and glucose was measured with a glucometer (nextEZ meter,
Contour). To determine the effect of apelin on glucose tolerance, overnight-fasted
ApinrECKO mice were intravenously injected with apelin-13 (200 pmol/kg) (Sigma-Aldrich)
or PBS 30 min before p-glucose administration. For treatment with the FABP4 inhibitor,
BMS309403 (15 mg/kg per day) (60929, Astatech Inc.) was administered daily by oral
gavage for 7 days.

Intraperitoneal insulin tolerance test

Mice fasted for 6 hours were injected with insulin (1 U/kg) [19278, Sigma-Aldrich; prepared
in PBS (0.1 U/ml)] intraperitoneally. For analysis of blood glucose concentrations, blood
was collected from the tail vein at 0, 10, 20, 30, 40, 50, and 60 min after insulin
administration, and glucose was measured with a glucometer (nextEZ meter, Contour).
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BODIPY uptake and permeability assay

HUVECs or HCMECs were plated onto 24-well plates and pre-treated with 1 uM apelin for
24 hours in serum-free medium or subjected to APLNR knockdown for 48 hours before
being incubated with 2 uM BODIPY (D3823, Life Technologies) for 90 min. Cells were
washed twice with ice-cold PBS, and fluorescence was measured using a fluorescence plate
reader (BioTek). To visualize the fluorescence after BODIPY uptake, the cells were fixed in
4% PFA for 10 min at room temperature and analyzed by using fluorescence microscopy
(PerkinElmer UltraVIEW VoX Spinning Disk).

To evaluate the effects of apelin, APLNR, or FABP4 on FA transfer through the endothelial
layer, HUVECs and HCMECs were incubated with 1 uM apelin for 24 hours or transfected
with small interfering RNA (siRNA) against APLN and/or APLNR. To determine the effect
of FABP4 inhibitor BMS309403 on FA uptake, cells were subjected to APLNand APLNR
knockdown for 24 hours and incubated with the indicated concentrations of BMS309403 for
24 hours. Cells were then plated on Transwell inserts (0.4-um pore size; 3413, Costar) in 24-
well plates, and 2 uM BODIPY was added to the top chamber. Fluorescence was measured
from the bottom chamber at the indicated time points using a fluorescence plate reader
(BioTek).

Transendothelial transfer assays

HCMEC:s plated on 0.4—um-—pore size Transwell inserts (3413, Costar) in 24-well plates
were incubated with 1 uM apelin for 2 hours before adding 100 uM 2-(A-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (N13195, Thermo Fisher Scientific) or insulin-
FITC (13661, Sigma-Aldrich). Medium samples were collected from the bottom chamber at
the indicated time points, and fluorescence was measured using a fluorescence plate reader
(BioTek). For assessment of endothelial layer permeability, HCMECs were trans-fected with
APLN and APLNR targeting SiRNA (20 nM) or scramble control siRNA for 48 hours, after
which the cells were plated on 0.4—um- pore size Transwell inserts (3413, Costar) and
cultured for 3 days. FITC-dextran (70 kDa) (150 pl of 1 mg/ml) was added to the upper
chamber, 50 pl of medium was taken from the lower chamber at the designated time points,
and fluorescence was measured using a plate reader (BioTek).

Immunohistochemistry and immunofluorescence

To assess GFP expression in the Ap/nreER :Rosa™ MG mice, mice were euthanized using
CO», inhalation, and tissues were harvested. Tissues were fixed in 4% PFA for 1 to 2 hours at
4°C. Tissues were washed in 1x PBS and frozen in OCT (Sakura Tissue-Tek). Tissues were
sectioned and immunostained with anti—\VVE-cadherin antibody (550548, BD Pharmingen),
Sm-MHC (BT-562, Biomedical Technologies), and a nuclear stain (DAPI, Thermo Fisher
Scientific) and then imaged using fluorescence microscopy.

Hearts from mice of the indicated genotype or treatment were dissected and postfixed in 4%
PFA overnight and subsequently cryoprotected in 30% sucrose overnight. Tissue was then
frozen in OCT compound (Sakura Tissue-Tek), sectioned on a Leica CM1950 cryostat at 10
um, and stored at —80°C. Sections of adult mouse hearts were incubated overnight at 4°C
with the indicated antibodies, including anti-FABP4 antibody (AF1443, R&D systems) and
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anti-CD31 antibody (553370, BD Pharmingen), and then detected with Alexa Fluor 568
donkey anti-goat 1gG (A10037, Invitrogen), Alexa Fluor 568 goat anti-rabbit 1gG (A11011,
Invitrogen), and/or Alexa Fluor 488 goat anti-mouse IgG antibodies (A11001, Invitrogen).
DAPI (Sigma-Aldrich) was used to stain the nuclei. For cell staining, HUVECs were
cultured in 35-mm glass-bottom dishes (MatTek), grown in EBM-2 overnight, and treated
with 1 uM apelin for 1 hour. The cells were fixed with 4% PFA, incubated overnight at 4°C
with anti-FOXO1 antibody (2880, Cell Signaling), and then detected with Alexa Fluor 568
goat anti-rabbit 1gG (A11011, Invitrogen). DAPI (Sigma-Aldrich) was used to stain the
nuclei. Images were obtained using fluorescence microscopy.

RNA extraction and reverse transcription PCR

We extracted total RNA with the miRNeasy RNA Isolation kit (Qiagen). Purified RNA was
reverse-transcribed with the iScript cDNA Synthesis kit (Bio-Rad). Reverse transcription
PCR (RT-PCR) was performed with TagMan probes (Applied Biosystems) or SYBR Green
assays (Bio-Rad) on a CFX96 (Bio-Rad) PCR machine according to the manufacturer’s
instructions.

RNA silencing

Targeting siRNAs and nontargeting controls were purchased from Invitrogen (Stealth
siRNA). SiRNAs were complexed with Lipofectamine RNAIMAX (Invitrogen), and
transfection was performed according to the manufacturer’s instructions. Three days after
the transfection, either HUVECs or HCMECs were used for the Western blot assays or real-
time PCR. Efficiency of knockdown was confirmed by RT-PCR for APLN and PPARG (fig.
S26) and by Western blot for APLNR (fig. S27).

LacZ staining

Aplrit!’acZ reporter mice were dissected in PBS/2 mM MgCly, and tissues were fixed in 1%
PFA/0.2% glutaraldehyde for 1 hour, washed extensively, and stained in X-gal substrate
solution for 24 hours at 37°C. Tissues were postfixed in 4% PFA for 1 hour at room
temperature, washed, and cryoprotected in 30% sucrose/PBS. Tissues were subsequently
frozen in OCT (Sakura Tissue-Tek), sectioned at 20 um, washed with PBS to remove the
OCT, and mounted with DPX mounting medium (Sigma-Aldrich).

In vivo FA uptake assay

Eight- to 12-week-old male mice were given a bolus dose of 2 uCi of 14C-OA (PerkinElmer)
dissolved in olive oil by oral gavage. For treatment with the FABP4 inhibitor, BMS309403
(15 mg/kg per day) (60929, Astatech Inc.) was administered daily by oral gavage for 7 days.
For analysis of FA uptake, organs were harvested at the indicated time points after 14C-OA
gavage. The organs were dissolved overnight at 50°C in tissue solubilizer (1 mI/100 mg
tissue) and neutralized with glacial acetic acid (30 ul/ml), and BCS-NA Counting Scintillant
was added. Total radioactivity was measured by liquid scintillation using a Tri-Carb 1600TR
Liquid Scintillator (Packard).
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Qil red O staining

Frozen 10-um cryosections from the heart and skeletal muscle were fixed with 10% neutral
buffered formalin for 5 min. After the fixation, oil red O stain (01391, Sigma-Aldrich) was
added for 10 min to stain for lipid accumulation. After rinsing with distilled water, the slides
were mounted with aqueous VectaMount AQ (H-5501, Vector Laboratories) solution.
Sections were imaged using bright-field microscopy and quantified using ImageJ.

Tissue lipid analysis

Microarray

Lipids were extracted using the method of Folch et al. (66). The extracts were filtered, and
lipids were recovered in the chloroform phase. Individual lipid classes were separated by
thin-layer chromatography using Silica Gel 60 A plates developed in petroleum ether, ethyl
ether, and acetic acid (80:20:1) and visualized by rhodamine 6G. Phospholipids,
diglycerides, triglycerides, and cholesteryl esters were scraped from the plates and
methylated using BF3/methanol, as described (67). The methylated FAs were extracted and
analyzed by gas chromatography. Gas chromatography analyses were carried out on an HP
5890 gas chromatograph equipped with flame ionization detectors, an Agilent 7890A GC
system, and a capillary column (0.25 mm x 30 m, 0.25-um film; SP-2380, Supelco). Helium
was used as a carrier gas. The oven temperature was programmed to increase from 160° to
230°C at increments of 4°C/min. FA methyl esters were identified by comparing the
retention times to those of known standards. Inclusion of lipid standards with odd-chain FAs
permitted quantitation of the amount of lipid in the sample. Dipentadecanoyl
phosphatidylcholine (C15:0), diheptadecanoin (C17:0), trieicosenoin (C20:1), and
cholesteryl eicosenoate (C20:1) were used as standards.

HUVECs were transfected with APLN, APLNR, FOXOI, or negative control SiRNAs
(Invitrogen). After 48 hours, RNA was extracted using miRNeasy Mini kit (Qiagen). The
RNA was quantified, and the RNA quality was verified using NanoDrop (Thermo Fisher
Scientific). The HumanHT-12 v4 Expression BeadChip kit (Illumina) was used according to
the manufacturer’s protocol by the Yale Center for Genome Analysis. Microarray results
were analyzed using the bead array and limma packages in R/Bioconductor (version
2.14/2.09). The gene expression profiling data have been deposited into GEO (GSE67390).

Plasma analysis

Plasma was assessed for insulin (10-1247-01, Mercodia) and adiponec-tin (EK0596,
BOSTER), following the manufacturer’s instructions. Briefly, for insulin, 10 ul of each
plasma sample was added in the insulin antibody—coated wells on the microplate. After a 2-
hour incubation, the plate was washed, and the substrate was added at room temperature.
The reaction was stopped after 15 min, and the plate was read at 450 nm (BioTek Synergy
2). For adiponectin, 100 ul of plasma was added to adiponectin antibody—coated wells on the
microplate and incubated for 2 hours at 37°C. The plate was washed, and substrates were
added, followed by an additional 1-hour incubation, after which the stop solution was added
and the absorption at 450 nm was measured with a microplate reader.
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Statistics

All experiments were performed in triplicate (unless otherwise specified) in at least three
independent experiments, and data are shown as means = SEM. When only two groups were
compared, statistical differences were assessed with unpaired two-tailed Student’s ¢test.
Otherwise, statistical significance was determined using one- or two-way analysis of
variance, followed by Bonferroni multiple comparison test. 2< 0.05 was considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. APLNR expression isrestricted to the endothelium of adult tissues

(A) Representative in situ hybridization of adult human skeletal muscle with adjacent
sections stained for von Willebrand factor (VWF) (white) and with 4”,6-diamidino-2-
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phenylindole (DAPI) (blue). Scale bar, 50 um. (B) Representative green fluorescent protein
(GFP) expression in the tissues of adult Ap/nrC™eER: Rosa™ MG mice. DAPI nuclear stain
(blue), GFP expression (green), VE-cadherin endothelial stain (red), and merged images are
shown for skeletal muscle (Sk. musc.), WAT, and BAT. Scale bars, 100 um. (C) Relative
mMRNA expression of Ap/nrin tissue homogenates versus isolated ECs from various mouse
adult tissues (7= 3 mice per group). **P< 0.01.
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Fig. 2. Endothelial APLNR iscritical for apelin signaling
(A) Representative immunoblot of AKT and AMPKa phosphorylation in response to apelin

stimulation in skeletal muscle with or without EC depletion (n7 = 3 replicates per group).
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; n.s., not significant. (B)
Representative immunoblot of AKT, AMPKa, and eNOS phosphorylation in response to
apelin stimulation in skeletal muscle of Ap/nrE¢K0O mice and control littermates (/7= 3
replicates per group). (C) IPGTT of Ap/nrE¢KO mice and control littermates [/7= 10
(control) and 14 (AplnrFCKO)]. (D) IPGTT in Ap/nrFCKO and control mice 30 min after
intravenous apelin injection [7=5 (control) and 7 (Ap/nFCKO)]. (E) Intraperitoneal insulin
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tolerance testing of Ap/nrF¢KO mice and their control littermates under basal conditions (/7=
6 per group). (F) Representative apelin expression in skeletal muscle, WAT, and BAT, as
assessed by lacZ staining of Ap/n*//¢Z reporter mice fed a normal chow or a high-fat diet
(HFD). Scale bar, 100 um. (G) Relative mRNA expression of apelin in various tissues of
mice fed a normal chow or a high-fat diet (r7= 5 per group). *£< 0.05 and **P < 0.01.
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Fig. 3. Apelin induces endothelial FOXO1 inactivation and inhibits FABP4 expression
(A) FOXO1 phosphorylation in response to apelin stimulation (1 hour at the indicated

concentrations) of HUVECs. (B) Time course of FOXO1 phosphorylation in HUVECs
treated with apelin. (C) Subcellular localization of FOXOL1 in response to apelin stimulation.
Scale bar, 5 um. (D) Apelin-induced FOXO1 phosphorylation in conjunction with inhibition
of phosphoinositide 3-kinase by pretreatment with either Wortmannin or LY-294002. (E)
Representative immunoblot of FABP4 in HUVECSs in response to apelin knockdown (APLN
si), FOXO1 knockdown (FOXOL1 si), or both. (F) Representative immunoblot for FABP4
expression in isolated skeletal muscle ECs from the indicated mouse strains. *£< 0.05, **P

<0.01,and TTP<0.01.
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Fig. 4. Apelin-FABP4 signaling regulates endothelial FA uptake and transfer
(A) Representative image of BODIPY uptake in HCMECs subjected to apelin pretreatment.

Scale bar, 5 um. a.u., arbitrary units. (B) Representative image of BODIPY uptake in
HCMECs subjected to APLNR knockdown (APLNR si). Scale bar, 5 um. (C and D)
Assessment of the FA transfer across a confluent HCMEC layer, as measured by
determination of BODIPY in the bottom well of a Transwell plate, in response to apelin
stimulation (C) or APLNR knockdown (D). (E) Fluorescent BODIPY transfer in response to
APLNand APLNR knockdown in HCMECSs and in conjunction with treatment with the
FABP4 inhibitor BMS309403. *£ < 0.05 and **P< 0.01 (for 1 pM); TP< 0.05 and TTP<
0.01 (for 10 uM). (F) Tissue uptake of 14C-OA in the liver, WAT, BAT, heart, and skeletal
muscle of Ap/i/~ mice at 2 and 24 hours after oral gavage (7= 5 for each time point). FM,
femoral muscle; DM, dorsi muscle. (G) Representative images and quantification of oil red
O staining of skeletal muscle from Ap/r'~ mice and wild-type littermates (77=5 per group).
Scale bar, 20 pm.
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Fig. 5. Apelin-FOXO1 signaling regulates tissue FA uptakein vivo

(A) IPGTT in Apli'= and Aplr!~ Foxo15°K0 double-knockout mice (7= 5 per group). (B)
Representative images and quantification of oil red O staining of skeletal muscle from
Aplri!'= and Aplri!~ Foxo15€KO double-knockout mice (7= 5 per group). Scale bar, 20 um.
(C) Assessment of 14C-OA uptake in Ap/li™!~ and Apli!~ Foxo1E€KO double-knockout mice
at 24 hours after oral gavage (7= 5 per group). (D) Assessment of 14C-OA uptake in Ap/i’~
mice and wild-type (WT) littermates treated with the FABP4 inhibitor BMS309403 (n=5
per group for each time point). DMSO, dimethyl sulfoxide. Data are means £ SEM. *P<
0.05, **P<0.01, TP< 0.05, and TTP< 0.01.
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Fig. 6. Impaired glucose uptake of ApInrECKO mice can be rescued by FABP4 inhibition
(A) Tissue uptake of 14C-OA in the liver, WAT, BAT, heart, and skeletal muscle of

ApInrFCKO mice at 24 hours after oral gavage (7= 5 per group). (B) Representative images
and quantification of oil red O staining of skeletal muscle from Ap/nE¢K0 mice and control
littermates (/7= 5 per group). Scale bar, 20 pm. (C) IPGTT in Ap/nrE€KO mice after 7 days
of treatment with BMS309403 by oral gavage (n7=7 per group). (D) Representative images
and quantification of oil red O staining of skeletal muscle from Ap/nECKO mice treated with
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BMS309403 (7= 5 per group). Scale bar, 20 pm. (E) Proposed mechanism of endothelial
apelin/APLNR metabolic signaling. *£< 0.05, **£< 0.01, and ***P< 0.001
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