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Abstract

Background—Nutrients are transported through endothelial cells before being metabolized in 
muscle cells. However, little is known about the regulation of endothelial transport processes.
Notch signaling is a critical regulator of metabolism and angiogenesis during development. Here, 
we studied how genetic and pharmacological manipulation of endothelial Notch signaling in
adult mice affects endothelial fatty acid transport, cardiac angiogenesis, and heart function.
Methods—Endothelial-specific Notch inhibition was achieved by conditional genetic 
inactivation of Rbp-jκ in adult mice to analyze fatty acid metabolism and heart function. Wild-
type mice were treated with neutralizing antibodies against the Notch ligand Dll4. Fatty acid 
transport was studied in cultured endothelial cells and transgenic mice.
Results—Treatment of wild-type mice with Dll4 neutralizing antibodies for eight weeks 
impaired fractional shortening and ejection fraction in the majority of mice. Inhibition of Notch 
signaling specifically in the endothelium of adult mice by genetic ablation of Rbp-jκ caused heart 
hypertrophy and failure. Impaired heart function was preceded by alterations in fatty acid 
metabolism and an increase in cardiac blood vessel density. Endothelial Notch signaling 
controlled the expression of endothelial lipase, Angptl4, CD36 and Fabp4, which are all needed 
for fatty acid transport across the vessel wall. In endothelial-specific Rbp-jκ-mutant mice lipase 
activity and transendothelial transport of long-chain fatty acids to muscle cells was impaired. In 
turn, there was accumulation of lipids in plasma and liver. The attenuated supply of 
cardiomyocytes with long-chain fatty acids was accompanied by higher glucose uptake,
increased concentration of glycolysis intermediates and mTOR-S6K signaling. Treatment with
the mTOR inhibitor rapamycin or displacing glucose as cardiac substrate by feeding a ketogenic 
diet prolonged survival of endothelial-specific Rbp-jκ-deficient mice.
Conclusions—This study identifies Notch signaling as a novel regulator of fatty acid transport 
across the endothelium and as an essential repressor of angiogenesis in the adult heart. The data 
imply that the endothelium controls cardiomyocyte metabolism and function.

Key Words: endothelial cell; animal model cardiovascular disease; angiogenesis; metabolism
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Clinical Perspective 

What is new? 

This work shows that Notch signaling in the endothelium controls blood vessel formation 

and fatty acid transport in the adult mouse heart. 

Inhibition of Notch signaling in the vasculature leads to expansion of the cardiac 

vasculature and impairment of fatty acid transport to cardiomyocytes. 

This results in metabolic reprogramming and heart failure.

What are clinical implications? 

Notch signaling is a promising target in oncology. 

Pharmacological inhibition of Notch signaling could lead to heart failure due to vascular 

and metabolic remodeling of the heart.

g g g

and metabolic remodeling of the heart.
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Introduction

Endothelial cells (EC) form tubes for the transport of blood, but in addition, ECs regulate 

organogenesis, tissue regeneration, stem cell differentiation, or tumor progression in a paracrine 

(angiocrine) fashion.1, 2 Given that ECs are in close proximity to almost every other cell type, 

they are ideally suited to control homeostasis. Even though this may also be important for 

controlling distribution of nutrients to parenchymal cells, little is known about this. 

Located at the interface between plasma and parenchymal cells, EC heterogeneity 

provides organ-specific vascular beds.1 For instance, sinusoidal liver ECs form gaps and do not 

provide a physical barrier for nutrient transport, whereas the continuous endothelium, in muscle, 

heart, lung or brain requires transcellular transport of nutrients. EC fatty acid transport is 

facilitated by PPARγ and Meox2/Tcf15,3, 4 and it is discussed how VEGF-B secreted from 

cardiomyocytes stimulates EC fatty acid transport.5-7

The activity of Notch signaling in various cell types including ECs is influenced by levels 

of plasma glucose8-11 and inflammatory lipids,12 suggesting a link between the metabolic status 

and Notch signaling activity. Notch signaling is an intercellular communication system. Binding 

of ligands (Delta-like (Dll) and Jagged) triggers cleavage of Notch receptors to release the 

intracellular domain (Notch-ICD) that enters the nucleus, interacts with Mastermind like-1

(MAML1) and the Rbp-jκ complex to act as a transcription factor. In the developing vasculature 

and in solid tumors, Dll4/Notch signaling restrains angiogenesis,13 while in the adult, quiescent 

endothelium the role of Notch signaling is not yet understood.

Notch signaling is an interesting target for therapeutic interventions in oncology.

However, severe congestive heart failure occurred in a substantial proportion of patients treated 

heart, lung or brain requires transcellular transport of nutrients. EC fatty acid trannnnnnspspspspspsporororororort ttttt isisisisisis  

facilitated by PPARγ and Meox2/Tcf15,3, 4 and it is discussed how VEGF-B secreted from 

cardiomyyyyyyocytes stimulates EC fatty acid transport.5-7
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anananddd NoNoNotctctchhh sisiisigngngnalalalinininggg acacactititivivivitytyty. NoNoNotctctchhh sisisigngngnalalalinininggg isisis aaannn ininintetetercrcrcelelellulululalalarrr cococommmmmmunununicicicatatatioioionnn sysysystststememem. BiBiBindndndinininggg 
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with different DLL4-blocking antibodies in phase-I studies,14, 15 that target Notch signaling 

predominantly in ECs and a few other cell types. The reason for this remains elusive.

Methods

The authors declare that all supporting data are available within the article and its online 

supplementary files.

Please refer to the Expanded Methods in the Online Data Supplements for experimental details. 

Animal Studies

The study was approved by Institutional and Regional Animal Research Committees. All animal 

procedures were in accordance with institutional guidelines and performed according to the 

guidelines of the local institution and the local government (Regierungspräsidium Karlsruhe).

RbpjiΔEC mice (Cdh5-CreERT2,Rbpjlox/lox) were obtained by crossing Cdh5-CreERT2 mice with 

Rbpjlox/lox mice,16 and injected with 1.5 mg tamoxifen i.p. for 5 consecutive days. TAG, total 

ketone bodies and NEFA were measured using kits from Sigma and Wako Diagnostics. Glucose-

6-phosphate was determined with a kit from Cayman Chemical Company. Acyl-CoAs were 

extracted from tissues and measured as described.17, 18 Mice were not anesthetized during 

transthoracic echocardiography.19 Long-chain FA organ uptake was assessed as described.20 Dll4

blocking antibodies were from Genentech.21

Statistical Analysis

The results are presented as mean and SEM. SigmaPlot 12.5 (Systat Software) was used for 

statistical analysis. Unpaired two-tailed Student’s t-test was used for comparisons of two groups 

(most of the presented experiments). Significance between more than two groups was tested by 

procedures were in accordance with institutional guidelines and performed accorddddddinininininingggggg tototototototo tttttttheheheheheheh  

guidelines of the local institution and the local government (Regierungspräsidium Karlsruhe).

RbpjiΔEC mice (Cdh5-CreERT2,Rbpjlox/lox) were obtained by crossing Cdh5-CreERT2 mice with 

Rbpjpjpjpjpjpjpjlolololololoox/lox miceeeeee,11611111 ananaananaand ininnininnjejejejejejejectctctcctcteddddddd wiwiwwwiwiww ththththththt 1.11 5 mgmmmmm  tammmmmoxoooo ifififeeen iiiiii.p.p.p.p.p.pp...... fofofofofoforrrrrr r 5 cocoococoonsnsnsnsnn eceeee utututututivi e dadadadadadadaysysysysysysys. . TATTTTTT G,G,G,G,G,G, tttttttototototototalalalalalalal 

ketoooooonnnnennn  bodies anananananananddd NENENEEFFFFA wwwwwwwererrrrrre measurededd usingggngngg kitttsss frfrrrrromomomomomomom SSSSSSigigigigigigmmmam aaaannndn WWWaaakooo ooo DiDD agnoooooooststtttticcccss. Glucococcoose-

666-phphphosososphphphatatateee wawawasss dededetetetermrmrminininededed wwwititithhh aaa kikikittt frfrfromomom CCCayayaymamamannn ChChChemememicicicalalal CCComomompapapanynyny. AcAcAcylylyl-CoCoCoAsAsAs wwwererereee 
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Two Way ANOVA using Holm-Sidak method as post-hoc test. The log-rank test was used to 

compare survival of mouse cohorts (Fig. 8B). p<0.05 was considered as statistically significant. 

Results

Neutralizing DLL4 antibodies impair heart function in mice

Notch1 is expressed in variable amounts in ECs and several other cell types.22 We observed 

Notch1 expression in ECs of heart, skeletal muscle, liver and white adipose tissue of adult mice

(Fig. 1A). In the heart of wild-type mice, there was in particular Notch1 activity in blood vessels 

as demonstrated by the presence of Notch1-ICD (Fig. 1B). Pharmacological targeting of Notch 

signaling specifically in ECs is not possible up to date. However, expression of the Notch ligand 

Dll4 is more restricted to the vasculature making this an attractive target to inhibit vascular 

Notch signaling. Inspired by the fact that heart failure was observed in phase-I trials using 

neutralizing DLL4 antibodies,14, 15 we aimed at testing if neutralizing antibodies against murine 

Dll423 would impair heart function also in C57BL6 wild-type mice. Eight weeks after the first 

injection, freshly isolated ECs had lower mRNA expression levels of Hey1 and Hey2 indicative 

of decreased Notch signaling activity (Fig. 1C). The mice had no changes in body weight 

compared to controls as observed before,23 the heart to body weight ratio was slightly but not 

significantly increased (Fig. 1D). Transthoracic echocardiography revealed that anti-Dll4

treatment led to a reduction in ejection fraction and fractional shortening in 3 of 5 mice (Fig. 1E-

I).

EC-specific Rbp-jκ ablation impairs heart function

To test if indeed the inhibition of Notch signaling selectively in the endothelium contributes to 

development of heart failure, we inactivated the Rbpj gene encoding Rbp-jκ, the essential 

ignaling specifically in ECs is not possible up to date. However, expression of thehehehehehe NNNNNNototototototchchchchchchh lllllligigigigigiganananananana d 

Dll4 is more restricted to the vasculature making this an attractive target to inhibit vascular 

Notch signggggg aling. Inspired by the fact that heart failure was observed in phase-I trials using 

neututututututu rararararararalizing DDDDDDLLLLLLLLL4 444 4 44 antitititittiboboboboboboodidididdidiesesssss,141414141414, 1515151515151 wwwwwwe aiaiiaiaiimed atatatata testststingggggg ififififififi nnnnnneueueueueueuutrttttt alalalalizizzizizzininininii g gggg ananananantiboooooodididididididiesesesesesess agagagagagaga ainsnsnnsnnst t tt tt mumumumumumuuririririririr nennnnn  

Dll4l4444422232222 would imimimimimimmpaaaaiir hhhheeart fffffffunununununununction alsoo in C57B7B7B7B77 L6L6L6 wwwwwwwilililililillddddddd-ttytytytytyppee micececcee. Eiigghhtt wwwwewww eks afafffffafttttetterrrr tttthe firsssst 

nnnjejejectctctioioionnn, frfrfreseseshlhlhlyyy isisisolololatatatededed EEECCCsss hahahaddd lololowewewerrr mRmRmRNANANA eeexpxpxprereressssssioioionnn lelelevevevelslsls ooofff HeHeHey1y1y1 anananddd HeHeHey2y2y2 ininindididicacacatititiveveve 
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transducer downstream of all four Notch receptors, specifically in ECs.16 Tamoxifen-driven 

genetic deletion of Rbpj in adult Cdh5-CreERT2,Rbpjlox/lox mice (RbpjiΔEC mice) resulted in 

robust reduction of Rbp-jκ protein specifically in ECs but not in whole tissue lysates representing 

multiple cell types (Supplementary Fig. 1A, B). Cre-negative tamoxifen-treated littermates 

were used as controls. In addition, the cardiac phenotype was also analyzed in Cre-positive 

tamoxifen-treated mice lacking the floxed allele. As reported before,23 both controls showed no 

significant differences. 

Heart morphology and weight, as well as cardiac pump function were not altered 4-5

weeks post injection of tamoxifen (p.i.) that leads to endothelial Rbpj gene ablation 

(Supplementary Fig. 1C-K). At 6-7 weeks p.i., there was a decrease in ejection fraction (27%

vs. 63%, p=0.022). Surface electrocardiogram showed no obvious alterations compared to 

control mice (Supplementary Fig. S1L). At 8-10 weeks p.i. the mice died. 

Histopathological examination of hearts from RbpjiΔEC mice eight weeks p.i. revealed

marked hypertrophy of cardiomyocytes, which exhibited larger variance in nuclear size and more 

cytoplasm, as well as thickening of the left ventricular wall and the septum (Fig. 2A, B and 

Supplementary Fig. 2A). There were no signs of fibrosis (Supplementary Fig. 2B),

hyperplasia, necrosis or apoptosis. Electron microscopy showed normal arrangement of the 

cardiac muscle fibers, intercalated discs and normal morphology and localization of 

mitochondria. However, the mitochondrial size was increased and the mitochondria often 

contained electron-dense particles likely representing calcium precipitates (Fig. 2C and 

Supplementary Fig. 2C, D), which can form as result of high cytoplasmic calcium levels.24

Cardiac calcium handling can be impaired due to diminished ATP,25 and indeed there was a

significant reduction of ATP levels in heart lysates of RbpjiΔEC mice (Fig. 2D). The heart-to-

Supplementary Fig. 1C-K). At 6-7 weeks p.i., there was a decrease in ejection frfrfrfrfrfracacacacacactitititititionononononon ((((((272727272727%%%%%%%

vs. 63%, p=0.022). Surface electrocardiogram showed no obvious alterations compared to 

control mice (Supplementary Fig. S1L). At 8-10 weeks p.i. the mice died. 

Histopatatatatattathohohohohohohololololoogiiiiiicacacacacaaalllllll exexexeexexamamamamamammininininininnatatatatatatioioioioii n ofooooo  heartttttsssss frrrooom RbRbRbRbRbRbbpjpjpjpjpjpjiΔiΔiΔiΔiΔiΔEC mimiimimiicececececc   eieeee ghghghghght weweweweweweeekekekekekekeksssssss p.p.p.pp.p.p.i. reeeeeeveveveveveveealalaaalaledededededede

markrkrkrkrkrkkede  hypertrtrtrtrtrtrroooopooo hyhhyhy oooof f ff cardddddddioiooooomyocytyyyyyy es,,, whichhh hhh exxxhhhibibibiiiitetetetetetet ddddddd llllalalarggggeeere vvvvaarrrianccceee inininininin nucleararrrrrr ssssizzzzeeee and momommm re

cycycytototoplplplasasasmmm, aaasss wewewellllll aaasss ttthihihickckckeneneninininggg ofofof ttthehehe leleleftftft veveventntntririricucuculalalarrr wawawallllll anananddd thththeee seseseptptptumumum (((FiFiFiggg. 222AAA, BBB aaandndnd 
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body-weight ratio was >70% higher in RbpjiΔEC than in control animals (Fig. 2E).

Echocardiography revealed that the left ventricle was massively enlarged and had an ejection 

fraction of <20% (Fig. 2F–I, Supplementary Fig. 2E–H, Supplementary Movie). The lungs of

RbpjiΔEC mice were significantly heavier than controls (Fig. 2E), indicating pulmonary edema 

due to reduced pumping function of the left ventricle. This was accompanied by increased 

expression of the natriuretic peptide Bnp (Fig. 2J).

Heart failure often leads to a switch in gene expression from the adult towards the “fetal 

gene expression program”. The fetal heart has a strong preference to carbohydrates over fatty 

acids as substrates for energy provision and shows lower expression of genes associated with 

fatty acid oxidation.26 We detected clear evidence for induction of the fetal gene expression 

program in hearts of RbpjiΔEC mice eight weeks p.i. with altered expression of glucose 

transporter-4 (Glut4), pyruvate dehydrogenase kinase isoform-2 (Pdk2), acyl-CoA 

dehydrogenase, long chain and medium chain (Acadl, Acadm), citrate synthase (Cs), carnitine 

palmitoyltransferase-1b (Cpt1b), collagen type IIIα (Col3a) and myosin heavy polypeptide-6

(Myh6) (Fig. 2J).

EC-specific Rbp-jκ ablation leads to increased cardiac blood vessel density 

EC Notch signaling restrains angiogenesis during development, ischemia, tissue repair and tumor 

growth.13 To test if Notch inhibition would also lead to increased blood vessel growth during 

heart hypertrophy and failure, blood vessel density was determined. There was already a

pronounced alteration in cardiac blood vessel morphology in several spots throughout both 

ventricles of RbpjiΔEC mice at four weeks p.i. and the CD31-positive area was increased 

compared to controls (Fig. 3A, B). Even, in the hypertrophic hearts seven weeks p.i. there was 

still a very substantial increase in the CD31-positive area. In skeletal muscle, vessel density was 

fatty acid oxidation.26 We detected clear evidence for induction of the fetal gene eeeeeexpxpxpxpxpxprerererereressssssssssssioioioioioiionn n nnn 

program in hearts of RbpjiΔEC mice eight weeks p.i. with altered expression of glucose 

ransporter-4 (Glut4), pyruvate dehydrogenase kinase isoform-2 (Pdk2( ), acyl-CoA 

dehyhyhyhyhyhyhydddddrdd ogenaseeeeee, looooooongnnnn cccccchahahahahaaainininininini aandndndndndndnd mmmmmmededededededium mm mm chainnnnn (((((Acccaaadl,, AAAAAAAcacacacacacadmdmdmdmdmdmm(( ), cicicicitrtrrrtrtrataaa e sysysysysynthahahahaahahaseseesesesese (((((((CsCCCCCC ), cacacacaaarnrnrnrnrnrnr itititititittinininininine e

palmlmlmlmlmlmmitiiiii oyltranssssssfefefefefefeferaaaassse-1b11b1bb (Cpppppppttt1ttt b), collagaggen typpppppee IIIαIαIα (((CoCoCoCoCoCol3l3l3l3l3l3l a))))) ) aaanand mmymmm osiniinn hhhhhheaeaaaaaeavy pollllllypypypypypypyppepepepeptide-66

MyMyMyh6h6h6))) (((6666 FiFiFiggg. 222JJJ))).
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increased at eight weeks p.i., whereas in brain no such changes were observed (Fig. 3A,C,D).

The increased cardiac vessel density was associated with higher CD31 and Vegfr2 mRNA levels 

in heart lysates, whereas Vegf-a levels, indicative of hypoxia, were not increased (Fig. 3G).

To test if these vascular alterations would severely alter blood perfusion we first analyzed 

skin perfusion and detected no significant changes (Fig. 3F). Secondly, Hoechst dye-33342 was 

injected i.v. and mice sacrificed 60 seconds later. The dye reached essentially all cell nuclei of 

cardiac muscle in RbpjiΔEC (8 weeks p.i.) and control mice, indicating no major defect in blood

perfusion (Fig. 3G). The same was observed in skeletal muscle (not shown).

Elevated plasma TAG and NEFA levels in RbpjiΔEC mice

As the observed vascular alterations appeared unlikely as the sole cause of heart failure, we 

searched for additional means by which altered EC function could contribute to deterioration of 

heart function. Changes in cardiac metabolism might cause heart failure.27 ECs play an important 

role in shuttling fatty acids to subendothelial cells,3, 4 and could thereby lead to metabolic 

remodeling in case nutrient transport is impaired. Since the activity of Notch signaling is 

influenced by several metabolites,8-12 we aimed at analyzing if EC Notch signaling could be 

involved in controlling the metabolite flux from plasma to muscle cells.

RbpjiΔEC mice showed no differences in body fat and lean masses compared to Cre-

negative littermate controls eight weeks p.i. (Supplementary Fig. 2I). The morphology of

Langerhans islets (Fig. 4A) and storage of carbohydrates in liver were comparable to controls

(not shown). However, plasma of RbpjiΔEC mice showed elevated levels of triacylglycerols 

(TAG) and non-esterified fatty acids (NEFA, Fig. 4B,C) and mice developed fatty liver (Fig. 

4D). This could be observed already at 3-4 weeks p.i., when cardiac output function was still 

As the observed vascular alterations appeared unlikely as the sole cause of heart ffffffaiaiaiaiaiailulululululurererererere, , , ,,, wewewewewewe 

earched for additional means by which altered EC function could contribute to deterioration of 

heart function. Changes in cardiac metabolism might cause heart failure.27 ECs play an important

oleeeeeee iiiiiiin n shuttlinnnnnngggggg faaaaaaattttttttty acacacacaacidididididididsssss s toooooo sssssssububububububbenenenenenendod ththhththhelial cecececeec lls,333, 4 ananananananndddddd cococococococouluuuuuu d dd d ththhththhererereree ebeeee y yyy y leaddddddd tttttttoooooo mememememememetaboboooolilililililic c c c cc 

emomomomomomoodeddddd ling in cacacaacaacaseeee nuuutu rrrrient t t trtrrrrrransport iss iiimpairrerererr d. SSSincncncncncncnce e e e ee ththththththt e e acaacacctiviiiityyyy of NNNootctctctctctcch signaaalalaaa iiiinii ggg g is 

nnnflflflueueuencncncededed bbbbyyy seseseveveverararalll mememetatatabobobolililitetetesss,8888888-12121212 wewewe aaaimimimededed aaattt anananalalalyzyzyzinininggg ififif EEECCC NoNoNotctctchhh sisisigngngnalalalinininggg cococoulululddd bebebe 

 by guest on M
arch 20, 2018

http://circ.ahajournals.org/
D

ow
nloaded from

 

http://circ.ahajournals.org/


10.1161/CIRCULATIONAHA.117.029733

10

normal. This indicated that EC Notch signaling might be needed for the transendothelial 

transport of fatty acids.

EC Notch signaling is needed for clearance of plasma TAG

TAG are processed into fatty acids by lipases apically bound to ECs. It is important to note that 

the discontinuous liver endothelium is no barrier for fatty acid uptake by hepatocytes. In turn, the 

continuous endothelium in muscle provides transcellular transport of fatty acids.1

First we analyzed a potential crosstalk between the endothelium and fatty acid 

metabolism in liver. Liver histology showed regular trabecular architecture. Fibrosis, necrosis or 

overt inflammation were not present (Fig. 4A). The expression of genes involved in lipogenesis 

in liver lysates of RbpjiΔEC mice did not indicate increased hepatic TAG production neither was 

the expression of beta-oxidation enzymes altered (Fig. 4E,F). Furthermore, blockade of vascular

lipolysis by tyloxapol, showed that hepatic TAG production was not increased in RbpjiΔEC mice

compared to controls (Fig. 4G). As hepatic lipid metabolism unlikely explained the 

accumulation of TAG in liver and plasma, we hypothesized that transendothelial fatty acid

transport in organs containing a continuous endothelium could be impaired.

To test this, we first challenged RbpjiΔEC mice (4-5 weeks p.i.) with oral application of 

olive oil. As expected, plasma TAG levels first increased to a maximum, which was similar in 

both genotypes. Then the circulatory TAG levels of RbpjiΔEC mice decreased more slowly than

those of controls, suggesting lower TAG clearance into the tissues as indicated by a smaller slope

between peak and end of the experiment (Fig. 4H,I). Importantly, fat resorption from the gut did 

not seem to be impaired as defecation rate as well as TAG concentration in feces were similar in 

both genotypes (Fig. 4J,K).

n liver lysates of RbpjiΔEC mice did not indicate increased hepatic TAG productionononononon neneneneneneititttttheheheheheheh rrr rrr wawawawawawaw s s

he expression of beta-oxidation enzymes altered (Fig. 4E,F). Furthermore, blockade of vascular

ipolysis byyyyyyy tyloxapol, showed that hepatic TAG production was not increased in RbpjiΔEC mice

compmpmpmpmpmpmpared to coooooonntnnnnn rororrororrols ((((FiFiFiFiFiFig.g.g.g.g.g.g  4GGGGGGG)))))))..... AsAsAsAsAsAsA hheppppataaaaa ic lipppppididididd mmmetabbbbbbololololololo isisisisssm m mm m m m unnnnliliililiikekekekekk lylylyyly eeeeexpxxxx laaaaaainininininininededededededd ttttttthehhhhhh  
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EC Notch signaling is required for vascular lipolysis and transport of NEFAs

The TAG clearance test indicated that loss of EC Notch signaling either leads to decreased lipase 

activity or to reduced EC transcytosis of fatty acids. Indeed, we detected a ≈ 50% reduction of 

plasma lipase activity in RbpjiΔEC mice (Fig. 5A). Secondly we analyzed if not only lipase 

activity but also the transendothelial fatty acid transport would be controlled by Notch signaling. 

To this end, the uptake of intravenously injected tracer 3H-R-bromopalmitate, a slowly 

metabolized palmitate analogue, into different organs was measured. Compared to controls, 

RbpjiΔEC mice (five weeks p.i.) had lower uptake rates of palmitate into heart and skeletal 

muscle. As expected no alterations were seen in liver (Fig. 5B, C), in which the sinusoidal 

endothelium does not act as a tight barrier. 

Based on these experiments, we expected to detect diminished levels of activated fatty 

acids (acyl-CoA) in cardiac and skeletal muscle of RbpjiΔEC mice. Indeed, acyl-CoA levels were

reduced to 80% in skeletal muscle and to 55% in hearts of RbpjiΔEC mice compared to controls 

(Fig. 5D). Detailed analysis of fatty acids bound to carnitine revealed that there was a decrease in 

long-chain, but not medium-chain or short-chain fatty acids in cardiac muscle (Fig. 5E).

Notch signaling facilitates uptake of fatty acids into cultured ECs

Next, we aimed at analyzing the transport of fatty acids into ECs in an in vitro setting to exclude 

potential effects of unknown factors that may interfere with such transport in transgenic mouse 

models. We first tested whether Notch signaling generally alters paracellular flux through an EC 

monolayer in vitro, because this would affect monitoring the specific transport of fatty acids. 

Therefore we manipulated Notch signaling activity in primary human umbilical venous ECs

(HUVEC), the prototypic tool for EC research. 

endothelium does not act as a tight barrier. 

Based on these experiments, we expected to detect diminished levels of activated fatty 

acids (acyyyyyyl-CoA) in cardiac and skeletal muscle of RbpjiΔEC mice. Indeed, acyl-CoA levels were
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Notch inhibition increased paracellular permeability as determined by measuring 

transendothelial electrical resistance and capacity (Supplementary Fig. 3A). Also the flux of 

fluorescent 4 kDa dextran tracers in a transwell filter assay was increased after Notch inhibition, 

whereas no such changes were observed with 40 kDa dextran tracers (Supplementary Fig. 3B,

C), indicating a size-selective opening of paracellular transport routes.

In vivo, extravasation of Evans blue (bound to plasma proteins) was however not

increased in RbpjiΔEC mice compared to littermate controls both under basal conditions or after 

stimulation with histamine. In the latter, there was even a slight reduction of paracellular 

permeability compared to control animals (Supplementary Fig. 3D). Likewise in a peritonitis 

assay, RbpjiΔEC mice exhibited no signs of increased permeability compared to controls

(Supplementary Fig. 3E, F). Also basal paracellular permeability of 10 kDa and 40 kDa tracers 

was similar in hearts of RbpjiΔEC mice compared to controls (Supplementary Fig. 3G, H).

Hence, inhibition of Notch signaling promotes paracellular flux of small molecules in

vitro but not in vivo. For this reason we could not determine how Notch inhibition alters the 

transport of fatty acids through an EC monolayer in vitro. However we could detect that

inhibition of Notch signaling impaired the uptake of a fluorescent palmitate analogue into

HUVEC, whereas this was increased upon Notch stimulation by recombinant DLL4 (Fig. 5F).

Notch controls expression of LIPG and ANGPTL4 to facilitate vascular lipolysis

Next, we aimed at identifying mechanisms how EC Notch signaling controls fatty acids 

transport. Notch/Rbp-jκ signaling activate gene expression by binding to promoter elements or

represses gene expression indirectly by induction of HES and HEY transcriptional repressors.

The activity of Notch signaling was inhibited by expression of dnMAML1 and enhanced by 

expression of Notch1-ICD in HUVEC and efficiency was controlled by qPCR assessing target 

assay, RbpjiΔEC mice exhibited no signs of increased permeability compared to coooooontntntntntntrorororororolslslslslsls

Supplementary Fig. 3E, F). Also basal paracellular permeability of 10 kDa and 40 kDa tracers

was similar in hearts of RbpjiΔEC mice compared to controls (Supplementary Fig. 3G, H).
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genes (HEY1, HEY2, DLL4, EFNB2). Notch inhibition led to decreased transcription of 

endothelial lipase (LIPG) (Fig. 6A), which hydrolyses mainly phospholipids but also TAG. 

In addition to hydrolysis by LIPG, fatty acids can also be released from TAG-containing 

lipoproteins by lipoprotein lipase. This lipase is synthesized and secreted by parenchymal cells 

(e.g. cardiomyocytes) and subsequently bound at the apical EC surface by Gpihbp1.28, 29

Expression of Gpihbp1 in primary cardiac ECs isolated from RbpjiΔEC mice was similar to

expression in cells isolated from controls (Fig. 6B).

Vascular lipolysis is also controlled by the non-competitive lipoprotein lipase inhibitor 

angiopoietin-like 4 (ANGPTL4). Notch inhibition in HUVEC led to increased expression of 

ANGPTL4 mRNA, whereas Notch1-ICD decreased it (Fig. 6A). ECs isolated from hearts or 

lungs of RbpjiΔEC mice had increased expression levels of Angptl4 mRNA (Fig. 6C). Notch 

blockade in HUVEC increased ANGPTL4 protein amounts (Fig. 6D). Consistently, hearts from 

RbpjiΔEC mice contained substantially more Angptl4 protein-expressing ECs compared to 

controls as indicated by a stronger colocalization with lectin-GS-IB4 (Supplementary Fig. S4),

indicating that EC Notch signaling inhibits production of the lipoprotein lipase inhibitor Angptl4.

EC Notch signaling induces CD36 and FABP4/5 to facilitate fatty acid transport

After lipolysis, fatty acid transport proteins (in particular Fatp4) take up fatty acids into ECs.

Uptake of long-chain fatty acids is supported by fatty acid translocase (CD36). While the mRNA 

expression of Fatp4 and of acyl-CoA synthetases was not altered we detected lower levels of 

CD36 expression upon Notch inhibition and higher CD36 mRNA levels in cells with increased 

Notch activity (Fig. 6A). In freshly isolated cardiac and lung ECs from RbpjiΔEC mice lower

CD36 mRNA expression was observed (Fig. 6C), and protein regulation could be verified in

ANGPTL4 mRNA, whereas Notch1-ICD decreased it (Fig. 6A). ECs isolated frommmmmm hhhhhheaeaeaeaeaeartrtrtrtrtrttssssss orororororor 

ungs of RbpjiΔEC mice had increased expression levels of Angptl4 mRNA (Fig. 6C). Notch 

blockade in HUVEC increased ANGPTL4 protein amounts (Fig. 6D). Consistently, hearts from

RbpjpjpjpjpjpjpjiΔiΔiΔiΔiΔiΔΔEC mice ccccccononononononontatatataainnnnnededdeededd susususususus bsbsbsbsbsstatatatatatatantntntntntntiaiaiaiaiaiai lllllllllllly y momommmm re Annnnnnngpgggg ttlt 444 prprprprprprototototototo eieieieieieinnnnnn-------exexexexexee prprrprprresssssisisiisinggggg ECsCsssss cococococococompmpmpmpmpmpmparedddddd tttttto o o oo o o

contnntntntntrrororororor ls as inddddddiciciciciciccatttteed bbbbyyy y a stttttttrorooororoonger colococcalizatttioioioioii n wiww thhhhhh lllllllececececececctitititititinn----GGGSG ---IBBBBB4 (Supppppppppppppplementnttttttaaaaraa yyy y Fig. S4S4SS44),

nnndididicacacatttinininggg ththhthatatat ECECEC NoNoNotctctchhh sisisigngngnalalalinininggg inininhihihibibibitststs ppprororoduduductctctioioionnn ofofof ttthehehe lllipipipopopoprororoteteteininin lllipipipasasaseee inininhihihibibibitototorrr AnAnAngpgpgptltltl444
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primary cardiac ECs (Fig. 6E). In cultured ECs, CD36 expression increased the uptake of 

fluorescently palmitate (Fig. 6F) as reported before.30

Notch signaling induces the expression of fatty acid binding protein 4 (FABP4), an 

intracellular lipid chaperone, by binding of Rbp-jκ to the FABP4 promoter.31 We confirmed this 

gene regulation and found that Notch1-ICD also induces FABP5 in HUVECs. Consistently, 

HUVECs expressing dnMAML1 had reduced expression of FABP4 (Fig. 6A,G).

EC fatty acid transport is facilitated by PPARγ that stimulates expression of CD36 and 

FABP4.4 However, treatment of EC with the PPARγ inhibitor T0070907 did not prevent the

effect of Notch1-ICD on the expression of CD36, FABP4 and ANGPTL4 (Fig. 6H). Chromatin 

immunoprecipitation revealed that Rbp-jκ interacts with a CD36 promoter element, which 

contains two putative Rbp-jκ-binding sites (TG[G/A]GAA) (Fig. 6I). Taken together, inhibition 

of Notch signaling led to decreased expression of LIPG, CD36, and FABP4, while transcription 

of the lipoprotein lipase inhibitor ANGPTL4 increased, indicating that EC Notch signaling is 

essential for proper TAG hydrolysis and long-chain fatty acid transport.

EC-specific Rbp-jκ ablation changes cardiac nutrient supply leading to accumulation of 

monosaccharides and their metabolites

The heart oxidizes long-chain fatty acids to generate the majority of its energy need.32 An

imbalance of fatty acid and glucose supply has been proposed as a potential cause of cardiac 

remodeling and failure.26, 27

We had observed a 2-fold reduction of activated fatty acids in heart lysates of RbpjiΔEC

mice (Fig. 5D), and expected a compensatory increase in glucose uptake and consumption. 

Indeed, positron emission tomography revealed that cardiac uptake of 18F-fluoro-2-deoxy-D-

glucose was substantially increased in RbpjiΔEC mice (Fig. 7A,B). This increase is in a similar 

mmunoprecipitation revealed that Rbp-jκ- interacts with a CD36 promoter elementntntntntnt,,,,,, whwhwhwhwhwhicicicicicich h hhhhh

contains two putative Rbp-jκ- -binding sites (TG[G/A]GAA) (Fig. 6I). Taken together, inhibition 

of Notch siggggggnaling led to decreased expression of LIPG, CD36, and FABP4, while transcription 
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magnitude as observed in a different mouse model, which develops impaired cardiac contractility 

due to decreased endothelial fatty acid transport.3 The elevated glucose uptake was accompanied

by 3-fold higher levels of glucose-6-phosphate in hearts of RbpjiΔEC mice (5-6 weeks p.i.) (Fig. 

7C). In addition to accumulation of glucose-6-phosphate, we detected a marked increase in 

glucose, maltose, sucrose and mannose, all of which can be derived from glucose, in hearts of 

RbpjiΔEC mice, while plasma glucose levels were decreased compared to controls (Fig. 7D,E).

PAS staining did not show signs of glycogen accumulation in hearts six weeks p.i. (data not 

shown). However, there were higher levels of pyruvate in RbpjiΔEC hearts (Fig. 7F). These data 

sets suggested that there was a shift in nutrient supply to the heart muscle with increased glucose 

uptake to compensate the impaired fatty acid transport.

Cardiac accumulation of glucose-6-phosphate is accompanied by sustained AKT and 

mTOR-S6K signaling

It is assumed that sustained accumulation of glucose-derived metabolites and increased 

glycolysis rates activate mTOR-S6K signaling and other pathways leading to cell hypertrophy 

and subsequent heart failure.26, 33-38 Therefore, we analyzed the activity of kinases that are 

involved in cardiac hypertrophy in heart lysates. The phosphorylation of AKT, ERK1/2, mTOR, 

p70S6K, and S6 was significantly enhanced in RbpjiΔEC mice seven weeks p.i. (Fig. 8A,

Supplementary Fig. 5A).

To test how glucose or its metabolites act on S6K activation, freshly isolated neonatal rat 

cardiomyocytes were treated with 5 g/L glucose. This led to robust induction of S6K activity. 3-

O-methyl-glucose alone, which is taken up by cells but is not phosphorylated and metabolized,

did not activate S6K and did not prevent glucose-induced S6K activation. However, 2-deoxy-

uptake to compensate the impaired fatty acid transport.

Cardiac accumulation of glucose-6-phosphate is accompanied by sustained AKT and 

mTOR-S6K signaling
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glucose, an inhibitor of glycolysis, prevented glucose-mediated induction of S6K activity 

(Supplementary Fig. S5B).

Interventional therapy with rapamycin or feeding a ketogenic diet prolongs survival of 

RbpjiΔEC mice

RbpjiΔEC mice developed severely impaired heart function around 8-10 weeks p.i., which was 

associated with increased mTOR-S6K activity. Rapamycin inhibits mTOR signaling and

prevents mTOR-mediated cardiac hypertrophy and heart failure in rodent models.37, 38 We treated 

RbpjiΔEC mice with rapamycin (2 mg/kg i.p. every day) in the time period 8-11 weeks after gene 

recombination. While sham-treated RbpjiΔEC mice died in this period, rapamycin-treated mice 

had a strongly increased survival rate (p=0.02) (Fig. 8B).

Since rapamycin has a strong immunosuppressive effect, we searched also for alternative

treatments. We propose that the impairment of heart function in RbpjiΔEC mice occurs to a large 

extent due to a shift from long-chain fatty acid to carbohydrate supply to cardiomyocytes. 

Therefore, one could potentially interfere by restricting the availability of glucose to a minimum 

and to increase supply of alternative substrates for mitochondrial oxidation, which do not require 

EC lipase activity and transport via CD36 and Fabp4/5 and which do not activate mTOR 

signaling. A strict ketogenic diet is ideally suited to fulfill these requirements. Amino acids from 

dietary protein are the source to generate glucose for nourishing erythrocytes and neurons, while 

fat is converted by hepatocytes into ketone bodies, a preferred energy substrate for 

cardiomyocytes. In addition, cardiac utilization of ketone bodies inhibits oxidation of fat and 

glucose.34 Notably, ketone bodies are transported by monocarboxylate transporters, whose 

expression was not severely affected by loss of Rbp-jκ (Supplementary Fig. 5C).

had a strongly increased survival rate (p=0.02) (Fig. 8B).
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First, RbpjiΔEC mice were fed with a ketogenic diet (0.2% carbohydrates, 67% fat, 18% 

proteins per weight) in the time period 8-11 weeks p.i., which raised levels of total plasma

ketone bodies by more than 5-fold (p<0.01). Compared to RbpjiΔEC mice fed with a control diet

(67% carbohydrates, 4% fat, 19% proteins per weight), the RbpjiΔEC mice fed with a ketogenic 

diet survived significantly longer (p=0.03) (Fig. 8B). Based on this, mice were fed with a 

ketogenic diet starting immediately after gene recombination. Eight weeks later, 

echocardiography showed that RbpjiΔEC mice fed with a ketogenic diet had similar heart function 

as Cre-negative control animals, whereas RbpjiΔEC mice fed with a control diet suffered from 

severe heart failure (Fig. 8C - G and Supplementary Fig. 5D - H). The degree of impairment

observed in the control-fed RbpjiΔEC mice was less pronounced as reported in Figure 2. The 

reason for this is likely the slightly variable onset of the phenotype and that in the night before 

the examination three control-fed RbpjiΔEC mice died (who had severely enlarged hearts).

Consistently with the improvement of cardiac function, the levels of glucose-6-phosphate were

lower in RbpjiΔEC mice fed with ketogenic diet compared to those fed with control diet (Fig. 8H).

Discussion

This study has revealed critical and rate-limiting functions of EC Notch signaling in adult mice

as a novel regulator of cardiac blood vessel growth and fatty acid transport across the vessel 

wall. Notch signaling controls numerous cell fate differentiation steps during development, tissue 

regeneration and repair. Little is known about its roles for maintenance of homeostasis in the

adult organism. Recently, it was shown that elevated Notch activity promotes hepatic glucose 

production and reduces browning of adipose tissue, while genetic ablation of Rbp-jκ in 

hepatocytes or adipose cells as well as global Notch1 deficiency improved insulin sensitivity.8, 11, 

observed in the control-fed RbpjiΔEC mice was less pronounced as reported in Figggggurururururureeeeee 222222.... . . ThThThThThTThee e e ee

eason for this is likely the slightly variable onset of the phenotype and that in the night before 

he examination three control-fedff RbpjiΔEC mice died (who had severely enlarged hearts).

Consnsnsnsnsnsnsiiiiisii tently wiwiwiwiwiiwitthttttt tttthehhhh iiiiimpmpmpmpmpmpmprorororroroveveveveveveememememememementntntntntnt oof cacaacacaardiac fufufufufunnctttionnnnnn, , ththththththe e e e e e lelelelelelel veeeelslsslslss oooooof ff ff glllllucuuuu osssssseeeeeee-666666-phphphphphphphosooooo phhhhhhatatatatatatte e e e e e wewewewewewew rerrrrr

owewewewewewerrrrrrr in RbpjiΔΔΔΔΔΔECECEEEEE mimmm ceeee fed wwwwwwwith ketogegegggg nnnic diettttett ccccommmpaaaaaaarererererereddddddd totototototo ttttthhhoh seeee ffffed wwwiithhh hhh cccocccc ntrol ddddidd eeett (Fig. 8888HHHH)
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39 Since the metabolic status influences Notch signaling activity not only in hepatocytes but also 

other cell types including ECs,8-12 we analyzed the roles of Notch in the adult endothelium of 

mice with an emphasis on metabolism. The data show that Notch signals in the endothelium are 

needed for proper transcriptional control of key genes (Lipg, Angptl4, CD36, Fabp4/5) for TAG 

hydrolysis and long-chain fatty acid transport through ECs. EC-specific targeting of Rbp-jκ led

to impaired hydrolysis of TAG and decreased transport of long-chain fatty acids to heart muscle. 

This was associated with a switch from fatty acids to glucose as sources for energy production. 

Such a switch is also well known from several animal models of heart failure. Increased amounts 

of glycolysis intermediates can activate AKT and mTOR-S6K signaling. Sustained activity of 

these signaling pathways in cardiomyocytes induces cardiac hypertrophy followed by heart 

failure.35, 36

Secondly, this work demonstrates an essential role of Rbp-jκ for inhibiting blood vessel 

growth in the adult heart. Notch and Rbp-jκ inhibition during the embryo-fetal and perinatal 

period leads to increased sprouting angiogenesis and defects in arterio-venous differentiation.13, 

40, 41 Dll4 neutralizing antibodies can induce the formation of vascular tumor-like structures upon

long-term treatment.42 Here we show that blood vessel density was increased upon deletion of 

Rbp-jκ in the heart. We hypothesize that any form of tissue growth (e.g. cardiac hypertrophy) or

tissue remodeling will result in aberrant and blood vessel growth in case Notch signaling is 

inhibited. It will be fascinating to decipher this in detail in future studies.

At this stage, one cannot definitely decide if heart failure occurs solely due to impaired 

fatty acid transport in RbpjiΔEC mice. Although perfusion studies did not show obvious defects

one can assume – based on studies in tumors21 – that the remodeled cardiac vasculature is not 

fully functional. Nevertheless, several other observations strengthen the hypothesis that altered 

hese signaling pathways in cardiomyocytes induces cardiac hypertrophy followeeeeeeddddd d bybybybybyby hhhhhheaeaeaeaeaeartrtrtrtrtrt  

failure.35, 36

Secondly, this work demonstrates an essential role of Rbp-jκ - for inhibiting blood vessel 

growowwwwwwttttthtt  in the adadadaddadadullllllltttt heeeeearararaa t.t.t.t.t.t.t  NoNoNoNNN tctctctctctcchhhhhhh ananananananand ddddd Rbbbbpppppp-jκ - innnnnhihhhh biiititionn dddddddururuuururininininining gg g g g g thhhheee e  ememememeembrrrrryoyyyy -fefefefeefetatatatatatatal lllll ananananananand dddddd peeeeeeririririnanananananan tatatatatataal l l ll l l

peririririririododododododo  leads toooooo iiiiiiincncncncnn rreeasssseeeed sppprprprpp ooouoooo ting anggiooogenesssesessiiiis aaannnd dedededededefefefefeffefectctctctctcts  iinn arrrrteerio--vvvenonononononoous diffefefefefefef rrrrerr ntnntnttiationnnn.1113, 

0000,,, 41414141 DlDlDllll444 neneneutututrararalililizizizingngng aaantntntibibibodododieieiesss cacacannn ininindududucecece ttthehehe fffororormamamatititiononon ooofff vavavascscsculululararar tttumumumororor-lililikekeke ssstrtrtrucucuctututurereresss upupupononon
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nutrient supply to cardiomyocytes upon EC-specific deletion of Rbp-jκ is important for 

deterioration of heart function. We detected increased expression of Angptl4, a secreted non-

competitive inhibitor of lipoprotein lipase,43 in ECs isolated from RbpjiΔEC mice. Cardiac-specific 

overexpression of Angptl4 causes heart failure in mice.44 Lipg expression was impaired in 

RbpjiΔEC mice. Mice deficient for this endothelial lipase are viable, but heart function is stronger 

impaired after aortic banding compared to controls.45 Additionally, global deficiency for 

Fabp4/Fabp5 causes cardiac metabolic remodeling and mild heart hypertrophy in mice, which 

was attributed to the lack of these proteins in cardiac endothelium.46 The phenotype of RbpjiΔEC

mice is more severe, but one should notice that in these animals there is miss-regulation of a 

whole set of genes controlling or executing different steps of fatty acid hydrolysis and transport

together with alterations in vascular patterning. Lastly, our interventional experiments with 

rapamycin and ketogenic diet further strengthened the importance of metabolic remodeling as an 

important cause of worsened heart function in RbpjiΔEC mice. In summary, this work 

demonstrates the importance of angiocrine functions for maintenance of cardiac homeostasis.
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Figure Legends

Figure 1. Notch1 expression in the vasculature and cardiac effects of Dll4 blocking 

antibodies.

(A) Sections of gastrocnemius muscle, heart, liver and peri-gonadal white adipose tissue (WAT), 

from adult C57BL/6 mice stained against Notch1 (green). Endothelial cells were stained with 

TRITC-IB4-lectin (Griffonia simplicifolia) (red) and nuclei were stained with DAPI (blue). Scale 

bar, 100 μm.

(B) Antibody staining against activated Notch1 (Notch1-ICD; brown) in left ventricular wall of 

adult C57BL/6 mice counterstained with Hematoxylin. Representative images shown; scale bar,

100 μm.

(C-I) Adult C57BL/6 mice were treated with Dll4 neutralizing antibodies and control antibodies 

for eight weeks. (C) mRNA expression levels of the Notch target genes Hey1 and Hey2 in

freshly isolated lung endothelial cells. (D) Heart weight in relation to body mass. (E-I)

Transthoracic echocardiography of five control treated mice and five mice (labeled 1-5) treated 

with Dll4 antibodies. LVID, left ventricle inner diameter during systole and diastole. Mean and 

SEM shown; *p<0.05; n.s., not significant.

Figure 2. Endothelial-specific Rbpj inactivation causes cardiac hypertrophy and heart 

failure.

(A, B) H&E staining of hearts shows cardiac hypertrophy 7 weeks after Rbpj gene 

recombination. Scale bar 25 μm (A), 1 mm (B).

adult C57BL/6 mice counterstained with Hematoxylin. Representative images shoooooownwnwnwnwnwn;;;;;; scscscscscscalalalalalale eeee e babababababar,

100 μm.

C-I) Adult C57BL/6 mice were treated with Dll4 neutralizing antibodies and control antibodies 

for eieieieieieiight weekkkkkkssssss. (CCCCCC) mRmRmRmRmRmRRNANANANANANAN eeeeeexpxpxpxpxpxpx rerererererer ssssssssssssion nn n lel vels ooooof thththe NoNoNoNoNoNootctctctctctch h hh h h tatatatatataargrgrggetettetett ggggggenenenneneseseeses Heey1y1y1y1y1y1y1 ananananananandddddd d Hey2y2y2y2y2y2y2 inininininin

fresssssshlhlhlhlhlhlh y isolatedddddd lullllll ngnngn  eneenenndothhhhhhheeelelee ial cells. (DDD) Heararararaa t weweweigggggghththththhtht iiiiiiinnnnn n rereeelaaationonononn to bobboodyyydyyy mass. (((((((EEEEEE-IIII))

TrTrTranananstststhohohorararaciciiciccc ececechohohocacacardrdrdioioiogrgrgrapapaphyhyhy ooofff fififiveveve cccononontrtrtrololol tttrerereatatatededed mmmiciciceee anananddd fififiveveve mmmiciciceee (l(l(labababelelelededed 111-5)5)5) tttrerereatatatededed 
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(C) Electron micrographs of hearts 8 weeks after gene recombination (L, lipid droplet; C, cardiac 

muscle; M, mitochondrion). Scale bar 500 nm.

(D) ATP in heart lysates 8 weeks after gene inactivation (n=10 control and 11 RbpjiΔEC mice).

(E) Relative organ mass 8 weeks after Rbpj recombination (n=4 control and n=5 RbpjiΔEC mice).

(F – I) Eight weeks after gene recombination, transthoracic echocardiography shows impaired 

heart function in RbpjiΔEC mice (LVIDs left ventricle inner diameter during systole, n=5 mice).

(J) Transcript levels of the cardiac hypertrophy and heart failure marker Bnp (natriuretic peptide 

type B) and markers of the fetal cardiac gene expression program in heart lysates (Col3a1, type 

III collagen; Myh6, alpha myosin heavy chain; Glut4, glucose transporter-4; Pdk2, pyruvate 

dehydrogenase kinase isozyme-2; Acadl, acyl-Coenzyme-A dehydrogenase long-chain; Acadm,

acyl-Coenzyme A dehydrogenase medium chain; Cs, citrate synthase; Cpt1b, carnitine 

palmitoyltransferase-1b muscle; n=4). 

Mean and SEM or representative pictures shown, box plot depicts median and percentiles (10th, 

25th, 75th, 90th); *p<0.05, ***p<0.001. 

Figure 3. Endothelial-specific Rbpj inactivation increases cardiac vessel density.

(A) Staining sections of heart (left ventricular wall), gastrocnemius muscle and brain against the 

endothelial marker CD31 at 4 and 8 weeks after gene recombination. 4 weeks after endothelial 

Rbpj gene recombination gene there were areas of normal vascular morphology and such with 

increased vessel size and vessel density (representative pictures shown).

(B-D) Quantification of the CD31-positive to total area in heart, muscle and brain 4 (n=3 mice) 

and 7 weeks after gene recombination (n=5 mice).

dehydrogenase kinase isozyme-2; Acadl, acyl-Coenzyme-A dehydrogenase long---chchchchchchaiaiaiaiaiain;n;n;n;n;n; AcAcAcAcAcAcA adadadadadaddmmmmmm,

acyl-Coenzyme A dehydrogenase medium chain; Cs, citrate synthase; Cpt1b, carnitine 

palmitoyyyyyyltransferase-1b muscle; n=4). 

Meeananananannan and SEMMMMMMM or rrr r rr rerrrr prprprprppresesesesesessenenenenenene taaaaaatitititititit veveveveveveve ppppppicicicicicictuuuurereererees showwwwwwn, bbbbox plplplplplplp otototootot ddddddepepepepepepe icicicicttttstt mmmmmedddddiaiaii n anananananannd d ddd d d pepepepepepepercrcrcrcrrcr entitittittileleleleleleessssss (1(1(1(1(1(110t0t0000 h, 

25thththththth,, 75th, 90thththththth))))))); *ppppp<<<00.05, ****p<0.001.1.. 
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(E) mRNA expression of CD31, Vegfr2 and Vegf-a in heart lysates of RbpjiΔEC and control mice

7 weeks after gene recombination (n=4 mice).

(F) Blood perfusion in the ear skin determined by laser-doppler analysis 7 weeks after gene 

recombination (n=6 control and 7 RbpjiΔEC mice).

(G) Hoechst dye 33342 (blue) was injected into a tail vein 7 weeks after gene recombination 

(n=5 mice) and mice sacrificed 60 seconds later. Fixed heart sections were counterstained with 

nuclear red to identify cell nuclei to which the dye was transported (representative images).

Scale bars 50 μm. Mean and SEM shown. *p<0.05, ***p<0.001.

Figure 4. Endothelial Notch signaling regulates systemic lipid clearance.

(A) H&E staining of pancreatic islets and liver.

(B, C) Non-esterified fatty acids (NEFA) and plasma triacylglyceride (TAG) concentration 6

weeks after endothelial Rbpj gene inactivation (n=5 mice).

(D) Liver lipid content quantified by determination of Oil Red O stained droplets (n=3 mice).

(E – F) Hepatic expression of key genes involved in lipogenesis and lipolysis (n≥3 mice).

(G) Hepatic TAG secretion of RbpjiΔEC mice and controls (n=6 mice).

(H-K) At 4-5 weeks after gene recombination, fat clearance test with oral gavage of olive oil 

(n=6 control and 7 RbpjiΔEC mice) shows impaired TAG clearance in RbpjiΔEC mice after serum 

TAG levels reached their highest level. Clearance rate was calculated as slope from maximum to 

end. Defecation and TAG content of feces (n=4). Mean and SEM or representative pictures 

shown, Scale bar 100 μm, *p<0.05, **p<0.01, ***p<0.001.

Figure 4. Endothelial Notch signaling regulates systemic lipid clearance.

A) H&E staining of pancreatic islets and liver.

B, C) Non-esterified fatty acids (NEFA) and plasma triacylglyceride (TAG) concentration 6

weekekekekekekeks after ennnnnndododododododothhhhhhheleeee iaaaaaalllll RbRbRbRbRbRbbpjpjpjppjpj gegegegegegegeenenenenenenee iiiiiinannnnn ctctctctiviviiii ation nn n n (n(((( =5=5=5 mimimimimimicecececececec ).).)..)..

D) ) )))) LLLiLLLL ver lipid d d d d d ccccoccc ntnntntennnnt quannnnnnntttititit fied by yyyyyy deettterminnnnnnatatttioonnn ofofffff OOOOOOOilililililiil RRRRRRededeedeed O sstat inedeedd ddddddrrrrororr plets (n(n(n(n(n(n(n=3333 mice).

EEE – FFF))) HeHeHepapapatititiccc exexexprprpresesessisisiononon ooofff kekekeyyy gegegenenenesss inininvovovolvlvlvededed iiinnn lililipopopogegegenenenesisisisss anananddd lililipopopolylylysisisisss (n(n(n≥3≥3≥3 mmmicicice)e)e).
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Figure 5. EC-specific Rbpj ablation disturbs fatty acid transport.

(A) Plasma lipase activity after heparin injection was diminished in RbpjiΔEC mice (n=3).

(B,C) Uptake of the long-chain fatty acid (FA) analogue 3H-R-bromopalmitate into muscle tissue 

but not liver and white adipose tissue (WAT) was impaired in RbpjiΔEC mice 5 weeks after gene 

recombination. Weighted averaged activity of the 3H-R-bromopalmitate tracer during the uptake 

experiment (n=6 mice).

(D, E) Concentration of acyl-CoA in several tissues (n=10 control and 7 RbpjiΔEC mice) and of 

acyl-carnitines with different chain length in heart (n=5 control and 4 RbpjiΔEC mice).

(F) Uptake of fluorescently labeled palmitic acid (FA-BODIPY) into primary human venous EC 

(HUVEC) upon Notch signaling inhibition (DAPT) or activation (Dll4 coating). n=3. Mean and 

SEM shown, *p<0.05, **p<0.01, ***p<0.001. 

Figure 6. Notch signaling controls transcription of genes involved in endothelial TAG 

hydrolysis and transport of fatty acids.

(A) Expression of genes involved in uptake and transendothelial shuttling of fatty acids in 

HUVEC upon genetic Notch manipulation (LIPG, lipase G, endothelial type; ANGPTL4,

angiopoietin like 4; solute carrier family 27 member 4 and acyl-CoA synthetase long-chain 

family member 1, 3, 5 (FATP4, ACSL1, 3, 5; FABP, fatty acid binding protein) (n=3).

(B) Expression of Gpihbp1 (glycosylphosphatidylinositol anchored high density lipoprotein 

binding protein-1) in primary heart ECs isolated from controls and RbpjiΔEC mice (n=4).

(C) Expression of Angptl4 and CD36 mRNA in freshly isolated lung and heart ECs (n=3 control 

and 4 RbpjiΔEC mice).

HUVEC) upon Notch signaling inhibition (DAPT) or activation (Dll4 coating). n=n=n=n=n=n=333333. MMMMMMeaeaeaeaeaeaann n nnn anananananana d 

SEM shown, *p<0.05, **p<0.01, ***p<0.001. 

Figggggggurururururure 6. Notctctcccchhhh hhh sississisigngggg alalalalalalalinininininining gg gg g g cooooooontntntntntntn rorororororor lslslslslslsls tranannaanscriptptpttptptionnn of ggggggenenenenenene eseseseseses iiiiiinvvvvooooloo vevevevevv d ddd inninninin endndndndndndndotootototothehehehehehehelilillilill al TTTTTTTAGAGAGAGAGAGA   

hydrdrdrdrdrdrroloo ysis andndddnddd ttrarraranspopp rt ooooooofff fff fatty aciddss.

AAA))) ExExExprprpresesessisiisiononon oooff f gegegenenenesss inininvovovolvlvlvededed iiinnn upupuptatatakekeke aaandndnd tttrararansnsnsenenendododothththeleleliaiaialll shshshutututtltltlinininggg ofofof fffatatattytyty aaacicicidsdsds iiinnn 
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(D, E) Western blotting to determine expression of Angptl4 and CD36 protein in primary murine 

heart endothelial cells overexpressing GFP, dnMAML to block Notch activity or Notch1-ICD.

(F) Uptake of fluorescently labeled palmitic acid (FA-BODIPY) into HUVEC upon forced CD36 

expression (n=4).

(G) Expression of FABP4 protein in primary murine heart endothelial cells overexpressing GFP, 

Notch1-ICD or dnMAML.

(H) Expression of FABP4, ANGPTL4 and CD36 mRNA upon Notch manipulation in the 

presence of 1μM T0070907 (PPARγ inhibitor) in HUVEC (n=3).

(I) Enrichment of DNA from a putative Rbpj-binding motif in the CD36 promoter of HUVEC 

after precipitation with an antibody recognizing Rbpj (representative experiment). 

Results are shown as mean and SEM or representative pictures, *p<0.05, **p<0.01, ***p<0.001.

Figure 7. Elevated glucose uptake and metabolism in RbpjiΔEC hearts.

(A, B) Uptake of 18F-fluoro-2-deoxy-D-glucose into hearts (SUV, standardized uptake value, 

n=10 mice).

(C) Glucose-6-phosphate (G-6-P) in heart, gastrocnemius muscle, liver and peri-gonadal white 

adipose tissue (WAT) of control and RbpjiΔEC mice (n=7).

(D – F) Concentration of several carbohydrates and pyruvate in hearts (n=5) or plasma (n=7

control and 3 RbpjiΔEC mice).

Mean and SEM, box plot depicts median and percentiles (10th, 25th, 75th, 90th), *p<0.05, 

**p<0.01. 

after precipitation with an antibody recognizing Rbpj (representative experiment).).).).).). 

Results are shown as mean and SEM or representative pictures, *p<0.05, **p<0.01, ***p<0.001

Figggggggurururururure 7. Elevavavavavavaateeeeeeed dddd gllllllucucucucucccososososososo e eeee upupupupupupupptatatatatataakekekekekeke andnddndndd metaaaaabobbbbb llil sssm iiiiiinnnnnnn RbRbRbRbRbRbpjpjpjpjpjpjpjiΔΔΔECECCECEC heheheheearrrrrtstttt .
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Figure 8. Reducing glucose metabolism by ketogenic diet prevents failure of RbpjiΔEC

hearts.

(A) Phosphorylation of several kinases from the insulin, AMPK (AMP-activated protein kinase)

and mTOR (mechanistic target of rapamycin) pathways in hearts of RbpjiΔEC mice (PRAS40, 

proline-rich AKT1 substrate 1; S6K, ribosomal protein S6 kinase beta-1; S6, ribosomal protein 

S6; ERK, mitogen-activated protein kinase; AKT, protein kinase B; BAD, bcl2-associated 

agonist of cell death; antibody array, n=4 hearts).

(B) From 8 to 11 weeks after gene recombination, RbpjiΔEC and control mice were either treated

with rapamycin and control diet, vehicle and ketogenic diet, or vehicle and control diet. Mice

receiving ketogenic diet were additionally pretreated with high fat diet for 2 weeks (n=4 control 

and 5 RbpjiΔEC mice).

(C) Heart-to-body weight ratio.

(D – G) RbpjiΔEC and control mice were fed with ketogenic and control diet starting with gene 

recombination (n≥4 mice). 

(E-G) Transthoracic echocardiography (n≥4 mice; LVIDs left ventricle inner diameter during 

systole).

(H) Glucose-6-phosphate (G-6-p) levels in hearts from mice kept on control or ketogenic diet

(n=4).

Mean and SEM or representative pictures shown, *p<0.05, **p<0.01, ***p<0.001. 
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Supplemenary Methods 

Experimental animals 

RbpjiΔEC mice (Cdh5-CreERT2,Rbpjlox/lox) were obtained by crossing Cdh5-CreERT2 mice with 

Rbpjlox/lox mice.1 RbpjiΔEC mice and controls were injected 1.5 mg tamoxifen i.p. for 5 

consecutive days. Gene recombination was induced at an age of 6 to 10 weeks. Animals were 

group housed under specific-pathogen-free condition. Littermates were randomly assigned to 

experimental groups. All animal experiments were performed according to the guidelines of the 

local institution and the local government (Regierungspräsidium Karlsruhe). 

 

Cell culture 

Neonatal rat cardiomyocytes were isolated and cultured as described previously.2 HUVEC were 

grown and maintained until passage 5 in Endopan-3 Growth Medium containing 3% FCS and 

supplements (Pan-Biotech). For isolation of lung microvascular EC, lungs were minced and 

digested with 0.5 mg/ml collagenase for 2 hours. Larger tissue remnants were filtered out and the 

cell suspension was incubated for 1 hour with beads coupled to CD31 antibodies (Pharmingen). 

Microvascular ECs were isolated from hearts by mincing the ventricles and digesting them for 1 

hour with 2 mg/ml collagenase and 2.4 mg/ml dispase II. Larger tissue remnants were filtered 

out and the cell suspension was incubated for 1h with beads coupled to CD31-antibodies 

(Pharmingen). After four times washing, the cells were separated from the beads with trypsin, 

spun down and snap-frozen in liquid nitrogen for RNA analysis or were cultured for viral 

transduction. Primary brain ECs were isolated as described previously.3 All cells were isolated 

from individuals of both sexes and were cultivated at 37 °C and 5% carbon dioxide. 

 

Viral transduction 

HUVEC were transduced with adenoviral vectors at a MOI of 50. The vectors encoding 

dominant-negative MAML1, Notch1 intracellular domain, and GFP were described earlier.4, 5   



 

qPCR analysis 

RNA was isolated using the innuPREP RNA Mini kit (Analytik Jena). cDNA was synthesized 

with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The cDNA was 

applied to qPCR using the POWER SYBR Green Master Mix (Applied Biosystems). Gene 

expression was assessed by 2-ΔΔct-method and normalized with the genes RPS29, HPRT1 

(human) and RPL32, LMNA (mouse). 

 

Western blotting and antibody array 

For protein analysis, cells were lysed in RIPA buffer containing a proteinase and phosphatase 

inhibitor (both from Roche), 1 mM DTT and 2 mM Na3VO4. Proteins were electrophoresed on 

SDS gels and were transferred to nitrocellulose membranes, which were then blocked in 5% 

skim milk or BSA in TBS containing 0.05% Tween-20. The membranes were incubated with 

primary antibodies overnight, washed and incubated for 1 hour with peroxidase-conjugated 

secondary antibody (Dako) at room temperature. Images were acquired with a ChemiDoc 

imaging system and quantified with Image Lab software (both Bio-Rad). The following primary 

antibodies were used: RBPJ, FABP4, ANGPTL4, p-S6, p-S6K (from Cell Signaling), VCP, 

GAPDH, CD36 (from Abcam). 

The antibody array was purchased from Cell Signaling (PathScan Intracellular Signaling Array 

Kit, chemiluminescent readout). Tissues were snap frozen, weighted and equal amounts 

homogenized in the supplied lysis buffer. The lysates were diluted to equal protein concentration 

and a Coomassie gel was run as control. Then the array was performed according to the 

manufacturer’s instructions. 

 

Fatty acid-BODIPY uptake 

Uptake of fluorescently labeled fatty acids was essentially carried out as described (Hagberg et 

al., 2010). Basal medium supplemented with 1% fatty acid-free BSA was used during the 

experiments. HUVEC were seeded either directly in a 24-well plate and were incubated 

overnight with 25 µM DAPT (N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine-1,1-

dimethylethylester; Calbiochem) or DMSO, or they were seeded on plates coated with IgG or 

human DLL4 24 h before the experiment was carried out. For the coating recombinant human 

DLL4 protein (2.5 µg; R&D) or 2.5 µg IgG as control (Rockland) were diluted in 1 mL 0.1% 



 

gelatin in phosphate buffered saline. 24 well dishes were coated with 200 µl of this mixture for 

12 h at 4°C. The coated wells were washed with PBS before seeding the cells. The day after 

seeding, the cells were washed with PBS containing 1% fatty acid-free BSA. Then, they were 

incubated for 3 minutes with PBS / fatty acid-free BSA containing 20 µM 4,4-Difluoro-5,7-

Dimethyl-4-Bora-3a,4a-Diaza-s-Indacene-3-Hexadecanoic Acid (BODIPY-C16, Life 

Technologies) at 37 °C. Then the cells were washed twice with PBS and fixed 10 minutes with 

4% PFA. The fixed cells were covered with PBS and were immediately imaged with a wide field 

fluorescence microscope using a 5X objective. At least 30 images were taken from different 

positions of each well. The signal intensity was quantified with ImageJ. 

 

Chromatin IP 

HUVEC were grown on 15 cm culture plates until 90% confluency and fixed with 1% 

formaldehyde. Cells were then lysed in RIPA buffer and sonicated for 10 cycles (30 s ON, 30 s 

OFF) using a Bioruptor Pico (Diagenode), which yielded DNA fragments of 200-1000 bp. 

Chromatin samples were incubated with antibodies directed against RBPJ (Cell Signaling) at 4 

°C overnight and immunoprecipitated chromatin fragments were purified using Protein-G 

magnetic beads. Crosslinks were reversed at 65 °C overnight. After DNA purification (HP PCR 

Product Purification Kit, Roche), qPCR was performed with the primer sets 

TCTGAACCCTTTCGTTGGTAAT, TCCCTTAAATAACTGCGACCTT (bind approximately 

1.3 kb upstream of the transcript variant NM_000072) and GAAGTGGTGCTTCCAGGTCA, 

GGTGATTTTGAAGCAGGCGG (bind within intron 3 of transcript NM_000072, which is 

assumed to not have regulatory functions). Enrichment was calculated by the percent input 

method. The antibody was tested for specificity by western blot and the beads alone did not 

enrich DNA. 

 

Histology 

Glycogen was visualized on paraffin-embedded sections by Periodic Acid Schiff staining. The 

sections were deparaffinized and rehydrated. Then the slides were incubated in 0.5% periodic 

acid for 5 minutes, rinsed with water and incubated with Schiff’s reagent (Carl Roth) for 15 

minutes. Subsequently the slides were rinsed with tab water for 10 minutes, stained with 

hemalum and rinsed again for 5 minutes. For HE staining, sections were deparaffinized and 



 

rehydrated, then stained for 2 minutes in hematoxilin, incubated in tap water for 10 minutes, 

stained for 30 seconds with eosin and were washed in tap water again. 

For electron microscopy, hearts were fixed in Karnovsky´s solution, followed by postfixation in 

2% osmium tetroxide, and were then embedded in Araldite (Polysciences). Ultrathin sections 

have been cut 60 to 70 nm with a Leica Ultracut UCT (Leica Microsystems), were 

counterstained with uranyl acetate and lead citrate, and were analyzed with an EM900 (Zeiss). 

Blood vessels were stained with TRITC-lectin on cryosections. PFA-fixed sections were blocked 

with 10% goat serum for 1 h and incubated with TRITC-lectin 1:100 in PBlec (PBS pH 6.8, 0.1 

mM CaCl2, 0.1 mM MgCl2, 0.1 mM MnCl2, 1% Triton X-100). After washing three times with 

PBlec, the sections were stained with DAPI in PBS, washed twice with PBS and were mounted. 

Notch1 was stained with a polyclonal antibody (R&D Systems) on paraffin embedded sections. 

After rehydrating the sections, they were blocked with 5% BSA in TBS-T and were incubated 

with the 1st antibody (1:30 in blocking solution overnight). Then the sections were washed TBS-

T and incubated for 2 h with TRITC-lectin and 2nd antibody coupled to a fluorophore (1:100 and 

1:200 in PBlec respectively). Staining with antibodies detecting LYVE1, CD36, Notch1 ICD 

(Abcam) and Angptl4 (Life Technologies) was performed similarly but with additional heat-

mediated antigen retrieval at pH 6. 

 

Metabolic tests 

Mice were generally kept on chow diet. When indicated, mice were fed a ketogenic diet (0.2% 

carbohydrates, 67% fat, 18% proteins per weight, D12369Bi, Research Diets) or a control diet 

(67% carbohydrates, 4% fat, 19% proteins per weight, D12450Bi, Research Diets). TAG, total 

ketone bodies and NEFA were measured using kits from Sigma and Wako Diagnostics 

respectively. Glucose-6-phosphate was determined with a kit from Cayman Chemical Company. 

Acyl-CoAs were extracted from tissues (Golovko and Murphy, 2004) and detected (Barber and 

Lands, 1971). Acyl-carnitines were determined by homogenizing tissues in water and analyzing 

the lysate by electrospray ionization tandem mass spectrometer (Sauer et al., 2006). Lipase 

activity was determined with the fluorescence-based Lipase Activity Assay Kit (Cayman) in 

plasma drawn 5 minutes after injection of 50 U Na-heparin i.v. For the fat clearance test, mice 

were starved overnight. Blood was drawn before administration of 100 µl olive oil (Carl Roth) 

by oral gavage and at indicated time points. Long-chain FA uptake into organs was assessed as 



 

described.6 Mice were fasted for 20 hours before they received trace amounts of 3H-R-

bromopalmitate via tail vein. 2 and 15 minutes after injection, blood was collected to determine 

whether the ratio of radioactivity and NEFA concentration was similar in both experimental 

groups. 16 minutes after injection, tissues were harvested and radioactivity was determined in the 

lysates. Uptake of glucose to the heart was monitored by PET. After starvation for 4 hours, mice 

were anesthetized and received 18F-fluoro-2-deoxy-D-glucose by tail vein injection (maximum 

dose 10 MBq). After ten minutes, the animals were measured in a multimodality PET/CT system 

(Inveon, Siemens) for ten minutes. For quantification the heart was gated as region that had an 

SUV higher than 60% of the local maximum SUV. To determine hepatic TAG secretion, mice 

were starved for 5 hours, before they were intravenously administered 500 mg/kg body weight 

Tyloxapol (Sigma). Blood was collected before injection and after 30, 60 and 90 minutes to 

determine TAG levels. Hepatic TAG secretion was calculated as increase of plasma TAG levels 

after 90 minutes relative to basal levels. 

 

Quantification of metabolites by HPLC or GC 

Aliquots (15-25 mg) of freshly ground murine tissue were used for absolute quantification of 

adenosine content. Adenosine compounds were extracted with 0.25 ml ice-cold 0.1 M HCl in an 

ultrasonic ice-bath for 10 min. The resulting homogenates were centrifuged for 10 min at 4°C 

and 16.400 g to remove cell debris. Adenosines were derivatized with chloroacetaldehyde as 

described in (Bürstenbinder et al., 2007) and separated by reversed phase chromatography on an 

Acquity BEH C18 column (150 mm x 2.1 mm, 1.7 µm, Waters) connected to an Acquity H-class 

UPLC system. Prior separation, the column was heated to 42°C and equilibrated with 5 column 

volumes of buffer A (5.7 mM TBAS, 30.5 mM KH2PO4 pH 5.8) at a flow rate of 0.45 ml min-1. 

Separation of adenosine derivates was achieved by increasing the concentration of buffer B (2/3 

acetonitrile in 1/3 buffer A) in buffer A as follows: 1 min 1% B, 1.6 min 2% B, 3 min 4.5% B, 

3.7 min 11% B, 10min 50% B, and return to 1% B in 2 min. The separated derivates were 

detected by fluorescence (Acquity FLR detector, Waters, excitation: 280 nm, emission: 410 nm) 

and quantified using ultrapure standards (Sigma). Data acquisition and processing was performed 

with the Empower3 software suite (Waters). 

Aliquots of freshly ground murine heart tissue were used for absolute quantification of α-

ketoacid and sugar content. For extraction of α-ketoacids 300 µl 0.1M ice-cold HCl was used. 



 

For derivatization of α-ketoacids 150 µl of the acidic extract was mixed with an equal volume of 

25 mM o-phenylendiamine and incubated at 50°C for 30 minutes. The derivatized α-ketoacids 

were separated using an Acquity HSS T3 column (100 mm x 2.1 mm, 1.7 µm, Waters) 

connected to an Acquity H-class UPLC system. Prior separation, the column was heated to 40°C 

and equilibrated with solvent A (0.1% formic acid in 10% acetonitrile) at a flow rate of 0.55 

ml/min. Separation of α-ketoacid derivates was achieved by increasing the concentration of 

solvent B (acetonitrile) in solvent A as follows: 2 min 2% B, 5 min 18% B, 5.2 min 22% B, 9 

min 40% B, 9.1min 80% B and hold for 2min, and return to 2% B in 2 min. The separated 

derivates were detected by fluorescence (Acquity FLR detector, Waters, excitation: 350 nm, 

emission: 410 nm) and quantified using ultrapure standards (Sigma). Data acquisition and 

processing was performed with the Empower3 software suite (Waters). 

Sugars were extracted with 700 µl ultra-pure water for 20 minutes at 95°C and were separated on 

a CarboPac PA1 column (ThermoScientific) connected to the ICS-5000 system and quantified by 

pulsed amperometric detection (HPAEC-PAD). Column temperature was kept constant at 25 °C 

and equilibrated with five column volumes of solvent A (ultra-pure water) at a flow rate of 1 

ml/min. Baseline separation of carbohydrates was achieved by increasing the concentration of 

solvent B (300 mM NaOH) in solvent A as follows: From 0 to 25 min 7.4% B, followed by a 

gradient to 100% B within 12 min, hold for 8 min at 100% B, return to 7.4% B and equilibration 

of the column for 12 min. Data acquisition and quantification was performed with Chromeleon 7 

(ThermoScientific). 

 

Echocardiography 

Mice were not anesthetized during transthoracic echocardiography, which was performed 

essentially as described.2 

 

Perfusion and vascular permeability 

Mice were anesthetized with ketamine / xylazine. 15 minutes after injection, the ears of the mice 

were shortly warmed with red light and the perfusion was measured by a laser Doppler system 

(Periflux 5000 with Integrating Probe 413, Perimed). The perfusion rate for each mouse was 

determined by taking the mean of six measurements. 



 

To measure permeability in cell culture, HUVEC were seeded on cell culture inserts (pore size 

0.4 µm), which had been coated with fibronectin. The next day, cells were transduced with 

adenoviral vectors. After 48 hours, the medium was changed and FITC-dextran was added to a 

concentration of 0.5 mg/ml to the upper compartment. An aliquot of medium was removed at the 

indicated time points and fluorescence was determined after dilution with PBS. For measurement 

of transendothelial electrical resistance (TER), HUVEC were cultured on fibronectin-coated 

transwell filters with 3 µm pore size. TER and corresponding capacity (ccl) were measured every 

ten minutes with a CellZscope apparatus (nanoAnalytics, Münster, Germany). 

To measure vascular permeability in the Miles Assay, 100 µl Evans Blue (1% in saline) was 

injected into the tail vein. Then, the animals were anesthetized and PBS or histamine (100 ng) 

was injected intradermal. The animals were euthanized 20 minutes later and the skin surrounding 

the injection sites was removed, minced and incubated in 200 µl formamide at 56°C for 48 

hours. The absorbance of extracted Evans Blue was measured at 620 nm. 

For the peritonitis assay, 100 µl of 2 mg/ml FITC-dextran or TRITC-dextran (40 or 10 kDa 

respectively) were i.v. injected. 5 minutes later, 1 ml 4% thioglycolate broth or PBS were 

injected i.p. Animals were sacrificed 90 minutes later and the peritoneal fluid was harvested and 

centrifuged to remove blood cells before fluorescence was determined. 

To determine extravasation in heart, 100 µl of 2 mg/ml FITC-dextran or TRITC-dextran (40 or 

10 kDa respectively) were i.v. injected. The animals were sacrificed 90 minutes later and the 

heart was flushed with PBS. The tissue was homogenized, centrifuged and the fluorescence was 

determined. 

 

Statistical Analysis 

The results are presented as mean and SEM. SigmaPlot 12.5 (Systat Software) was used for 

statistical analysis. Unpaired two-tailed Student’s t-test was used for comparisons of two groups 

(most of the presented experiments). Significance between more than two groups was tested by 

Two Way ANOVA using Holm-Sidak method as post-hoc test. The log-rank test was used to 

compare survival of mouse cohorts (Fig. 8B). p<0.05 was considered as statistically significant.  

 

 

 



 

Supplementary Figure 1 

 
Endothelial-specific ablation of Rbp-jκ in adult mice. (A) Rbp-jκ protein expression in freshly 

isolated microvascular brain, lung and cardiac endothelial cells from control and RbpjiΔEC mice 



 

(pooled samples of 4 animals). (B) Rbp-jκ protein detected in whole tissue lysates of heart, 

gastrocnemius muscle, liver and white adipose tissue (WAT). (C) Relative heart mass of control 

and RbpjiΔEC mice (n=4) 5 weeks after gene recombination. (D-K) Tranthoracic 

echocardiography to determine stroke volume, ejection fraction, fractional shortening, left 

ventricle inner diameter during diastole (LVIDd) and systole (LVIDs), end diastolic volume and 

end-systolic volume of controls and RbpjiΔEC mice 4-5 weeks after gene recombination. 

Representative images of the transthoracic echocardiograms. Results are shown as mean and 

SEM; n=4 mice. (L) Representative image of surface electrocardiogram of control and RbpjiΔEC 

mice 6 weeks after gene recombination (n=3 mice per genotype analyzed).  



 

Supplementary Figure 2 

 
Endothelial-specific Rbpj deletion impairs heart function. 

(A) Hearts from control and RbpjiΔEC mice seven weeks after gene recombination (LV, left 

ventricle; RV, right ventricle). (B) Trichrome staining showing no sign of fibrosis (blue color) in 

RbpjiΔEC hearts seven weeks after gene recombination. (C, D) Electron micrographs of heart 

sections 8 weeks after gene inactivation (L, lipid droplet; C cardiac muscle; M, mitochondrion) 



 

and quantification of mitochondrial area. (E – H) Left ventricle inner diameter during diastole 

(LVIDd), end-diastolic and end-systolic volume and stroke volume measured 8 weeks after 

recombination (n=5 mice). (I) Body mass, lean mass and fat mass of RbpjiΔEC mice measured by 

EchoMRI (n=9 control and 11 RbpjiΔEC mice) 8 weeks after recombination.  Results are shown as 

mean and SEM, scale bar 5 mm (A), 50 µm (B), 1 µm (C). *p<0.05; **p<0.01; ***p<0.001; n.s. 

not significant.  



 

Supplementary Figure 3 

 



 

Loss of Notch signaling increases permeability of endothelial in vitro but not in vivo. 

(A) Transendothelial resistance and capacity of HUVEC transduced with GFP or dnMAML 

(representative chart). (B, C) Permeability of a HUVEC monolayer for 4 kDa and 40 kDa tracers 

upon Notch inhibition (n=4). (D) Dermal permeability for Evans Blue determined by Miles 

Assay (n≥8 mice). (E – H) Permeability for 40 kDa and 10kDa tracers determined by 

thioglycolate-induced peritonitis (90 minutes after thioglycolate injection) or in heart (n=3-5 

mice). Results are shown as mean and SEM. *p<0.05, **p<0.01.  



 

Supplementary Figure 4 

 
 

Endothelial-specific Rbpj deletion improves Angptl4 expression on the endothelium. 

(A) Colocalization of Angptl4 and endothelial cells stained with GS-IB4-lectin on heart sections 

of controls and RbpjiΔEC mice. (B) Quantification. (n=3 hearts) 10 frames were analyzed per 

heart with ImageJ. Mean and SEM or representative pictures shown, scale bar 100 µm, *p<0.05. 

  



 

Supplementary Figure 5 

 
Ketogenic diet prolongs survival upon endothelial Rbpj deletion. 

(A) Additional results of an antibody array detecting specifically phosphorylated / activated 

proteins in lysates (n=4 hearts).   (B) Western blot of primary neonatal rat cardiomyocytes 

treated with 5 g/l glucose or equimolar concentrations of mannitol, 3-O-methyl-glucose (3-

OMG) or 2-deoxy-glucose (2-DG) detecting phosphorylated S6K and VCP (valosin containing 



 

protein). (C) Expression of monocarboxylate transporters in heart lysates from control and 

RbpjiΔEC mice (n=4). (D – H) Body mass and transthoracic echocardiography of mice kept on 

control or ketogenic diet (as indicated in Figure 8) (LVIDd, left ventricle diameter during 

diastole). Results are shown as mean and SEM, *p<0.05, **p<0.01, #p=0.12. 
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Supplementary Movie.  

Transthoracic echocardiography 8 weeks after endothelial-specific Rbpj deletion. 


