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NEW FINDINGS 

 

1. What is the central question of this study? Dose VEGF expressed by both endothelial cells and 

skeletal myofibers maintain the number of skeletal muscle capillaries and regulate endurance 

exercise. 

 

2. What is the main finding and its importance?  VEGF expressed by both endothelial cells and 

skeletal myofibers is not essential for maintaining capillary number but does contribute to exercise 

performance. 
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Abstract  

 

Many chronic diseases lead to exercise intolerance, with loss of skeletal muscle capillaries. While 

many muscle cell types (myofibers, satellite cells, endothelial cells, macrophages and fibroblasts) 

express VEGF, most muscle VEGF is stored in myofibers vesicles which can release VEGF to signal 

VEGF receptor-expressing cells. VEGF gene ablation in myofibers or endothelial cells alone does not 

cause capillary regression.  We hypothesized that simultaneously deleting endothelial cell (EC) and 

skeletal myofiber (Skm) VEGF would cause capillary regression and impair exercise performance. 

This was tested in adult mice by simultaneous conditional deletion of the VEGF gene (Skm/EC-VEGF-

/- mice) through the use of VEGFLoxP, HSA-Cre-ERT2 and PDGFb-iCre-ERT2 transgenes. These double-

deletion mice were compared to three control groups – WT, EC VEGF deletion alone and myofiber 

VEGF deletion alone. Three weeks after initiating gene deletion, Skm/EC-VEGF-/- mice, but not 

SkmVEGF-/- or EC-VEGF-/- mice, reached exhaustion 40 minutes sooner than WT mice in treadmill 

tests (p = 0.002). WT, SkmVEGF-/-, and EC-VEGF-/-, but not Skm/EC-VEGF-/- mice, gained weight 

over the three weeks.  Capillary density, fiber area and capillary:fiber ratio in soleus, plantaris, 

gastrocnemius and cardiac papillary muscle were similar across the groups. Phosphofructokinase 

and pyruvate dehydrogenase activities increased only in Skm/EC-VEGF-/- mice. These data suggest 

that deletion of VEGF signaling simultaneously in endothelial cells and myofibers, w hile reducing 

treadmill endurance and despite compensatory augmentation of glycolysis, is not required for 

muscle capillary maintenance. Reduced endurance remains unexplained, but may possibly be 

related to a role for VEGF in controlling perfusion of contracting muscle. 
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INTRODUCTION 

 Chronic diseases, such as heart failure, diabetes, chronic obstructive pulmonary disease 

(COPD) and peripheral arterial disease (PAD) are typically associated with muscle weakness and 

exercise intolerance (Kao et al., 1994; Jobin et al., 1998; Duscha et al., 1999; Jones et al., 2012; Kato 

et al., 2015; Aiken et al., 2018). In such conditions, muscle dysfunction can in part be attributed to 

poor vascular structure and/or function in the peripheral locomotor muscles.  For instance, a loss of 

skeletal muscle capillaries occurs in some patients with severe COPD (Jobin et al., 1998; Jatta et al., 

2009).    Similarly in chronic heart failure patients, it has been proposed that, in addition to central 

limitations in the O2 transport system, microvascular function is compromised by fewer capillaries 

supporting red blood cell perfusion and a lower capillary hematocrit that reduce O2 availability and 

utilization by muscle mitochondria (Copp et al., 2012; Hirai et al., 2015). In peripheral artery disease, 

muscle function may depend not only on perfusion through functioning capillaries , but the 

formation of collateral arteries to circumvent occluded vessels (Takeda et al., 2011; Kofler & Simons, 

2015). In all these chronic conditions, inhibited VEGF signaling has been implicated in regulating 

vascular function and structure (Gustafsson et al., 2001; Jatta et al., 2009; Esposito et al., 2010; 

Jones et al., 2012; Kikuchi et al., 2014).   

However, the mechanism leading to skeletal muscle capillary regression due to detraining or chronic 

disease conditions is not well understood.  Skeletal muscle is unique in that the dynamic regulation 

of capillaries is a normal physiologic response to exercise training, and VEGF expressed by mature 

skeletal myofibers is essential for both the angiogenic and metabolic changes that occur with daily 

running exercise  (Delavar et al., 2014).  Skeletal myofibers produce large quantities of VEGF that is 

released by exercise in extracellular vesicles to potentially signal myofiber associated endothelial 

cells, macrophage and satellite cells in peripheral muscle and as a myokine that effects both cardiac 

and cerebral function (Hoier et al., 2013; Delavar et al., 2014; Knapp et al., 2016; Tang et al., 2016; 
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Rich et al., 2017; Nie et al., 2019).  Interestingly, VEGF gene deletion in adult mice, targeted to 

skeletal myofibers, decreases VEGF content up to 90%, depending on the skeletal muscle type , but, 

no capillary regression occurs after eleven weeks  (Delavar et al., 2014).  Loss of efficient muscle 

contraction-induced perfusion of the muscle suggests that microvascular function is compromised 

(Knapp et al., 2016).    In contrast, earlier studies from our laboratory, using a viral delivery system to 

express cre recombinase in the gastrocnemius of adult VEGFLoxP mice, suggested that inhibition of 

VEGF expression can initiate capillary regression.  In this previous study, the viral vector was capable 

of infecting any cell type located within the muscle (Tang et al., 2004).   In addition mice exposed to 

cigarette smoke, the main risk factor for COPD, exhibit both loss of capillaries and lower VEGF levels 

in the oxidative soleus muscle but not the more glycolytic, EDL  (Tang et al., 2010b).  Whether 

paracrine signaling from supporting myofibers acts to protect vascular endothelial cells , and/or 

functions in concert with autocrine VEGF signaling to prevent the loss of capillary structures in 

skeletal muscle has not been tested in an adult in vivo model.   

 Thus, in this study we hypothesized that the simultaneous inhibition of VEGF expression in 

endothelial cells and skeletal myofibers in adult mice would lead to capillary regression and limit 

exercise capacity. This hypothesis was tested by conditionally deleting the VEGF gene with a 

tamoxifen-inducible Cre-LoxP system in: 1. endothelial cells alone, 2. skeletal myofibers alone, and 3. 

simultaneously in both these cell types.  Exercise capacity was evaluated by treadmill tests of 

maximum speed and endurance performance before and after inducing VEGF gene deletion.  

Vascular and myofiber alterations that could contribute to exercise limitation were measured.  These 

included an analysis of the capillary density, fiber size and type and the capillary to fiber ratio in 

several locomotor muscles and the heart and skeletal muscle metabolic enzyme activities. 
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MATERIALS AND METHODS 

Ethical Approval  

This study was reviewed and approved by the University of California, San Diego, Animal Care and 

Use Committee, Protocol S01144. VEGFLoxP mice, in which loxP sites are located in exon 3 of the 

VEGF-A gene, were a generous gift from Genentech (Dr. Ferrara) (Gerber et al., 1999). HSA-Cre-ERT2 

mice  were a generous gift from Dr. Chambon’s laboratory (Schuler et al., 2005).  PDGFb-iCRE-ERT2 

mice  on a C57Bl x CB6 background were from Dr. Fruttiger’s laboratory (Claxton et al., 2008).  All 

mouse lines were backcrossed onto a C57BL/6J background.    Mice were housed four to five per 

cage in the same room in a pathogen-free vivarium with a 12:12 h day-night cycle and were provided 

with standard mouse chow (Harlan Tekland 8604, Madison, WI) and water ad libitum.  

The inducible endothelial cell specific VEGF deficient (EC-VEGF -/-) mouse model was developed by 

crossbreeding two separate transgenic lines: homozygous VEGFLoxP+/+ and heterozygous PDGFb-

iCRE-ERT2+/- mice.  The inducible myofiber specific VEGF deficient (SkmVEGF-/-) mice were created 

through crossbreeding VEGFLoxP+/+ and heterozygous HSA-Cre-ERT2+/- mice as previously described 

(Delavar et al., 2014).  The inducible combined endothelial and myofiber VEGF deficient (Skm/EC-

VEGF-/-) animals were obtained by the crossbreeding of mice that were heterozygous for both the 

PDGFb-iCRE-ERT2 or HSA-Cre-ERT2 transgenes and all on a homozygous VEGFLoxP background.  In 

PDGFb-iCRE-ERT2+/- mice, the GFP reporter linked to the PDGFb-iCRE-ERT2 transgene was detected in 

91%  and 85% of the CD31+ endothelial cells located in the soleus and gastrocnemius, respectively.  

VEGFLoxP mice without a cre recombinase gene sequence were used as the littermate, control 

group. 

Genotyping.  DNA was extracted from mouse tail-sections (DNeasy Tissue Kit, Qiagen Inc., Valencia, 

CA, USA) and used for PCR analysis to identify mouse genotypes.  The following primer sequences 

were used: VEGFLoxP, forward primer 5′-TCCGTACGACGCATTTCTAG-3′ and reverse primer 5′-
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CCTGGCCCTCAAGTACACCTT-3′; for HSA-Cre-ERT2 transgene, forward primer 5′-

CTAGAGCCTGTTTTGCACGTTC-3′ and reverse primer 5′-TGCAA-GTTGAATAACCGGAAA-3′; for PDGFb-

iCRE-ERT2 recombinase, forward primer 5′-CCAGCCGCCGTCGCAACTC-3′ and reverse primer 5′-

GCCGCCGGGATCACTCTCG-3′.  The following PCR conditions were used for VEGFLoxP and HSA-Cre-

ERT2 transgenes: a 2-minute polymerase activation incubation at 95° C, then 36 cycles of 30 s at 94° C 

for denaturation, 30 s of annealing at 52° C, 60 s at 72° C for elongation, concluding with 10 min. at 

72° C.  The PCR conditions used for PDGFb-iCre-ERT2 transgene were the same as above differing only 

in the annealing temperature, 59° C.  All PCR products were then electrophoresed on a 2% agarose 

gel stained with ethidium bromide (NuSieve GTG/SeaKem HGT agarose, Cambrex Bio Science 

Rockland, Inc., Rockland, ME, USA) in 1X Tris-Acetate-EDTA (TAE) buffer. 

Experimental Design.  Four experimental mouse groups were studied, defined by different 

genotypes as follows: skeletal myofiber specific VEGF gene deletion (SkmVEGF-/-), endothelial cell 

specific VEGF gene deletion (EC-VEGF-/-), combined endothelial and skeletal myofiber (Skm/EC-

VEGF-/-), and control littermates (WT).  At 4 months of age, male  mice were weighed, exercise 

tested and then treated with tamoxifen (1 mg/mouse, i.p) for five days (Day 0 - 4) to ablate the VEGF 

gene.  WT mice, which did not carry a cre recombinase gene, were also treated with tamoxifen to 

control for any effects of this agent. Twenty-one days after initiating tamoxifen treatment to allow 

sufficient time for Cre recombinase mediated gene deletion between LoxP sites (Schuler et al., 

2005), mice were weighed and exercise tested.  Mice were then anesthetized with 2.5% isoflurane 

and hind limb skeletal muscles [soleus, plantaris, gastrocnemius, extensor digitorum longus (EDL)] 

and heart were removed, weighed, frozen in liquid nitrogen, and stored at −80°C for later analysis or 

preparation of cryosections. 

Aerobic Exercise Performance.  Mice were familiarized with the treadmill (Model CL-4, Omnitech, 

Columbus, OH) twenty-four hours before exercise performance tests.  The familiarization consisted 
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of allowing mice to run for 10 minutes at 10 cm/s on a 10° incline.  Exercise performance was 

evaluated through two different tests: a maximal speed test and an endurance test. These tests 

were performed on consecutive days.  Maximal speed was determined by running mice on a 

treadmill at 33 cm/min on a 10° incline for 1 minute, and then increasing the speed by 3-4 cm/s each 

minute until exhaustion.  Endurance capacity was measured as the time to reach exhaustion when 

mice were run at 36 cm/s (60% of the average maximal speed for the control group).  It should be 

noted interbreeding these various Cre driver lines resulted in a WT group with greater endurance 

(reaching similar endurance times at a greater relative intensity) than our previous studies with 

VEGFLoxP X HAS-Cer-ERT2 mice (Delavar et al., 2014; Knapp et al., 2016). The criterion for exhaustion 

was the inability of the mouse to maintain its position on the treadmill for 8 consecutive seconds. 

Muscle Morphology.  Skeletal muscles (gastrocnemius, soleus and plantaris) and the heart were 

surgically removed from mice 3 weeks after initiating tamoxifen administration. Cryosections (10 

µm) were prepared from cross-sections of the peripheral muscles.  Heart cross-sections were 

prepared from the upper region of the ventricles and the papillary muscle analyzed. Capillaries and 

fibers were detected using the Capillary Lead-ATPase method (Rosenblatt et al., 1987).  Stained 

sections were digitally viewed and stored using Hamamatsu Nanozoomer Slide Scanning System. 

Capillary to fiber ratio, capillary density, fiber-cross sectional area, and fiber-type composition were 

analyzed from the entire cross-sections using ImageJ software.  Gastrocnemius complex 10 μm 

cryosections were prepared to detect α-smooth muscle actin+ cells (Sigma, St. Louis, MO).  Sections 

were fixed with 4% PFA, washed in tris-buffered saline (TBS) (3x for 5 min.), blocked in 3% BSA in 

tris-buffered saline (TBS), incubated overnight in mouse anti -actin, α-smooth muscle antibody 

(1:200) in blocking solution at 4°C.  Sections were washed in TBS and then treated with Alexa Fluor 

488 secondary detection antibody (1:1000) (Invitrogen, Carlsbad, CA). Sections were then analyzed 

for α-smooth muscle actin (arterial remodeling), and stained with DAPI (4’, 6-diamidino-2-
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phenylindole, Invitrogen, Carlsbad, CA) to visualize nuclei.  Stained sections were digitally viewed 

and analyzed using Hamamatsu Nanozoomer Slide Scanning System.  

 

VEGF Protein Levels.  VEGF was measured using a mouse specific VEGF ELISA kit (R&D Systems, La 

Jolla, CA).   Preparation of soleus and gastrocnemius extracts was performed as previously described 

in our laboratory (Tang et al., 2010a). In brief, the lateral gastrocnemius muscle was homogenized in 

(50 μl/mg) extraction buffer (100 mM of K2HPO4, 5 mM of MgSO4, and 30 mM of NaF) (Baldwin et 

al., 1973) and centrifuged at 10,000 g for 10 minutes at 4° C.  The supernatant was used to measure 

VEGF levels and metabolic enzyme activities (described below). VEGF levels were normalized to total 

protein levels measured using the DC-Protein Assay (Bio-Rad). 

Metabolic Enzyme Analysis.  Total enzyme activity levels of phosphofructokinase (PFK) and pyruvate 

dehydrogenase (PDH) were measured in soluble muscle homogenates (Baldwin et al., 1973; Tang et 

al., 2010a)  of the lateral gastrocnemius.  PFK was measured according to the method of Lowry 

(Lowry et al., 1978).  Pyruvate dehydrogenase activity was measured with pyruvate dehydrogenase 

(PDH) enzyme activity microplate assay kit (Abcam, Cambridge, MA). Enzyme activity was recorded 

by spectrophotometer (Beckman DU-640) readings at room temperature and expressed in units of 

catalyzing μmol substrate/ mg tissue/  

Statistics.  A one-way ANOVA was used to detect differences between the four experimental groups 

for measurements of VEGF, muscle weight, morphometric parameters, and metabolic enzyme 

activities.  A two-way repeated measures ANOVA was used to detect differences between the four 

experimental groups treadmill exercise performance both before and after tamoxifen.   A Tukey 

post-hoc test was used to analyze specific differences between the four experimental groups. P < 

0.05 was considered significant.  Data are expressed as the mean +/- SD. 
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RESULTS 

 

Skeletal muscle VEGF levels in skeletal myofiber-targeted, endothelial-targeted, and combined 

endothelium and skeletal myofiber-targeted mice. 

 In order to confirm recombination efficiency, we measured VEGF protein levels in skeletal 

muscle by ELISA. VEGF levels in the soleus of SkmVEGF-/-, EC-VEGF-/-, and Skm/EC-VEGF-/- mice 

were 79, 53, and 82%, respectively, lower than VEGF levels in WT soleus.  The medial gastrocnemius 

VEGF levels in SkmVEGF-/- and Skm/EC-VEGF-/- mice were 94 and 97%, respectively, lower than 

VEGF levels of the WT medial gastrocnemius but unchanged from WT levels in EC-VEGF-/- mice 

(Figure 1).  

 

Aerobic endurance capacity in Skm/EC-VEGF-/- mice 

To assess the functional consequences of VEGF deletion in the different target cells, 

treadmill exercise performance was measured and before and three weeks after initiating VEGF 

gene deletion  with tamoxifen.  Maximal running speed was not different across all four 

experimental groups of mice (Figure 2A). The was an overall effect on running speed between before 

initiating gene deletion with tamoxifen and 3 weeks after tamoxifen treatment. In treadmill running 

endurance tests, the time to reach exhaustion of Skm/EC-VEGF-/- mice three weeks after tamoxifen 

treatment was 46% (or 40 minutes) lower than tamoxifen treated WT mice (WT, 73.5 ± 6.4 min, 

Skm/EC-VEGF-/-, 33.5 ± 7.5 min, p =  0.002). Whereas, endurance times for SkmVEGF-/- and EC-

VEGF-/- mice were not significantly different from WT mice (Figure 2B).  
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Body mass in mice with combined endothelial cell and skeletal myofiber VEGF gene deletion 

 WT, SkmVEGF-/-, and EC-VEGF-/- mice gained weight over the three-week period after 

administration of tamoxifen.  In contrast, the body mass of Skm/EC-VEGF-/- mice remained 

unchanged (Table 1).  Skm/EC-VEGF-/- mice had larger heart to body mass ratios than SkmVEGF-/-, 

EC-VEGF-/-, and WT mice  (p = 0.049), but absolute heart mass was not different between groups.  

Skeletal muscle absolute mass and mass to body mass ratio were not altered in the soleus, plantaris, 

gastrocnemius, and EDL muscles across all groups (Table 1).  

 

Skeletal muscle morphology and fiber type composition 

The capillary to fiber ratio, capillary density, and fiber cross-sectional area in skeletal muscle 

(soleus, plantaris, and gastrocnemius) and the heart (papillary muscle) were not different across the 

four experimental groups (Table 2).  Fiber type composition measured in skeletal muscle types was 

also not different (Table 3). There were no differences in the number of α-smooth muscle actin 

positive arteries per skeletal muscle cross sectional area between WT and Skm/EC-VEGF-/- mice.  

Furthermore, the distribution of arterial sizes was the same in WT and Skm/EC-VEGF-/- mice (Figure 

3). 

 

Glycolytic enzyme activities in the gastrocnemius 

 In the lateral gastrocnemius of Skm/EC-VEGF-/- mice, the activities of phosphofructokinase 

(PFK) and pyruvate dehydrogenase (PDH) were increased by 46% and 71%, respectively (P < 0.05), 

above the levels measured in muscle homogenates from WT mice.  However, the PFK and PDH 

activities of the lateral gastrocnemius of SkmVEGF-/- and EC-VEGF-/- mice were not different than 

the WT muscle (Figure 4). 
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DISCUSSION 

 The major purpose of this study was to determine whether conditional deletion of the VEGF 

gene, simultaneously in both endothelial cells and myofibers of adult mice, (Skm/EC-VEGF-/-) would 

lead to capillary regression and exercise intolerance. The major findings of this study are, in adult 

mice, that: 1) VEGF deletion in endothelial cells or myofibers alone does not impair running 

endurance or muscle capillarity. 2) The deletion of VEGF in both cell types simultaneously impairs 

treadmill endurance, demonstrating synergy between cell types, but does not reduce capillarity. 3) 

Mice deficient in both endothelial cell and myofiber VEGF exhibit a metabolic response manifested 

by an up-regulation of glycolytic enzymes and attenuated gain in body mass.  However, VEGF 

deletion, separately, in endothelial cells or myofibers does not produce these consequences.  Thus, 

the principal finding in this study is that in vivo VEGF signaling by multiple cells localized in the 

skeletal muscle is important for regulating metabolism and overall exercise tolerance.  

 

Inhibition of VEGF expression in both endothelial cells and skeletal myofibers does not lead to 

capillary regression.  Contrary to our original hypothesis, inhibition of VEGF expression in 

endothelial cells and/or skeletal myofibers over a three-week period does not appear to be essential 

for maintaining capillaries in adult mice.  Capillary morphology was assessed in both oxidative and 

glycolytic muscle types, and in all situations, the capillary to fiber ratio was similar across groups. 

This result is similar to a previous study in our laboratory in which we reported that skeletal 

myofiber VEGF was not necessary to maintain capillaries in adult cage-confined mice (Delavar et al., 

2014) and the studies of Kamba et al, (Kamba et al., 2006) using  AG-013736, a small-molecule 

VEGFR tyrosine kinase inhibitor or the soluble VEGF receptor for a similar time frame of three weeks.  

In the VEGF receptor inhibition study skeletal muscle (tongue), heart and brain were found to be 
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resistant to capillary regression.  However, it should be noted that in adult mice skeletal myofiber 

VEGF is essential for the angiogenic response to 8 weeks of daily exercise training on a treadmill 

(Delavar et al., 2014), and skeletal myofiber VEGF is necessary for maintaining capillaries in plantaris 

undergoing hypertrophy in response to an overload stimulus (Huey et al., 2015).  Thus, the 

mechanism leading to capillary regression differs from that initiating skeletal muscle angiogenesis in 

response to exercise or injury.  

 

Skeletal muscle microvasculature.  The number of capillaries did not change following combined 

skeletal myofiber of endothelial-targeted VEGF gene deletions. Thus unlike capillaries beds that are 

still developing or highly fenestrated as in turmors or the pancrease, skeletal muscle capillaries are 

structurally resistant to VEGF inhibition though high resolution of the morphology has yet to be 

evaluated. (Oki et al., 1999; Kamba et al., 2006; Baum et al., 2017).   If there is a high inflammatory 

burden, such as occurs following cigarette-smoke exposure, capillaries can regress in the oxidative 

soleus, accompanied by lower VEGF levels (Tang et al., 2010a; Nogueira et al., 2018).   Finally, our 

earlier study using a non-cell specific AAV-Cre directly injected into the gastrocnemius of VEGFLoxP 

mice resulted in an approximately 60% loss of capillaries (Tang et al., 2004).  Taken together these 

data suggest that additional inflammatory or anti-angiogenic factors or possibly VEGF expressed by 

other cell types, i.e. macrophage, fibroblast, satellite cells, play a role in the maintenance of skeletal 

muscle capillaries. 

The contribution of VEGF expression to endurance exercise.  However, irrespective of a change in 

peripheral muscle capillary number, mice with combined deletion of the VEGF gene in endothelial 

cells and myofibers reached exhaustion during the endurance tests in about half the time of the 

control group. Factors that could contribute to a decrease in endurance include central limitations to 

maximal oxygen uptake; a change in microvascular structure or function that alters the flux of O2 
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from microvessels to myofibers (Knapp et al., 2016); and decreased mitochondrial electron transport 

activity or biogenesis. (Holloszy & Coyle, 1984; Rapoport, 2010; Caffin et al., 2013; Rowe et al., 

2013).   Exercise training improves endurance in part through a greater utilization of fatty acids as a 

substrate and this allows the preservation of carbohydrate reserves, glycogen and blood glucose 

(Love et al., 2011; Lindholm et al., 2014). We have previously reported that VEGF gene deletion 

targeted to adult skeletal myofibers blunts contraction-induced perfusion of the capillary bed in 

exercise intolerant mice (Knapp et al., 2016).   Down regulation of intracellular VEGF in cultured 

endothelial cells promotes autophagic cell death and evidence of autophagic vacuoles could be 

detected by electron microscopy in the endothelial cells of mice with inducible endothelial targeted 

VEGF gene deletion (Domigan et al., 2015).  Thus, VEGF expressed by both endothelial cells and 

myofibers plays a role in the integrity and function of cardiac and skeletal muscle capillaries, and the 

impact on exercise performance is greatest with VEGF deficiency in both cell types.  

 

Metabolic consequences of altered VEGF-dependent capillary function 

Endothelial cells with knockdown of intracellular VEGF in vitro exhibit metabolic changes that 

included decreased glucose uptake, lactate production, and triglyceride synthesis (Domigan et al., 

2015).  Basal cellular oxygen consumption and mitochondrial respiratory capacity were also reported 

to be decreased (Domigan et al., 2015).  In the present study when VEGF gene deletion takes place 

in both endothelial cells and myofibers, PFK and PDH activity  increases in glycolytic or mixed 

locomotor muscles and, this would suggest a preferential oxidation of glucose, from glycogen stores 

or blood glucose.  PDH is a critical enzyme for determining whether acetyl -CoA derived from glucose 

or fatty acids enters into the TCA cycle (Chambers et al., 2011; Vacanti et al., 2014), and mice with 

constitutively active PDH have been shown to down regulate beta-oxidation of fatty acids (Rahimi et 

al., 2014). An increase in both PFK, the rate-limiting enzyme in glycolysis, and PDH would suggest 
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that glucose transported into the cell, undergoes glycolysis, and is either converted to lactate or to 

pyruvate and enter the TCA cycle. Pyruvate can then either be transaminated to alanine, undergo an 

anaplerotic reaction to oxaloacetate or oxidized through the electron transport chain (Gibb et al., 

2017).  An increase in PDH activity without enhanced mitochondrial respiration of pyruvate or fatty 

acids could activate ancillary glycolytic mechanisms as occurs in hind-limb ischemia revascularization 

(Ganta et al., 2017). Further studies are required to uncover these precise metabolic pathways that 

compensate for inhibited VEGF signaling in sedentary mice but are ultimately in sufficient to avoid 

impaired endurance. 

Summary.    These studies highlight the importance of VEGF expressed in both vascular endothelial 

cells and the skeletal myofiber for regulating key vascular processes that limit exercise capacity. 

Adaptive changes in skeletal muscle metabolism and vascular function are likely to be main 

contributing factors to  greater exercise intolerance. 

 

 

REFERENCES 

 

 

Aiken J, Mandel ER, Riddell MC & Birot O (2018). Hyperglycaemia correlates with skeletal muscle 

capillary regression and is associated with alterations in the murine double minute -

2/forkhead box O1/thrombospondin-1 pathway in type 1 diabetic BioBreeding rats. Diab 

Vasc Dis Res, 1479164118805928. 

 



 

 

 

This article is protected by copyright. All rights reserved. 

Baldwin KM, Winder WW, Terjung RL & Holloszy JO (1973). Glycolytic enzymes in different types of 

skeletal muscle: adaptation to exercise. Am J Physiol 225, 962-966. 

 

Baum O, Jentsch L, Odriozola A, Tschanz SA & Olfert IM (2017). Ultrastructure of  Skeletal Muscles in 

Mice Lacking Muscle-Specific VEGF Expression. Anat Rec (Hoboken) 300, 2239-2249. 

 

Caffin F, Prola A, Piquereau J, Novotova M, David DJ, Garnier A, Fortin D, Alavi MV, Veksler V, 

Ventura-Clapier R & Joubert F (2013). Altered skeletal muscle mitochondrial biogenesis but 

improved endurance capacity in trained OPA1-deficient mice. J Physiol 591, 6017-6037. 

 

Chambers KT, Leone TC, Sambandam N, Kovacs A, Wagg CS, Lopaschuk GD, Finck BN & Kelly DP 

(2011). Chronic inhibition of pyruvate dehydrogenase in heart triggers an adaptive metabolic 

response. J Biol Chem 286, 11155-11162. 

 

Claxton S, Kostourou V, Jadeja S, Chambon P, Hodivala-Dilke K & Fruttiger M (2008). Efficient, 

inducible Cre-recombinase activation in vascular endothelium. Genesis 46, 74-80. 

 

Copp SW, Hirai DM, Ferguson SK, Holdsworth CT, Musch TI & Poole DC (2012). Effects of chronic 

heart failure on neuronal nitric oxide synthase-mediated control of microvascular O2 

pressure in contracting rat skeletal muscle. J Physiol 590, 3585-3596. 

 



 

 

 

This article is protected by copyright. All rights reserved. 

Delavar H, Nogueira L, Wagner PD, Hogan MC, Metzger D & Breen EC (2014). Skeletal myofiber VEGF 

is essential for the exercise training response in adult mice. Am J Physiol Regul Integr Comp 

Physiol 306, R586-595. 

 

Domigan CK, Warren CM, Antanesian V, Happel K, Ziyad S, Lee S, Krall A, Duan L, Torres-Collado AX, 

Castellani LW, Elashoff D, Christofk HR, van der Bliek AM, Potente M & Iruela-Arispe ML 

(2015). Autocrine VEGF maintains endothelial survival through regulation of metabolism and 

autophagy. J Cell Sci 128, 2236-2248. 

 

Duscha BD, Kraus WE, Keteyian SJ, Sullivan MJ, Green HJ, Schachat FH, Pippen AM, Brawner CA, 

Blank JM & Annex BH (1999). Capillary density of skeletal muscle: a contributing mechanism 

for exercise intolerance in class II-III chronic heart failure independent of other peripheral 

alterations. J Am Coll Cardiol 33, 1956-1963. 

 

Esposito F, Mathieu-Costello O, Entin PL, Wagner PD & Richardson RS (2010). The skeletal muscle 

VEGF mRNA response to acute exercise in patients with chronic heart failure. Growth Factors 

28, 139-147. 

 

Ganta VC, Choi MH, Kutateladze A, Fox TE, Farber CR & Annex BH (2017). A MicroRNA93-Interferon 

Regulatory Factor-9-Immunoresponsive Gene-1-Itaconic Acid Pathway Modulates M2-Like 

Macrophage Polarization to Revascularize Ischemic Muscle. Circulation 135, 2403-2425. 

 



 

 

 

This article is protected by copyright. All rights reserved. 

Gerber HP, Hillan KJ, Ryan AM, Kowalski J, Keller GA, Rangell L, Wright BD, Radtke F, Aguet M & 

Ferrara N (1999). VEGF is required for growth and survival in neonatal mice. Development 

126, 1149-1159. 

 

Gibb AA, Lorkiewicz PK, Zheng YT, Zhang X, Bhatnagar A, Jones SP & Hill BG (2017). Integration of flux 

measurements to resolve changes in anabolic and catabolic metabolism in cardiac myocytes. 

Biochem J 474, 2785-2801. 

 

Gustafsson T, Bodin K, Sylven C, Gordon A, Tyni-Lenne R & Jansson E (2001). Increased expression of 

VEGF following exercise training in patients with heart failure. Eur J Clin Invest 31, 362-366. 

 

Hirai DM, Musch TI & Poole DC (2015). Exercise training in chronic heart failure: improving ske letal 

muscle O2 transport and utilization. Am J Physiol Heart Circ Physiol 309, H1419-1439. 

 

Hoier B, Prats C, Qvortrup K, Pilegaard H, Bangsbo J & Hellsten Y (2013). Subcellular localization and 

mechanism of secretion of vascular endothelial growth factor in human skeletal muscle. 

FASEB J 27, 3496-3504. 

 

Holloszy JO & Coyle EF (1984). Adaptations of skeletal muscle to endurance exercise and their 

metabolic consequences. J Appl Physiol Respir Environ Exerc Physiol 56, 831-838. 

 



 

 

 

This article is protected by copyright. All rights reserved. 

Huey KA, Smith SA, Sulaeman A & Breen EC (2015). Skeletal myofiber VEGF is necessary for myogenic 

and contractile adaptations to functional overload of the plantaris in adult mice. J Appl 

Physiol (1985), jap 00638 02015. 

 

Jatta K, Eliason G, Portela-Gomes GM, Grimelius L, Caro O, Nilholm L, Sirjso A, Piehl-Aulin K & Abdel-

Halim SM (2009). Overexpression of von Hippel-Lindau protein in skeletal muscles of 

patients with chronic obstructive pulmonary disease. J Clin Pathol 62, 70-76. 

 

Jobin J, Maltais F, Doyon JF, LeBlanc P, Simard PM, Simard AA & Simard C (1998). Chronic obstructive 

pulmonary disease: capillarity and fiber-type characteristics of skeletal muscle. J Cardiopulm 

Rehabil 18, 432-437. 

 

Jones WS, Duscha BD, Robbins JL, Duggan NN, Regensteiner JG, Kraus WE, Hiatt WR, Dokun AO & 

Annex BH (2012). Alteration in angiogenic and anti-angiogenic forms of vascular endothelial 

growth factor-A in skeletal muscle of patients with intermittent claudication following 

exercise training. Vasc Med 17, 94-100. 

 

Kamba T, Tam BY, Hashizume H, Haskell A, Sennino B, Mancuso MR, Norberg SM, O'Brien SM, Davis 

RB, Gowen LC, Anderson KD, Thurston G, Joho S, Springer ML, Kuo CJ & McDonald DM 

(2006). VEGF-dependent plasticity of fenestrated capillaries in the normal adult 

microvasculature. Am J Physiol Heart Circ Physiol 290, H560-576. 

 



 

 

 

This article is protected by copyright. All rights reserved. 

Kao AC, Van Trigt P, 3rd, Shaeffer-McCall GS, Shaw JP, Kuzil BB, Page RD & Higginbotham MB (1994). 

Central and peripheral limitations to upright exercise in untrained cardiac transplant 

recipients. Circulation 89, 2605-2615. 

 

Kato T, Nakane E, Funasako M, Miyamoto S, Izumi T, Haruna T, Nohara R & Inoko M (2015). A 

potential linkage between mitochondrial function of the heart and leg muscles in patients 

with heart failure. Int J Cardiol 188, 67-69. 

 

Kikuchi R, Nakamura K, MacLauchlan S, Ngo DT, Shimizu I, Fuster JJ, Katanasaka Y, Yoshida S, Qiu Y, 

Yamaguchi TP, Matsushita T, Murohara T, Gokce N, Bates DO, Hamburg NM & Walsh K 

(2014). An antiangiogenic isoform of VEGF-A contributes to impaired vascularization in 

peripheral artery disease. Nat Med 20, 1464-1471. 

 

Knapp AE, Goldberg D, Delavar H, Trisko BM, Tang K, Hogan MC, Wagner PD & Breen EC (2016). 

Skeletal myofiber VEGF regulates contraction-induced perfusion and exercise capacity but 

not muscle capillarity in adult mice. Am J Physiol Regul Integr Comp Physiol 311, R192-199. 

 

Kofler NM & Simons M (2015). Angiogenesis versus arteriogenesis: neuropilin 1 modulation of VEGF 

signaling. F1000Prime Rep 7, 26. 

 

Lindholm ME, Fischer H, Poellinger L, Johnson RS, Gustafsson T, Sundberg CJ & Rundqvist H (2014). 

Negative regulation of HIF in skeletal muscle of elite endurance athletes: a tentative 



 

 

 

This article is protected by copyright. All rights reserved. 

mechanism promoting oxidative metabolism. Am J Physiol Regul Integr Comp Physiol 307, 

R248-255. 

 

Love LK, LeBlanc PJ, Inglis JG, Bradley NS, Choptiany J, Heigenhauser GJ & Peters SJ (2011). The 

relationship between human skeletal muscle pyruvate dehydrogenase phosphatase activity 

and muscle aerobic capacity. J Appl Physiol (1985) 111, 427-434. 

 

Lowry CV, Kimmey JS, Felder S, Chi MM, Kaiser KK, Passonneau PN, Kirk KA & Lowry OH (1978). 

Enzyme patterns in single human muscle fibers. J Biol Chem 253, 8269-8277. 

 

Nie Y, Sato Y, Garner RT, Kargl C, Wang C, Kuang S, Gilpin CJ & Gavin TP (2019). Skeletal muscle-

derived exosomes regulate endothelial cell functions via reactive oxygen species-activated 

nuclear factor-kappaB signalling. Exp Physiol 104, 1262-1273. 

 

Nogueira L, Trisko BM, Lima-Rosa FL, Jackson J, Lund-Palau H, Yamaguchi M & Breen EC (2018). 

Cigarette smoke directly impairs skeletal muscle function through capillary regression and 

altered myofibre calcium kinetics in mice. J Physiol 596, 2901-2916. 

 

Oki S, Desaki J, Taguchi Y, Matsuda Y, Shibata T & Okumura H (1999). Capillary changes with 

fenestrations in the contralateral soleus muscle of the rat following unilateral limb 

immobilization. J Orthop Sci 4, 28-31. 

 



 

 

 

This article is protected by copyright. All rights reserved. 

Rahimi Y, Camporez JP, Petersen MC, Pesta D, Perry RJ, Jurczak MJ, Cline GW & Shulman GI (2014). 

Genetic activation of pyruvate dehydrogenase alters oxidative substrate selection to induce 

skeletal muscle insulin resistance. Proc Natl Acad Sci U S A 111, 16508-16513. 

 

Rapoport BI (2010). Metabolic factors limiting performance in marathon runners. PLoS Comput Biol 

6, e1000960. 

 

Rich B, Scadeng M, Yamaguchi M, Wagner PD & Breen EC (2017). Skeletal myofiber vascular 

endothelial growth factor is required for the exercise training-induced increase in dentate 

gyrus neuronal precursor cells. J Physiol 595, 5931-5943. 

 

Rosenblatt JD, Kuzon WM, Jr., Plyley MJ, Pynn BR & McKee NH (1987). A histochemical method for 

the simultaneous demonstration of capillaries and fiber type in skeletal muscle. Stain 

Technol 62, 85-92. 

 

Rowe GC, Patten IS, Zsengeller ZK, El-Khoury R, Okutsu M, Bampoh S, Koulisis N, Farrell C, Hirshman 

MF, Yan Z, Goodyear LJ, Rustin P & Arany Z (2013). Disconnecting mitochondrial content 

from respiratory chain capacity in PGC-1-deficient skeletal muscle. Cell Rep 3, 1449-1456. 

 

Schuler M, Ali F, Metzger E, Chambon P & Metzger D (2005). Temporally controlled targeted somatic 

mutagenesis in skeletal muscles of the mouse. Genesis 41, 165-170. 

 



 

 

 

This article is protected by copyright. All rights reserved. 

Takeda Y, Costa S, Delamarre E, Roncal C, Leite de Oliveira R, Squadrito ML, Finisguerra V, 

Deschoemaeker S, Bruyere F, Wenes M, Hamm A, Serneels J, Magat J, Bhattacharyya T, 

Anisimov A, Jordan BF, Alitalo K, Maxwell P, Gallez B, Zhuang ZW, Saito Y, Simons M, De 

Palma M & Mazzone M (2011). Macrophage skewing by Phd2 haplodeficiency prevents 

ischaemia by inducing arteriogenesis. Nature 479, 122-126. 

 

Tang K, Breen EC, Gerber HP, Ferrara NM & Wagner PD (2004). Capillary regression in vascular 

endothelial growth factor-deficient skeletal muscle. Physiol Genomics 18, 63-69. 

 

Tang K, Gu Y, Dalton ND, Wagner H, Peterson KL, Wagner PD & Breen EC (2016). Selective Life-Long 

Skeletal Myofiber-Targeted VEGF Gene Ablation Impairs Exercise Capacity in Adult Mice. J 

Cell Physiol 231, 505-511. 

 

Tang K, Wagner PD & Breen EC (2010a). TNF-alpha-mediated reduction in PGC-1alpha may impair 

skeletal muscle function after cigarette smoke exposure. J Cell Physiol 222, 320-327. 

 

Tang K, Xia FC, Wagner PD & Breen EC (2010b). Exercise-induced VEGF transcriptional activation in 

brain, lung and skeletal muscle. Respir Physiol Neurobiol 170, 16-22. 

 

Vacanti NM, Divakaruni AS, Green CR, Parker SJ, Henry RR, Ciaraldi TP, Murphy AN & Metallo CM 

(2014). Regulation of substrate utilization by the mitochondrial pyruvate carrier. Mol Cell 56, 

425-435. 

 



 

 

 

This article is protected by copyright. All rights reserved. 

 

 

ADDITIONAL INFORMATION 

Data Availability:  The data that support the findings of this study are available from the 

corresponding author upon reasonable request. 

Competing Interests:  The authors do not have any perceived or potential conflict of interest, 

financial or otherwise. 

Author Contributions:  Experimental Design; PDW and ECB.  Mouse Model; MF, Data Collection and 

Analysis; AS, JF, AV-M, ECB, Manuscript preparation and editing; AS, JF, AV-M, PDW, MF, ECB.   

Funding:  This study was funded by NH/NHLBI 1 PO1 HL091830-01A1 

Acknowledgements: The VEGFLoxP mice were generously provided by Genentech.  The HSA-Cre-ERT2 

mice were generously provided by Dr. Metzeger and Dr. Chambon from the Institut de Génétique et 

de Biologie Moléculaire et Cellulaire (IGBMC), Université de Strasbourg, France.  We would also like 

to thank Jennifer Santini for her assistance collecting microscopic images with resources at the UCSD 

Light Microscopy Core Facility, which is supported by a NINDS P30 Core Grant (P30NS047101).  In 

addition, Dr. Leonardo Nogueira was kind enough to assist in editing the manuscript. 

 

 

 

  



 

 

 

This article is protected by copyright. All rights reserved. 

 

Table 1.  Muscle Mass to Body Mass Ratios 

  WT SkmVEGF EC-VEGF Skm/EC-VEGF 
 

Heart   mg 155.2 ±0.108 158.1 ± 0.037 143.4 ± 0.022 156.6 ± 0.029 

 mg/BM 5.6 ± 0.6 
 

5.46 ± 0.57 5.46 ± 0.56 6.17  ± 0.1.1* 

 n 36 17 31 24 

Soleus mg 11.4 ± 5.6 13.3 ± 5.3 10.2 ± 5.5 13.1 ± 8.4 

 mg/BM 0.42  ± 0.23 0.63  ± 0.50 0.39  ± 0.25 0.54  ± 0.45 

          n 32 15 24 21 

Plantaris mg 23.8  ± 6.9 23.4 ± 7.7 20.3 ± 9.1 20.0 ± 6.0 

 mg/BM 0.88  ± 0.28 1.09  ± 0.70 0.78  ± 0.34 0.80  ± 0.18 

 n 32 15 24 21 

Gastrocnemius mg 128.0 ± 19 127 ± 21 131 ± 31 121 ± 22 

 mg/BM 4.66 ± 0.67 5.25  ± 0.81 4.95  ± 1.09 4.75  ± 1.24 

 n 32 15 27 23 

EDL mg 12.4 ± 7.5 12.4 ± 2.9 15.8 ± 13 9.51 ± 2.6 

 mg/BM 0.45 ± 0.34 0.52 ± 0.19 0.61  ± 0.51 0.36 ± 0.09 

 n 32 15 27 21 

BM Pre-Tam 26.1 ± 1.9 26.6 ± 2.4 25.3 ± 2.1 25.2 ± 2.2 

 Post-
Tam 

27.6 ± 2.1# 28.4 ± 2.6# 26.7 ± 2.4# 25.5 ± 3.1 

 n 36 24 31 17 

Values are mean ± SD. * indicates a significant difference (p = 0.049). # indicates a difference 

between Pre-Tam and Post-Tam (p<0.001) 
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Table 2. Skeletal and Cardiac Muscle Morphology 

  WT SkmVEGF EC-VEGF Skm/EC-VEGF 

Capillary/Fiber 

Ratio 

Soleus 1.86 ± 0.30 1.81 ± 0.24 1.73 ± 0.24 1.68 ± 0.33 

  Plantaris 1.24 ± 0.30 1.41 ± 0.12 1.31 ± 0.24 1.28 ± 0.3- 

 Gastrocnemius 1.22 ± 0.33 1.42 ± 0.15 1.27 ± 0.13 1.28 ± 0.21 

 Papillary 2.00 ± 0.07 1.97 ± 0.02 1.95 ± 0.05 1.99 ± 0.03 
 

 

Mean Fiber Area  

 

Soleus 

 

1.88 ± 0.40 

 

2.00 ± 0.56 

 

1.81 ± 0.26 

 

1.84 ± 0.69 

(μm2) x 1000  Plantaris 2.26 ± 0.63 2.22 ± 0.40 2.08 ± 0.37 1.97 ± 0.30 

 Gastrocnemius 3.66 ± 1.5 3.07 ± 1.6 3.27 ± 0.42 2.94 ± 0.69 

 Papillary 5.97 ± 1.5 5.84 ± 1.1 5.51 ± .95 6.64 ± 0.63 

 

Capillary Density  

 

Soleus 

 

962 ± 292 

 

888 ± 284 

 

950 ± 230 

 

863 ± 276 

 (cap/mm2) Plantaris 578 ± 259 655 ± 140 663 ± 209 659 ± 174 

 Gastrocnemius 362 ± 179 437 ± 142 400 ± 79 459 ± 144 

 Papillary 348 ± 70 354 ± 56 363 ± 56 301 ± 276 

Values are mean ± SD. (n = 6-11).  No significant differences in any of the three indices for any 

muscle across the four groups 
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Table 3. Skeletal Muscle Fiber Type Composition 

    Fiber Type Ratio 

  I IIa IIb 

Soleus WT 0.49 ± 0.02 0.49 ± 0.02 0.01 ± 0.01 

 SkmVEGF-/- 0.50 ± 0.03 0.49 ± 0.02 0.01 ± 0.01 

  EC-VEGF-/- 0.44 ± 0.02 0.54 ± 0.02 0.01 ± 0.01 

 
Skm/EC-VEGF-/- 0.44 ± 0.02 0.54 ± 0.02 0.01 ± 0.01 

 

Plantaris 

 

WT 

 

0.21 ± 0.01 

 

0.27 ± 0.02 

 

0.52 ± 0.03 

 SkmVEGF-/- 0.19 ± 0.03 0.28 ± 0.03 0.53 ± 0.03 

  EC-VEGF-/- 0.19 ± 0.02 0.23 ± 0.03 0.58 ± 0.03 

 Skm/EC-VEGF-/- 0.20 ± 0.04 0.28 ± 0.04 0.48 ± 0.02 

 

Gastrocnemius 

 

WT 

 

0.02 ± 0.01 

 

0.05 ± 0.01 

 

0.92 ± 0.02 

 SkmVEGF-/- 0.03 ± 0.01 0.03 ± 0.01 0.95 ± 0.02 

  EC-VEGF-/- 0.01 ± 0.01 0.02 ± 0.01 0.97 ± 0.01 

  Skm/EC-VEGF-/- 0.03 ± 0.01 0.05 ± 0.01 0.91 ± 0.02 

Values are mean ± SEM. (n = 6-12).  No significant differences in any of the three indices for any 

muscle across the four groups 
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Figure 1.  Skeletal muscle VEGF levels.  VEGF protein levels in the (A) soleus and (B) medial 

gastrocnemius of WT, EC-VEGF-/-, SkmVEGF-/-, and Skm/EC-VEGF-/- mice.  Values are the mean  

SD.  soleus, n=6-18; medial gastrocnemius, n= 3-10.  
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Figure 2.  Treadmill exercise performance.  WT, SkmVEGF-/-, EC-VEGF-/-, and Skm/EC-VEGF-/- mice 

were subjected to (A) maximal speed and (B) endurance tests before and three weeks after imitating 

gene deletion with tamoxifen. Values are mean  SD.  * indicates a significant difference (p = 0.002) 

between WT and Skm/EC-VEGF-/- mice after tamoxifen (n=11-30). 
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Figure 3. Small Artery Number and Distribution is Maintatined in Skm/EC-VEGF-/- mice.  (A) Total 

-smooth muscle actin+ vessels per area (mm2) and (B) histogram of the distribution of arterial 

diameter sizes (m) in WT and Skm/EC-VEGF-/- gastrocnemius complexes.  Values are the mean  

SEM (n=5). 
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Figure 4. Metabolic Enzyme Activities.  (A) Pyruvate dehydrogenase and (B) phosphofructokinase 

activities (mol/mg/min) in the lateral gastrocnemius.  Values are mean  SEM.  * indicates a 

significant difference (p<0.05) from WT values (n=10). 

 


