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Abstract 

Impaired microvascular function is a hallmark of pre-diabetes. With development of 

atherosclerosis this impaired microvascular function can result in diminished capacity for 

ambulation and is a risk factor for Type 2 Diabetes. Dynamic changes in vascular tone are 

determined, in large part, by the eNOS/NO/cGMP axis. We used gain of function of the 

eNOS/NO/cGMP axis in diet-induced obese (DIO) mice and reduced function in lean mice to 

test the hypothesis that functionality of this vascular control mechanism parallels the benefits of 

an exercise training regimen. DIO mice have lower exercise capacity than lean mice and were 

used for pharmacological gain of function. The PDE-5a inhibitor – sildenafil – increases cGMP 

and was administered to DIO mice daily. In sedentary mice, we find that sildenafil does not 

improve exercise capacity. In contrast, it amplifies the microcirculatory effects of exercise 

training. Sildenafil synergizes with exercise training to improve performance during an 

incremental exercise test. Improved exercise performance was accompanied by increased 

skeletal muscle capillary flow velocity and capillary density measured via intravital microscopy. 

Loss of function was tested in lean mice hemizygous for endothelial cell (EC) specific eNOS 

creating an EC-eNOS knockdown (KD). EC-eNOS KD decreases capillary density and exercise 

tolerance in sedentary mice; however, it did not prevent exercise-training induced improvements 

in endurance capacity. These data show that 1) increasing cGMP with sildenafil enhances 

microcirculatory function and exercise work tolerance that results from training; 2) eNOS KD 

does not prevent the microcirculatory or improvements in exercise tolerance with training. PDE-

5a inhibitors combined with physical exercise are a potential mechanism for improving 

ambulation in patients with circulatory limitations.  
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INTRODUCTION 

Capillaries of the microcirculation are the site of molecule exchange between blood and the 

cells of perfused tissues (1, 2). Sustained increase in metabolic rate requires vascular delivery 

to maintain high metabolic activity as tissue stores of oxygen are limited. Peripheral artery 

disease (PAD) and diabetes cause microcirculatory defects that limit the exchange of 

bloodborne proteins and metabolites and impede limb muscle capillary blood flow. This can lead 

to significant limb ischemia that results in reduced ambulation, intermittent claudication, and a 

reduced quality of life. Endothelial- and non-endothelial derived factors determine vascular 

conductance at arterioles. Endothelial nitric oxide synthase (eNOS) catalyzes the production of 

nitric oxide (NO) from L-arginine. NO activates guanylate cyclase in the surrounding smooth 

muscle to produce cGMP which stimulates protein kinase G (PKG). The result of cGMP-PKG 

signaling is smooth muscle relaxation, vasodilation, and angiogenesis (3, 4). The magnitude 

and duration of cGMP concentrations is reduced by hydrolysis of cGMP by a cGMP-dependent 

phosphodiesterase. Phosphodiesterase-5a (PDE-5a) is the predominant phosphodiesterase in 

vascular smooth muscle. Sildenafil is a highly selective inhibitor of PDE-5a that increases cGMP 

by inhibiting cGMP hydrolysis. This results in a decrease in vascular resistance. PDE-5a 

inhibitors are approved for the treatment of erectile dysfunction; however, it may also have 

therapeutic benefits in treatment of primary pulmonary hypertension (5), as well as limiting 

deficits in learning and memory processes associated with neurodegeneration of aging (6, 7). 

 

Studies show that chronic PDE-5a inhibition enhances insulin sensitivity in rodents (1, 8) and 

humans (9). Capillary density is closely associated with skeletal muscle insulin sensitivity (5,6). 

Contracting skeletal muscle requires accelerated microcirculatory nutrient delivery and removal 

of metabolic byproducts. Dynamic changes in vascular tone are determined, in large part, by the 

eNOS/NO/cGMP axis which during exercise is accelerated causing smooth muscle relaxation of 

skeletal muscle arterioles (10) and accelerated blood flow to working muscle. From a clinical 

perspective, reduction in walking capacity is a common adverse sequela of PAD. Exercise 

rehabilitation improves ambulation in these patients (11). However, ischemic pain associated 

with ambulatory activity can limit its utility. Amplification of the eNOS/NO/cGMP axis may cause 

physical activity-induced improvements in microvascular and physical function, while impaired 

activity of this axis has been shown to adversely affect a single bout of exercise. 

 

This study used gain and partial loss of eNOS/NO/cGMP function approaches to address how 

microvascular function affects the response to regular physical activity. The gain of function 
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approach used pharmacological administration of PDE5a inhibitor, sildenafil, in diet-induced 

obese (DIO) mice that are known to have impaired endothelium-dependent vasodilation (12-14). 

The partial loss of function approach utilized mice with an inducible endothelial cell (EC) specific 

eNOS hemizygous deletion (eNOS+/-) to test whether effects of physical activity are attenuated 

by a decrease in eNOS/NO/cGMP axis in otherwise lean healthy mice. Results show that gain 

of function studies using pharmacological inhibition of PDE-5a improves microvascular function 

and augments the effects of regular physical activity in DIO mice. In contrast, partial loss of 

function studies using EC-specific knockdown (KD) of eNOS+/- does not impair the effects of 

physical activity.  

 

METHODS 

Procedures involving mice were approved in advance and carried out in compliance with the 

Vanderbilt University Institutional Animal Care and Use Committee. Vanderbilt University is 

accredited by the Association for Assessment and Accreditation of Laboratory Animal Care 

International. The environmental temperature at which mice were housed and experiments were 

performed was between 21-23°C.  

 

Animals 

All mice were on the C57BL/6J strain and fed standard chow diet (5001 Laboratory Rodent; 

LabDiet) or 60% fat diet (HFD, Research Diets, #D12492, 5.21 kcal/g food). Protocol 1: Mice 

hemizygous for the lox-p flanked gene Nos3 (eNOS) were crossed with mice expressing the 

stem cell leukemia (SCL) promoter driven tamoxifen-inducible Cre recombinase-estrogen 

receptor fusion protein (CreER) transgene (15, 16). This construct causes EC-specific gene 

deletion (17, 18). Mice heterozygous for the lox-p flanked gene Nos3 without the CreER 

transgene were used as controls. Both mouse lines were administered tamoxifen (TMX; Sigma-

T5648) reconstituted in corn oil vehicle (Sigma-C8267) at 2 mg/kg body weight for 5 days to 

generate an EC-specific eNOS knockdown or WT littermate controls. EC eNOS+/- and WT mice 

underwent 5 weeks of exercise training or remained sedentary. Protocol 2: C57BL/6J were fed 

HFD for 8 weeks to evoke DIO. Sildenafil (6 µg•g-1 body weight; PHR1807, Millipore Sigma) 

versus vehicle (volume matched injection) was delivered via subcutaneous injection two times 

per day (~10 hours between injections) for 5 weeks. Vehicle injections consisted of 0.9% saline 

. Chow fed age-matched mice were used as lean controls. After 8 weeks on diet, mice either 

remained sedentary or underwent exercise training for 5 weeks (detailed below), while being 

treated with Sildenafil or vehicle. Chow fed control mice were sedentary or underwent exercise 
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training, but were not treated with Sildenafil. Another cohort of mice were fed HFD for 8 weeks 

to induce DIO and then were treated twice daily with vehicle injections for 5 weeks.  After 5 

weeks, mice were acutely injected with Sildenafil (6 µg•g-1 body weight) or vehicle (volume 

matched 0.9% saline) to test whether acute treatment with sildenafil improves hemodynamics 

and exercise tolerance.  

 

Incremental Exercise Stress Test and Exercise Training 

The stress tests were conducted on a single-lane treadmill from Columbus Instruments 

beginning at a speed of 10 m·min-1. Speed was increased by 4 m·min-1 every three minutes until 

exhaustion. Mice exercised at 40% of their maximum speed (measured during the stress test) 

for 30 min, 5 days per week for 5 weeks. This results in an exercise training volume of 150 

minutes of moderate intensity exercise per week.  

 

Intravital Microscopy 

Intravital microscopy was performed in mice as previously described (19-21). Studies were 

performed under isoflurane anesthesia (SomnoSuite; Kent Scientific). Doses of 2 and 1.5% 

isoflurane were used for induction and maintenance of anesthesia, respectively. The lateral 

gastrocnemius was exposed for visualization by trimming away skin and fascia and then placed 

on a glass coverslip immersed in 0.9% saline. Body temperature of 37°C was maintained using 

a homeothermic heating blanket and temperature probe (Harvard Apparatus). Approximately 8 

mg/kg (100 μL injection volume) of a tetramethylrhodamine (TMR)-labeled 2-megadalton (mDa) 

dextran (Thermo Fisher) was infused through the jugular vein catheter. A 2 mDa molecule 

remains in the lumen of capillaries with high resistance endothelial walls and used as to identify 

microcirculatory structure. Imaging began at t=0 min and continued until 10 minutes after the 

TMR bolus and insulin bolus, respectively. The focal plane for imaging was maintained using 

the Perfect Focus System on the Nikon Eclipse Ti-E (Nikon Instruments). Plasma fluorescence 

was excited using a Sola Light Engine LED lamp (Lumencore) and visualized with a Plan Apo 

10× objective (Nikon Instruments). Images were recorded at 100 fps using a 10 ms exposure 

time with a Flash 4.0 sCMOS camera (Hamamatsu). High frame rate imaging was achieved by 

directly streaming time-lapse experiments to computer RAM using a Camlink interface 

(Olympus). Videos underwent real-time 4 × 4 pixel binning during acquisition to improve 

signal/noise ratio, and image brightness was manually adjusted post hoc in NIS Elements 

(Nikon Instruments) to ensure an average pixel intensity of approximately 0.5 with a minimal 

extent of over/underexposed regions prior to export in a MATLAB-readable format. Capillary 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 22, 2024. ; https://doi.org/10.1101/2024.09.18.612717doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.18.612717
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page | 6  
 

flow velocity, hematocrit, and density were quantified as previously described (22). Briefly, 5 s 

videos of the gastrocnemius microcirculation acquired at 100 frames·s-1 were processed to 

remove motion artifacts, identify in-focus capillaries, and track the motion of red blood cells 

(RBCs) based on the shadows they produce in plasma fluorescence. Perfusion metrics included 

mean capillary flow velocity (MFV; µm·s-1), and perfusion heterogeneity index (PHI; a unitless 

measure of spatial flow variability). PHI was defined as the natural log of V�max - V�min divided 

by the MFV. V�max and V�min represent velocity in the fastest and slowest flowing capillaries, 

respectively. Five fields of view were captured for each mouse, and MFV and PHI represent an 

average of all five acquisitions.  

 

cGMP analysis 

Circulating cGMP levels were determined from arterial plasma samples using a cGMP 

immunoassay kit (#CG200, Millipore Sigma). Arterial blood was collected 5 hours from the last 

dose of sildenafil.  

 

Immunoblotting 

Immunoblotting was performed on gastrocnemius muscle in EC eNOS+/- and WT mice. Skeletal 

muscle was excised. Muscle tissue was minced and digested in HBSS containing 5% fetal 

bovine serum, 2U/mL Dispase, and 2mg/mL collagenase type II for 35 minutes at 37°C. 

Digested muscle tissue was then vortexed, filtered through 100 μm filters and centrifuged at 

400xg to pellet cells. Supernatant were discarded and cell pellets were incubated with ACK 

buffer to lyse red blood cells. Cells were filtered through 35 μm filters and incubated with CD31 

magnetic conjugated bead antibodies (#130-097-418, Miltenyi Biotec). Positive selection for 

CD31+ cells was performed using magnetic separator columns (#130-042-201, Miltenyi Biotec). 

CD31- and CD31+ cells were flash frozen and stored at -80°C. Triton X-100 CD31+ and CD31- 

cell lysates (5-15 µg/lane) were analyzed by western blot for proteins and eNOS (#32027; 

1:500; Cell Signaling) and GAPDH (#97166; 1:1000; Cell Signaling). After incubation with 

appropriate HRP-conjugated secondary antibodies (rabbit anti-IgG, #7074, mouse anti-IgG 

#7076, Cell Signaling) bands were detected via chemiluminescence. Intensity of individual 

bands were quantified using Image LabTM (version 6.0.0, Bio-Rad Laboratories, Inc.), and 

expressed as a ratio to GAPDH.  

 

Statistical Analysis. Student’s t-tests were run for between group comparisons. If data did not 

follow a Gaussian distribution, non-parametric Mann-Whitney tests were used to determine 
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statistical significance. In experiments that contained more than two groups, one-way analysis 

of variance (ANOVA) or two-way ANOVA models were used with pairwise comparisons using 

Tukey or Sidak correction. Brown-Forsythe correction was applied to groups with unequal 

variance. Data are presented as mean ± standard error (SE). A p value of <0.05 was used to 

determine significance. 

 

RESULTS 

EC eNOS knockdown does not prevent improvements in microcirculation or exercise 

tolerance with exercise training. 

We tested whether a decrease in eNOS/NO/cGMP axis in otherwise lean healthy mice blunts 

microvascular function and exercise tolerance with training. Mice with an inducible KD of EC 

eNOS were used for this purpose. To KD EC eNOS, mice expressing the EC specific SCL 

promoter Cre ERT transgene or controls not expressing SCL cre were administered tamoxifen 

for 5 consecutive days. Five weeks later, mice were euthanized to quantify the magnitude of 

eNOS KD in EC enriched skeletal muscle. Since skeletal muscle is comprised of heterogenous 

cell types, we used magnetic conjugated bead selection to enrich for ECs (defined by CD31+ 

expression) (Fig. 2A). eNOS expression was restricted to CD31 expressing cells with no eNOS 

expression detected in the CD31 negative fraction (Fig. 2A). This confirms the specificity of EC 

isolation. Using the bead-based EC enrichment strategy, we found that mice hemizygous for 

EC-specific eNOS have a ~50% eNOS knockdown (Fig. 2C&D). WT and EC eNOS+/- mice had 

similar body weight, % fat mass, and % lean mass (Fig. 2E&F). Together, these data confirm 

quantitative KD of eNOS in CD31+ ECs.  

 

WT and EC eNOS+/- mice were randomized to exercise training or remained sedentary for 5 

weeks (Fig. 3A). Exercise tolerance in response to an exercise stress test was lower in 

sedentary eNOS+/- compared to WT sedentary mice (Fig. 3B). Exercise training led to similar 

increases in exercise tolerance in WT and EC eNOS+/- mice. Intravital microscopy was 

performed approximately 36 hours after the last exercise bout in gastrocnemius muscle. No 

differences in skeletal muscle capillary blood flow velocity existed between groups (Fig. 3C). 

The capillary density within the FOV was reduced in sedentary eNOS+/- compared to WT mice 

(Fig. 3D). Although there were no differences in capillary blood flow, the flow heterogeneity was 

decreased with exercise training in both WT and eNOS+/- mice (Fig. 3E). Hematocrit variability 

reflects the movement of particulates in a capillary bed, which was similarly reduced between 

genotypes with exercise training (Fig. 3F). Collectively, these data show that partial loss of EC 
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eNOS does not prevent improvements in microcirculatory function or exercise tolerance with 

training in lean mice.  

 

Acute PDE-5 inhibition increases capillary blood flow but does not improve exercise 

tolerance in DIO mice. 

DIO is associated with microvascular dysfunction (23, 24). We tested the hypothesis that acute 

administration of sildenafil enhances microvascular function and exercise performance in DIO 

mice. After 8 weeks of DIO, mice received two subcutaneous injections of sildenafil 16 hours 

and 5 hours prior to an exercise stress test or measurements of microvascular hemodynamics 

(Fig. 4A). Despite a ~5-fold increase in arterial cGMP (Fig. 4B) acute treatment with sildenafil 

did not improve exercise tolerance (Fig. 4C). Capillary blood flow was increased by ~30% in 

acute sildenafil treated mice (Fig. 4D). However, no change in perfusion heterogeneity or 

hematocrit heterogeneity were detected (Fig. 4E-F). These data suggest that acute sildenafil 

enhances capillary flow in muscle but this does not augment exercise performance in DIO mice.  

 

Chronic PDE-5 inhibition amplifies exercise training-induced improvements in 

microvascular function and exercise tolerance. 

Exercise training causes adaptive responses to the microcirculation that typically result in gain 

of function in the eNOS/NO/cGMP axis. These adaptations to training may be blunted in DIO. 

We hypothesized that chronic treatment with sildenafil would synergize with exercise training to 

enhance microcirculatory hemodynamics and exercise tolerance. Lean and DIO mice were 

randomized to 5 weeks of treadmill exercise training or placed on the stationary treadmill belt 

and remained sedentary (Fig. 5A). The DIO groups received vehicle or sildenafil twice per day 

over the 5 week period. Prescreen exercise stress test results were used to ensure mice in 

sedentary and trained mice had initial equivalent exercise capacity and to determine exercise 

intensity in trained groups. As expected, DIO mice had reduced exercise tolerance compared 

with chow controls (Fig. 5B). After the 5 weeks of intervention arterial cGMP levels were 

increased ~10-fold in mice chronically treated with sildenafil (Fig. 5C). DIO mice had greater 

body mass and fat mass than lean groups regardless of sildenafil treatment (Fig. 5D). Exercise 

training decreased body weight gain in DIO mice. Body fat percentage was lower in trained mice 

treated with sildenafil (Fig. 5F). The percent lean mass was lower in DIO mice than lean mice. 

Exercise training preserved lean mass in vehicle (p=0.056) and sildenafil treated groups (Fig. 

5E).  
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Consistent with prescreen results, lean mice had greater exercise tolerance than DIO mice 

when compared within sedentary or trained conditions (Fig. 6A). Exercise training improved 

exercise tolerance in all groups. Chronic sildenafil treatment enhanced the improvement in 

exercise capacity with exercise training (Fig. 6A). Capillary blood flow velocity did not increase 

with exercise training in lean or vehicle DIO mice. However, sildenafil caused a 40% increase in 

capillary blood flow in trained DIO mice (Fig. 6B). Exercise trained mice had an increase in 

capillary density per FOV (exercise effect, p=0.004), with no differences between vehicle or 

sildenafil (Fig. 6C). Chronic sildenafil decreased the perfusion heterogeneity and the hematocrit 

heterogeneity (Fig. 6D&E). These data show that chronic treatment with sildenafil amplifies 

exercise training induced improvements in exercise tolerance and microcirculatory 

hemodynamics.  

 

DISCUSSION 

This study used pharmacological gain of function and genetic loss of function approaches to test 

the hypothesis that the eNOS/NO/cGMP axis is central to exercise training adaptations in 

microcirculatory function and exercise capacity. We show that a single eNOS allele in ECs is 

sufficient for the microcirculatory adaptations and improvements in exercise tolerance with 

training in otherwise healthy mice. In addition, chronic but not acute treatment with the PDE5 

inhibitor, sildenafil, synergizes with exercise training to improve performance with incremental 

exercise in DIO mice. These improvements with training are accompanied with increased 

muscle capillary flow velocity and capillary density.  

 

The microvasculature is an important regulator of sustained metabolic activity in skeletal muscle 

as it controls the delivery of nutrients and other molecules that are otherwise limiting in the 

muscle. Endothelial function emerges from the complex interaction of hemodynamic forces, cell-

cell interactions, and numerous biochemical signals. One signaling molecule, NO, catalyzed in 

the endothelium by eNOS, regulates vasoactivity and microvascular permeability. In healthy 

conditions, NO promotes vasodilation of arterioles and regulates endothelial barrier function. 

Increases in vascular shear forces with physical activity enhances NO elaboration, 

bioavailability and vasodilation of arterioles, increasing blood flow in working muscle (10). 

Production of EC NO is also involved in stimulating angiogenesis (25). We tested the hypothesis 

that partial loss of EC eNOS-derived NO via eNOS gene heterozygosity reduces exercise 

training-induced improvements in microcirculatory function. We find that exercise tolerance is 

reduced in EC eNOS+/- mice that remain sedentary. This is consistent with the finding of 
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decreased capillary density in EC eNOS+/- mice and suggests that eNOS is required for 

maintaining capillaries in the sedentary state. The training-induced increase in aerobic capacity 

is not blunted in eNOS+/- mice. Microvascular hemodynamics are also similar between WT and 

eNOS+/- mice that underwent exercise training. There are possible explanations for sustained 

microvascular adaptations to exercise training in eNOS+/- mice. During exercise, extracellular 

concentrations of lactate, K+ ions, and adenosine can increase in muscle. These molecules can 

cause vasorelaxation of smooth muscle that results in increased blood flow. The adaptive 

response to repeated exercise bouts resulting from vasoactive molecules other than NO could 

stimulate the production of new capillaries resulting in increased surface area for exchange 

and/or increase microvascular permeability to facilitate molecular exchange of nutrients during 

exercise. This is consistent with previous studies showing that the NOS inhibitor L-NAME does 

not impede exercise capacity in rodents (26). A previous study showed that whole-body 

eNOS+/- mice have similar submaximal exercise capacity than WT controls, despite reduced 

capacity to generate cGMP needed for smooth muscle vasorelaxation (27). In the present study, 

the EC-eNOS+/- mice are otherwise healthy. This is significant because eNOS is more likely 

expressed in its dimer form, which produces NO, than in the monomer form that produces 

superoxide (28, 29). The monomer form of eNOS is increased in disease states, which 

increases oxidative stress (30). Interestingly, prior findings show that mice with deletion of both 

eNOS alleles paradoxically have increased NO, but despite this, fail to maintain glucose levels 

during exercise (31). In the latter work, eNOS ablation caused a reduction in oxidative 

metabolism in skeletal muscle, in part, due to decreased abundance of mitochondrial 

complexes. Taken together, these findings suggest that in mice loss of a single eNOS allele in 

ECs does not impede microvascular adaptations to exercise training.  

 

We found that increasing cGMP concentrations via chronic sildenafil administration enhances 

microvascular training adaptations and exercise tolerance in DIO, but not lean mice. 

Physiological limitations associated with vascular delivery and extraction of substances may not 

manifest themselves under normal circumstances but become apparent under conditions of 

stress. For example, healthy human subjects treated with sildenafil show no added benefits to 

exercise training in normoxic conditions (32). However, in conditions of hypoxia (high altitudes 

or experimental hypoxia), sildenafil prevents reductions in V�O2max in healthy subjects (33-35). 

Excess adiposity and inflammation characteristic of DIO can be a stressor to the vasculature 

and to physical function. Indeed, compare to the lean state, leg blood flow and exercise 

tolerance are reduced in obesity. We show that chronic, but not acute, sildenafil treatment 
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enhances aerobic work capacity and microvascular hemodynamics with training. This is similar 

to the effects of sildenafil on glucose uptake and insulin action. Indeed, only chronic 

administration of sildenafil in DIO mice increases muscle glucose uptake during an insulin clamp 

(1). Acute inhibition of PDE-5 increases cGMP concentrations and enhances capillary flow 

velocity but this does not lead to increases in exercise tolerance. One reason for the lack of 

improvement in aerobic work capacity during acute drug exposure is that the vasodilatory 

effects of sildenafil are not restricted to contracting muscle. This would predictably decrease the 

fraction of cardiac output in the muscle tissue because of the non-selective actions of sildenafil 

on vascular beds not directly involved in work production. Chronic sildenafil treatment increases 

proliferation of skeletal muscle capillaries. This suggests that vascular remodeling and 

increased density of capillaries is an important adaptation needed to reap the therapeutic 

benefits of PDE inhibition on skeletal muscle metabolism. Preclinical studies suggest chronic 

elevation in tissue cGMP levels could be beneficial in preventing or reducing fibrosis in rat 

models of pulmonary hypertension and streptozotocin-induced diabetes. Together these 

findings support that the adaptive response to elevated cGMP is an important component of its 

physiological efficacy with training. 

 

Translational implications 

Clinical indications for PDE-5a inhibitors include pulmonary hypertension and erectile 

dysfunction. These pathologies are associated with high vascular resistance. PDE-5a inhibitors 

seem most effective in conditions characterized by limitations in oxygen diffusion and/or 

vascular delivery. This includes pathologies associated with high vascular resistance including 

PAD, pulmonary hypertension, and diabetes. The pathology of PAD is most sensitively manifest 

during physiological states characterized by repeated ischemic events. Thus, PDE-5a inhibitors 

combined with physical exercise are a potential mechanism for improving ambulation in patients 

or exercise in patients with circulatory limitations. In this preclinical study, we show that PDE-5a 

inhibition enhances exercise work capacity in DIO mice that are characterized with 

microvascular dysfunction. 

 

In conclusion, we report that increasing cGMP with sildenafil enhances microcirculatory function 

and exercise work tolerance that results from training, whereas EC eNOS KD does not prevent 

the microcirculatory or improvements in exercise tolerance with training.  
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Figure 1. Summary of the eNOS/cGMP/PKG pathway and experimental cohorts. The 
activation of eNOS leads to increased NO production from endothelial cells (EC). NO activates 
guanylate cyclase in the surrounding smooth muscle to produce cGMP which stimulates protein 
kinase G (PKG). The result of cGMP-PKG signaling is smooth muscle relaxation, vasodilation, 
and angiogenesis. The magnitude and duration of cGMP concentrations is reduced by 
hydrolysis of cGMP by a cGMP-dependent phosphodiesterase. Phosphodiesterase-5a (PDE-
5a) is the predominant phosphodiesterase in vascular smooth muscle. Sildenafil is a highly 
selective inhibitor of PDE-5a that increases cGMP by inhibiting cGMP hydrolysis. In protocol 1 a 
loss of function mutant mouse with EC-specific loss of an eNOS allele is used to test the 
hypothesis that a reduction in eNOS blunts exercise training induced adaptations in the 
microvasculature. In protocol 2, C57BL/6J were fed HFD for 8 weeks to evoke diet-induced 
obesity (DIO). Sildenafil (6µg•g-1 body weight) versus vehicle (volume matched injection) was 
delivered via subcutaneous injection two times per day for 5 weeks with or without exercise 
training. 
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Figure 2. Confirmation of EC eNOS knockdown and body composition. A) Gastrocnemius 
muscle was digested and single cell suspension generated. CD31 conjugated beads were used 
to enrich for endothelial cells. The CD31+ and CD31- fractions were prepped for protein 
extraction and B) immunoblotting was performed for eNOS and GAPDH. These data show that 
only the CD31+ fraction expresses eNOS protein. C) CD31 enrich muscle ECs isolated from WT 
and EC-eNOS+/- mice were immunoblotted for eNOS and GAPDH. D) Densitometry of eNOS 
immunoblot relative to WT control mice. E) Body weight and F) body composition analysis in 
WT versus EC-eNOS+/- mice. Sk muscle, skeletal muscle. EC, endothelial cell. Two tail student 
t test were run to compare groups. n=5-12 mice per group. Data are mean ± SE. *p<0.05. 
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Figure 3 – EC eNOS knockdown decreases capillary density and exercise tolerance in 
sedentary mice, but does not prevent training-induced adaptations in microvascular 
hemodynamics. A) EC eNOS+/- and WT mice underwent a baseline exercise stress test to 
determine exercise training intensity. Mice exercised 30 minutes per day, 5 days per week for 5 
weeks on a treadmill. B) Exercise stress test after the 5 week training period. Mice ran on a 
treadmill with increasing intensity every 3 minutes until the animals could no longer maintain the 
running speed. The greater the distance travelled the greater the exercise tolerance. Post 
exercise training microvascular hemodynamics were measured using intravital microscopy on 
the gastrocnemius muscle to determine C) capillary blood flow rate, D) capillary density, and E) 
perfusion heterogeneity, and F) hematocrit heterogeneity. n=4-9 mice per group. Student t tests 
were run for two group comparisons. Two-way ANOVA with genotype and training as factors 
were run for panels B-F Significance was accepted when p<0.05. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001 
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Figure 4. Acute administration of sildenafil enhances microvascular blood flow, but does 
not augment exercise tolerance in diet-induced obese mice. A) C57BL/6J were fed HFD for 
8 weeks to evoke DIO. Mice underwent exercise training or no training for 5 weeks while 
receiving vehicle treatment. After 5 weeks of training, Sildenafil (6 µg•g-1 body weight) or vehicle 
was administered -16 hours and -5 hours before an exercise tolerance test. B) Arterial cGMP 
levels. C) Exercise tolerance was performed with total distance used as a readout of peak 
exercise capacity. Intravital microscopy was performed on gastrocnemius muscle as detailed in 
the Methods to assess microvascular hemodynamics. D) Capillary blood flow, E) capillary 
perfusion heterogeneity and F) capillary hematocrit heterogeneity was determined following 
acute sildenafil or vehicle administration. Two tail student t test were run to compare groups. 
n=4-10 mice per group. Data are mean ± SE. *p<0.05; ***p<0.001. 
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Figure 5. Exercise training protocol and body composition in trained versus sedentary 
mice receiving chronic vehicle or sildenafil treatment. A) C57BL/6J were fed HFD for 8 
weeks to evoke DIO. Sildenafil (6 µg•g-1 body weight) versus vehicle (volume matched injection) 
was delivered via subcutaneous injection two times per day for 5 weeks while mice underwent 
exercise training or remained sedentary. B) Exercise tolerance test were performed after 8 
weeks of DIO to determine the exercise intensity of the training period. C) Arterial cGMP levels 
in vehicle versus sildenafil groups. D) Body mass, E) body fat percentage and F) percent lean 
mass was determined after the 5 week training/sedentary period. Two way ANOVA with group 
(Lean vehicle, DIO vehicle, DIO Sildenafil) and training (Sedentary versus Exercise) as factors 
were run with Tukey correction for multiple comparisons. Data are expressed as mean ± SE 
n=5-16 mice per group. *p<0.05; ***p<0.001; ****p<0.0001. 
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Figure 6 

 
 
 
Figure 6. Chronic PDE-5 inhibition amplifies exercise training-induced improvements in 
microvascular function and exercise tolerance. A) Exercise tolerance was determined in 
lean and DIO mice with or without exercise training. DIO mice were treated with vehicle or 
sildenafil during the 5 week training or sedentary period. Exercise tolerance was determined as 
the peak run distance during an incremental exercise test. Intravital microscopy was used to 
determine microvascular hemodynamics in gastrocnemius muscle 36-48 hours after the last 
exercise bout. Microvascular readouts included B) capillary blood flow, C) capillary density, D) 
capillary perfusion heterogeneity, and E) capillary hematocrit heterogeneity. Two way ANOVA 
with group (Lean vehicle, DIO vehicle, DIO Sildenafil) and training (Sedentary versus Exercise) 
as factors were run with Tukey correction for multiple comparisons. n=4-17 mice per group. 
Data are expressed as mean ± SE. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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