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Abstract 24 

Fetal growth restriction (FGR) is associated with an increased risk of hypertension, insulin 25 

resistance, obesity and cardiovascular disease in adulthood. Currently there are no effective 26 

treatments to reverse the course of FGR.  This study used the eNOS knockout mouse (eNOS-27 

/-), a model of FGR, to determine the ability of sildenafil, a potential new treatment for FGR, 28 

to improve cardiovascular and metabolic outcomes in adult offspring following a complicated 29 

pregnancy.  30 

Pregnant eNOS-/- and C57BL/6J control dams were randomised to sildenafil treatment (0.2 31 

mg/ml in drinking water) or placebo at day 12.5 of gestation until birth. After weaning, male 32 

offspring were randomised to either a high fat (HFD; 45% kcal from fat) or normal chow diet 33 

(ND), and raised to either postnatal day 90 or 150. Growth and body composition, glucose 34 

tolerance, insulin resistance, systolic blood pressure and vascular function were analysed at 35 

both time-points.  36 

eNOS-/- offspring were significantly smaller than their C57BL/6J controls at weaning and 37 

P90 (p<0.01); at P150 they were a similar weight. Total adipose tissue deposition at P90 was 38 

significantly increased only in eNOS-/- mice fed a HFD (p<0.001). At P150 both C57BL/6J 39 

and eNOS-/- offspring fed a HFD demonstrated significant adipose tissue deposition (p<0.01), 40 

regardless of maternal treatment.  41 

Both diet and maternal sildenafil treatment had a significant effect on glucose tolerance. 42 

Glucose tolerance was significantly impaired in eNOS-/- mice fed a HFD (p<0.01); this was 43 

significant in offspring from both sildenafil and vehicle treated mothers at P90 and P150. 44 

Glucose tolerance was also impaired in C57BL/6J mice fed a HFD at both P90 and P150 45 

(p<0.01), but only in those also exposed to sildenafil. In these C57BL/6J mice, sildenafil was 46 

associated with impaired insulin sensitivity at P90 (p=0.020) but increased insulin resistance 47 

at P150 (p=0.019). 48 
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Exposure to sildenafil was associated with a significant increase in systolic blood pressure in 49 

eNOS-/- mice compared with their C57BL/6J diet controls at P150 (p<0.05). Exposure to 50 

sildenafil had differing effects on vascular function in mesenteric arteries; it increased 51 

vasodilation in response to ACh in C57BL/6J mice, but was associated with a more 52 

constrictive phenotype in eNOS-/- mice.   53 

eNOS-/- mice demonstrate a number of impaired outcomes consistent with programmed 54 

cardiometabolic disease, particularly when faced with the ‘second hit’ of a HFD. Exposure to 55 

sildenafil treatment during pregnancy did not increase fetal growth or significantly improve 56 

adult metabolic or cardiac outcomes. Maternal sildenafil treatment was, however, associated 57 

with small impairments in glucose handling and an increase in blood pressure. This study 58 

highlights the importance of understanding the long-term effects of treatment during 59 

pregnancy in offspring from both complicated and healthy control pregnancies.  60 

 61 
Key words: Fetal growth restriction, mouse, sildenafil citrate, DOHaD, developmental 62 

programming 63 

 64 

Chemical compounds studied in this article Sildenafil citrate (PubChem CID: 62853); 65 

Phenylephrine hydrochloride (PubChem CID: 5284443); Acetylcholine chloride (PubChem 66 

CID 6060); Sodium nitroprusside (PubChem CID: 11953895). 67 
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1. Introduction 69 

 70 

Fetal growth restriction (FGR), defined as a fetus which fails to achieve its genetic growth 71 

potential, is a serious complication of pregnancy associated with significant risk of perinatal 72 

morbidity and mortality [1,2]. Of equal concern is the growing body of evidence 73 

demonstrating the association between growth restriction and the development of obesity and 74 

cardio-metabolic diseases, such as diabetes and hypertension, later in life [3, 4]. Currently, 75 

there are no curative treatments for this condition; typically, the pregnancies are closely 76 

monitored, with early delivery indicated when there is significant risk of fetal demise. 77 

Recently, a number of agents have been identified as potential treatments, including sildenafil 78 

citrate [5]. Pre-clinical studies have demonstrated the ability of sildenafil to improve fetal 79 

growth in a number of models, and have supported the development of a series of 80 

multicentre, randomised controlled trials (e.g. STRIDER) [6]. Although the beneficial effects 81 

of sildenafil on fetal growth have been demonstrated in animal models [7-9], little is known 82 

regarding its ability to mitigate the long-term health risks associated with FGR. There is 83 

strong evidence demonstrating the effect of the intrauterine environment on fetal 84 

development and subsequent risk of adult disease [10-12], illustrating that the pre-natal 85 

period is one of remarkable plasticity. It follows, therefore, that pregnancy may also provide 86 

a unique window for intervention and a reduction in the risk of developing adult diseases.  87 

 88 

The aim of this study was to utilise a mouse model of FGR to determine the effect of 89 

sildenafil treatment, during pregnancy, on cardio-metabolic outcomes in adult offspring. The 90 

model used in this study is the endothelial nitric oxide synthase knockout (eNOS-/-) mouse. 91 

The eNOS-/- mouse shares several key features with human FGR, including the consistent 92 

production of growth restricted offspring [13-15]. As with many clinical cases of FGR, 93 
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impaired vascular adaptations to pregnancy are associated with this model, including 94 

impaired uterine artery remodelling, resulting in reduced uterine artery blood flow [16], and 95 

an impaired response to endothelium-dependent vasodilators. A placental deficit is also 96 

present, with reduced System A (i.e. amino acid) transport being observed [14], suggesting 97 

that the FGR seen in this model is likely due to a combination of impaired vascular and 98 

nutrient transport mechanisms.  99 

 100 

As previously highlighted, sildenafil citrate is a promising potential therapy for FGR, as it is 101 

a potent enhancer of vasodilation and is proven to be safe for use during pregnancy [5]. 102 

Sildenafil functions by inhibiting the breakdown of the NO second messenger cGMP, 103 

increasing the bioavailability of NO. Recent animal studies have also suggested that sildenafil 104 

may mediate its effects on fetal growth at least partly via the placenta [7, 8]. It is possible, 105 

therefore, that sildenafil treatment of eNOS-/- mice during pregnancy may increase fetal 106 

growth via improved vascular relaxation and/or placental function. It should be highlighted 107 

that the eNOS-/- mouse, although lacking the endothelial NOS isoform, does possess both 108 

inducible and neuronal forms of NOS enzymes (iNOS and nNOS) which enable production 109 

of NO in this model.  110 

 111 

 We hypothesised that sildenafil citrate treatment during pregnancy would increase fetal 112 

growth in the eNOS-/- model. We further hypothesised that this increase in fetal growth 113 

would be associated with improved cardiac and metabolic outcomes in adult offspring. 114 

  115 
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2. Methods 116 

2.1 Animal Care 117 

Animal experiments were approved by the Animal Ethics Committee of the University of 118 

Auckland (Ethics approval R1097). Female eNOS deficient mice (strain B6.129P2-119 

Nos3tm1Unc/J) and C57BL/6J control mice were obtained from Jackson Laboratories (Bar 120 

Harbour, ME). Animals had access to food and water ad libitum. Lighting conditions were 121 

12:12hr light-dark cycle and temperature maintained at 20-22°C. Virgin females, of 8 to 12 122 

weeks of age were used and only first pregnancies were studied.  123 

An outline of the experimental protocol is provided in Figure 1. Mice were bred with age and 124 

genotype matched males, with the presence of a copulation plug denoting day 0.5 of 125 

pregnancy. At postnatal day 2, the litter size of both C57BL/6J and eNOS-/- mice was reduced 126 

to n=6 if necessary to ensure adequate and standardised supply of milk to all pups. Male 127 

offspring only were weaned at postnatal day 21 and randomised onto either a high fat diet 128 

(HFD, 45% kcal from fat; D12451, Research Diets Inc., NJ, USA) or normal chow diet (ND). 129 

Offspring from each litter were raised to 90 days and 150 days of age in cages of no more 130 

than 3 animals. Cages containing wheat kernel bedding and a small amount of paper nesting 131 

material were changed weekly. 132 

2.2 Sildenafil treatment 133 

Pregnant females were randomised onto sildenafil citrate treatment in drinking water 134 

(0.2mg/mL), or vehicle drinking water at gestational day 12.5 until being allowed to give 135 

birth naturally at day 19.5. The timing of intervention during pregnancy was determined by a 136 

number of factors. At day 12.5, placental development is largely complete, the utero-137 

placental circulation is fully open and fetal growth is primarily driven by nutrients delivered 138 

via the utero-placental circulation. It was therefore hypothesised that any beneficial effects of 139 

sildenafil on fetal growth, either via increased vasodilation or direct placental effects, would 140 
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be observed from this time point, whilst minimising potential teratogenic effects. The dose 141 

administered (~1mg/day) is roughly equivalent to a dose of 100 mg/day in a 70 kg human 142 

after making the appropriate adjustments for altered pharmacokinetics in mice.  Further, we 143 

have demonstrated the ability to increase fetal growth in other mouse models of FGR using 144 

this concentration of drug and dosing regime [10].  145 

2.3 Body weight and Food intake 146 

Following weaning at P21, weights were taken weekly to assess the growth trajectory of the 147 

offspring. Food consumption was measured weekly and the average consumption per mouse 148 

was analysed in kcals consumed. 149 

2.4 Oral Glucose Tolerance Test 150 

Glucose tolerance was assessed via an oral glucose tolerance test (OGTT). Mice were fasted 151 

for 6 hours prior to commencing the test. Blood obtained from a tail snip was taken at 152 

baseline, and blood glucose concentration measured using a glucometer (Freestyle Optium, 153 

Abbott). Glucose solution (0.2g/ml) was dosed via oral gavage (2mg glucose per g body 154 

weight) immediately after (t=0). Blood samples were then obtained from the tail snip at 30 155 

minute intervals thereafter until 2 hours post baseline (30, 60, 90 and 120 mins) and blood 156 

glucose concentration measured using a glucometer. 157 

2.5 Systolic Blood Pressure 158 

Blood pressure was measured one week before culling using tail cuff plethysmography with 159 

no prior training. Mice were placed in a warming cupboard at 28°C for an hour before being 160 

persuaded into a restraining tube with an inflatable tail cuff, which connected to a pressure 161 

and recording unit (Model 179 with an automatic cuff inflation pump (NW20), IITC Life 162 

Science, Woodland Hills, CA). The restraining tube was placed into an enclosed area which 163 

was warmed to 30-32°C. The mice were allowed 5 minutes to adjust to the surroundings 164 
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before readings were taken at 5 minute intervals until 3 successful readings were taken. The 165 

tail cuff was inflated to 180mmHg, and subsequently released at ~5mmHg/sec. Readings 166 

were undertaken in a room separate from housing and at the same time of day for all animals. 167 

2.6 Tissue Collection 168 

Mice were fasted for 6 hours prior to culling via cervical dislocation. A terminal blood 169 

sample was obtained via cardiac puncture and plasma samples stored. Blood glucose 170 

concentration was measured immediately using a glucometer. The following tissues were 171 

systematically collected: pancreas, spleen, mesentery, kidneys, adipose tissue (gonadal, 172 

perirenal, and retroperitoneal fat depots), liver (large lobe), skeletal muscle, and tail snip. The 173 

entire mesentery was collected and immediately placed in ice cold physiological saline 174 

solution (PSS mmol/L; 10 HEPES, 142 NaCl, 4.7 KCl, 1.2 MgSO4, 1.6 CaCl2, 1.18 175 

KH2PO4, 5.5 Glucose, 0.034 EDTA; pH7.4 at 37°C) in preparation for wire myography. All 176 

other tissues were placed on ice until weighed.  177 

 178 

% body fat was calculated as the weight of the three adipose depots (gonadal, perirenal and 179 

retroperitoneal), divided by body weight then multiplied by 100. Lean weight was calculated 180 

as body weight minus the weight of the three adipose depots. 181 

 182 

2.7 Insulin concentration via ELISA  183 

Plasma insulin concentration was assessed in samples collected at either P90 or P150, using a 184 

commercial mouse insulin kit (Ultra sensitive mouse Insulin ELISA kit, Chrystal Chem, IL, 185 

USA).  186 

  187 
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2.8 Myography 188 

Vascular function was assessed using a DMT wire myography (610m, Danish Myotech, 189 

Aarhus, Denmark) and interpreted using LabChart software (ADInstruments, v8.1.2, 190 

Dunedin, New Zealand). Second order mesenteric arteries were dissected from the 191 

surrounding adipose and connective tissues and mounted on 25µm tungsten wire 192 

(ADInstruments, Dunedin, New Zealand). The vessels were kept at 37°C in 5 mL of PSS and 193 

at pH 7.4, bubbled constantly with air.  194 

Once mounted, the vessels were set at zero (where there is no resistance detected on the 195 

myograph) followed by normalisation to a luminal pressure of 13.3kPa as determined by 196 

LabChart software, to establish in vivo conditions which corresponds an internal 197 

circumference equal to a transmural pressure of 90 mmHg. After normalisation the integrity 198 

of the vessels was assessed; criteria for vessels to be included in further analysis were 199 

constriction of >2mN to phenylephrine (Pe) 10-5 M, followed by a notable decrease in force 200 

in response to addition of acetylcholine (ACh) 10-5 M. 201 

Vessel function was then assessed by the construction of dose response curves to 202 

vasoconstrictor and vasodilator agents. For all dose response curves, the vasoactive agents 203 

were added in increasing doses at logarithmic steps to produce a final bath concentration 204 

ranging from 10-10 to 10-5 M. For the U46619 and ACh dose response curves, however, 205 

smaller incremental additions were made between 10-8 and 10-5 M to correspond with 0.5 log 206 

steps, to increase the sensitivity of response information.  207 

The Pe constriction curve was initiated with 10-10 followed by 10-9, 10-8, 3x 10-8, 10-7, 3x 10-7, 208 

10-6, 3x 10-6, and finally 10-5 M, before washing the vessels in twice with PSS and letting 209 

them rest for 20 mins. Each subsequent dose was added once the constriction response had 210 

plateaued or after 2mins if there was no response. The concentration at which the vessels 211 
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reached 80% of their maximum constriction was noted (EC80) and was the concentration used 212 

to achieve pre-constriction prior to the construction of relaxation curves. 213 

After completion of the vasoconstriction curve, vessels were washed twice with PSS and 214 

allowed to rest for 20 mins, before being constricted using their EC80 concentration and 215 

allowed to plateau before beginning the ACh relaxation curve. The same final bath 216 

concentrations of ACh were used as in the constriction curve. However, each dose was added 217 

at 2 minute intervals regardless of activity; at completion the baths were washed and the 218 

vessels rested for 20 mins. 219 

Sodium Nitroprusside (SNP), a vasodilator that acts by anabolising to NO without any 220 

receptor interaction and used to assess endothelium-independent vasodilation, was also used. 221 

The SNP curve was constructed by the addition of 10-10 to 10-5 M in 6 steps at 2 min intervals 222 

as per the ACh curve. At the completion of the SNP curve, the PSS in the bath was replaced 223 

by KPSS, a PSS containing a High K+
 concentration solution.  224 

2.9 Homeostatic model assessment index (HOMA) 225 

As described [17], HOMA is a method used to quantify insulin resistance and estimate 226 

pancreatic beta cell function. Fasting glucose concentration (mmol/L) taken from a post 227 

mortem cardiac puncture sample, together with plasma insulin concentration (mU/L), as 228 

determined via ELISA measurement, were used to calculate this measure.  229 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐼𝐼𝐼𝐼 =
(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 × 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼)

22.5
 230 

2.10 Statistical analyses 231 

All data are presented as mean ± SEM, with degrees of freedom (F), unless stated otherwise. 232 

All data are normally distributed as assessed by Shapiro Wilk’s test of normality (p<0.05), 233 

unless otherwise stated. Data were analysed using a three-way analysis of variance 234 

(ANOVA), with genotype, postnatal diet and exposure to sildenafil in utero as independent 235 
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variables. The relationship between fat mass, fasting glucose and systolic blood pressure was 236 

explored using linear regression analysis. A value of p≤0.05 was considered significant for 237 

three-way ANOVA and linear regression, while a value of p≤0.025 was considered 238 

significant for two- and one-way ANOVA. 239 

Graphpad Prism 6 (Graphpad Software Inc., La Jolla, CA) software was used for all graphing 240 

purposes. All statistical analyses were undertaken using SPSS Statistics (IBM Corp. 2013, 241 

IBM SPSS Statistics for Windows, Version 22.0., Armonk, NY). 242 

  243 
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3. Results 244 

All data are presented as averages over a litter if applicable. Litter size for analyses ranges 245 

from n=1-3 individual mice, with a total of 4-7 litters studied per group. Postnatal diet is 246 

denoted as ND (Normal chow diet) or HFD (High fat diet, 45kcal/g derived from fat), 247 

followed by a + or – symbol representing sildenafil treatment presence or absence. E.g. 248 

eNOS-/- ND+ refers to eNOS knockout mice on a normal chow diet, exposed to sildenafil 249 

citrate treatment in utero. P21, P90 and P150 denote postnatal age in days. 250 

 251 

3.1. Litter size, body weight and food intake 252 

There was a significant effect of genotype (p<0.0001), but not treatment (p=0.606), on litter 253 

size at P2, with eNOS-/- mice having significantly smaller litters than C57BL/6J controls in 254 

both the vehicle (5.18 ± 0.42 vs. 8 ± 0.58 pups) and sildenafil treated groups (4.57 ± 0.56 vs. 255 

8 ± 0.52 pups).  256 

 257 

Body weight and energy intake curves after weaning are shown in Figure 2. A three-way 258 

ANOVA analysing strain, diet, and treatment was conducted for P90 and P150 time-points. 259 

eNOS-/- mice were significantly lighter in body weight than C57BL/6J offspring at P21 260 

(p<0.05; Figure 2A). A significant effect of genotype remained at P90 (p=0.008), with eNOS-261 

/- offspring lighter in weight. The introduction of a HFD to offspring resulted in increased 262 

body weight regardless of strain or treatment (p=0.001). By P150, HFD offspring remained 263 

heavier than ND offspring (p<0.001), but there was no longer a difference between eNOS-/- 264 

or C57BL/6J offspring overall, suggesting by this time eNOS-/- offspring had “caught up” in 265 

growth. There was no effect of sildenafil treatment on offspring weight at any time. 266 

 267 

3.2. Adipose tissue deposition 268 
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There was a significant two-way interaction between strain and diet in adipose tissue 269 

deposition at P90 (Figure 3A). This was observed in both vehicle (F(1,26)=9.33, p=0.005) 270 

and sildenafil treated offspring (F(1,23)=8.65, p=0.007). HFD increased adipose deposition 271 

in eNOS-/- offspring, but had no effect in C57BL/6J offspring. There was no effect of strain, 272 

diet or treatment on lean weight (Figure 3B). At P150, the interaction between strain and diet 273 

was no longer present, with only a main effect of diet, in which HFD was associated with 274 

increased adipose tissue deposition (p<0.001; Figure 3C). Sildenafil had no effect on 275 

adiposity at either time point. There was no effect of strain, diet or treatment on lean weight 276 

(Figure 3D). 277 

 278 

3.3. Glucose tolerance 279 

3.3.1. OGTT at P84 280 

Both genotype (eNOS-/-) and a HFD were associated with increased fasting blood glucose 281 

concentration, but only in vehicle-exposed offspring i.e. it was only observed in eNOS-/- 282 

HFD- mice. HFD was also associated with increased blood glucose concentration at 90 and 283 

120 minutes in eNOS-/- but not C57BL/6J offspring. Sildenafil had an effect in C57BL/6J 284 

mice on HFD only, significantly lowering blood glucose concentrations at 60, 90, and 120 285 

minutes (Figure 4A, B). 286 

 287 

When glucose tolerance was expressed as area under the OGTT curve (AUC), there was a 288 

significant three-way interaction between treatment, strain and diet. HFD was associated with 289 

increased AUC in both sets of eNOS-/- offspring, as well as C57BL/6J offspring exposed to 290 

sildenafil (Figure 4C).  291 

 292 

3.3.2. OGTT at P144 293 
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As with P84 animals, eNOS-/- was associated with increased fasting blood glucose in HFD-294 

fed vehicle-exposed offspring only. HFD increased glucose concentrations at 0, 60, 90 and 295 

120 minutes in eNOS-/- vehicle-treated offspring. This effect of HFD was also present in 296 

eNOS-/- offspring exposed to sildenafil, but only at the 90 minute time point. HFD also 297 

significantly increased blood glucose at all time points in C57BL/6J offspring, although this 298 

was only significant in those exposed to sildenafil in utero (Figure 5A, B). 299 

 300 

There was a significant interaction between treatment, strain and diet on AUC at P144. HFD 301 

was again associated with an increased AUC in C57BL/6J sildenafil-treated mice as well as 302 

both sets of eNOS-/- offspring. There was no effect of strain or sildenafil on AUC of the 303 

OGTT (Figure 5C). 304 

 305 

3.4. Plasma insulin and HOMA-IR 306 

Plasma insulin at P90 was not affected by strain, diet, or treatment. There was a three-way 307 

interaction in HOMA-IR. Sildenafil was associated with reduced insulin resistance in 308 

C57BL/6J offspring fed HFD (F(1,4)=14.11, *p=0.020) . The same was not observed in 309 

eNOS-/- offspring.  310 

 311 

Plasma insulin at P150 was not affected by strain, diet, or treatment. There was a three-way 312 

interaction in HOMA-IR (F(1,11)=9.10, p=0.012). In contrast to the results observed at P90, 313 

sildenafil was associated with increased insulin resistance in C57BL/6J offspring fed HFD 314 

(C57BL/6J: HFD- vs HFD+: 7.66 ± 1.35 vs 21.46 ± 0.06, p=0.019). eNOS-/- was also 315 

associated with reduced insulin resistance compared to C57BL/6J in those offspring fed ND 316 

(ND-: C57BL/6J vs eNOS-/-; 5.66 ± 0.27 vs 2.53 ± 0.07; p=0.008). 317 

 318 
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3.5. Systolic blood pressure 319 

There was no effect of strain, diet, or treatment on systolic blood pressure at P83 (Figure 6A). 320 

There was a two-way interaction between strain and treatment at P143 (Figure 6B). Of those 321 

mice exposed to sildenafil, blood pressure was elevated in eNOS-/- offspring compared to 322 

C57BL/6J offspring. There was no independent effect of exposure to sildenafil on offspring 323 

blood pressure. 324 

 325 

3.6. Linear regression analysis of fat mass, body weight and blood pressure 326 

Linear regression analysis was carried out to determine any relationship between fat mass, 327 

fasting plasma glucose concentration and systolic blood pressure at P90 and P150. 328 

 329 

3.6.1 P90 330 

At P90, a significant correlation was observed between fat mass and fasting plasma glucose 331 

concentration. 332 

Regression coefficients: 333 

Fat mass vs. fasting glucose – R=0.647, R2=0.419, p<0.001 334 

Fat mass vs. systolic blood pressure – not significant 335 

Fasting glucose vs. systolic blood pressure – not significant 336 

 337 

When fat mass vs. fasting glucose was further explored, split by exposure to treatment and 338 

genotype, then an effect of genotype, but not treatment, was observed. A significant 339 

relationship remained in eNOS-/- mice (no treatment p=0.0358, exposed to sildenafil 340 

p=0.0326), regardless of treatment. No such relationship was observed in C57BL/6J mice (no 341 

treatment p=0.2716, exposed to sildenafil p=0.7215). 342 

 343 
 344 
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3.6.2 P150 345 

Again, a significant relationship was observed between fat mass and fasting plasma glucose 346 

concentration. 347 

Regression coefficients: 348 

Fat mass vs. fasting glucose - R=0.41, R2=0.17, p<0.05 349 

Fat mass vs. systolic blood pressure – not significant 350 

Fasting glucose vs. systolic blood pressure – not significant 351 

 352 

When the fat mass vs. fasting glucose relationship was further examined, split by exposure to 353 

treatment and genotype, no effect of treatment or genotype was observed, although a trend 354 

was seen in eNOS-/- mice (no treatment p=0.0862, exposed to sildenafil p=0.0825). 355 

 356 

In summary, a strong association between fat mass and fasting plasma glucose concentration 357 

at P90 was observed in eNOS-/-, but not C57BL/6J mice. This was independent of treatment. 358 

This effect was lost when split by genotype and treatment at P150. 359 

 360 

3.7. Mesenteric artery function 361 

3.7.1. Constriction 362 

At P90, eNOS-/- was associated with increased constriction response to U46619 in offspring 363 

fed HFD (C57BL/6J vs eNOS-/-: 6.91 ± 0.19 vs 7.93 ± 0.19, p=0.014; Figure 7A, C). There 364 

was no effect of diet or treatment at P90. At P150, HFD was associated with a reduced 365 

constriction response to U46619 in eNOS-/- offspring exposed to sildenafil (eNOS-/-: ND+ vs 366 

HFD+: 101.55 ± 26.26 vs 3.06 ± 1.67%, p=0.010; Figure 8A, C). Additionally, sildenafil was 367 

associated with increased constriction in eNOS-/- ND offspring at P150 (eNOS-/-: ND+ vs 368 

ND-: 101.55 ± 26.26 vs 26.31 ± 7.13%, p=0.018).  369 
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 370 

3.7.2. Relaxation 371 

At P90, eNOS-/- was associated with a reduced maximal relaxation response to ACh in HFD-372 

fed offspring not exposed to sildenafil (HFD-: C57BL/6J vs eNOS-/-: 48.90 ± 0.62 vs 24.10 ± 373 

1.43%, p=0.001; Figure 7B, D). HFD was associated with an increased maximal relaxation 374 

response to ACh in C57BL/6J offspring not exposed to sildenafil (C57BL/6J: ND- vs HFD-: 375 

28.97 ± 1.28 vs 48.90 ± 0.62%, p=0.007; Figure 7B). HFD also increased relaxation response 376 

to SNP in eNOS-/- mice exposed to sildenafil (p=0.017). Sildenafil exposure had no effect on 377 

relaxation response to ACh or SNP at P90. At P150, eNOS-/- was associated with reduced 378 

maximal relaxation to ACh in HFD-fed offspring exposed to sildenafil (HFD+: C57BL/6J vs 379 

eNOS-/-: 34.11 ± 5.00 vs 15.16 ± 4.01, p=0.025; Figure 8B, D). Sildenafil increased 380 

relaxation response to ACh in C57BL/6J mice on ND (C57BL/6J: ND- vs ND+: 16.69 ± 2.36 381 

vs 35.81 ± 3.41, p=0.008; Figure 8B). There were no interactions or differences between 382 

groups in response to SNP at P150. 383 

  384 
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4. Discussion 385 

FGR is a leading contributor to perinatal mortality and morbidity globally. The lack of a 386 

curative treatment option is a significant concern, and is the urgent focus of a number of 387 

research groups. A number of new treatments, including sildenafil citrate, are currently being 388 

investigated, and if successful would have an immediate impact on perinatal health.  389 

 390 

Of particular interest in this study, however, is the potential that by improving fetal growth 391 

and development, a treatment administered during pregnancy might also mitigate the 392 

increased later risk of metabolic and cardiovascular disease facing individuals that were 393 

growth restricted in utero. This study demonstrates that sildenafil, a potential treatment for 394 

FGR, may have small beneficial effects on metabolic and cardiovascular indices in a model 395 

of FGR. It also, however, highlights some potential risks of treatment in control mice, 396 

highlighting the importance of understanding any long-term effects that may occur in 397 

offspring following maternal treatment during pregnancy.  398 

 399 

4.1 Body weight 400 

Previous studies of the eNOS-/- mouse by ourselves and others have demonstrated a 401 

consistent reduction in fetal growth of around 10% at day 18.5 of a 19.5-day gestation [13, 402 

14]. Due to concerns of neonatal loss (maternal neonatal cannibalism caused be handling of 403 

pups), the weight of offspring was not assessed in this study between the time of birth and 404 

weaning as first intended. Therefore, we were unable to assess the extent of growth 405 

restriction present in the eNOS-/- pups, nor the effect of sildenafil on rescuing fetal growth at 406 

birth. However, given that eNOS-/- offspring were significantly smaller than their C57BL/6J 407 

counterparts at weaning (P21), it seems reasonable to assume that a significant degree of 408 

FGR was present.  409 
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Litter size was significantly reduced in eNOS-/- mice in this study. This is in line with other 410 

studies, which have observed significant reductions in litter size both in late gestation [15, 411 

16], as well as in the early postnatal period [18]. A smaller litter size might be expected to 412 

augment fetal growth, but this does not appear to be the case in the eNOS-/- mouse; detailed 413 

studies during gestation suggest a combination of impaired vascular development and 414 

adaptations to pregnancy [13, 15, 16], allied to impaired placental transport mechanisms [14] 415 

contribute to the growth restriction observed in this model, as opposed to physical restrictions 416 

in the uterus. Treatment with sildenafil citrate did not affect litter size in either C57BL/6J or 417 

eNOS-/- mice, suggesting it does not adversely affect later stage prenatal development or 418 

survival in these strains.  419 

 420 
We observed that eNOS-/- offspring exposed to sildenafil treatment remained smaller than 421 

C57BL/6J mice at P21, suggesting that sildenafil was not able to rescue fetal growth in this 422 

model. Despite the positive effect of sildenafil in some models, such as the COMT-/- mouse, 423 

other investigators have failed to demonstrate a positive effect of sildenafil on fetal growth in 424 

models similar to the eNOS-/- mouse, such as the L-NAME treated rat model [19]. This is 425 

perhaps not surprising, as treatment with L-NAME inhibits all 3 isoforms of NOS, and 426 

presumably significantly reduces the production of NO / cGMP, thereby rendering sildenafil 427 

ineffective. The eNOS-/- mouse in comparison does still produce active inducible (iNOS or 428 

NOS1) and neuronal (nNOS or NOS2) NOS, and therefore still produces NO. We 429 

hypothesised that treatment with sildenafil would be able to potentiate the effects of NO 430 

produced by NOS1 and NOS2, and still have a positive effect on fetal growth. Expression of 431 

NOS1 has been observed in the placenta, particularly during early gestation, suggesting an 432 

important role in placental development [20]. NOS1 has also been observed in the radial 433 

arteries of the placenta, as well as at the maternal/fetal interface, suggesting roles in vascular 434 

development and transport mechanisms [20, 21]. Interestingly, other investigators have seen 435 
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positive effects on pregnancy and birth outcomes in the L-NAME model, despite total 436 

inhibition of all NOS isoforms. Effects observed included a trend towards increased fetal and 437 

placental weight [22] as well as increased offspring weight gain and survival [23]. These 438 

results suggest it should, therefore, have been possible to demonstrate increased fetal growth 439 

following sildenafil treatment in eNOS-/- mice. We have previously demonstrated the ability 440 

of sildenafil to increase fetal weight in an alternative mouse model, the COMT-/- mouse [10], 441 

which was associated with a reduction in placental resistance as well as an increased 442 

sensitivity of the uterine artery to the vasodilator ACh [10]. Given that the eNOS-/- mouse 443 

exhibits impaired uterine artery blood flow as well as reduced placental nutrient transport, we 444 

hypothesised that sildenafil may increase fetal growth in this model via increased utero-445 

placental perfusion and increased nutrient delivery to (and therefore transport across) the 446 

placenta. The lack of effect on fetal growth observed in this study may be due to a number of 447 

reasons. Sildenafil exerts its effects by preventing the degradation of cGMP, a second 448 

messenger of NO. Although the eNOS-/- mouse can still produce NO (via iNOS and nNOS), 449 

and a component of NO-mediated vasodilation remains in arteries from these mice [24], this 450 

may be significantly reduced in the eNOS-/- mouse, thus potentially reducing any beneficial 451 

effects of sildenafil on utero-placental perfusion. Further, it is unclear to what extent the 452 

reduced placental amino acid transport observed in eNOS-/- mice is due to reduced nutrient 453 

availability (due to reduced uterine blood flow) or to an impairment in the transport system 454 

itself. If amino acid transporter expression is reduced, or function impaired, increased 455 

delivery of substrate to the placenta may not be enough to increase fetal growth. 456 

At P90 weight was still reduced in eNOS-/- offspring, only achieving similar body weight to 457 

their equivalent C57BL/6J counterparts at P150. FGR is often associated with significantly 458 

accelerated “catch-up” growth in the immediate post-weaning period. This was not observed 459 

in our eNOS-/- offspring. This may be due to the pathological mechanisms underlying the 460 
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development of FGR, as not all growth-restricted offspring maintain accelerated growth 461 

trajectories and ‘overtake’ control offspring. It is possible that, had we studied them for 462 

longer, the eNOS-/- offspring would have overtaken the C57BL/6J controls and become 463 

significantly heavier. However, it should be noted that following the addition of a HFD, the 464 

differences in body weight at P90 between the two strains was no longer significantly 465 

different, although the weights of eNOS-/- offspring did remain lower than their controls. This 466 

suggests that the growth restricted offspring are more susceptible to a HFD, which is in line 467 

with previous findings [25]. Exposure to sildenafil during pregnancy, however, had no effect 468 

on this finding.  469 

 470 

4.2 Adipose tissue deposition 471 

Diet had a greater effect on total adipose tissue deposition in eNOS-/- offspring. At P90, 472 

eNOS-/- mice on HFD had a significantly higher proportion of body weight due to adipose 473 

deposition; likely explaining why they were no longer smaller than their C57BL/6J controls. 474 

At P150, however, there was no difference between strains. This suggests an increased 475 

susceptibility to adipose deposition in eNOS-/- offspring, predisposing these mice to deposit 476 

fat at an earlier age in response to a HFD. An increase in adipose tissue deposition, as well as 477 

altered adipocyte function, has previously been observed across a range of animal models of 478 

FGR [26, 27]. Earlier adiposity rebound has been found to be associated with a higher 479 

incidence of type 2 diabetes in adulthood [28], suggesting that earlier adipose tissue 480 

deposition in eNOS-/- offspring may indicate a predisposition to insulin resistance in these 481 

animals. 482 

 483 
It should be noted that although all offspring on a HFD in this study had increased adiposity, 484 

eNOS-/- offspring exhibited an earlier response, most likely due to programming effects or 485 
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altered metabolic function / adiposity due to a reduced litter size. There was no effect of 486 

sildenafil treatment during pregnancy on this measure. 487 

 488 

4.3 Glucose tolerance 489 

Metabolic disease, such as impaired glucose tolerance, has typically been observed in both 490 

humans [29, 30] and animals born growth restricted [31, 32]. The mechanisms underlying 491 

this phenomenon include impaired insulin secretion and increased insulin resistance, which in 492 

turn may be mediated by increased adipose tissue deposition and altered adipocyte function 493 

[33]. At P90, eNOS-/- offspring on a high fat diet, in the vehicle group, exhibited impaired 494 

glucose tolerance compared to normal diet offspring. As discussed above, these mice had a 495 

greater proportion of adipose tissue deposition, which may explain the greater impairment of 496 

glucose tolerance. The same degree of impairment was not observed in eNOS-/- mice exposed 497 

to sildenafil, then fed a high fat diet. This relative improvement in glucose tolerance may be 498 

related to the subtle decrease in adipose tissue deposition observed in this group; however, 499 

this is something that would need to be investigated further as the changes observed were not 500 

statistically significant in this study. At the P150 time point, both groups of eNOS-/- mice fed 501 

a high fat diet have significant glucose intolerance, regardless of treatment. At this time point, 502 

total adipose tissue deposition is very similar between groups, again suggesting that adipose 503 

tissue is at least in part playing a role in mediating impaired glucose tolerance.  504 

 505 

When the relationship between adiposity and glucose tolerance was explored, a strong 506 

association was observed in eNOS-/- mice at P90. Although this was reduced at P150, a trend 507 

was still apparent in eNOS-/- mice. Although small group sizes mean these data should be 508 

treated cautiously, they do support the hypothesis that eNOS-/- offspring display programmed 509 

metabolic dysfunction. 510 
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 511 
 512 
It should be noted that C57BL/6J offspring on high fat diet that had been exposed to 513 

sildenafil in utero demonstrated a significant impairment in glucose tolerance at both P90 and 514 

P150. This group had the highest degree of adipose tissue deposition relative to body weight 515 

of any of the groups, providing further evidence that increased adipose tissue is associated 516 

with impaired glucose tolerance in this model. It should be noted that in this group we were 517 

not able to attain 6 litters (n=4), so data from this group will have greater variance. Despite 518 

this limitation, this finding does require further attention to determine the possible 519 

mechanisms by which sildenafil exposure predisposes offspring from normal pregnancies to 520 

glucose intolerance. 521 

 522 

4.4 Insulin resistance 523 

Size at birth has a very clear association with an increased risk of developing insulin 524 

resistance and type 2 diabetes in adulthood [34, 35]. Although there has been a tremendous 525 

research effort to understand the mechanisms of insulin resistance, an understanding in the 526 

context of FGR has not yet been reached. What is known, however, is that altered pancreatic 527 

beta cell mass, as well as adiposity, each plays a role in mediating insulin resistance.  528 

Using the homeostatic model assessment of insulin resistance (HOMA-IR) to assess 529 

pancreatic beta cell function and essentially determine a measure of insulin resistance, we 530 

observed a significant level of insulin resistance in C57BL/6J HFD+ offspring at P150. Mice 531 

in this group had fasting insulin concentrations far above what was observed in other groups, 532 

in addition to a HOMA-IR score which naturally shared a similar trend. As highlighted 533 

previously, this group of mice had the greatest degree of adiposity, and taken together, these 534 

results indicate that C57BL/6J offspring fed a high fat diet after being exposed to sildenafil 535 

treatment in utero display the most pronounced aberrations in metabolic dysfunction. 536 
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Increased adiposity, impaired glucose tolerance, and significant insulin resistance in this 537 

group justifies further investigation into the role sildenafil treatment may play in a normal 538 

pregnancy. 539 

 540 

4.5 Blood pressure 541 

An inverse relationship between size at birth and systolic blood pressure is well documented 542 

[36, 37]. The mechanism(s) behind this phenomenon, however, remain somewhat elusive, 543 

although there are links to a reduction in kidney size and associated nephron deficit [38, 39], 544 

as well as impaired vascular function [40-42]. Other mechanisms include tissue remodelling 545 

[43], reduced angiogenesis [44] and increased vascular oxidative stress [45, 46]. The eNOS-/- 546 

mouse has been extensively studied, and typically adult males demonstrate hypertension, 547 

although the severity can vary significantly from an increase of 14 to 50mmHg compared 548 

with control mice [47-49]. It was surprising, therefore, that we found no differences in blood 549 

pressure between eNOS-/- and C57BL/6J mice in our study at P90. A difference was observed 550 

at P150 in mice exposed to sildenafil, with eNOS-/- mice having a greater blood pressure than 551 

their C57BL/6J counterparts.  552 

 553 

Blood pressure in this study was measured by tail cuff plethysmography. This procedure can 554 

be associated with increased stress to the animals, and thus the readings obtained may be 555 

more variable than those obtained from telemetered animals, whose readings are made in 556 

unrestrained animals in their home cage. It is possible that this variability, coupled with a 557 

relatively small sample size, was enough to mask any hypertension in eNOS-/- mice at the 558 

earlier time point, especially if the increase is as small as 14mmHg. 559 

 560 
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There was evidence that exposure to sildenafil was associated with a small but significant 561 

increase in blood pressure in eNOS-/- mice at the later time point. In our study, although there 562 

were no associated changes in kidney weight, there were some subtle changes in mesenteric 563 

artery function, which might explain the changes in blood pressure observed. An increase in 564 

sensitivity to the vasoconstrictor U46619 was observed in arteries from eNOS-/- ND+ mice, 565 

whilst reduced maximal endothelium-dependent relaxation was noted in arteries from eNOS-/- 566 

HFD+ mice. In the rodent, the mesenteric vascular bed plays an important role in the 567 

regulation of blood pressure, and the small changes in vascular function observed here, 568 

leading to a more constrictive phenotype, likely contributed to the increase in blood pressure.  569 

 570 

Further studies could investigate other mechanisms which may explain the changes seen, 571 

such as remodelling of the conduit arteries or increased vascular oxidative stress. It should be 572 

noted, however, that the increases in blood pressure were small, and may be of limited 573 

physiological consequences. 574 

 575 

4.6 Vascular function 576 

Peripheral resistance arteries play an important role in the maintenance of blood pressure, and 577 

altered responses to vasoactive agents in these arteries may play a role in the pathogenesis 578 

and pathophysiology of hypertension [50, 51], whilst changes in response can serve as an 579 

indicator of overall cardiovascular health [52, 53]. Significant endothelial dysfunction has 580 

previously been observed in adults born growth restricted, including a blunted response to 581 

ACh [54]; this impairment is associated with hypertension [40, 41] and may represent one 582 

mechanism by which affected individuals are at greater risk of cardiovascular disease. 583 

 584 
At postnatal day 90, eNOS-/- offspring on a high fat diet, which were not exposed to sildenafil 585 

treatment, had a significantly enhanced constriction response to U46619 compared to 586 
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C57BL/6J offspring on the same diet and treatment. This in line with previous studies which 587 

have shown a strong association with low birth weight, teamed with hypercaloric postnatal 588 

nutrition, in the incidence of hypertension and cardiovascular disease in adulthood in human 589 

populations [55, 56].  Interestingly, this difference was not seen in mice from sildenafil-590 

treated dams, suggesting that sildenafil exposure may be attenuating, to a mild degree, a 591 

sensitivity to constriction that is inherent in eNOS-/- offspring which are then challenged with 592 

high fat diet. This did not, however, translate into a reduction in blood pressure. In contrast, 593 

an increase in sensitivity to U46619 was observed in eNOS-/- mice exposed to sildenafil and 594 

fed a normal diet; this change was associated with an increase in blood pressure. 595 

 596 

Small differences in response to ACh were also noted in this study, including a reduction in 597 

maximal relaxation in arteries from eNOS-/- HF- offspring at P90, and in eNOS-/- HF+ 598 

offspring at P150. Little is known about the long-term effects of exposure to sildenafil on 599 

vascular function in offspring. One previous study has examined the effect of a higher dose 600 

of sildenafil on fetal vascular function. Using a different mouse model of FGR, but with a 601 

similar route of administration and timing of treatment, fetal abdominal vascular function was 602 

assessed at gestational day 18.5 [57]. Arteries from mice exposed to sildenafil exhibited 603 

impaired endothelium-dependent and independent vasodilation. The potential mechanism(s) 604 

underlying the changes in vascular function observed in these studies is not clear, although 605 

other investigators have highlighted the potential role of increased oxidative stress, increased 606 

inflammation or changes in vascular telomere length in mediating programmed vascular 607 

dysfunction in animal models of FGR [58, 59]. It is not clear if exposure to sildenafil 608 

increases inflammation or oxidative stress in the vasculature. Further interrogation of the 609 

components of the vasodilatory response to ACh is needed, as well as an assessment of 610 

oxidative stress and inflammatory markers in these peripheral arteries, to determine the 611 
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potential mechanisms by which exposure to sildenafil in utero affects offspring vascular 612 

function.  613 

 614 

There was no effect of genotype or exposure to sildenafil on the response to sodium 615 

nitroprusside, indicating that there were no effects of being born FGR, or exposure to 616 

sildenafil, on the ability of vascular smooth muscle to relax. This is in contrast to a previous 617 

study, in which exposure to sildenafil was associated with reduced endothelium independent 618 

vasodilatory responses in the fetal abdominal aorta [57]. That study differed, not only in the 619 

vascular bed but also the length of time since exposure to the drug (0 days vs. 90 or 150 620 

days), and may be indicative of the differences between immediate and long-term changes in 621 

vascular function.  622 

 623 

It should be noted that exposure to sildenafil was associated with an increased response to 624 

ACh in arteries from control mice. Again, further investigation of the response to ACh, 625 

including its components and indicators of oxidative stress / inflammation, would help to 626 

better understand the mechanisms by which sildenafil effects vascular function in offspring. 627 

 Overall, the changes in vascular function were small, but together suggest a more 628 

constrictive phenotype in eNOS-/- mice exposed to sildenafil. This likely contributes to the 629 

small increases in systolic blood pressure observed in this group of mice. 630 

 631 

4.7 Limitations 632 

Our model of growth restriction, as is a limitation with many animal models, did not satisfy 633 

all the phenotypic aspects observed in human adult growth restricted offspring. The eNOS-/- 634 

model utilised the absence of an enzyme to induce the maternal phenotype, at the cost of 635 

maintaining this same deletion in offspring. It is therefore difficult to separate any strain 636 
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effects identified which may be due to fetal programming or lack of eNOS expression. Thus, 637 

additional studies are required to provide more conclusive evidence around the long-term 638 

effects of maternal sildenafil treatment on offspring. Utilising another animal model would be 639 

beneficial, as no one model can satisfy all aspects of FGR.  640 

It should also be highlighted that other investigators have noted sex-specific effects of 641 

programming in adult offspring. This current study was limited to looking at the effects in 642 

male offspring only, but we acknowledge that different programming effects, or indeed 643 

effects of sildenafil exposure, may be present in female offspring, and we would seek to 644 

include animals of both sexes in any further study. 645 

 646 

4.8 Summary and conclusions 647 

We have demonstrated that the eNOS-/- model of growth restriction exhibits a number of 648 

features associated with developmental programming of cardiovascular and metabolic 649 

disease, particularly when faced with a ‘second hit’ of a high fat diet. This includes 650 

alterations in body composition which favours energy storage when faced with a high fat diet, 651 

impaired glucose tolerance and a small increase in systolic blood pressure. Exposure to 652 

sildenafil treatment in utero had little effect on these outcomes, although small beneficial 653 

effects on vascular function and glucose tolerance were observed at the earlier P90 time-654 

point. It should be noted, however, that exposure to sildenafil was also associated with a 655 

more constrictive vascular phenotype and a small increase in blood pressure in eNOS-/- mice 656 

and increased insulin resistance in C57BL/6L mice.  657 

 658 

The potential benefits of improving fetal growth, and therefore reducing perinatal morbidity 659 

and mortality are enormous, and any successful treatment would likely have tremendous 660 

health, financial and societal benefits. This study highlights, however, the importance of 661 
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understanding the long-term effects of treatment during pregnancy on affected individuals. 662 

Further, a better understanding of the underlying mechanisms of any effects seen in offspring 663 

will allow for the mitigation of any potential adverse effects, and also to optimise any 664 

possible benefits they may provide in reducing the programming of cardio-metabolic 665 

diseases. 666 

 667 
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Figure Legends 916 

 917 

Figure 1. Outline of experimental design 918 

Pregnant C57BL/6J and eNOS-/- mice were randomized to sildenafil or vehicle control groups 919 

at gestational day (gd) 12.5. Treatment was provided until the dam had given birth. Male 920 

offspring were weaned at postnatal day (P) 21, and randomized to a normal or high fat diet 921 

and were studied at either P90 or P150.  922 

 923 

Figure 2. Growth trajectory and food intake over the course of 21 weeks. 924 

A) There was a significant effect of genotype on body weight at P21. eNOS-/- mice were 925 

significantly smaller than their treatment counterparts. B) C57BL/6J offspring growth was 926 

altered by diet but not by sildenafil. C) C57BL/6J offspring cumulative energy intake was not 927 

affected by diet or sildenafil. D) eNOS-/- offspring growth was altered by diet but not sildenafil. 928 

E) eNOS-/- offspring cumulative energy intake was not affected by diet or sildenafil. F) 929 

C57BL/6J and eNOS-/- offspring growth comparison for normal diet groups. G) C57BL/6J and 930 

eNOS-/- offspring growth comparison for high diet groups 931 

+ sildenafil treatment, - no sildenafil treatment, ND Normal chow diet, HFD High fat diet,  932 

Data presented as mean ± SEM (n=4-7), post-hoc analysis: *p<0.05, **p=0.003 vs. 933 

C57BL/6J -, #p<0.001 vs. C57BL/6J + 934 

 935 

Figure 3. Total adipose tissue deposition relative to body weight at P90 and P150. 936 

A) Adipose deposition at P90. There was a significant interaction between strain and diet in 937 

both vehicle (F(1,26)=9.33, p=0.005) and sildenafil treated offspring (F(1,23)=8.65, 938 

p=0.007). eNOS-/- offspring on HFD had significantly higher total adiposity than C57BL/6J 939 
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HFD-fed counterparts;  $p=<0.001 vs. C57BL/6J HF-,  *p=0.014 vs. C57BL/6J HF+, 940 

#p<0.001 vs. treatment and diet control group e.g. eNOS-/- HFD- vs. ND- and HFD+ vs. ND- 941 

B) There was no effect of strain, treatment or diet on lean weight at P90. 942 

C) Adipose deposition at P150. Addition of HFD significantly increased total fat deposition 943 

in both C57BL/6J and eNOS-/- mice when compared to normal diet / treatment controls.  944 

D) There was no effect of strain, treatment or diet on lean weight at P150. 945 

+ sildenafil treatment, - no sildenafil treatment, ND Normal chow diet, HFD High fat diet,  946 

Data presented as mean ± SEM (n=4-7), post-hoc analysis: # p=≤0.001vs. treatment and diet 947 

control groups within strain, e.g. C57BL/6J HFD- vs. ND-  948 

 949 

Figure 4. Glucose tolerance is impaired in HFD fed offspring at P84 950 

A) C57BL/6J OGTT curve - HFD+ offspring had significantly elevated plasma glucose 951 

levels at 60, 90 and 120 mins compared with HFD- offspring. 952 

B) eNOS-/- OGTT curve - Sildenafil null offspring on high fat diet had significantly elevated 953 

fasting blood glucose compared to ND eNOS-/- controls. 954 

C) AUC P90 – Impaired glucose tolerance was observed in HFD fed eNOS-/- offspring 955 

compared with C57BL/6J mice from vehicle treated dams. In contrast, impaired glucose 956 

tolerance was observed in C57BL/6J HFD offspring exposed to sildenafil compared with 957 

their vehicle counterparts (HFD+ vs. HFD-). 958 

+ sildenafil treatment, - no sildenafil treatment, ND Normal chow diet, HFD High fat diet,  959 

Data presented as mean ± SEM (n=4-7), post-hoc analysis: * p=≤0.05, **p=≤0.01¸ # 960 

p=≤0.001. 961 

 962 

Figure 5. Glucose tolerance is impaired in HFD fed offspring at P144 963 
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A) C57BL/6J OGTT curve - HFD+ offspring had significantly elevated plasma glucose 964 

levels at 0, 30, 60, 90 and 120 mins compared with ND+ mice. 965 

B) eNOS-/- OGTT curve - Sildenafil null offspring on high fat diet had significantly elevated 966 

fasting blood glucose compared to ND eNOS-/- controls. 967 

C) AUC – Impaired glucose tolerance was observed in HFD fed eNOS-/- offspring compared 968 

with their ND controls; this was seen in mice from both vehicle and sildenafil treated dams. 969 

Impaired glucose tolerance was also observed in C57BL/6J HFD offspring, but only in those 970 

exposed to sildenafil compared with their normal diet C57BL/6J controls.  971 

+ sildenafil treatment, - no sildenafil treatment, ND Normal chow diet, HFD High fat diet,  972 

Data presented as mean ± SEM (n=4-7), post-hoc analysis: * p=≤0.05, **p=≤0.01¸ # 973 

p=≤0.001. 974 

 975 

Figure 6. Systolic blood pressure at P83 and P143. 976 

A) Blood pressure at P83. There were no significant differences in systolic blood pressure 977 

between groups, regardless of strain, diet or exposure to sildenafil. 978 

B) Blood pressure at P143. Systolic blood pressure was significantly increased in eNOS-/- 979 

mice exposed to sildenafil compared to their C57BL/6J diet controls ND+(*) and HFD+(**).  980 

+ sildenafil treatment, - no sildenafil treatment, ND Normal chow diet, HFD High fat diet,  981 

Data presented as mean ± SEM (n=4-7), post-hoc analysis: * p=≤0.05, **p=≤0.01. 982 

 983 

Figure 7. Vascular reactivity of mesenteric arteries at P90 984 

A) There was no effect of diet or treatment on the ability of mesenteric arteries from 985 

C57BL/6J mice to constrict in response to U46619, or their sensitivity to the drug. B) Vehicle 986 

treated C57BL/6J mice fed a high fat diet showed increased maximal relaxation to ACh 987 

(p=0.007), but there was no effect on sensitivity to ACh. C) Arteries from eNOS-/- mice fed a 988 
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high fat diet demonstrated increased maximal constriction to U46619 compared to their 989 

C57BL/6J counterparts (p=0.014), regardless of treatment. D) Maximal relaxation was 990 

reduced in vehicle treated eNOS-/- mice on a high fat diet compared with their C57BL/6J 991 

counterparts (p=0.001). 992 

Data presented as mean ± SEM (n=4-7). 993 

 994 

Figure 8. Vascular reactivity of mesenteric arteries at P150 995 

A) There was no effect of diet, strain or treatment on the constrictor response of arteries from 996 

C57BL/6J mice to U46619. B) Exposure to sildenafil was associated with increased 997 

endothelium-dependent relaxation in arteries from C57BL/6J mice fed a normal diet vs. their 998 

vehicle treated controls (p=0.008). C) Constriction in response to U46619 was reduced in 999 

arteries from sildenafil-exposed eNOS-/- mice fed a high fat diet vs. their normal diet 1000 

counterparts (p=0.010). D) Relaxation was reduced in HFD-fed eNOS-/- mice exposed to 1001 

sildenafil compared with their C57BL/6J counterparts (p=0.025). 1002 

Data presented as mean ± SEM (n=4-7). 1003 

 1004 

 1005 
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