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Key Points 27 

 A low protein diet had minimal effects on paternal cardiovascular function or renin-28 

angiotensin system activity. 29 

 Paternal low protein diet modified F1 neonatal and adult offspring renin-angiotensin system 30 

activity and cardiovascular function in a sperm and/or seminal plasma specific manner.  31 

 Paternal low protein diet modified F1 male offspring testicular expression of central 32 

epigenetic regulators. 33 

 Significant changes in F2 neonatal offspring growth and tissue angiotensin converting enzyme 34 

activity were programmed by paternal low protein diet in a sperm and/or seminal plasma 35 

specific manner. 36 

 37 

  38 
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Abstract 39 

Whilst the impact of maternal diet on adult offspring health is well characterised, the role a father’s 40 

diet has on his offspring’s health remains poorly defined. We establish the significance of a sup-41 

optimal paternal low protein diet for offspring vascular homeostasis and define the sperm and seminal 42 

plasma specific programming effects on cardiovascular health. Male C57BL6 mice were fed either a 43 

control normal protein diet (NPD; 18% protein) or an isocaloric low protein diet (LPD; 9% protein) 44 

for a minimum of 7 weeks. Using artificial insemination, in combination with vasectomised male 45 

mating, we generated offspring derived from either NPD or LPD sperm (devoid of seminal plasma) 46 

but in the presence of NPD or LPD seminal plasma (devoid of sperm). We observed that either LPD 47 

sperm or seminal fluid at conception impaired adult offspring vascular function in response to both 48 

vasoconstrictors and dilators. Underlying these changes in vascular function were significant changes 49 

in serum, lung and kidney angiotensin converting enzyme (ACE) activity, established in F1 offspring 50 

from 3 weeks of age, maintained into adulthood and present also within juvenile F2 offspring. 51 

Furthermore, we observed differential expression of multiple central Renin-Angiotensin System 52 

regulators in adult offspring kidneys. Finally, paternal diet modified the expression profiles of central 53 

epigenetic regulators of DNA methylation, histone modifications and RNA methylation in adult F1 54 

male testes. These novel data reveal the impact of sub-optimal paternal nutrition on offspring 55 

cardiovascular well-being, programming offspring cardiovascular function through both sperm and 56 

seminal plasma specific mechanisms over successive generations.  57 

 58 

 59 

 60 

Keywords: Developmental programming; Cardiovascular health; Renin-Angiotensin System; 61 

Paternal diet. 62 

 63 
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 Introduction 65 

The association between poor maternal diet and the predisposition of her offspring to developing 66 

cardiovascular dysfunction and metabolic disease is well established (Fleming et al., 2018). Animal 67 

model studies show that sub-optimal maternal diet during specific stages of pregnancy result in 68 

offspring displaying hypertension (Torrens et al., 2009; Watkins et al., 2010) and vascular 69 

dysfunction (Gray et al., 2015; Loche et al., 2018). Underlying many of these impairments in blood 70 

pressure regulation are changes in the renin-angiotensin system (RAS) pathway function. A central 71 

mediator of the RAS’s control on blood pressure is angiotensin-converting enzyme (ACE). ACE 72 

cleaves angiotensin I to form angiotensin II, a potent regulator of vascular function and blood volume 73 

(Dasinger et al., 2016). In rodents, offspring of dams fed diets high in fat (Zhang et al., 2018), salt 74 

(Mao et al., 2013) or low in protein (Watkins et al., 2010) have all been shown to program offspring 75 

cardiovascular dysfunction via impaired RAS regulation.  76 

 77 

There is growing evidence indicating paternal health and well-being at the time of conception also 78 

impacts on offspring long-term cardio-metabolic health (Hur et al., 2017; Lucas & Watkins, 2017). 79 

In mice, paternal undernutrition perturbs embryonic development and metabolism, fetal growth and 80 

adult offspring cardio-metabolic ill-health (Carone et al., 2010; McPherson et al., 2016; Watkins et 81 

al., 2017). Similarly, paternal over nutrition and type 2 diabetes in mice affect offspring metabolic 82 

health over multiple generations (Ng et al., 2010; Wei et al., 2014; Cropley et al., 2016). Furthermore, 83 

paternal obesity results in over-activation of the RAS in offspring adipose tissue, associated with poor 84 

glucose metabolism and increased inflammatory status (Ornellas et al., 2018). Changes in sperm 85 

quality and genomic integrity are one potential mechanism through which paternal ill-health impacts 86 

on offspring development. In men, obesity, smoking, excessive alcohol consumption and type 2 87 

diabetes all impact negatively on sperm quality and DNA integrity (Borges et al., 2018) and embryo 88 

development (Stuppia et al., 2015). Sperm from obese men display different patterns of DNA 89 

methylation to men of normal weight (Soubry et al., 2016), while sperm from infertile men display 90 
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different profiles of protamines (Aoki et al., 2006), DNA methylation (Jenkins et al., 2016) and micro 91 

RNAs (Liu et al., 2012) to sperm from healthy men. In animals, significant changes in sperm 92 

epigenetic status are observed in response to paternal obesity (Fullston et al., 2013), under-nutrition 93 

(McPherson et al., 2016) and diabetes (Pavlinkova et al., 2017). 94 

 95 

Separate to the genetic/epigenetic programming mechanisms directed by the sperm, the seminal 96 

plasma also influences embryonic, fetal and offspring development. Seminal plasma is critical for the 97 

initiation of uterine immunological and inflammatory responses which are essential in early 98 

pregnancy establishment (Sharkey et al., 2012). Furthermore, removal of the seminal vesicles in mice 99 

results in significant impairments male fertility, preimplantation embryo development and adult 100 

offspring growth, metabolism and blood pressure regulation (Bromfield et al., 2014).  101 

 102 

Together, these studies demonstrate offspring metabolic ill-health is programmed in response to poor 103 

paternal diet at the time of conception via sperm- and seminal plasma-specific mechanisms. However, 104 

few studies have explored the link between paternal diet and offspring cardiovascular health. 105 

Furthermore, to our understanding, no studies have defined the relative sperm- and seminal plasma-106 

specific contributions to offspring cardiovascular health. Recently, we characterised the relative 107 

sperm and seminal plasma-specific impact on offspring growth and metabolic homeostasis (Watkins 108 

et al., 2018). In the present study, we extend our analysis of offspring metabolic health to define the 109 

impact of paternal diet on offspring vascular function, angiotensin converting enzyme (ACE) activity 110 

and expression of central RAS pathway regulators. Furthermore, we assess whether changes in blood 111 

pressure regulatory mechanisms programmed within F1 offspring are retained within an F2 112 

generation. 113 

 114 

 115 

Materials and Methods 116 
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Ethical approval 117 

All experimental procedures were conducted under the UK Home Office Animal (Scientific 118 

Procedures) Act 1986 Amendment Regulations 2012, which transposed Directive 2010/63/EU into 119 

UK law, with approval of the local ethics committee at Aston University and conform to principles 120 

and regulations for reporting animal experiments as described previously (Grundy, 2015). Intact and 121 

vasectomised 8 week old C57BL/6 male mice (Harlan Ltd, Belton, Leicestershire, UK) were 122 

maintained as described previously (Watkins et al., 2018). Briefly, males were fed either control 123 

normal protein diet (NPD; 18% casein; n = 16 intact and 8 vasectomised males) or isocaloric low 124 

protein diet (LPD; 9% casein; n = 16 intact and 8 vasectomised) for a period of 8-12 weeks to ensure 125 

all stages of spermatogenesis and spermiogenesis were exposed to the diets (Oakberg, 1956). Diets 126 

were manufactured commercially (Special Dietary Services Ltd; UK) and their composition 127 

published previously (Watkins et al., 2018).  128 

 129 

Generation of F1 and F2 offspring 130 

Offspring were generated as described previously (Watkins et al., 2018). Briefly, virgin 8 week old 131 

female C57BL/6 mice (Charles River, UK) were superovulated by intraperitoneal injections of 132 

pregnant mare serum gonadotrophin (1 IU; Interve, UK) and human chorionic gonadotrophin (1 IU; 133 

Intervet, UK). Intact NPD and LPD fed males were culled by cervical dislocation after a minimum of 134 

8 weeks on respective diets. Sperm were isolated from caudal epididymi NPD and LPD stud males 135 

as described previously (Watkins et al., 2018) and allowed to capacitate in pre-warmed medium (135 136 

mM NaCl, 5 mM KCl, 1 mM MgSO4, 2 mM CaCl2, 30mM HEPES; supplemented freshly with 10 137 

mM lactic acid, 1 mM sodium pyruvate, 20 mg/ml BSA, 25 mM NaHCO3). Females were artificially 138 

inseminated 12 hours post human chorionic gonadotrophin injection with approximately 107 sperm 139 

and subsequently housed overnight with a vasectomised C57BL/6 male fed either NPD or LPD. 140 

Females were weighed regularly (every 4-5 days) for the detection of weight gain. Four groups of 141 

offspring were generated termed NN (NPD sperm and NPD seminal plasma), LL (LPD sperm and 142 
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LPD seminal plasma), NL (NPD sperm and LPD seminal plasma) and LN (LPD sperm and NPD 143 

seminal plasma). See Figure 1 for diagrammatic representation of the study design and n numbers. 144 

Details on number of females inseminated, pregnancy rates, gestation lengths and litter parameters 145 

have been published previously (Watkins et al., 2018).  146 

 147 

All dams and offspring received standard chow and water ad libitum throughout the study. For the 148 

production of an F2 generation, 16 week old F1 males (n = 6 males per treatment group; each from 149 

separate litters) were mated naturally to virgin, 8 week old female C57BL/6 mice (Charles River, 150 

UK) acquired separately for mating with F1 males. Females were allowed to develop to term and all 151 

dams and F2 offspring received standard chow and water ad libitum. F1 offspring were culled by 152 

cervical dislocation at either 3 (juvenile) or 16 (adult) weeks of age while all F2 offspring were culled 153 

at 3 weeks of age.  Blood samples were taken via heart puncture, centrifuged at 10,000 rpm (4oC, 10 154 

minutes), and the serum aliquoted and stored at -80oC. Kidneys and lungs were dissected, weighed, 155 

snap frozen and stored at -80oC. 156 

 157 

Analysis of vascular function by fine wire myography 158 

Stud male and offspring vascular function was assessed using wire myograph (Danish Myo 159 

Technology A/S, Denmark) in F1 male and female offspring at 16 weeks of age as described 160 

previously (Watkins & Sinclair, 2014). Mesenteric artery segments from stud males and adult male 161 

and female F1 offspring were maintained at 37oC in physiological salt solution (NaCl, 119; KCl, 4.7; 162 

CaCl2, 2.5; MgSO4, 1.17; NaHCO3, 25; KH2PO4, 1.18; EDTA, 0.026; and D-glucose, 5.5 mM) and 163 

gassed with 95% O2 and 5% CO2 (Watkins & Sinclair, 2014). Following normalisation (setting 164 

internal vessel circumference to 90% of the IC100 (Docherty et al., 2001), initial assessment of vessel 165 

integrity and maximal response to excess K+ (125mM), cumulative concentration response curves 166 

were conducted for the 1-adrenergic agonist phenylephrine (PE; 10-9 to 10-4 mol/L). Subsequently, 167 

vessels were pre-constricted to 80% of maximal PE response with the thromboxane mimetic U46619 168 
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(10 µmol/L) prior to analysis of vascular responsiveness to the vasodilators acetylcholine (ACh) (10-169 

9 to 10-4 mol/L) and isoprenaline (stud males only; 10-9 to 10-4 mol/L).  Cumulative concentration 170 

responses to ACh were repeated in the presence of the nitric oxide (NO) synthase inhibitor Nώ-nitro-171 

Larginine methyl ester (L-NAME; 100 µmol/L). Finally, following pre-constriction with U46619, 172 

vasodilatation responses to the nitric oxide donor sodium nitroprusside (SNP; 10-10 to 10-4 mol/L) 173 

were assessed. All drugs and chemicals were purchased from Sigma (UK). 174 

 175 

Tissue angiotensin converting enzyme (ACE) activity assay  176 

Samples of offspring kidney and lung tissue were homogenised in 200µl sodium borate buffer (0.5 177 

M H3BO4, 1.125 M NaCl, pH 8.3) prior to centrifugation at 13,000 rpm for 10 minutes at 4 OC. Kidney 178 

lysate supernatant (30-50 µL) was mixed with 0.5 M sodium borate buffer and 20 µL of N-Hippuryl-179 

His-Leu (20 mM in 0.5 M sodium borate buffer) to a final volume of 100 µL and incubated for 30 180 

minutes at 37°C alongside blanks (containing only borate buffer and N-Hippuryl-His-Leu) and a 181 

standard curve of His-Leu (0 to 2 mM). After incubation, 400 µl of 1M NaOH was added to all 182 

samples prior to 400 µl of O-phthalaldehyde (20mg/ml in methanol). All samples were mixed and 183 

left at room temperature for 10 minutes prior to the addition of 400µL 1 M HCl. Samples, blanks and 184 

the standard curve were spun and measured colormetrically at 380 nm. Samples of offspring serum 185 

(10 - 20 µl) were mixed with 60 - 70 µl of sodium borate buffer and 20 µL of N-Hippuryl-His-Leu 186 

and incubated for 15-30 minutes at 37°C. Following incubation, serum samples were analysed as for 187 

the kidney and lung tissue samples. Serum ACE activity was expressed as nmol His-Leu formed, 188 

while kidney and lung samples were expressed as nmol His-Leu formed per mg of protein. All drugs 189 

and chemicals were purchased from Sigma (UK). 190 

 191 

Offspring testicular and kidney gene expression  192 

RNA was extracted from F1 and F2 (juvenile and adult) offspring kidneys and adult F1 offspring 193 

testes using the RNeasy Mini Kit (QIAGEN, UK), with on-column DNase I digestion, according to 194 
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manufacturer’s instructions. Following determination of RNA concentration and contamination by 195 

Nanodrop, RNA was converted to cDNA using the NanoScript (PrimerDesign, UK) according to the 196 

manufacturer’s instructions. For Real-Time PCR (RT-qPCR), 5 ng cDNA was added to 2X mastermix 197 

(Precision SYBRgreen Mastermix; Primerdesign, UK), 5 µM forward and reverse primers (Eurofins) 198 

and water. Analysis of renal gene expression was performed using a Stratagene Mx 3000P System 199 

(Agilent Technologies, USA), while offspring testicular expression was conducted using an Applied 200 

Biosystems 7500 system. Offspring relative kidney RAS expression data were calculated using the 201 

ΔΔCT method following normalisation to the expression of Sdha and Tuba while relative testicular 202 

expression was normalised to Pgk1 and Tbp. Using geNorm software (Watkins et al., 2018), these 203 

reference genes were identified as being the most stable across all groups (from a total panel of 6 204 

reference genes) with their primers displaying high efficiency (<1.9) of amplification (Lucas et al., 205 

2011). Primer sequences are given in Table 1.  206 

 207 

Offspring testicular DNA methylation analysis 208 

DNA was isolated from adult offspring testes using the DNeasy Blood & Tissue Kit (Qiagen, UK) 209 

according to the manufacturer’s instructions and diluted to a final concentration of 100 ng/µl in water. 210 

Quantification of global DNA methylation was conducted using the Methylated DNA Quantification 211 

Kit (Catalogue # ab117128, Abcam, UK) according to the manufacturer’s instructions. All samples 212 

were measured in triplicate and analysed alongside appropriate negative controls.  213 

 214 

Statistical analyses  215 

Stud male data were analysed using independent samples or repeated measures t-tests, where 216 

appropriate, following assessment for normality (Shaprio-Wilk and Kolmogorov-Smirnov tests) with 217 

GraphPad Prism (version 7). All offspring data were analysed using a multilevel random effects 218 

regression model (SPSS version 23) as described previously (Watkins et al., 2018) followed by 219 

Bonferroni post-hoc test. Correlations between parameters was conducted using Pearson correlation. 220 
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Data were analysed for interactions between treatment group and offspring sex by two way ANOVA 221 

and reported where appropriate. Significance was taken at P<0.05. 222 

 223 

 224 

Results 225 

3.1 LPD has minimally effect on paternal growth and vascular function 226 

When compared to the NPD, LPD has no significant effect on paternal body weight (Figure 2A). 227 

Similarly, there was no effect of LPD on the weight of paternal fat, liver, heart or lungs, relative to 228 

body weight (Figure 2B). However, kidney weight (average of left and right kidney; NPD = 0.48 ± 229 

0.03 gm, LPD = 0.42 ± 0.01 gm; P = 0.004) and kidney:body weight ratio (Figure 2B, P = 0.007) 230 

were significantly lower in LPD males than NPD males. Paternal LPD had no effect on mesenteric 231 

artery responsiveness to the vasoconstrictor phenylephrine (PE) or the vasodilators acetylcholine 232 

(ACh), isoprenaline (IOS) or sodium nitroprusside (SNP) (Figure 2C-F). Finally, while paternal LPD 233 

had no effect on either serum or lung tissue angiotensin converting enzyme (ACE, Figure 2E, I) 234 

activity, a lower kidney ACE activity was observed in males fed LPD (Figure 2H; P = 0.003). 235 

 236 

Impact of paternal diet on F1 offspring growth and ACE activity 237 

Previously, we showed that at 16 weeks of age, LL, NL and LN offspring mice all became overweight, 238 

glucose intolerant and displayed metabolic dysfunction when compared to NN offspring (Watkins et 239 

al., 2018). In our current study, at 3 weeks of age, LL males were heavier than NN and NL males at 240 

3 weeks of age (Figure 3A; P < 0.003). However, no difference in kidney or lung weights were 241 

observed between groups (Data not shown). While no difference in mean serum (Figure 3B) or kidney 242 

(Figure 3C) ACE activity were observed between males, NL and LN males displayed reduced lung 243 

ACE activity when compared to NN males (Figure 3D; P < 0.05). Similar to the males, LL females 244 

displayed an elevated body weight when compared to NN and LN females (Figure 3E; P < 0.02). NL 245 

females were also heavier when compared to NN females (P = 0.003). Analysis of juvenile female 246 
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organ weights revealed increased kidney:body weight ratio in LN females when compared to LL and 247 

NL females (Data not shown). At 3 weeks of age, LL females displayed elevated serum ACE activity 248 

(Figure 3F; P = 0.004) while NL and LN females displayed reduced lung ACE activity (Figure 3H; 249 

P < 0.05) when compared to NN offspring.  250 

 251 

In adult (16 weeks of age) offspring, no difference in male body weight (Figure 2I), kidney or 252 

lung:body weight ratios (Data not shown) were observed. However, NL males had a higher kidney 253 

ACE activity when compared to LL males (Figure 3K; P < 0.04), while LN males had a lower lung 254 

ACE activity when compared to NN, LL and LN males (Figure 3L; P < 0.02). In females, both NL 255 

and LN females were heavier than NN females (Figure 3M; P < 0.05).  NL females also displayed an 256 

elevated lung:body weight ratio when compared LL females (Data not shown). LL females displayed 257 

an elevated serum ACE activity when compared to NN females (Figure 3N; P = 0.013), while LL and 258 

LN females had a lower kidney ACE activity when compared to NN and NL females (Figure 3O; P 259 

< 0.04). No difference in female lung ACE was observed between groups (Figure 3P). 260 

 261 

As we observed significant differences in offspring ACE activity, we analysed relative expression of 262 

several RAS pathway genes in adult offspring kidneys. As no significant effect of sex was observed, 263 

expression data for males and females were combined (P < 0.1). We observed LL offspring displayed 264 

increased expression of angiotensin converting enzyme (Ace) when compared to NN offspring 265 

(Figure 4A; P <0.03).  Both NL and LN offspring also displayed elevated expression of Ace2 (Figure 266 

4B), the type-1A angiotensin II receptor (Agtr1a; Figure 4C) and the renin receptor (Atp6ap2; Figure 267 

4F) when compared to NN offspring (P < 0.05). LN offspring also displayed elevated expression of 268 

the type-1B angiotensin II receptor (Agtr1b; Figure 4D), while LL offspring displayed elevated 269 

expression of the type-2 angiotensin II receptor (Agtr2; Figure 4E) when compared to NN offspring 270 

(P < 0.05). 271 

 272 
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Impact of paternal diet on F1 adult offspring vascular function 273 

We observed no effect of paternal diet on mesenteric artery responsiveness to the vasoconstrictor 274 

phenylephrine (PE; Figure 5A-C) or the vasodilator acetylcholine (Ach; Figure 5D-F) in male 275 

offspring. However, LL and LN offspring vessels displayed an increased insensitivity to pre-276 

incubation with the nitric oxide synthase inhibitor N(ω)-nitro-L-arginine methyl ester (L-NAME), 277 

displaying an elevated maximal responses to ACh (Figure 5G, H; P < 0.02) while LN vessels also 278 

displayed a reduced pEC50 responses (Figure 5I; P = 0.037). While minimal differences in male 279 

offspring vascular responses were observed to the nitric oxide donor sodium nitroprusside (SNP; 280 

Figure 5J), an elevated maximal response was observed in LL males vessels when compared with 281 

NN males (Figure 5K; P = 0.004). 282 

 283 

In females, both NL and LN offspring vessels displayed reduced maximal constriction responses to 284 

phenylephrine when compared to NN and LL offspring vessels (Figure 6A and B; P < 0.001). A 285 

reduced pEC50 to phenylephrine was also observed for NL female offspring vessels when compared 286 

to NN and LL vessels (Figure 6C; P = < 0.05). While no difference in maximal vasodilatory responses 287 

to ACh were observed between female groups (Figure 6D and E), a significantly reduced pEC50 was 288 

observed in LL and NL female offspring (Figure 6F; P < 0.035). Following pre-incubation with L-289 

NAME, increased NO-independent vasodilation in arteries from LL, NL and LN female offspring 290 

was observed when compared to NN females (Figure 6G and H; P ≤ 0.01). Furthermore, responses 291 

of NL and LN vessels were higher than that of the LL vessels (Figure 6H; P ≤ 0.006), though there 292 

was no difference in the pEC50 between groups (Figure 6I). No difference in response to sodium 293 

nitroprusside were observed between females (Figure 6J-L). 294 

 295 

3.4 Paternal diet modifies testicular expression of epigenetic regulators in F1 offspring 296 

Studies have shown that parental programming of offspring health can span multiple generations, in 297 

response to both maternal and paternal health (Vickers, 2014). Changes in epigenetic status of F1 298 
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testicular tissue could provide one potential mechanism for the transgenerational transfer of 299 

environmental information across generations. We observed significant changes in the transcript 300 

expression of central regulators of RNA methylation, histone modification and DNA methylation in 301 

the testes of adult F1 male offspring. Specifically, LN males displayed an elevated expression of the 302 

RNA methylation regulators Alpha-ketoglutarate-dependent dioxygenase (Fto; Figure 7A, P = 303 

0.045), N6-adenosine-methyltransferase subunit (Mettl3; Figure 7B, P = 0.051) and N6-adenosine-304 

methyltransferase non-catalytic subunit (Mettl14; Figure 7C, P = 0.05) when compared to LL males. 305 

Similarly, elevated expression of Histone deacetylase 1 (Hdac1; Figure 7D, P = 0.011), Histone 306 

deacetylase 2 (Hdac2; Figure 7E, P = 0.055), and Lysine-specific demethylase 3A (Kdm3a; Figure  307 

7E, P = 0.055) were observed in LN male testes when compared to LL males. Differences between 308 

LL and LN offspring were also observed for the testicular expression of DNA methytransferase 1 309 

(Dnmt1; Figure 7G, P = 0.003) and DNA methytransferase 3B (Dnmt3b; Figure 7I, P = 0.004), though 310 

no difference in the expression of Dnmt3a (Figure 7H) or Dnmt3b (Figure 7J) were observed. 311 

Analysis of testicular tissue DNA revealed NL testes had a lower percentage global DNA methylation 312 

when compared to LL and LN testes (Figure 7K; P < 0.025) which was not different to NN testes. 313 

Finally, while NN, LL and NL testes displayed non-significant positive correlations between Dnmt1 314 

expression and DNA methylation (NN r = 0.38, P = 0.35; LL r = 0.63, P = 0.09; NL r = 0.28, P = 315 

0.51) LN offspring displayed a non-significant negative correlation (r = -0.44, P = 0.28) (Figure 7L).  316 

 317 

3.5 Impact of paternal diet on F2 offspring growth and ACE activity 318 

We observed differential expression of epigenetic regulators in F1 male offspring testes. Furthermore, 319 

we identified significant changes in F1 offspring physiology at 3 weeks of age that perpetuated into 320 

adulthood mirroring our previous studies (Watkins et al., 2008; Watkins & Sinclair, 2014; Watkins 321 

et al., 2018) in which early (first three weeks of life) perturbations in development and physiology 322 

correlate significantly with adult growth, adiposity, metabolic ill-health and cardiovascular 323 

dysfunction. Therefore, we determined whether changes in offspring growth and RAS phenotype 324 
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were propagated into an F2 generation via F1 males, and were evident at three weeks of age, 325 

suggestive of long-term changes in F2 offspring phenotype. We observed that between birth and three 326 

weeks of age, LL, NL and LN offspring (males and females combined) all displayed elevated body 327 

weight when compared to NN offspring (Figure 8A; P < 0.05). Furthermore, we observed elevated 328 

activities of serum ACE in LL, NL and LN offspring (Figure 8B; P < 0.05) and kidney ACE in LL 329 

offspring (Figure 8C; P = 0.0004) when compared to NN offspring. No differences in offspring lung 330 

ACE activity were observed across groups (Figure 8D). 331 

 332 

 333 

4. Discussion 334 

The impact of poor maternal diet on offspring cardiovascular health has been studied in detail 335 

(Fleming et al., 2018). However, the consequences of poor paternal diet for the long-term health of 336 

his offspring remain poorly defined. In the current study, we combine artificial insemination with 337 

vasectomised male mating (Watkins et al., 2018) to define specific sperm and/or seminal plasma 338 

programming mechanisms on offspring cardiovascular health. We show that offspring derived from 339 

either paternal LPD sperm and/or seminal plasma displayed altered tissue ACE activity, RAS 340 

pathway gene expression and vascular dysfunction. Furthermore, we observed juvenile F2 offspring 341 

displayed similar changes in growth and tissue ACE activity as for F1 offspring. However, the effects 342 

observed differed between the sexes, the offspring at different ages and different treatment groups, 343 

such that the effect size tended to be greatest in LN and NL offspring. These results provide new 344 

insight into the impact of poor paternal diet at the time of conception on the cardiovascular health of 345 

his offspring over multiple generations (Figure 8).   346 

 347 

4.1 Effect of paternal diet on offspring RAS homeostasis 348 

The RAS is a hormonal mechanism central to the regulation of bodily sodium levels, blood volume 349 

and cardiovascular function and health (Otto, 2017). Data from a range of animal models 350 
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manipulating maternal diet during specific periods of gestation reveal significant changes in offspring 351 

RAS function and homeostasis correlating with elevated blood pressure (Moritz et al., 2010). 352 

Previously, we have shown that paternal LPD results in offspring overgrowth, hypotension, vascular 353 

dysfunction and impaired glucose tolerance in mice (Watkins & Sinclair, 2014). Our current study 354 

extends these observations identifying significant changes in tissue ACE activity and kidney RAS 355 

gene expression. Of significance was the observation that changes in ACE activity became manifest 356 

in offspring tissues and serum from just 3 weeks of age. These data suggest that poor paternal diet 357 

programs RAS homeostatic set-points either during fetal development or during early juvenile life. 358 

Indeed, the RAS has been shown to be important during gestation for both placental (Pringle et al., 359 

2011) and kidney (Pentz et al., 2004) development. Furthermore, fetal and juvenile kidney 360 

development and angiotensin receptor expression in pregnant rats and sheep are sensitive to both 361 

maternal LPD and glucocorticoid exposure (Moritz et al., 2010). Interestingly, we observed that NL 362 

and LN juvenile (both males and females) tended to have lower lung ACE activity profiles when 363 

compared to NN and LN offspring. However, in the adult kidney, NL and/or LN offspring had 364 

elevated expression profiles for the RAS pathway genes Ace2, Agtr1a, Agtr1b and Atp6ap2. It is 365 

widely appreciated that gene transcript levels are not always reflective of expression at the protein 366 

level or in protein activity. Furthermore, while we explored the expression of multiple RAS pathway 367 

genes, we only analysed the activity of a single enzyme, ACE. Therefore, further studies would be 368 

necessary to confirm the impact of paternal diet fully on offspring RAS regulation and their 369 

connection of offspring blood pressure. Furthermore, in contrast to our previous study (Watkins & 370 

Sinclair, 2014), we employed the use of superovulation and artificial insemination in our current 371 

study. As all treatment groups were generated using the same artificial and superovulation techniques, 372 

it is likely that any differences in postnatal phenotype between treatment groups can be attributed to 373 

the dietary origin of the sperm and/or seminal plasma. However, further studies would be needed to 374 

separate the superovulation and artificial insemination effects from those programmed by paternal 375 

dietary-modified semen.  376 



16 

 

 377 

4.2 Paternal diet impairs offspring vascular function 378 

A second key observation was that poor paternal diet altered adult offspring vascular function. 379 

Significant impairments in offspring vaso-constriction and -dilatory responses have been observed in 380 

multiple models of developmental programming (Watkins et al., 2010; Loche et al., 2018; Yeung et 381 

al., 2018).   Recently, studies have begun to define the association between poor paternal diet and 382 

offspring cardiovascular health (Bromfield et al., 2014; McPherson et al., 2016). Previously, we 383 

demonstrated that paternal LPD resulted in adult offspring hypotension in association with reduced 384 

vascular responsiveness (Watkins & Sinclair, 2014). In our current study, we observed that pre-385 

incubation of mesenteric artery segments with the nitric oxide synthesis inhibitor, L-NAME, had 386 

minimal impact on ACh-mediated vasodilation responses in LL and LN male offspring. However, in 387 

NN and NL males, following L-NAME preincubation, ACh-mediated vasodilatation was 388 

significantly reduced. In contrast, all experimental female groups displayed significantly greater 389 

ACh-mediated vasodilatory responses following L-NAME pre-incubation when compared to NN 390 

females. Interestingly, NL and LN females also displayed a significantly greater vasodilation 391 

responses when compared to LL females. These observations suggest an additive effect in vascular 392 

impairment when the sperm and the seminal fluid are from males fed different diets. We also observed 393 

increased responsiveness in male arteries to the nitric oxide donor SNP.  394 

 395 

The differential cholinergic and nitric oxide vasodilatory responses observed in both male and female 396 

offspring suggest an augmented role of endothelium derived hyperpolarization (EDH). ACh-397 

mediated vasodilatory response is a result of signalling through multiple pathways including eNOS, 398 

gap junctions, CYP450 and voltage-gated potassium channels (Freed & Gutterman, 2017). In eNOS 399 

knockout mice, upregulation of signalling through the EDH pathway is observed in order to maintain 400 

moderate vasodilator responses (Manicam et al., 2017). Furthermore, studies show different isoforms 401 

of nitric oxide synthase e.g. nNOS can compensate for the lack of endothelial nitric oxide synthase 402 
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to maintain vascular function (Lamping et al., 2000). Interestingly, in other disease states associated 403 

with microvascular complications, such as type 2 diabetes, enhanced EDH-mediated vasodilatation 404 

is also observed (Pannirselvam et al., 2006). Indeed, we demonstrated previously that LL, NL and 405 

LN offspring all displayed glucose intolerance and non-alcoholic fatty liver disease phenotypes 406 

(Watkins et al., 2018). Interestingly, mirroring impairments in offspring metabolic health, offspring 407 

derived from sperm and seminal plasma from males fed different diets (NL and LN) displayed the 408 

largest impairments in vascular function. We propose that a dichotomy between the sperm mediated 409 

programming of the embryo and the seminal plasma mediated priming of the uterine environment has 410 

the greatest impact on offspring growth, metabolism and vascular health. However, as the same 411 

phenotype or direction of effect was not evident in all our analyses, it is conceivable that other 412 

mechanisms of programming may underlie our paternal diet model. From our initial analysis, we can 413 

cannot discount roles of phosphodiesterase, adenylate cyclase, calcium-activated potassium channels, 414 

prostacyclins and/or eicosanoids. Therefor a series of additional experiments with specific 415 

activators/inhibitors such as cilostamide , cilostazol,  forskolin, apamin, charybdotoxin or the removal 416 

of the endothelium from the vessels would be needed to define not only the precise roles of EDH, NO 417 

and non-NO signalling mechanisms in offspring cardiovascular homeostasis but also define the 418 

precise sperm and seminal plasma programming mechanisms involved.  419 

 420 

4.3 Paternal diet alters F1 testicular epigenetic status 421 

Paternal transgenerational programming of offspring phenotype has been observed in both human 422 

(Pembrey et al., 2006) and animal model studies (Pentinat et al., 2010; Fullston et al., 2013). 423 

Epigenetic mechanisms afford a plausible pathway by which paternal well-being can impact on 424 

multiple generations. Previously, we demonstrated that sperm from LPD males displayed global 425 

hypomethylation in association with reduced testicular expression of DNA methyltransferases and 1-426 

carbon metabolism regulators (Watkins et al., 2018). Further to changes in sperm DNA methylation, 427 

changes in histone and RNA modifications are believed to afford additional layers of epigenetic 428 
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regulation. In our study, we observed modified expression of central epigenetic regulators in F1 adult 429 

offspring testes, programmed in a sperm and/or seminal plasma specific manner. We observed a 430 

persistent profile whereby LN males displayed higher relative expression compared to other groups. 431 

Specifically, LN males had a significantly higher expression when compared to LL males for the 432 

RNA methylation regulators Fto, Mettl3 and Mettl14, the histone modifiers Hdac1, Hdac2 and 433 

Kdm3a and the DNA methylation regulators Dnmt1 and Dnmt3b. N6-adenosine methylation (m6A) is 434 

the most prevalent modification to mammalian RNA and is regulated by a series of methyltransferases 435 

and demethylases (Yue et al., 2015). In humans, increased expression of FTO, METTL3 and 436 

METTL14, as well as levels of m6A, have been identified in the sperm of infertile men (Yang et al., 437 

2016), in addition to significant changes in both histone modification and DNA methylation status 438 

(Rahiminia et al., 2018). Therefore, disruption of the testicular epigenetic status in F1 male offspring 439 

could provide one mechanism through which paternal transgenerational programming occurs. Indeed, 440 

we observed significantly altered growth, serum ACE activity and kidney ACE activity in juvenile 441 

F2 offspring suggesting poor paternal diet could affect offspring phenotype across more than one 442 

generation. Interestingly, growth and ACE activity profiles in F2 neonates did not match that of F1 443 

offspring. Similar effects have been observed in response to paternal hyperglycemia (Pentinat et al., 444 

2010), suggesting offspring phenotype may be more influenced by dynamic epigenetic mechanisms 445 

as opposed to static, heritable modifications to DNA sequences. However, as we only assessed F2 446 

programming via the male lineage and only up to 3 weeks of age, further studies are needed to confirm 447 

whether similar modes of programming are observed via the female lineage and the precise epigenetic 448 

changes programmed within F1 offspring. In addition, further genome-wide characterisation of F1 449 

generation testicular tissue would be needed to define fully the epigenetic changes linking F1 and F2 450 

generation physiology in response to paternal diet.  451 

 452 

4.4 Conclusions 453 
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Our current study demonstrates sub-optimal paternal diet at the time of conception programs offspring 454 

vascular function and RAS pathway function via sperm and/or seminal plasma specific mechanisms. 455 

These observations are in agreement with our recent study where offspring growth and metabolic 456 

health were also programmed via both sperm epigenetic and seminal plasma-specific processes 457 

(Watkins et al., 2018). We feel that our study has relevance for human health in relation to perturbed 458 

early developmental processes. Many human assisted reproductive techniques occur either in seminal 459 

plasma-free environments and/or where embryos are transferred into a uterine environment that has 460 

not been primed by seminal plasma. Indeed, studies are now identifying significant changes in cardio-461 

metabolic health of children derived from assisted reproductive techniques (Meister et al., 2018). 462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 

 479 
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Table 1: List of primers used for RT-qPCR studies 711 

 712 

 713 

Gene Name 
Gene 

Symbol 

Accession 

Number 

Primer Sequences Amplicon 

Length 
Forward Primer Reverse Primer 

Angiotensin I converting enzyme (peptidyl-

dipeptidase A) 1 
Ace NM_207624.5 tctgcttccccaacaagact aggatgttggtgagctctgg 61 

Angiotensin I converting enzyme (peptidyl-

dipeptidase A) 2 
Ace2 NM_001130513.1 tgtagaacgtaccttcgcagag gggctgatgtaggaagggta 99 

Angiotensin II receptor, type 1a Agtr1a 

 
NM_177322.3 actcacagcaaccctccaag 

 

ctcagacactgttcaaaatgca

c 

 

62 

Angiotensin II receptor, type 1a Agtr1b 

 

NM_175086.3 

 

cgccagcagcactgtaga 

 

gggggtgaattcaaaatg 

 
93 

angiotensin II receptor, type 2 Agtr2 

 

NM_007429.4 

 

ggagctcggaactgaaagc 

 

ctgcagcaactccaaattctt 

 
131 

ATPase, H+ transporting, lysosomal accessory 

protein 2 
Atp6ap2 

NM_027439.4 

 
gggtggataaactggcacttc tggaatttgcaacgctgtc 93 

Renin 1 structural Ren1 NM_031192.3 

 

cccgacatttcctttgacc 

 

tgtgcacagcttgtctctcc 

 
96 

      
DNA methyltransferase 1 Dnmt1 NM_010066.3 gctaccagtgcacctttggt atgatggccctccttcgt 73 

DNA methyltransferase 3a Dnmt3a NM_007872.4 acacagggcccgttacttct tcacagtggatgccaaagg 65 

DNA methyltransferase 3b Dnmt3b AF151969. gcctgcaagacttcttcactact ggtacaacttgggtggctca 63 

DNA methyltransferase 3L Dnmt3L NM_001081695.1 aaccgacggagcattgaa ccgagtgtacacctggagagt 60 

Alpha-ketoglutarate-dependent dioxygenase FTO Fto 
NM_011936.2 

 

tctgtctgccatcctggtc 

 

tggtaaagtccggacgactc 

 
94 

N6-adenosine-methyltransferase subunit METTL3  

 
Mettl3 

NM_019721.2 

 

taaaccacgggaaggaacac 

 

ttatgactggtggaacgaacc 

 
112 

N6-adenosine-methyltransferase non-catalytic 

subunit 
Mettl14 

NM_201638.2 

 

gcagcacctcggtcatttat 

 

tcttctgtaaccccactttcg 

 
93 

Histone deacetylase 1 Hdac1 NM_008228.2 

 

tggtctctaccgaaaaatggag 

 

tcatcactgtggtacttggtca 

 
78 

Histone deacetylase 2 Hdac2 NM_008229.2 

 

tgctgttcatgaagacagtgg 

 

tttgtctgatgctcgaatgg 

 
76 

Lysine (K)-specific demethylase 3A Kdm3a NM_173001.3 

 

tctgggatggatttgaagatg 

 

aaacctggaaggcatcatgt 

 
125 

      
Phosphoglycerate kinase 1 Pgk1 NM_008828 

 

tacctgctggctggatgg 

aagacc 

 

cacagcctcggcatatttct 

 
65 
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Succinate dehydrogenase complex, subunit A, 

flavoprotein (Fp) 
Sdha 

NM_023281 

 
tgttcagttccaccccaca tctccacgacacccttctgt 66 

TATA box binding protein Tbp NM_013684.3 

 

gggagaatcatggaccagaa 

 

gatgggaattccaggagtca 

114 
90 

Tubulin alpha-1A chain Tuba1a NM_011653 

 

ctggaacccacggtcatc 

 

gtggccacgagcatagttatt 

 
114 

 714 

 715 

 716 

 717 

 718 

  719 
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Figure legends 720 

 721 

Figure 1: Schematic diagram of the findings of this study showing the programming of offspring 722 

vascular function and RAS activity in response to paternal diet via sperm and seminal plasma specific 723 

mechanisms. F1 offspring were derived from the artificial insemination of females with sperm from 724 

either NPD or LPD fed males prior to them being mated overnight with NPD or LPD fed 725 

vasectomised males. In total, 8 F1 litters per treatment group were created. All stud (both sperm donor 726 

and vasectomised) males and each dam was only used to create one litter. For the generation of F2 727 

offspring, 6 F1 males per treatment group (each from separate litters) were mated to females (not 728 

from within this study). One litter per F1 male was generated.   729 

 730 

Figure 2: Impact of NPD and LPD diet on male growth (A), organ weights (B) vascular 731 

responsiveness to phenylephrine (C), acetylcholine (D), isoprenaline (E) and sodium nitroprusside 732 

(F) and serum ACE (G), kidney ACE (H) and lung ACE (I) activities of stud males fed either normal 733 

protein diet (NPD) or low protein diet (LPD). Data are mean ± SEM. N = 8 males per dietary group. 734 

Data were analysed by independent samples or repeated measures t-tests, where appropriate. *** P < 735 

0.001. 736 

 737 

Figure 3: Impact of paternal diet on NN, LL, NL and LN offspring body weight and activity of serum 738 

ACE, kidney ACE and lung ACE respectively in male (A-D) and female (E-H) F1 juveniles (3 weeks 739 

of age) and male (I-L) and female (M-P) adult offspring. Data are mean ± SEM. N = 9 – 30 males 740 

and females for each dietary group from 7 separate litters. Data were analysed by random effect 741 

regression analysis followed by Bonferroni post hoc test for multiple comparisons. Different letters 742 

denote statistical significance at P < 0.05.  743 

 744 
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Figure 4: Impact of paternal diet on F1 adult (16 weeks of age) NN, LL, NL and LN offspring relative 745 

kidney gene expression for Ace (A), Ace2 (B), Agtr1a (C), Agtr1b (D), Agtr2 (E), Atp6ap2 (F) and 746 

Ren1 (G). Data are mean ± SEM. N = 10 (5 males and 5 females for each dietary group from 5 747 

separate litters). Data were analysed by random effect regression analysis followed by Bonferroni 748 

post hoc test for multiple comparisons. Different letters denote statistical significance at P < 0.05.  749 

 750 

Figure 5: Impact of paternal diet on F1 adult (16 weeks of age) NN, LL, NL and LN offspring 751 

vascular function. Adult male offspring vascular responses to cumulative concentration responses to 752 

phenylephrine (PE) (A), maximal constriction response (B) and pEC50 (C). Adult male offspring 753 

vascular responses to cumulative concentration responses to acetylcholine (Ach) (D), maximal 754 

relaxation response (E) and pEC50 (F). Adult male offspring vascular responses to cumulative 755 

concentration responses to acetylcholine following pre-incubation with L-NAME (Ach+L-NAME) 756 

(G), maximal relaxation response (H) and pEC50 (I). Adult male offspring vascular responses to 757 

cumulative concentration responses to sodium nitroprusside (SNP) (J), maximal relaxation response 758 

(K) and pEC50 (L). Data are mean ± SEM. N = 7 males for each dietary group, each from a separate 759 

litter. Data were analysed by random effect regression analysis followed by Bonferroni post hoc test 760 

for multiple comparisons. Different letters denote statistical significance at P < 0.05.  761 

 762 

Figure 6: Impact of paternal diet on adult (16 weeks of age) NN, LL, NL and LN offspring vascular 763 

function. Adult female offspring F1 vascular responses to cumulative concentration responses to 764 

phenylephrine (PE) (A), maximal constriction response (B) and pEC50 (C). Adult female offspring 765 

vascular responses to cumulative concentration responses to acetylcholine (Ach) (D), maximal 766 

relaxation response (E) and pEC50 (F). Adult female offspring vascular responses to cumulative 767 

concentration responses to acetylcholine following pre-incubation with L-NAME (Ach+L-NAME) 768 

(G), maximal relaxation response (H) and pEC50 (I). Adult female offspring vascular responses to 769 

cumulative concentration responses to sodium nitroprusside (SNP) (J), maximal relaxation response 770 
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(K) and pEC50 (L). Data are mean ± SEM. N = 7 females for each dietary group, each from a separate 771 

litter. Data were analysed by random effect regression analysis followed by Bonferroni post hoc test 772 

for multiple comparisons. Different letters denote statistical significance at P < 0.05.  773 

 774 

Figure 7: Impact of paternal diet on adult (16 weeks of age) male NN, LL, NL and LN offspring 775 

testicular gene expression. Relative expression of the RNA methylation regulators Fto (A), Mettl3 776 

(B) and Mettl14 (C), the histone modifiers Hdac1 (D), Hdac2 (E) and Kdm3a (F) and the DNA 777 

methyltransferases Dnmt1 (G), Dnmt3a (H), Dnmt3b (I) and Dnmt3L (J). Offspring testicular DNA 778 

methylation (K) and correlation between Dnmt1 expression and DNA methylation (L). Data are mean 779 

± SEM. N = 8 males for each dietary group, taken from across all litters. Data in A-K were analysed 780 

by random effect regression analysis followed by Bonferroni post hoc test for multiple comparisons. 781 

Data in L were analysed by Pearson’s correlation.  Different letters denote statistical significance at 782 

P < 0.05.  783 

 784 

Figure 8: Impact of paternal diet on juvenile (3 weeks of age) NN, LL, NL and LN F2 offspring 785 

growth (A), serum ACE (B), kidney ACE (C) and lung ACE (D) activities. Data in A are Z-scores of 786 

weight from 40-26 offspring taken from 4-6 litters per treatment group. Data in B, C and D are mean 787 

± SEM, n = 10 offspring (5 males and 5 females) per dietary group. Data were analysed by random 788 

effect regression analysis followed by Bonferroni post hoc test for multiple comparisons. No 789 

significant differences in litter sex ratio or effect of sex on body weight, was observed between 790 

groups. Different letters denote statistical significance at P < 0.05. 791 
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Figure 3 849 
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Figure 6 927 
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