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Abstract

:

Over recent years, studies have demonstrated links between risk of cardiovascular disease in adulthood and adverse events that occurred very early in life during fetal development. The concept that there are embryonic and fetal adaptive responses to a sub-optimal intrauterine environment often brought about by poor maternal diet that result in permanent adverse consequences to life-long health is consistent with the definition of “programming”. The purpose of this review is to provide an overview of the current knowledge of the effects of intrauterine growth restriction (IUGR) on long-term cardiac structure and function, with particular emphasis on the effects of maternal protein restriction. Much of our recent knowledge has been derived from animal models. We review the current literature of one of the most commonly used models of IUGR (maternal protein restriction in rats), in relation to birth weight and postnatal growth, blood pressure and cardiac structure and function. In doing so, we highlight the complexity of developmental programming, with regards to timing, degree of severity of the insult, genotype and the subsequent postnatal phenotype.






Keywords:


diabetes; heart; IUGR; hypertension; maternal diet








1. Introduction


The importance of maternal nutrition to growth of the foetus has long been recognised with inadequate maternal nutrition, as a result of undernutrition and/or malnutrition, linked to induction of intrauterine growth restriction (IUGR) and potential adverse impacts on lifelong health of the offspring. Importantly, over recent decades both epidemiological and experimental studies have shown an association between IUGR and an increased risk of cardiovascular disease later in life [1,2,3,4,5,6]. This association has been linked to “developmental programming” whereby sub-optimal growth during pregnancy results in fetal adaptations, including altered organogenesis, which can then render the offspring vulnerable to disease processes later in life [7]. The purpose of this review is to provide an overview of the current knowledge relating to IUGR and the long-term effects of IUGR on the heart. There is particular emphasis on maternal protein restriction which is a popular animal model used to induce IUGR and the subsequent effects on long-term cardiac health.




2. Low Birth Weight is Linked to Long-Term Cardiovascular Disease


It is now well established that events occurring during early life can also impact on long term levels of blood pressure and cardiovascular health [8,9,10,11], with impaired growth in early life leading to long term vulnerability to cardiovascular disease. Over recent decades many epidemiological studies have linked low birth weight with long term heart disease [12,13,14,15,16,17] and with other disease processes that are directly associated with an increased propensity for cardiovascular disease, such as metabolic disease [18,19], insulin resistance [20,21], non-insulin dependent diabetes [22,23], renal disease [24] and hypertension [25,26].



In 1977, Forsdahl was the first to report a close correlation between increased rates of death from ischaemic heart disease and poverty in childhood and adolescent years in Norway [27]. Similar relationships were reported in early studies from England and Wales [28]. In the 1980s Barker and colleagues reported in a cohort of 10,141 men from Hertfordshire, England, born between 1911 and 1930 that the incidence of death from ischaemic heart disease was highest in the men with lowest birth weights and weights at one year of age, compared to individuals of normal birth weight; this was independent of lifestyle factors [29]. This is when the importance of maternal diet during pregnancy to the long-term health of her offspring was first recognised.



Since then, there have been many epidemiological studies in many populations worldwide that have confirmed these observations [3,11,15,30,31,32,33,34,35]. Of particular interest are the findings of the Nurses’ Health Study in which the health of 121,700 women in the USA was retrospectively followed up from 1976 and interestingly, the strong associations between low birth weight and coronary heart disease remained after adjustments were made for adult smoking, physical activity, dietary habits and socio-economic status [3]. This association is strongest when there is accelerated body growth after birth [4,15,36,37,38,39,40] and collectively, these studies suggest that it is the accelerated postnatal growth that characteristically occurs in small-for-gestational age infants, rather than low birth weight per se, that leads to the increased risk of cardiovascular disease later in life.



Negative correlations between birth weight and levels of blood pressure in adult life are also now well established [41,42,43,44]. The first studies indicating that high blood pressure might have its origins in utero were population-based studies in the UK and other parts of Europe [8,9,31,45,46,47]. These studies have pointed out that an increase in birth weight was associated with a fall in blood pressure in adulthood. These correlations are reported to remain regardless of common risk factors such as alcohol consumption and body mass index in adulthood [48,49,50]. The results from a longitudinal study by Uiterwaal and colleagues following up 252 males and 231 females for 14 years demonstrated a strong and consistent inverse association between birth weight and systolic blood pressure after adjustment for body weight and height. This association persisted from adolescence into adulthood [49]. The links between IUGR and increased risk of disease in adulthood appear to be strongest when there is an accelerated postnatal catch up in growth [51,52].




3. Catch-Up Growth


The “catch-up” growth or “postnatal accelerated growth” hypothesis was proposed approximately fifteen years ago by Alan Lucas and Atul Singhal [53,54]. This hypothesis proposes deleterious consequences to offspring when postnatal growth rate exceeds otherwise normal linear growth, predisposing subjects to increased risk of developing metabolic and cardiovascular disease.



It is well established that postnatal weight gain is an important indicator for the programming of adult disease [55]. Accelerated weight gain in childhood is itself a risk factor for elevated blood pressure later in life [56,57] and this is likely to be compounded by low birth weight. Findings from a number of clinical studies have revealed that postnatal catch-up in growth in low birth weight subjects can lead to adverse effects on cognitive function [58], blood pressure [37], cardiac function [59,60,61], insulin sensitivity and secretion [62], development of type 2 diabetes [63] and obesity [64] both in childhood and in early adulthood. For example, in a study from Helsinki, low birth weight children who had not only caught-up in body weight with their age matched counterparts, but were heavier by the seventh year of life were shown to develop hypertension in adulthood [65] and coronary heart disease [15]. In another study metabolic syndrome has also been reported in men at 58 years of age [66] who were born of low birth weight and experienced accelerated catch-up growth in early adulthood, up to 18 years of age. In a prospective Australian study, where a longitudinal pregnancy cohort was followed up from birth until 13 years of age, it was reported that growth trajectory in childhood predicted cardiovascular risk; cardiovascular risk was high in adolescents with restricted prenatal growth followed by accelerated postnatal growth [38]. In addition, a prospective US study where data were collected from a large biracial cohort of pregnant women and their offspring concluded that increasing growth percentiles during any period of early childhood increases the risk for high blood pressure [37].




4. Low Birth Weight and IUGR


Low birth weight is defined as birth weight below 2.5 kg [67], irrespective of gestational age and is universal to all ethnic groups/populations (according to the World Health Organisation) and can result from inappropriate growth in utero [68], preterm birth [69] or a combination of both. This review focuses on the effect of IUGR rather than preterm birth.



In clinical practice IUGR is generally assigned to small for gestational age infants with a birth weight and/or birth length below the 10th percentile for gestational age [70]. It occurs as an abnormal restriction of foetal growth due to adverse genetic or environmental influences [71].



In general, growth restriction commencing from early pregnancy leads to proportional or symmetrical growth restriction, whereas in infants where there is mid-trimester or third trimester growth restriction there is disproportionate or asymmetrical growth restriction [72]. When there is symmetrical growth restriction the growth of the head, femur and abdomen is equally affected [71], whereas in asymmetric growth restriction there is disproportional growth of the foetus, with preferential blood flow to the brain, termed brain sparing, resulting in a baby with a relatively normal head size but a below normal body size [73]. This asymmetric type of growth restriction develops when oxygen or substrate supply to the foetus is reduced during the last trimester of pregnancy, often due to a reduced functional capacity of the placenta [74]. There are a number of studies suggesting that asymmetrical growth restriction in foetuses results in a worse outcome later in life than symmetrical growth restriction [75].



IUGR is not a specific disease per se but a manifestation of many maternal and foetal factors leading to poor foetal growth. There are many causes of IUGR including environmental and genetic factors. In general, IUGR usually results from nutrient and/or oxygen deprivation to the foetus, often due to both maternal and foetal factors [76]. Experimental evidence indicates that the primary environmental factor that regulates foetal growth in animals and humans is nutrient delivery to the foetus [70,77]. Nutrient delivery is dependent on maternal nutritional intake and adequate maternal blood flow, which is essential for normal placental function [78]. In developed countries placental insufficiency is the leading cause of IUGR [76], whereas in developing countries maternal malnutrition is the major cause of IUGR resulting from long-term nutrient deprivation to the growing foetus [79]. As a result of the early observations of the link between IUGR and long term disease the developmental programming hypothesis evolved.




5. Early Life Programming for Long-Term Disease


The concept that there are embryonic and foetal adaptive responses to a suboptimal intrauterine environment that result in permanent adverse consequences is consistent with the definition of “programming” [80,81]. “Programming” refers to the idea that an insult or stimulus applied during a critical or sensitive period of development can have long lasting or persistent effects on the structure or function of an organism [53]; the “programming” can be either beneficial or detrimental to long term health. Both prenatal life and early postnatal life are “critical periods” that are characterised by a high degree of plasticity [82,83,84] and a high cell proliferation rate in the developing tissues [85,86]. Therefore, exposure to an adverse stimulus during these “critical periods” can lead to detrimental consequences in the growth of tissues and organs [55,87], which in turn, can cause persistent alterations in body function. In addition, adaptive programming of the foetus to IUGR can lead to modifications of biochemical and hormonal pathways within the foetus, again rendering the individual susceptible to disease later in life [88].



Potential programming effects on tissue structure and on the number of functional units formed in vital organs.



Adverse environmental factors acting during the developmental period have the potential to disturb the processes of cell proliferation and differentiation [89]. The vulnerability of particular organs and organ systems to exposure to insults during gestation usually coincides with the periods in development when the organs are first forming and/or during “critical periods” of cellular proliferation and differentiation [85,90]. Indeed, a reduction in cell number, or a change in the balance of cell types within tissues, has been observed in a number of animal models in response to an altered intrauterine environment [91,92]. Such changes may account for subsequent alterations in gene expression and physiological function. Certainly, a reduction in the complement of the functional units within vital organs has the potential to adversely impact on the functional capacity and adaptive capabilities in adulthood. This is especially important given that the proliferative capacity of the functional units in many vital organs usually ceases prior to birth, or soon after birth, hence reduced foetal growth can lead to a lifelong deficit in the functional capacity of vital organs (Figure 1).
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Figure 1. Diagram showing how impaired maternal nutrition and/or abnormal placental function leads to intrauterine growth restriction (IUGR) and subsequent changes to organs that play a key role in cardiovascular function. These changes have the potential to program for long-term cardiovascular disease. 
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For example, a reduction in:

	(1)

	
Nephron number has been observed in offspring in response to a maternal prenatal low-protein diet in the rat [93,94], mouse [95], and following uterine artery ligation in the guinea pig [96] and rabbit [97] and following placental embolization in sheep [98].




	(2)

	
Total cardiomyocyte number in the offspring of rats exposed to maternal protein restriction or placental insufficiency during pregnancy [99] and in lambs exposed to placental insufficiency the total complement of cardiomyocytes has been shown to be directly related to heart size [100].




	(3)

	
The numbers of secondary muscle fibres has been reported in the young offspring of a variety of species, including rats [101], pigs [102] and sheep [103] following maternal undernutrition during the critical proliferative period for muscle fibre development.




	(4)

	
Total pancreatic weight, islet cell mass and the relative proportion of β-cells within the islets [104] has been reported to be lower in IUGR rat offspring.









Furthermore, it has been shown that the vasculature undergoes permanent changes in reactivity as a result of maternal nutrient restriction [105]. In addition, there are reports of persistent alterations of the hypothalamic-pituitary-adrenal (HPA) axis of IUGR rat offspring [106,107] and this is postulated to play a critical role in the observed association between foetal growth restriction and subsequent cardiovascular and metabolic diseases.



Figure 1 collectively shows the sequence of events that can potentially lead to the programming for increased risk of cardiovascular disease in IUGR offspring.




6. Animal Model of IUGR—Maternal Protein Restriction in Rats


Much of our knowledge relating to the short term and long-term effects of IUGR has been derived from animal studies. A number of animal models of poor maternal nutrition and/or placental insufficiency have been developed over recent years to investigate the causes and consequences of IUGR. A variety of species have been studied, including: rodents, sheep and primates; and both, maternal dietary manipulations or surgical interventional techniques have been employed [108,109,110,111,112,113,114]. One of the most extensively studied and well-characterised animal models is maternal protein restriction in rats. Regardless of how severe the protein restriction is (mild- 9% diet or severe- 5% diet) the end result is reduction in body weight of the offspring [115,116,117,118,119].



In our laboratory over the past decade we have comprehensively examined the cardiovascular phenotype of rat offspring following maternal protein restriction. However, as our studies have progressed, it has become clearly apparent, that the cardiovascular and metabolic phenotype of the offspring using this model differs between different laboratories, which likely relates to subtle differences in study design. This in turn, makes comparison of the findings between studies difficult. For example, there are differences in the strain of rats studied, levels of maternal protein restriction in the diet, timing of administration of the diet to the dams and postnatal differences in body growth and levels of blood pressure of the offspring. These differences are highlighted in Table 1.



In our studies, Wistar-Kyoto (WKY) female breeder rats are fed a low protein diet for two weeks prior to birth to get the dams accustomed to the diet, then during pregnancy and for two weeks during lactation as the rodent organ systems are still developing in the early postnatal period. To avoid a high mortality rate in the offspring [120] we have chosen moderate protein restriction (8.7% casein in the diet) for the dams [121,122,123,124,125,126,127,128], rather than a more severe protein deprivation (6% casein) that is sometimes used by other investigators [129,130,131].



In the following sections we compare our findings with others; in doing so, we highlight differences in the maternal protein restriction model, which may account for conflicting findings between laboratories (Table 1).
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Table 1. Studies investigating the effects of administration of a maternal low protein diet (LPD) in rats on the phenotype of the offspring—highlighting differences in the rat strains studied, severity of the dietary protein restriction and the timing of the diet administration. The table is organized according to the severity of maternal protein restriction. Studies conducted in our laboratory are highlighted in grey.
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Author and Year of the Study

	
Rat Strain and Age of Offspring at Investigation

	
Diets

	
Timing of the Diet

	
Major Findings in the LPD Group






	
Woods et al. 2004 [93]

	
Sprague-Dawley 22 weeks

	
NPD: 19.0% casein LPD: 5.0% casein

	
During pregnancy

	
↓ birth wt ↓ body wt at 22 weeks ↓ nephron number ↑ MAP at 22 weeks




	
Dagan et al. 2009 [132]

	
Sprague-Dawley 6 weeks

	
NPD: 20.0% casein LPD: 6.0% casein

	
During pregnancy

	
↑ SBP at 6 weeks birth wt and body wt were not reported




	
Habib et al. 2011 [133]

	
Sprague-Dawley 9 and 12 weeks

	
NPD: 20.0% casein LPD: 6.0% casein

	
During pregnancy

	
↓ birth wt ↓ body wt at 12 weeks ↑SBP at 9 and 12 weeks ↓ nephron number




	
Langley and Jackson, 1994 [134]

	
Wistar 9 and 21 weeks

	
NPD: 18.0% casein LPD: 12.0% , 9%, and 6% casein

	
2 weeks prior to and during pregnancy

	
↓ body wt in 6%LPD group at 21 weeks ↔ body wt in 9% and 12% LPD group at 21 weeks ↑ SBP in all three LPD groups at 9 weeks ↑ SBP in 9% and 6% LPD groups at 21 weeks




	
Manning et al. 2002 [130]

	
Sprague-Dawley 4 and 8 weeks

	
NPD: 20.0% casein LPD: 6.0% casein

	
During pregnancy

	
↓ birth wt ↔ body wt at 4 weeks ↔ SBP at 4 weeks ↑ SBP at 8 weeks




	
Manning and Vehaskari, 2001 [135]

	
Sprague-Dawley 4, 8 and 45 weeks

	
NPD: 20.0% casein LPD: 6.0% casein

	
During pregnancy

	
↓birth wt ↔ body wt at 4 weeks ↑ SBP at 8 until 40 weeks ↓ survival rate at 45 weeks




	
Sathishkumar et al. 2009 [131]

	
Sprague-Dawley 52 weeks

	
NPD: 18.0% casein LPD: 6.0% casein

	
During pregnancy

	
↓ birth wt ↓ body weight at 52 weeks ↑ MAP at 52 weeks ↑ vascular contraction ↓ vascular relaxation




	
Tonkiss et al. 1998 [136]

	
Sprague-Dawley 14 weeks

	
NPD: 25.0% casein LPD: 6.0% casein

	
5 weeks prior to and during pregnancy

	
↓ birth wt ↔ body wt at 14 weeks ↑ DBP at 14 weeks ↔ SBP at 14 weeks




	
Vehaskari et al. 2001 [137]

	
Sprague-Dawley 8 weeks and 78 weeks

	
NPD: 20.0% casein LPD: 6.0% casein

	
During pregnancy

	
↓birth wt ↔ body wt at 2 weeks ↔ SBP at 4 weeks ↑ SBP at 8 weeks ↓ survival at 78 weeks




	
Coupe et al. 2009 [138]

	
Sprague-Dawley 36 weeks

	
NPD: 20.0% casein LPD: 8.0% casein

	
During pregnancy

	
↓ birth wt ↔ body wt at 36 weeks ↓ triglycerides, glucose




	
Hoppe et al. 2007 [95]

	
Sprague-Dawley 4 and 19 weeks

	
NPD: 20.0% casein LPD: 8.0% casein

	
2 weeks prior to and during pregnancy and 3 weeks postnatally

	
↓ body wt at 4 and 19 weeks ↓ organ weights (except brain) ↓ MAP at 19 weeks ↓ nephron number




	
Ozanne et al. 1996 [121]

	
Wistar 12 weeks

	
NPD: 20.0% casein LPD: 8.0% casein

	
During pregnancy and 3weeks postnatally

	
↓ body wt at 12 weeks ↓ size of tibialis anterior muscle ↑ insulin sensitivity




	
Plank et al. 2006 [124]

	
Wistar 10 weeks

	
NPD: 17.0% casein LPD: 8.0% casein

	
During pregnancy

	
↓ birth wt ↓ body length at birth ↔ body wt at 8 weeks ↔ MAP at 10 weeks ↑ inflammatory markers




	
Plank et al. 2008 [139]

	
Wistar 17 weeks

	
NPD: 17.0% casein LPD: 8.0% casein

	
During pregnancy

	
↓ birth wt ↓ body length at birth ↓ body wt at 3weeks ↔ body length at 3 weeks ↔ body wt at 17 weeks ↑ MAP at 17 weeks




	
Zeng et al. 2013 [140]

	
Sprague-Dawley 1 to 78 weeks

	
NPD: 20.0% casein LPD: 8.0% casein

	
During pregnancy

	
↓ birth weight ↔ body wt at 4 and 8 weeks ↑ body wt at 12, 52 and 78 weeks ↑ insulin secretion




	
Menendez-Castro et al. 2011 [141]

	
Wistar 10 weeks

	
NPD: 17.2% casein LPD: 8.4% casein

	
During pregnancy

	
↓ birth wt ↓ body wt at 10 weeks ↔ relative heart wt ↔ MAP at 10 weeks ↔ SBP at 10 weeks ↑ myocardial collagen I and collagen IV at 10 weeks




	
Menendez-Castro et al. 2014 [6]

	
Wistar 10 weeks

	
NPD: 17.2% casein LPD: 8.4% casein

	
During pregnancy

	
↓ ejection fraction ↓ fractional shortening ↑ LV diameters at systole and diastole at 10 weeks




	
Woods et al. 2001 [122]

	
Sprague-Dawley 21 weeks

	
NPD: 19.0% casein LPD: 8.5% casein

	
During pregnancy

	
↓ birth wt ↔ body wt at 3 and 21 weeks ↓ nephron number at 21 weeks ↑ MAP at 21 weeks




	
Woods et al. 2005 [142]

	
Sprague-Dawley 22 and 50 weeks

	
NPD: 19.0% casein LPD: 8.5% casein

	
During pregnancy

	
↓ birth wt ↔ body wt at 4 and 22 weeks ↓ body wt at 50 weeks ↔ MAP at 22 and 50 weeks ↔ nephron number




	
Corstius et al. 2005 [99]

	
WKY at birth

	
NPD: 20.0% casein LPD: 8.7% casein

	
2 weeks prior to and during pregnancy and 2 weeks postnatally

	
↓ birth wt ↓ heart wt ↓ cardiomyocyte number




	
Lim et al. 2006 [143]

	
WKY 24 weeks

	
NPD: 20.0% casein LPD: 8.7% casein

	
2 weeks prior to and during pregnancy and 2 weeks postnatally

	
↓ body wt at 2 and 24 weeks ↔ heart wt at 24 weeks ↑ LV + S interstitial fibrosis




	
Lim et al. 2010 [144]

	
WKY 4 weeks

	
NPD: 20.0% casein LPD: 8.7% casein

	
2 weeks prior to and during pregnancy and 2 weeks postnatally

	
↓ body wt at 4 weeks ↑ relative heart volume at 4weeks ↔ cardiomyocyte number




	
Lim et al. 2011a [145]

	
WKY 32 weeks

	
NPD: 20.0% casein LPD: 8.7% casein

	
2 weeks prior to and during pregnancy and 2 weeks postnatally

	
↓ birth wt ↓ body wt at 32 weeks ↑ insulin sensitivity ↔ SBP at 32 weeks ↔ body composition ↔ locomotor activity




	
Lim et al. 2011b [146]

	
WKY 32 weeks

	
NPD: 20.0% casein LPD: 8.7% casein

	
2 weeks prior to and during pregnancy and 2 weeks postnatally

	
↓ birth wt ↓ body wt at 32 weeks ↓ kidney wt at 32 weeks ↔ MAP at 32 weeks




	
Lim et al. 2012 [147]

	
WKY 32 weeks

	
NPD: 20.0% casein LPD: 8.7% casein

	
2 weeks prior to and during pregnancy and 2 weeks postnatally

	
↓ body wt at 32 ↑ relative heart wt ↑ LV + S interstitial fibrosis ↔ SBP at 32 weeks




	
Zimanyi et al. 2004 [117]

	
WKY 4 and 40 weeks

	
NPD: 20.0% casein LPD: 8.7% casein

	
2 weeks prior to and during pregnancy and 2 weeks postnatally

	
↓ birth wt ↓ body wt at 40 weeks ↓ kidney volume, nephron number at 4 weeks ↔ SBP at 40 weeks




	
Zimanyi et al. 2006 [94]

	
WKY 4 and 24 weeks

	
NPD: 20.0% casein LPD: 8.7% casein

	
2 weeks prior to and during pregnancy and 2 weeks postnatally

	
↓ birth wt ↓ body wt at 24 weeks ↓ nephron number at 4 weeks ↔ MAP at 24 weeks




	
Zohdi et al. 2011 [148]

	
WKY 14 weeks

	
NPD: 20.0% casein LPD: 8.7% casein

	
2 weeks prior to and during pregnancy and 2 weeks postnatally

	
↓ birth wt ↓ body wt at 14 weeks ↓ heart wt at 14 weeks ↔ MAP at 14 weeks ↑ arterial elastance, total peripheral resistance




	
Zohdi et al. 2013 [149]

	
WKY 18 weeks

	
NPD: 20.0% casein LPD: 8.7% casein

	
2 weeks prior to and during pregnancy and 2 weeks postnatally

	
↓ birth wt ↓ body wt at 18 weeks ↔ heart weight at 18 weeks ↔ cardiac fibrosis ↑ biochemical composition in the heart




	
Zohdi et al. 2014 [150]

	
WKY 18 weeks

	
NPD: 20.0% casein LPD: 8.7% casein

	
2 weeks prior to and during pregnancy and 2 weeks postnatally

	
↓ birth wt ↓ body wt at 18 weeks ↓ aortic peak systolic velocity at 18 weeks ↔ SBP at 18 weeks ↔ basal cardiac function at 18 weeks




	
Alwasel and Ashton, 2009 [125]

	
Wistar 4 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
During pregnancy

	
↔ body wt at 4 weeks ↑ MAP




	
Bellinger et al. 2006 [123]

	
Wistar 36 weeks and 72 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
During pregnancy

	
↔ birth wt ↔ body wt at 36 weeks ↓ body wt at 72 weeks




	
Boubred et al. 2009 [126]

	
Sprague-Dawley 4, 8, 16, 52 and 100 weeks

	
NPD: 22.0% casein LPD: 9.0% casein

	
During pregnancy

	
↓ birth wt ↔ SBP at 4 and 52 weeks ↑ SBP at 8 and 16 weeks ↔ body wt at 100 weeks




	
Brawley et al. 2003 [151]

	
Wistar 18 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
During pregnancy

	
↔ birth wt ↓ body wt at 9 weeks ↔ body wt at 18 weeks ↑ SBP at 18 weeks




	
Cheema et al. 2005 [118]

	
Wistar 1–40 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
2 weeks prior and during pregnancy

	
↓ birth wt ↓ body wt at 40 weeks LV hypertrophy at 40 weeks




	
Elmes et al. 2007 [152]

	
Wistar 4, 8 and 24 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
During pregnancy

	
↑ SBP at 4 and 8 weeks ↔ baseline cardiac function ↓ recovery to myocardial ischemia at 24 weeks




	
Gardner et al. 1997 [153]

	
Wistar 6 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
2 weeks prior to and during pregnancy

	
↔ body wt at 6 weeks ↑ SBP at 6 weeks




	
Harrison and Langley-Evans, 2009 [154]

	
Wistar, 8 and 10 weeks F1, F2, F3 generational study

	
NPD: 18.0% casein LPD: 9.0% casein

	
During pregnancy

	
↔ body wt at 10 weeks in all generations ↑ SBP at 8 weeks in F1 and F2↓ nephron number in F1 and F2




	
Langley-Evans et al. 1994 [155]

	
Wistar 4 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
2 weeks prior to and during pregnancy

	
↓ birth wt ↑ SBP at 4 weeks




	
Langley-Evans et al. 1996 [156]

	
Wistar 7 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
During pregnancy

	
↓ birth wt ↔ body wt at 7 weeks ↑ SBP at 7 weeks




	
Langley-Evans et al. 1999 [116]

	
Wistar 4 and 19 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
2 weeks prior to and during pregnancy

	
↔ body wt at 4 and 19 weeks ↑ SBP at 4 and 19 weeks




	
McMullen and Langley-Evans, 2005 [157]

	
Wistar 4 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
During pregnancy

	
↔ birth wt ↔ body wt at 4 weeks ↑ SBP at 4 weeks




	
McMullen et al. 2004 [158]

	
Wistar 4 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
2 weeks prior to and during pregnancy

	
↑ SBP at 4 weeks ↓ nephron number birth wt and body wt were not reported




	
Mehta et al. 2002 [159]

	
Wistar 52 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
During pregnancy

	
↔ birth wt ↔ body wt at 52 weeks ↓ bone mineral content ↓ bone mineral density




	
Nwagwu et al. 2000 [160]

	
Wistar 4, 12 and 20 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
During pregnancy

	
↔ birth wt ↑ SBP at all three ages ↓ kidney: body wt at 4weeks ↔ kidney morphometry at 12 weeks




	
Pladys et al. 2005 [161]

	
Wistar 9 to12 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
During pregnancy

	
↔ birth wt ↔ body wt at 12 weeks ↑ MAP at 9 to 12 weeks ↔ adult arterial structure




	
Sherman and Langley-Evans, 2000 [127]

	
Wistar 4 and 12 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
During pregnancy

	
↑ body wt at 4 weeks ↔ body wt at 12 weeks ↑ SBP at 4 and 12 weeks




	
Swali et al. 2010 [128]

	
Wistar 4, 8 and 12 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
During pregnancy

	
↔ birth wt ↔ body wt between 4 and 12 weeks ↔ SBP at 4 weeks ↑ SBP at 8 weeks ↓ SBP at 12 weeks




	
Tappia et al. 2005 [162]

	
Wistar 3 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
2 weeks prior to and during pregnancy

	
↓ birth wt ↓ saturated cardiac fatty acids ↑ unsaturated cardiac fatty acids




	
Tappia et al. 2011 [163]

	
Wistar 1, 4 and 8 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
2 weeks prior to and during pregnancy

	
↑ LV internal diameter at all ages ↑ LV wall thickness at 4 weeks




	
Torrens et al. 2006 [164]

	
Wistar 15 weeks

	
NPD: 18.0% casein LPD: 9.0% casein

	
2 weeks prior to and during pregnancy

	
↔ birth weights ↑ SBP at 15 weeks




	
Ohishi et al. 2012 [165]

	
Sprague-Dawley 10 weeks

	
NPD: 20.0% casein LPD: 10.0% casein

	
During pregnancy and 3 weeks postnatally

	
↓ body wt at 10 weeks ↓ grip strength at 10 weeks ↑ motor activity at 10 weeks




	
Reyes-Castro et al. 2011 [166]

	
Wistar 17 and 21 weeks

	
NPD: 20.0% casein LPD: 10.0% casein

	
During pregnancy and 3 weeks postnatally

	
↓ birth wt ↔ body length at birth ↓ body wt at 17 and 21 weeks ↓ cognitive function at 21 weeks




	
Zambrano et al. 2006 [167]

	
Wistar 16 and 18 weeks

	
NPD: 20.0% casein LPD: 10.0% casein

	
During pregnancy and 3 weeks postnatally

	
↓ birth wt in females ↔ birth wt in males ↓ body wt at 3 and 18 weeks for both sexes ↑ insulin sensitivity








MAP: mean arterial pressure; NPD: normal protein diet; LV: left ventricle; LV + S: left ventricle plus interventricular septum; SBP: systolic blood pressure; wt: weight; WKY: Wistar-Kyoto; ↑: increased; ↓: decreased; ↔: unchanged.








7. Low Birth Weight and Postnatal Body Growth


In accordance with our findings, many laboratories worldwide have shown that administration of a protein restricted diet to rat dams during pregnancy leads to growth restriction in the offspring (Table 1). Given the relative consistency of these findings, maternal protein restriction in rats has now become one of the most commonly used animal models of IUGR (Table 1). To the contrary, however, the long-term effects on body weight are not always the same; in some laboratories the offspring undergo postnatal catch up in body growth, whereas in others the body weight of the offspring remains attenuated throughout life (Table 1). It is a consistent finding in our laboratory that the low protein diet (LPD) offspring are born small and they then remain significantly smaller throughout life when compared to normal protein diet (NPD) control offspring [99,117,143,144,145,147,148,149]; this is also reported in some other research groups [95,141]. In contrast, catch-up in body growth in the IUGR rat offspring is often reported following maternal protein restriction [51,137,140].



Why there are differences in postnatal growth in the offspring between studies is unknown. It is conceivable that it may be the prolonged maternal protein restriction after birth for two weeks during lactation in our studies that leads to the persistent attenuation of body growth in the LPD offspring. In our studies, we have chosen to feed the rat dams the specialized diets (LPD and NPD) for the first two weeks of lactation as rats are an altricial species and are born at a time when their organs are very immature. For instance, in the heart maturation of cardiomyocytes, which occurs late in gestation in humans, occurs in the first two weeks after birth in the rat [168]. Likewise, in the kidney nephrogenesis is complete by term birth in the human but continues in the first two weeks after birth in the rat. Hence, in order to more closely mimic the effect of IUGR on organ development, we have considered it appropriate to continue the maternal protein restriction until two weeks after birth.



In addition, there is another important difference in relation to the dietary feeding regime to the rat dams in our studies, compared to many other studies. In our studies, the dams commence the diet 2 weeks prior to mating, in order to get the dams accustomed to the specialised diets. In contrast, in the majority of studies utilising the maternal protein restriction model, they have commenced feeding the diet to the dams at the beginning of pregnancy. Hence, it may be the feeding of the low protein diet to the dams during the periconceptional period that has led to the long-term attenuation of postnatal growth and to some of the other differences in findings, compared to other studies using the maternal protein restriction model. Indeed, there have been a number of recent studies demonstrating long-term effects on the offspring, as a result of insults; including impaired nutrition, experienced by the mothers at around the time of conception [92,169,170,171,172], thus highlighting the importance of the periconceptional period in long-term programming [129,173,174]. Hence, in future studies, it would certainly be beneficial to explore the effects of the timing of the low protein diet to the dams on the long-term outcomes in the offspring, in order to differentiate the importance of the periconceptional, pregnancy and lactation periods in mediating the long-term effects.




8. Elevated Blood Pressure in Adulthood is not a Direct Corollary of IUGR


Over recent decades there have been many epidemiological studies that describe a direct link between being born small with an elevation of blood pressure in adulthood [8,31,48,175,176,177]. Interestingly, however, our studies using the maternal protein restriction model in rats do not support this concept. The blood pressure measurements in our studies have been performed using various methods; (tail cuff plethysmography, intra-arterial and high fidelity pressure sensor; and the outcome is always the same. The IUGR LPD offspring remain normotensive through to adulthood and their levels of blood pressure are not different to the non-IUGR NPD offspring, thus demonstrating that an elevation in blood pressure is not a direct corollary of IUGR.



The findings in relation to the effects of IUGR on blood pressure later in life using animal models differs widely amongst studies; some studies report no effects on blood pressure, whereas others report an elevation in blood pressure in adulthood (Table 1). In our studies the absence of an elevation in blood pressure in the adult IUGR offspring is in agreement with other previously reported studies [95,142,178] yet contrary to others [93,116,132,133,134,139,151,155,156]. Collectively, the findings clearly indicate that induction of hypertension in adulthood is not a direct corollary of being born small. The question thus arises why do the IUGR offspring in some studies develop high blood pressure in adulthood and in other studies blood pressure in adult IUGR offspring is not affected? There are a number of potential explanations for the discrepancies in findings. It may be that when body growth remains attenuated throughout life that blood pressure is not affected. It is likely that the cardiovascular system is programmed in utero and hence, cardiovascular function may only be adversely affected when there is a mismatch in prenatal and postnatal growth. Certainly, there are a number of experimental studies supporting this concept in the programming of metabolic disease. Importantly in this regard, using our model of maternal protein restriction in rats there is improved insulin sensitivity supporting the concept that it is the “mismatch” in prenatal and postnatal growth that leads to impaired glucose metabolism [179,180,181,182,183], the majority of studies shown in Table 1 support this concept in relation to the programming of hypertension [122,126,130,135,156]. Hence, when the IUGR LPD offspring experience accelerated postnatal growth, such that body weight is no longer different to the non-IUGR NPD offspring, these offspring generally exhibit a significant elevation in blood pressure. However, it is important to point out, that there are a few studies shown in Table 1, where body weights in the LPD offspring, at the time of examination, were still less than controls but blood pressure was significantly elevated [93,131,133].



An alternative explanation for the differences observed in levels of adult blood pressure may relate to whether the protocols used to measure blood pressure leads to stress in the animals. Indeed, there have been a number of studies suggesting that it is an elevated stress response in IUGR offspring that subsequently leads to the elevation in blood pressure rather than a direct etiological effect [39,128,136,178,184,185]. Hence, when rats are stressed during some procedures used to measure blood pressure, there will be an elevated stress response in the IUGR offspring, and hence, a concomitant elevated blood pressure response. This is similar to the “white coat hypertension” often experienced by human subjects when their blood pressure is measured in a clinical setting (and they have become stressed during the procedure) [186,187,188,189,190]. Certainly measurements of tail-cuff blood pressure can lead to stress in the animals, especially if they have not been well conditioned to the procedure. In early studies in the field, “one off” measurements were performed using tail-cuffs [155,156] and it is highly likely, that the rats were stressed during these procedures. In such studies, blood pressure would have been elevated in both IUGR and non-IUGR offspring during these procedures; however, if there was an elevated stress response in IUGR offspring this would lead to a greater elevation of blood pressure in these offspring. Van Abeelen and colleagues addressed this issue in a recent systemic review where they included 101 experimental studies from sheep, guinea pigs, rats and mice looking at the effects of maternal undernutrition (34 studies of maternal general undernutrition and 67 studies of low protein undernutrition) on the blood pressure in the offspring [185]. They pointed out that the values of blood pressure reported from tail-cuff measurements overestimate the “true value” of blood pressure when taken by a direct method using intra-arterial catheters. Furthermore, they have indicated that a direct comparison between tail-cuff and radiotelemetry would be beneficial when conducting studies [185]. In this regard, Swali and colleagues have reported simultaneous measurements of blood pressure, using tail-cuffs and telemetry, in IUGR and control offspring during baseline and under various stress conditions [128]. They found a good correlation between tail-cuff and radiotelemetry derived blood pressure data in control rats; however, in the IUGR group the tail-cuff method revealed hypertension at eight weeks of age but the telemetry method indicated significantly lower blood pressure at twelve weeks of age compared to controls [128]. Hence, their interpretation of these findings was that the increase in systolic blood pressure in LPD offspring reflects an increase in peripheral vascular resistance as well as change in the degree of amplification of blood pressure between central and peripheral regions.




9. Cardiac Remodelling in the Adult IUGR Heart with Normal Basal Function


In our analyses of the adult hearts of the IUGR LPD offspring we have no evidence of overt structural abnormalities in the myocardium of LPD offspring compared to NPD offspring in early adulthood (18 weeks of age) as assessed by echocardiography [150] and there is no significant difference in the amount of interstitial collagen deposition within the myocardium between the LPD and NPD groups [149]. Interestingly, however, when the biochemical composition of the left ventricle was assessed using FTIR micro-spectroscopy [149] there were marked differences detected in the biochemical spectra of the growth-restricted myocardium. In particular, there was a significant increase in the intensity of lipids, proteoglycans and carbohydrates as indicated by the increased absorbance of the 1455 and 1388 cm−1, 1228 cm−1, 1038 cm−1 bands, respectively. However, the protein, lipid and proteoglycan spatial distribution was similar within the myocardium of the left ventricular free wall and interventricular septum of the LPD and NPD adult offspring [149]. Interestingly, the spatial distribution of carbohydrates was different in the IUGR and non-IUGR hearts at 18 weeks of age with the most striking difference between the NPD and LPD myocardium observed in the absorbance band at 1228 cm−1, which is due to the presence of proteoglycans. Importantly, in this regard it has been shown that an increase in proteoglycan deposition can ultimately affect cardiac performance [191,192]. The increase in carbohydrate content in the myocardium of IUGR offspring may be indicative of altered glucose metabolism within the LPD offspring. Certainly, experimental studies link IUGR with programming of altered glucose metabolism [193,194]. We have not directly assessed glucose metabolism in the IUGR offspring in our model of maternal protein restriction. However, in a previous study in our laboratory we have shown that maternal protein restriction leads to the programming of improved postnatal whole body insulin sensitivity when postnatal growth is similar to that in utero [145], which does not support the concept that glucose metabolism is impaired. Future studies are required to further investigate the cause of the increased carbohydrate content in the LV myocardium and determine whether it relates to altered glucose metabolism. It is conceivable that the biochemical changes that we have observed in the heart of the adult IUGR LPD offspring may have developed during foetal life. In support of our findings, Tappia and colleagues showed an altered phospholipid profile and fatty acid content in IUGR offspring at birth [162].



Although no differences in myocardial collagen were observed between LPD and NPD offspring at 18 weeks of age we have detected an increase in interstitial fibrosis in LPD offspring at 24 weeks of age [143] and at 32 weeks of age [147]; hence, it is conceivable that there may be an exacerbated deposition of collagen within the myocardium as the LPD offspring age. Interestingly, at 18 weeks of age we found minimal evidence of overt cardiac dysfunction under basal conditions in the IUGR offspring as assessed using both echocardiography and P-V catheterization techniques; fractional shortening a measure of myocardial contractility was normal [150]. Likewise, in another study from our laboratory there was preserved fractional shortening of the cardiac muscle in the IUGR offspring at 32 weeks of age [147]. Given our findings in relation to blood pressure and body weight, it is not really surprising that basal cardiac function was normal in the IUGR offspring; with normal blood pressure and attenuated postnatal body growth of the IUGR offspring the hemodynamic demands on the cardiovascular system are not likely to have increased in the IUGR offspring in adulthood. However, it is important to note, that when the hearts were challenged with dobutamine that the increase in both stroke volume and cardiac output were attenuated and the arterial elastance remained significantly elevated in the IUGR offspring, indicative of increased afterload on the heart [148]. In addition, echocardiographic analysis demonstrated a significant increase in end systolic dimensions and a significant reduction in aortic peak systolic velocity; which may indicate direct adverse effects on aortic compliance or mild impairment of systolic function. Others have shown in a rat model of maternal protein restriction that ejection fraction is significantly depressed in IUGR offspring very early in life at two weeks of age but subsequently normalised with no difference in ejection fraction between the IUGR and control offspring at 40 weeks of age as assessed by echocardiography [118]. Contrary to our findings, however, Menendez-Castro and colleagues have reported a significantly reduced ejection fraction as evaluated by echocardiography early in life at 10 weeks of age in IUGR offspring exposed to maternal protein restriction even though blood pressure was normal [6].




10. Challenging the Adaptive Capabilities of the IUGR Heart


Over recent years we have tested the hypothesis that IUGR acts as a primary insult to the heart, rendering the heart susceptible to secondary postnatal insults, such as hypertension, high salt diet and hyperglycaemia. It is well known that hypertension leads to left ventricular hypertrophy [195,196,197,198,199] and hence, it was considered likely that when the adaptive capabilities of the IUGR heart are challenged by hypertension, the pathological changes that ensue in the heart would be exacerbated in the heart of offspring that were born IUGR. In our studies, hypertension was induced by continuous infusion, at a pressor dose, of the potent vasopressor hormone angiotensin II (Ang II) [200]. Importantly, given that the IUGR LPD offspring in our studies do not normally develop high blood pressure in adulthood, we were able to look at the secondary effects of induction of hypertension, independent of an underlying primary hypertension.



Contrary to our initial hypothesis, when hypertension was induced as a secondary cardiac insult, the response to hypertension was not exacerbated in the IUGR offspring. The cardiac hypertrophic growth response to Ang II infusion, as assessed using echocardiography, was not different between the IUGR and non-IUGR offspring; however, there were differences in cardiac tissue structure. Unexpectedly, in the Ang II infused IUGR adult offspring the levels of interstitial collagen in the left ventricle myocardium was markedly reduced when compared to the non-IUGR offspring (unpublished observations from our laboratory). Hence, our findings do not support the concept that the IUGR heart is necessarily more vulnerable to hypertension in adulthood and importantly, our findings suggest that in some circumstances the IUGR heart may be somewhat protected from adverse remodelling. Further studies are required to elucidate the mechanisms for the reduced deposition of collagen.



In other studies in our laboratory we have examined the effects of induction of diabetes in adulthood, as a secondary postnatal insult, on the growth of the IUGR and non-IUGR heart [147]. Similar to that seen with induction of hypertension, the overall cardiac growth response to induction of diabetes, assessed by echocardiography, was not different between the IUGR and non-IUGR hearts. Importantly, however, the level of fibrosis was significantly greater in the IUGR diabetic hearts compared to non-IUGR diabetic hearts [147]. Collectively, our findings suggest that the IUGR heart may be better able to structurally adapt to a haemodynamic challenge, but not to the challenge of hyperglycaemia. However, this may be a somewhat simplistic interpretation of findings given that the mechanisms of the induction of cardiac hypertrophy are complex and both secondary insults are likely to involve haemodynamic and endocrine mechanisms.



There have been a number of studies that have examined the effect of a high salt diet administered postnatally, as a secondary lifestyle insult, on blood pressure in IUGR offspring [95,117,201,202,203]. Interestingly, several studies have shown that the increase in blood pressure in response to a high salt diet is similar between IUGR offspring and non-IUGR offspring [117,204], whereas some report salt-sensitive hypertension [93] and others report a reduction in blood pressure [95]. In our maternal protein restriction model it was previously shown that there was no difference in the elevation of blood pressure response to a high salt diet between LPD and NPD offspring [117]. Given that a high salt diet, is linked to induction of cardiac fibrosis [205,206] it would be interesting in future studies to compare the structural remodelling in the LPD IUGR offspring relative to NPD controls following the feeding of a high salt diet in adolescence/adulthood.




11. Conclusions


In summary, the findings of this review highlight the importance of maternal diet on the long-term cardiovascular outcomes of the offspring. Upon comparison of the findings between different laboratories using rat models of maternal protein restriction we highlight the many differences in the cardiovascular phenotype of the offspring between studies, which may relate to the rat strains studied, severity of the dietary protein restriction and the timing of the diet administration. In addition, this review emphasizes the complexity of the mechanisms relating to the developmental programming of heart disease and highlights directions for future research that are required to establish the importance of the periconceptional, pregnancy, lactational and post-weaning windows in life-long developmental programming.
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