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ABSTRACT

It is well known that consumption of a balanced diet throughout adulthood is key toward maintenance 
of optimal body weight and cardiovascular health. Research using animal models can provide insights 
into the programming of short and long-term health by parental diet and potential mechanisms by which,  
for example, protein intake may influence fetal development, adolescent health, and adult morbidity/ 
mortality. Malnutrition, whether consumption of too many or too few individual nutrients or energy, is 
detrimental to health. For example, in Westernised societies, one of the principal factors contributing 
towards the global epidemic of obesity is over-consumption of calories, relative to the expenditure of  
calories through physical activity. A large body of evidence now suggests that many chronic diseases of 
adulthood, such as obesity and diabetes, are linked to the nutritional environment experienced by the fetus 
in utero. Maternal consumption of a poor-quality, nutritionally unbalanced diet can programme offspring 
to become obese, develop high blood pressure and diabetes, and to experience premature morbidity 
and mortality. More recently, paternal diet has also been shown to influence offspring health through 
effects carried via the sperm that affect post-fertilisation development. Mechanisms underpinning such 
developmental programming effects remain elusive, although early development of the microvasculature 
in the heart and pancreas, particularly after exposure of the mother (or father) to a protein restricted diet, 
has been proposed as one mechanism linking early diet to perturbed adult function. In this brief review, 
we explore the longer-term consequences of maternal and paternal protein intakes on the progeny. 
Using evidence from relevant animal models, we illustrate how protein malnutrition may ‘programme’ 
lifelong health and disease outcomes, especially in relation to pancreatic function and insulin resistance,  
and cardiac abnormalities.
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THE IMPACT OF MATERNAL NUTRIENT 
INTAKE ON THE HUMAN FETUS

Food intake and appetite are driven primarily by 
the need to ensure sufficient protein intake  
(the reference range for ‘normal’ human protein 
consumption is 80–120 g/day or 15–20% of total 
calories ~1,500–2,500 kcal/day).1 Dietary protein 
dilution through consumption of nutrient-poor, 
energy-rich food engenders increased energy 
intake. Although undernutrition has historically 
been of greater concern to developing or low-
income nations, a recent study showed that even in  
countries with a high gross domestic product 
rating, 38% of pregnant women were not reaching 
the 16% recommended protein intake.2 Indeed, 
rather surprisingly, the World Health Organization 
(WHO) estimates that there were 1.1 million children 
≤2 standard deviations weight-for-height (an index 
of protein energy malnutrition [PEM]) in the USA.3  
Insufficient supply of vital nutrients, such as amino  
acids and metabolites generated by amino acid  
oxidation, during the reproductive years, can have  
a plethora of direct effects on the mother and her  
developing fetus and indirectly affect the subsequent 
individual as they grow toward adulthood.4

JUSTIFICATION AND LIMITATIONS 
OF ANIMAL MODELS

Ever since Barker first proposed that adult disease, 
especially heart disease, could be linked to low 
birthweight via fetal nutrition,5,6 a number of 
clinical7 and many laboratory animal studies8,9 have 
been carried out to confirm the biological validity 
of the hypothesis. Animal models are widely used 
and offer potential mechanistic insights through 
control of environmental and genetic10 variation 
whilst manipulating individual nutrients, such 
as protein, through pregnancy and/or lactation, 
together with the ease of longer-term follow-up  
(a rat reaches middle age ~18 months of age). Animal 
models therefore allow for adult interventions 
to be tested to assess potential amelioration  
of the programmed phenotype, including multi-
generational transmission over a reasonable 
timescale: a response not possible in clinical 
cohorts. As a case-in-point, 12 generations of protein 
malnutrition in rats (i.e. 6.8% protein as a percentage 
of total calories when protein adequacy in pregnant 
rats is considered to be 12–18% protein intake) 
had diverse effects on offspring, including lower 
birth weight, body size, and fertility; the effects 
reversed within three generations of nutritional  

rehabilitation.11 Each laboratory or farm animal 
used to ‘model’ a given experimental intervention 
with potential resonance for human cohorts needs 
to define why that animal is appropriate whilst 
accepting the potential limitations. These issues 
are too broad for a full discussion here, but readers 
should consider the following reviews.12,13

THE IMPACT OF MATERNAL 
MALNUTRITION ON THE 
ANIMAL FETUS

The first animal studies to model maternal  
protein-energy malnutrition in the lab showed that 
the offspring were physiologically compromised in 
many ways, such as having higher blood pressure14 
and reduced glucose tolerance.15 An alternative 
experimental approach that generated intra-uterine 
growth restricted offspring (a common sequelae 
of PEM in developing countries) through bilateral 
uterine artery ligation from Day 19 of a 65–70 day 
gestation in the guinea pig, resulted in lower birth 
weight offspring that demonstrated subsequent 
accelerated catch-up growth.16 At 15 weeks postnatal 
age, pancreatic beta cell mass in nutrient restricted 
guinea pig offspring was 50% that of controls, and 
by 20 weeks offspring were obese with glucose 
intolerance that, by 26 weeks, had developed into 
insulin resistance, a hallmark of Type 2 diabetes 
mellitus.16 Hence, malnutrition in utero can increase 
susceptibility to Type 2 diabetes mellitus, partially 
mediated by accelerated childhood catch-up  
growth and a tendency toward obesity. Subsequent 
clinical epidemiological studies validated early 
accelerated growth as a predictor of cardiovascular 
mortality.17 Lower birth weight was also identified 
as a possible outcome when maternal caloric intake 
(as oppose to more severe uterine artery ligation) 
was restricted in rats,18 an effect also observed in 
human cohort studies.19-21 Furthermore, obesity 
was common in those individuals exposed to  
malnutrition during pregnancy.22 For further in-
depth reviews of the developmental programming 
of metabolic syndrome, see references.8,13,23

As these studies became more refined in either the 
nutritional intervention or timing of malnutrition 
during gestation/lactation/post-weaning, a number  
of more direct effects of PEM have been observed: 
in late gestation, protein dilution tends to result in 
reduced birthweights with the offspring exhibiting 
catch-up growth post-natally. A number of 
theories have been proposed to account for this  
phenomenon, with the ‘thrifty’ phenotype remaining 



popular.24,25 Such a growth trajectory, relative 
restriction followed by un-restricted growth, has 
been proposed to underpin accelerated age-related 
decline, with individuals having shorter telomeres  
(in particular in the kidney).26 For example,  
Mortensen et al.4 found that murine newborn pups 
had 40% lower birth-weight when dams were fed  
8% casein by weight throughout gestation, as  
compared to controls (20% casein). Similarly, 
intrauterine growth appeared impaired in mice at 
embryonic day (E)14.5 (a 16.5% reduction in weight) 
and E18.5 (a 13% reduction in weight) when fed 9% 
versus 18% protein (casein used as protein source) 
up to that point in gestation.27 A number of studies 
found that protein malnourished (9% casein) 
laboratory rodents have a shorter lifespan.23,28 Such 
early effects of maternal protein malnutrition on the 
developing fetus, when demand is unlikely to exceed 
supply of amino acids, suggests that the effects of 
maternal malnutrition are uncoupled from a simple 
supply of nutrients for energy. Indeed, in a recent 
study in sheep, 50% restriction of protein intake 
(a reduction from 18% protein to 9%; the dietary 
reference range for pregnant sheep is 10–12% crude 
protein) from Day 0 to Day 65 (0.45 gestation) had no  
effect on maternal, amniotic, or fetal plasma 
amino acid concentrations, with the exception of 
urea, which was significantly reduced, suggesting  
reduced protein turnover.29

EFFECTS OF MATERNAL 
MALNUTRITION ON THE PLACENTA

The greatest proportion of cell differentiation, fetal 
organogenesis, and angiogenesis occur during the 
first trimester of pregnancy. Before establishment 
of the placenta, possible nutrient or endocrine 
effects on the blastocyst can only be histotrophic. 
Thereafter, adverse placental development during 
the first trimester has the potential to impact  
second and third trimester development of the  
fetus, long after the nutritional conditions have 
changed.30 Placental weight, size, and vascularity  
can be considered indicators of placental function, 
and have a close relationship with fetal weight.31 
Maternal diet has been shown to affect these 
placental factors in a number of species.27 

EFFECTS OF MATERNAL 
MALNUTRITION ON PROGRAMMING 
OF OFFSPRING METABOLIC HEALTH

A number of studies have been conducted into 
the effects of maternal protein restriction on 

the fetus in relation to metabolism, insulin 
resistance, and obesity. Fernandez-Twinn et al.32 
discovered that maternal protein restriction (rats: 
8 and 20% protein; gestation and lactation) led to  
hyperinsulinaemia and reduced muscle insulin- 
action i.e. peripheral insulin resistance in the  
21-month old offspring. In protein restricted exposed  
mice where accelerated postnatal catch-up 
growth was not observed (8% versus 20% casein, 
conception to weaning), no differences in adult 
glucose tolerance were noted relative to protein 
replete controls.33 These effects of protein dilution 
on offspring metabolic phenotype appear highly 
influenced by sex; young males appear unaffected 
but exhibit a rapid age-related decline, whereas 
females are relatively unaffected throughout 
adulthood (at least to 21 months of age).25,32,34 
Second-generation rat studies have also shown 
persistent adverse effects on glucose and insulin 
metabolism.35 From the first animal studies to 
have specifically investigated the developmental 
programming paradigm circa 1994 until 2010, the 
clear focus was on the delayed developmental 
consequences of maternal malnutrition, with almost 
complete disregard to any paternal contribution 
(despite contributing 50% of the fetal genome). 
The rationale for this was clear: the fetus developed 
in the maternal environment and early studies had 
illustrated how it is the maternal environment that 
had the greatest impact on offspring.36 However, 
in 2006 Pembrey et al.37 suggested for the first 
time that developmental programming effects may 
be passed transgenerationally down the paternal 
lineage. There was experimental confirmation 
of an exclusive male-line effect in 2010,38,39 as  
outlined below.

EFFECT OF PATERNAL 
MALNUTRITION ON PROGRAMMING 
OF OFFSPRING HEALTH

In a series of independent studies it was shown 
that paternal diet alone could influence metabolic 
health of the next (F1 generation) and further 
generations (F2, F3) of offspring.38,39 Further studies 
subsequently outlined paternal programming of 
metabolic control40 and hepatic repair processes,41 
obesity,42 diabetes,43 and cardiovascular function.44 
Mechanisms for paternal programming via maternal 
protein malnutrition are currently being elucidated, 
but by definition must be transmitted via sperm. 
Recent work has implicated alterations to the 
methylation of ribosomal DNA in sperm,45 an effect 
most pronounced during early specification of 

the gonads, as oppose to during adolescence.46 
Collectively, these reports demonstrate non-genetic, 
intergenerational transmission/programming of an 
‘acquired phenotype’ after paternal malnutrition 
alone. They illustrate that the environmental 
burden on offspring phenotype is not just the 
territory of the mother. The implication for future 
generations is clear: malnutrition during early 
development can exert its deleterious effects for 
many generations to come, even after correction 
of the nutritional inadequacy. The likely mechanism  
is epigenetic inheritance. Jean-Baptiste Lamarck 
would be proud.

PROGRAMMING OF OFFSPRING 
CARDIAC FUNCTION

Cardiac dysfunction has been observed in rats 
subjected to maternal protein malnutrition (9% 
versus 18% casein prior to mating, throughout 
pregnancy until weaning).7,47,48 Effects were seen 
in newborn offspring (altered cardiomyocyte  
apoptosis, depressed cardiac ejection fraction) and  
in aged male and female adults (40 weeks of age)  
that had left ventricular hypertrophy and increased 
pulse pressure.7 Hypertension has also been  
observed in 7 week old offspring (rat: 9% versus 
18% casein prior to mating, throughout pregnancy),  
and although the maternal protein restricted 
offspring were born smaller, pup weights were 
unaltered in comparison to controls at 7 weeks 
of age.49 Elevated systolic blood pressure after 
maternal protein restriction appears to be a  
relatively consistent outcome regardless of the 
period of nutritional restriction even when protein 
malnutrition is confined to the period prior to 
mating or very early during gestation50 although 
others have noted reduced systolic arterial pressure 
with elevated sympathetic tone in rats 90 days 
postpartum (8% versus 17% casein; gestation and 
lactation).51 Tappia et al.47 also observed maternal 
protein restricted-exposed rats to have depressed 
ejection fractions in the first 4 weeks of life,  
increased left ventricular internal diameter and 
posterior cardiac wall thickness during both  
diastolic and systolic phases of the cardiac cycle 
to 8 weeks of age, together with a multitude of  
changes to cardiac gene expression. Recently, 

maternal protein restricted (8% versus 20%  
throughout gestation; rat) induced accelerated 
postnatal growth to 22 days postnatal age that was 
accompanied by increased cardiac nitrosative and 
oxidative-stress with concomitant increases in  
DNA damage and base-excision repair enzyme 
expression.52 Indeed, greater effects on the heart 
appear to be observed when maternal protein 
restriction is followed by accelerated post-natal 
growth during adolescence.53,54 Furthermore,  
it is Increasingly becoming apparent that  
protein-malnutrition induced programming of  
cardiovascular function is highly sex-specific55 
with males, in general, being more susceptible 
than females. Exact mechanisms have not been 
elucidated, although age-related changes in  
sex-hormone status and cellular action, coupled  
with programmed alterations to hypothalamic-
pituitary-adrenal axis sensitivity are central to  
the effect.56,57

CONCLUSIONS

Maternal or paternal consumption of a protein-
restricted diet can have a range of physiologic 
outcomes in the offspring. In general, lower weight 
at birth is followed by accelerated post-natal  
growth. The latter has become designated as 
catch-up but may simply be regression to the 
mean. Nevertheless, accelerated early growth 
appears as powerful a programming stimulus as 
disproportionate fetal growth. The consequences 
for the ‘programmed’ individual have now extended 
beyond concern for the F1 generation to the F2 
and F3 generations as epigenetic inheritance of an 
acquired phenotype becomes a reality. The fetal 
origins hypothesis matured into the developmental 
programming of adult health or disease, to 
encapsulate the multivariate effects on the fetus, 
the neonate and the growing adolescent individual. 
The paradigm has recently been extended to  
include paternal diet and in the years to come 
will no doubt be extended further to include  
grandmaternal and grandpaternal effects as the 
children of prospectively studied cohorts age 
and have families of their own. What is obvious is 
that the dire effects of early malnutrition will have 
an impact on populations for many generations  
to come. 



1. Raubenheimer D et al. Nutritional 
Ecology and Human Health. Annu Rev 
Nutr. 2016;36:603-26.
2. Diemert A et al. Maternal nutrition, 
inadequate gestational weight gain and 
birth weight: results from a prospective 
birth cohort. BMC Pregnancy Childbirth. 
2016;16:224.
3. World Health Organization. Nutrition 
Landscape Information System (NLiS). 
2017. Available at: http://www.who.
int/nutrition/nlis/en/index.html. Last 
accessed: 25 June 2017.
4. Mortensen OH et al. Gestational protein 
restriction in mice has pronounced  
effects on gene expression in newborn 
offspring’s liver and skeletal muscle; 
protective effect of taurine. Pediatr Res. 
2010;67(1):47-53.
5. Barker DJ et al. Robinson JS. Fetal 
nutrition and cardiovascular disease in 
adult life. Lancet. 1993;341(8850):938-41.
6. Barker DJ, Osmond C. Infant mortality, 
childhood nutrition, and ischaemic heart 
disease in England and Wales. Lancet. 
1986;1(8489):1077-81.
7. Cheema KK et al. Prenatal exposure 
to maternal undernutrition induces adult 
cardiac dysfunction. Br J Nutr. 2005; 
93(4):471-7.
8. McMullen S, Mostyn A. Animal models 
for the study of the developmental 
origins of health and disease. Proc Nutr 
Soc. 2009;68(3):306-20.
9. Ojeda NB et al. Developmental 
Programming of Hypertension: 
Insight From Animal Models of 
Nutritional Manipulation. Hypertension. 
2008;52(1):44-50.
10. Horikoshi M et al. Genome-wide 
associations for birth weight and 
correlations with adult disease. Nature. 
2016;538(7624):248-52.
11. Stewart RJC et al. Twelve generations 
of marginal protein deficiency. Br J Nutr. 
1975;33(2):233-53.
12. Widdowson EM. Animals in the 
service of human nutrition. Nutr Rev. 
1986;44(7):221-7.
13. McMillen IC, Robinson JS. 
Developmental origins of the metabolic 
syndrome: prediction, plasticity, and 
programming. Physiol Rev. 2005;85(2): 
571-633.
14. Langley SC, Jackson AA. Increased 
systolic blood pressure in adult rats 
induced by fetal exposure to maternal 
low protein diets. Clin Sci(Lond). 1994; 
86(2):217-22.
15. Langley SC et al. Altered glucose 
tolerance in rats exposed to maternal low 
protein diets in utero. Comp Biochem 

Physiol Physiol. 1994;109(2): 223-9.
16. Simmons RA et al. Intrauterine growth 
retardation leads to the development 
of type 2 diabetes in the rat. Diabetes. 
2001;50(10):2279-86.
17. Barker DJ et al. Trajectories of 
growth among children who have 
coronary events as adults. N Engl J Med. 
2005;353(17):1802-9.
18. Garofano A et al. Effect of ageing 
on beta-cell mass and function in rats 
malnourished during the perinatal period. 
Diabetologia. 1999;42(6):711-8.
19. Campbell DM et al. Diet in pregnancy 
and the offspring’s blood pressure 40 
years later. Brit J Obstet Gynaecol. 
1996;103(3):273-80.
20. Mannion CA et al. Association of 
low intake of milk and vitamin D during 
pregnancy with decreased birth weight. 
CMAJ. 2006;174(9):1273-7.
21. Moore VM et al. Dietary composition of 
pregnant women is related to size of the 
baby at birth. J Nutr. 2004;134(7):1820-6.
22. Ravelli ACJ et al. Obesity at the age 
of 50 y in men and women exposed 
to famine prenatally. Am J Clin Nutr. 
1999;70(5):811-6.
23. Ozanne SE, Hales CN. Lifespan: catch-
up growth and obesity in male mice. 
Nature. 2004;427(6973):411-2.
24. Hales CN, Barker DJ. Type 2 (non-
insulin-dependent) diabetes mellitus: 
the thrifty phenotype hypothesis. 
Diabetologia. 1992;35(7):595-601.
25. Hales CN et al. Fishing in the stream 
of diabetes: From measuring insulin to the 
control of fetal organogenesis. Biochem 
Soc Trans. 1996;24(2):341-50.
26. Jennings BJ et al. Early growth 
determines longevity in male rats and 
may be related to telomere shortening in 
the kidney. FEBS Lett. 1999;448(1):4-8.
27. Rutland CS et al. Effect of gestational 
nutrition on vascular integrity in the murine 
placenta. Placenta. 2007;28(7):734-42.
28. Langley-Evans SC, Sculley DV. The 
association between birthweight and 
longevity in the rat is complex and 
modulated by maternal protein intake 
during fetal life. FEBS Lett. 2006; 
580(17):4150-3.
29. Dunford LJ et al. Maternal protein-
energy malnutrition during early 
pregnancy in sheep impacts the fetal 
ornithine cycle to reduce fetal kidney 
microvascular development. FASEB J. 
2014;28(11):4880-92.
30. Vonnahme KA et al. Effect of early 
gestational undernutrition on angiogenic 
factor expression and vascularity in the 
bovine placentome. J Anim Sci. 2007; 

85(10):2464-72.
31. Reynolds LP, Redmer DA. Utero-
placental vascular development and 
placental function. J Anim Sci. 1995;73(6): 
1839-51.
32. Fernandez-Twinn DS et al. 
Maternal protein restriction leads to 
hyperinsulinemia and reduced insulin-
signaling protein expression in 21-mo-
old female rat offspring. Am J Physiol 
Regul Integr Comp Physiol. 2005;288(2): 
R368-73.
33. Balasa A et al. Chronic Maternal Protein 
Deprivation in Mice Is Associated with 
Overexpression of the Cohesin-Mediator 
Complex in Liver of Their Offspring. J 
Nutr. 2011;141(12):2106-12.
34. Zierath JR et al. Insulin action on 
glucose transport and plasma membrane 
GLUT4 content in skeletal muscle from 
patients with NIDDM. Diabetologia. 
1996:39(10):1180-9.
35. Zambrano E et al. Sex differences in 
transgenerational alterations of growth 
and metabolism in progeny (F2) of female 
offspring (F1) of rats fed a low protein diet 
during pregnancy and lactation. J Physiol. 
2005;566(1):225-36.
36. Walton A, Hammond J. “Proceedings 
of the Royal Society of London Series B, 
Biological Sciences”, The maternal effects 
on growth and conformation in Shire 
horse-Shetland pony crosses (1938), 
London: The Royal Society Publishing, 
pp.311-35.
37. Pembrey ME et al. Sex-specific, male-
line transgenerational responses in 
humans. Eur J Hum Genet. 2006;14(2): 
159-66.
38. Carone BR et al. Paternally 
induced transgenerational environmental 
reprogramming of metabolic gene 
expression in mammals. Cell. 2010;143(7): 
1084-96.
39. Ng SF et al. Chronic high-fat diet 
in fathers programs β-cell dysfunction 
in female rat offspring. Nature. 2010; 
467(7318):963-6.
40. Peixoto-Silva N et al. Maternal 
protein restriction in mice causes adverse 
metabolic and hypothalamic effects 
in the F1 and F2 generations. Br J Nutr. 
2011;106(9):1364-73.
41. Zeybel M et al. Multigenerational 
epigenetic adaptation of the hepatic 
wound-healing response. Nat Med. 2012; 
18(9):1369-77.
42. Ost A et al. Paternal diet defines 
offspring chromatin state and 
intergenerational obesity. Cell. 2014; 
159(6):1352-64.
43. Wei Y et al. Paternally induced 
transgenerational inheritance of 

susceptibility to diabetes in mammals. 
PNAS. 2014;111(5):1873-8.

44. Watkins AJ, Sinclair KD. Paternal 
low protein diet affects adult offspring 
cardiovascular and metabolic function 
in mice. Am J Physiol Heart Circ Physiol. 
2014;306(10):H1444-52.

45. Holland ML et al. Early-life nutrition 
modulates the epigenetic state of specific 
rDNA genetic variants in mice. Science. 
2016;353(6298):495-8.

46. Shea JM et al. Genetic and epigenetic 
variation, but not diet, shape the sperm 
methylome. Dev Cell. 2015;35(6):750-8.

47. Tappia PS et al. Adverse cardiac 
remodeling due to maternal low protein 
diet is associated with alterations in 
expression of genes regulating glucose 
metabolism. Nutr Metab Cardiovas Dis. 
2013;23(2):130-5.

48. Zohdi V et al. When early life 
growth restriction in rats is followed by 

attenuated postnatal growth: effects on 
cardiac function in adulthood. Eur J Nutr. 
2015;54(5):743-50.
49. Langley-Evans SC et al. Protein intake 
in pregnancy, placental glucocorticoid 
metabolism and the programming of 
hypertension in the rat. Placenta. 1996; 
17(2-3):169-72.
50. Langley-Evans SC et al. Nutritional 
programming of blood pressure and 
renal morphology. Arch Physiol Biochem. 
2003;111(1):8-16.
51. Barros MA et al. Maternal low-
protein diet induces changes in the 
cardiovascular autonomic modulation in 
male rat offspring. Nutr Metab Cardiovasc 
Dis. 2015;25(1):123-30.
52. Tarry-Adkins JL et al. Poor maternal 
nutrition followed by accelerated 
postnatal growth leads to alterations 
in DNA damage and repair, oxidative 
and nitrosative stress, and oxidative 
defense capacity in rat heart. FASEB J. 

2013;27(1):379-90.

53. Lim K et al. Effect of maternal protein 
restriction in rats on cardiac fibrosis and 
capillarization in adulthood. Pediatr Res. 
2006;60(1):83-7.

54. Zohdi V et al. Evidence of altered 
biochemical composition in the hearts of 
adult intrauterine growth-restricted rats. 
Eur J Nutr. 2013;52(2):749-58.

55. Chinnathambi V et al. Prenatal 
testosterone induces sex-specific 
dysfunction in endothelium-dependent 
relaxation pathways in adult male and 
female rats. Biology Reprod. 2013; 
89(4):97.

56. Grigore D et al. Sex differences in 
the fetal programming of hypertension. 
Gender Med. 2008;5:S121-32.

57. Morton JS et al. In utero origins of 
hypertension: mechanisms and targets 
for therapy. Physiolog Rev. 2016;96(2): 
549-603.

REFERENCES




