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Review Article

Introduction

There is little doubt that type 2 diabetes is one of the major causes 
of death worldwide, with only heart disease, stroke and respira-
tory conditions having a higher mortality rate.1 Diabetes is also 
the fastest growing global chronic disease.2 According to the In-
ternational Diabetes Federation, 415 million people worldwide 
have diabetes, most of whom have type 2 diabetes. This number 
is expected to rise to 642 million by 2040.3 Indeed, a recent article 
by Paul Zimmet suggests diabetes may be the largest epidemic 
in human history and presents the greatest challenge to health.4 
There are a number of risk factors associated with type 2 diabetes, 

including being overweight or obese, hypertension, family his-
tory, low high-density lipoprotein, sedentary lifestyle and depres-
sion.5

Australia has a population of around 24.4 million as of the end 
of 2016.6 The number of Australians with diabetes totals around 
1.7 million, or 7% of the population. This figure contains 1.2 mil-
lion diagnosed, with an estimated 500,000 undiagnosed, with type 
2 diabetes making up 85–90% of cases. Combined, the annual cost 
of treating and managing diabetes in Australia is AU$14.6 billion.7 
What is more disturbing is the disparity between Australian Abo-
riginal and Torres Strait Islanders and non-Aboriginal Australians, 
with the former having a diabetes prevalence around 4–5 times that 
of non-Aboriginal Australians.8 This figure, coupled with the re-
duced access to adequate health care facilities, represents a major 
health issue in Australia.

This imbalance in the incidence and prevalence of type 2 diabe-
tes is not just observed in Australian Aboriginal and Torres Strait 
Islander populations. Significantly higher numbers are seen in Af-
rican American, Alaska Native, American Indian, Asian American, 
Hispanic/Latino, Native Hawaiian and Pacific Islander people.5 
This is a fairly recent phenomenon, with some of the highest prev-
alence of diabetes discovered amongst Australian Aborigines,9 
Pima Indians and Pacific Islanders.10,11 More recently, diabetes 
has been reported to affect around 8.7% of Asian Indians,12 and 
increasing from 2.6% in 2002 to 9.7% in 2012 in the rapidly-mod-
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ernizing economy of China.12,13 Current figures from the World 
Health Organization show that 10% of the population, or 110 mil-
lion people, suffer with diabetes in China.14 These data suggest 
there must be specific reasons, possibly genetic or epigenetic, why 
certain populations endure higher rates of diabetes.

Change of lifestyle

To better understand why these indigenous populations, includ-
ing Australian Aboriginal and Torres Strait Islander peoples, are 
at greater risk of developing diabetes we need to look at what 
environmental and lifestyle changes have accompanied the in-
creased incidence and prevalence, together with an examination 
of the specific genetic risk factors. It had been generally assumed 
that Australia was populated somewhere between 40,000–100,000 
years ago and that it remained isolated, barring occasional visits 
from Asian fishermen and European seafarers, until the late 18th 
century.15–17 However, more recent discoveries in excavations 
in northern Australia now indicate human occupation at around 
65,000 years ago.18

Whilst data pertaining to the health and condition of Australian 
Aborigines prior to European settlement is difficult to establish, a 
study of isolated populations living the traditional hunter-gatherer 
lifestyle around 50 years ago reported an average height of 167.1 
cm and average weight below 56 kg.19 Foods eaten were dictated 
by the locality and seasonal availability and included kangaroo, 
wallaby, possum, bandicoot, snakes, turtles, goanna, bush turkey, 
fish and other seafood, in addition to a variety of fruits, nuts and 
seeds.17 By the 1960s, the way of life for a large number of remote 
Australian Aborigines had changed dramatically. Many were liv-
ing in camps and missions, with the available food containing large 
amounts of refined flour, milk powder, fat and sugar, whilst being 
deficient in key micronutrients, including vitamin A and C, folate 
and calcium.17,20

Milk powder is of specific interest, as studies have found lac-
tose intolerance figures of between 84–95% in children from the 
Northern Territory, with these children being in the lowest percen-
tile for height and weight.21 In a more recent study, the poor and 
restrictive diet was found to result in low birth weight, followed 
by rapid ‘catch-up growth’ to around 6 months of age with a sub-
sequent reduction in growth to 5 years, after which records are 
difficult to find.22 This is of great significance for future disease 
susceptibility, including type 2 diabetes.

The rapid loss of the active hunter-gatherer existence, coupled 
with an extensive change of diet and societal structure, has had 
both a severe physiological and psychological impact. Australian 
Aborigine and Torres Strait Islander peoples aged 15 years or over 
were found to be more overweight or obese than non-indigenous 
people (1.2 times), with 29% being classified as overweight and 
37% obese. They are also 1.2 times more likely to have high blood 
pressure (≥149/90 mmHg) than non-indigenous people, with 20% 
of Australian Aborigines and Torres Strait Islanders being hyper-
tensive.

Blood lipid analysis found that 25% of Australian Aborigi-
nes and Torres Strait Islanders had high total cholesterol (≥5.5 
mmol/L), 25% had high low-density lipoprotein cholesterol (≥3.5 
mmol/L), 40% had low levels of high-density lipoprotein choles-
terol (males <1.0 mmol/L, females <1.3 mmol/L) and 25% had 
high blood triglycerides (≥2.0 mmol/L). The same study found 
42% of Australian Aborigines and Torres Strait Islanders over the 
age of 15 years smoked regularly, 2.6 times more than non-indig-
enous people. From a dietary perspective, an inadequate intake of 

fruit and vegetables was reported, with 93% of Australian Abo-
riginals and Torres Strait Islanders over the age of 2 years failing 
to reach the minimum fruit and vegetable intake; a figure rising to 
97% in over 15 year-olds.23,24

Developmental programming

This array of detrimental physiological markers represents key 
risk factors for the development of insulin resistance and type 2 
diabetes and goes some way towards explaining the higher preva-
lence of these disorders in Australian Aboriginal and Torres Strait 
Islander peoples. Certainly, when lifestyle and nutritional intake 
were re-established to more traditional conditions (i.e. bush living 
and eating foods including crocodile, kangaroo and native plants), 
individuals displayed a reduction in adiposity and beneficial ef-
fects with respect to glucose tolerance, insulin sensitivity, blood 
lipid profile and blood pressure.25 However, we may not be look-
ing at the complete picture.

While there is little doubt that improving diet and exercise 
reduces the risk of developing type 2 diabetes, the effects of in-
adequate nutritional intake and disease during pregnancy may 
predispose offspring to a greater risk of diseases, including type 
2 diabetes, in later life. Research pioneered by David Barker in 
the 1990s initially found the link between low birthweight and an 
increased prevalence of coronary heart disease in populations in 
northern England in the early 20th century.26 This was followed up 
by more detailed analysis of records from Hertfordshire, UK (the 
Hertfordshire Cohort Study), where low birthweight was associ-
ated with an increased risk of death by circulatory diseases.26,27 
Further study revealed insulin resistance and type 2 diabetes to be 
strongly correlated to low birthweight.28

Periods of famine have provided additional insight into the 
effects of nutrient restriction and development of the fetus. The 
Dutch Hunger Winter, or Dutch Famine, occurred towards the end 
of 1944 and was the result of a Nazi food blockade to western 
regions of the Netherlands. The fate of offspring born to mothers 
who suffered severe nutrient restriction during this period has been 
extensively studied.29 Offspring exposed to nutrient restriction in 
utero showed increased blood glucose concentrations,30 hyperten-
sion and coronary heart disease.31,32 A similar pattern emerged in 
China after the 1958–62 famine. Prior to 1980, diabetes was al-
most non-existent in China; however, over 120 million Chinese 
now suffer from diabetes.33 A parallel study on the same popula-
tion found an increased prevalence of hypertension.33,34

This phenomenon became known as the ‘thrifty phenotype hy-
pothesis’, and its basic premise is that in a suboptimal in utero 
environment, the fetus’ metabolic development changes in order to 
maximize survival in post-natal nutritional insufficiency.35 How-
ever, if the nutritional availability is not limited and offspring have 
access to a normal or obesogenic diet, the physiological adapta-
tions during gestation can predispose it to developing a variety of 
metabolic disorders, such as diabetes and hypertension.36,37 This 
branch of research now falls under the title of Developmental Ori-
gins of Health and Disease, as early life factors can also impact 
later disease status.38

Further research has identified other factors that can influence 
fetal and early-life development, including smoking, maternal 
stress, gestational diabetes and maternal obesity.39 These disrup-
tions to fetal development and future disease risk do not appear to 
be confined to the first generation. Programming effects have also 
been found in the second generation, indicating a trans-generation-
al process and signaling longer term plastic adaptations.40
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Epigenetic effects of developmental programming

So, just how does a disruption to maternal nutrition cause such a 
deleterious effect on offspring and increase their risk of develop-
ing type 2 diabetes? This article will focus on one of the main 
nutritional factors believed to confer these effects on a developing 
fetus—maternal low-protein diet. This is arguably one of the most 
relevant scenarios due to the change in diet of Australian Aborigi-
nes and Torres Strait Islanders from a high-protein, high-fiber, low 
saturated fat diet to one favoring large quantities of highly-refined 
carbohydrates.41

It is generally accepted that the key mechanism driving devel-
opmental programming of fetal tissues and organs is epigenetic re-
modeling. Epigenetics encompass heritable factors that alter gene 
expression rather than the genetic code and includes DNA meth-
ylation, post-translational histone modification and non-coding 
RNAs, such as microRNAs.42 DNA methylation occurs at cytosine 
bases (CpG sites), where they are converted via DNA methyltrans-
ferase (DNMT) enzymes to 5-methylcytosine. DNA methylation 
serves to silence genes by inhibition of gene promoter activity and 
plays a vital role in embryonic development, chromosomal stabil-
ity and X-chromosome inactivation.43 This was demonstrated in a 
study where DNMT-knockout mice died early in development.43,44 
Post-translational histone modification also affects gene expression 
early in mammalian development via histone acetylation and dea-
cetylation. Acetylation by histone acetyltransferase enzymes adds 
an acetyl group and reduces the bond between DNA and histones, 
thereby generally increasing transcription rates. Histone deacety-
lase enzymes produce a more condensed form of chromatin and 
reduce transcription rates.45 MicroRNA is a class of non-coding 
RNA typically between 20–25 nucleotides long, which have the 
capacity to reduce gene expression at the post-transcriptional level 
and also to inhibit gene expression of enzymes, including DNMT 
and histone deacetylase.46

Programming effects on the pancreas and insulin resistance

If the Developmental Origins of Health and Disease hypothesis 
relates to the development of type 2 diabetes, we should be able 
to observe epigenetic effects in two key areas—pancreatic islet 
β cells, and insulin sensitivity in key organs and tissues such as 
the liver, skeletal muscle and adipose tissue. Fetal undernutrition, 
particularly that induced by a maternal low-protein diet, has been 
demonstrated to cause intrauterine growth restriction (IUGR), low 
birthweight and an increased adult prevalence of diseases includ-
ing type 2 diabetes.28

More specifically, IUGR in rats via a maternal low-protein diet 
resulted in a reduction in pancreatic weight and mean islet β cell 
area, thought to be due to a combination of reduced proliferative 
capacity and vascularity in the pancreas. After being fed a nor-
mal diet post-weaning, these same animals maintained a reduced 
islet β cell mass in addition to a lower insulin content.47 Another 
study found similar results, with caloric restriction and low-protein 
models both producing a 20–40% reduction in islet β cell mass at 
birth.48 This results in glucose intolerance at around 4 months of 
age and insulin resistance and type 2 diabetes by 17 months.49,50

These results are mirrored in human studies, where offspring 
exposed to IUGR demonstrate an increase in glucose intolerance 
in adulthood.51 Interestingly, the timing of maternal undernutrition 
is crucial, with both rat and human studies indicating a more del-
eterious effect if induced later in pregnancy.52,53 This is also in line 
with other studies investigating nephron number and renal func-

tion using a similar IUGR model.54

Insulin functions to remove glucose from the blood when con-
centrations are high and promote glucose uptake into the liver, adi-
pose tissue and skeletal muscle. Insulin resistance describes the sit-
uation where glucose uptake is inhibited. This results in prolonged 
hyperglycemia and/or hyperinsulinemia.55 As with pancreatic de-
velopment, a poor maternal diet and IUGR results in an increased 
risk of developing insulin resistance in later life.56 In a study using 
both rats and humans, IUGR resulting in low birth weight lead to 
a significant reduction of glucose transporter 4 gene expression, 
thereby inhibiting blood glucose transportation into adipose tissue 
and skeletal muscle.57

Protein kinase C-zeta is another protein that plays a major role 
in insulin-mediated glucose transport. Analysis of muscle taken 
from offspring subjected to IUGR and of low birth weight dis-
played a reduction in protein kinase C-zeta concentration, indicat-
ing a decreased capacity to absorb glucose from the blood. This 
was coupled to a significantly higher blood insulin concentration 
after administration of an intravenous infusion of glucose.58 These 
data suggest a strong influence of IUGR on key mechanisms re-
sponsible for glucose absorption from the blood to peripheral tis-
sues and, in conjunction with the programming effects on pancre-
atic islet β cells, implicate IUGR and low birth weight as major 
risk factors in the development of type 2 diabetes.

Implications and perspective

Whilst maternal undernutrition is only one determinant involved 
in programming and developmental plasticity, it remains a key 
modifiable risk factor. The shift from a high-protein to high car-
bohydrate diet looks to be a major driver of type 2 diabetes in off-
spring, brought about by inherited epigenetic modifications. These 
changes remain in future generations and could result in a habitual 
increase in disease risk. This effect seems to be more pronounced 
in Australian Aboriginals and Torres Strait Islanders, possibly due 
to the rapid change in diet and lifestyle.

With the colonization of Australia by Europeans and recent ex-
posure to a potentially obesogenic diet, populations accustomed to 
a more restrictive diet may be more prone to its deleterious effects, 
as they have not been exposed to centuries of gradual dietary shift 
towards a high carbohydrate diet. A similar pattern has already 
been observed in other aboriginal populations around the world 
that may go some way to proving this point.59 Certainly, Austral-
ian Aboriginal populations with higher levels of European genetic 
admixture had a reduced prevalence of diabetes and glucose in-
tolerance, which may indicate an additional genetic component to 
diabetes risk.60

Specific genetic variability between different populations is out-
side the remit of this article but further highlights the importance of 
the role of developmental programming in Australian Aboriginals 
and Torres Strait Islanders and goes some way towards explain-
ing the higher prevalence rates of diabetes in these populations. 
If these indigenous populations with little to no European genetic 
admixture naturally present with a reduced ability to handle high 
carbohydrate load in their diet, the additional developmental pro-
gramming effects on the pancreas and glucose transport proteins, 
as discussed earlier, would certainly exacerbate the situation.

Appropriate dietary intake during pregnancy, including an ad-
equate protein component, may help to reduce the potentially dam-
aging epigenetic changes and mediate the risk of type 2 diabetes 
in future generations. This is especially important considering the 
increase in both availability and affordability of an obesogenic 
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diet to these offspring. A coordinated effort to provide suitable 
nutritional advice, together with the easy availability of essential 
nutrients, can potentially help to limit cases of type 2 diabetes in 
Australian Aboriginal and Torres Strait Islander peoples and re-
duce the burden of disease and the socio-economic disadvantage it 
entails. Ideally, this will be in conjunction with other potential risk 
factors, such as stress, gestational diabetes, obesity and smoking. 
Data collected regarding maternal nutritional status, fetal growth 
rates, birthweight and on-going growth rates and physiological 
markers of disease in offspring would provide valuable informa-
tion and help to elucidate the role of developmental programming 
in type 2 diabetes in the Indigenous Australian and Torres Strait 
Islander populations.
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