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Abstract
Indigenous Australians are particularly affected by type 2 diabetes mellitus (T2D) due to both their genetic susceptibility and a range of
environmental and lifestyle risk factors. Recent genetic studies link predisposition to some diseases, including T2D, to alleles acquired
from archaic hominins, such as Neanderthals and Denisovans, which persist in the genomes of modern humans today. Indo-Pacific human
populations, including Indigenous Australians, remain extremely underrepresented in genomic research with a paucity of data examining
the impact of Denisovan or Neanderthal lineages on human phenotypes in Oceania. The few genetic studies undertaken emphasize the
uniqueness and antiquity of Indigenous Australian genomes, with possibly the largest proportion of Denisovan ancestry of any population
in the world. In this review, we focus on the potential contributions of ancient genes/pathways to modern human phenotypes, while also
highlighting the evolutionary roles of genetic adaptation to dietary and environmental changes associated with an adopted Western
lifestyle. We discuss the role of genetic and epigenetic factors in the pathogenesis of T2D in understudied Indigenous Australians,
including the potential impact of archaic gene lineages on this disease. Finally, we propose that greater understanding of the underlying
genetic predisposition may contribute to the clinical efficacy of diabetes management in Indigenous Australians. We suggest that improved
identification of T2D risk variants in Oceania is needed. Such studies promise to clarify how genetic and phenotypic differences vary
between populations and, crucially, provide novel targets for personalised medical therapies in currently marginalized groups.
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1 Introduction
The prevalence of diabetes mellitus (DM) has increased exponentially worldwide and is currently the seventh leading cause of death.
Type 2 diabetes mellitus (T2D) in particular has reached global
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epidemic proportions posing a significant challenge for public
healthcare systems [1, 2]. Although obesity and sedentary lifestyle
are strong and modifiable risk factors for T2D, some human populations seem to be particularly affected, suggesting a sizable genetic component [2]. Aboriginal Australians and Torres Strait
Islanders experience disproportionately high levels of diabetes; it
has been estimated that they are three to five times more likely to
develop T2D than Australians of European descent [3]. Notably,
Aboriginal and Torres Strait Islander children are eight times more
likely to develop T2D than their non-indigenous peers [2].
Indigenous Australians are diagnosed with diabetes approximately 14 years earlier than European patients [4]. Moreover,
Aboriginal Australians and Torres Strait Islanders also have poor
clinical outcomes from diabetes treatment with six-fold increased
mortality rates compared to non-indigenous Australians, with
T2D being the leading cause of death [2]. Importantly, many
strategies and treatment regimens targeting this health disparity
experienced by Aboriginal peoples have had limited impact on
disease prevention. Furthermore, the implemented interventions
to improve the healthcare for Aboriginal Australians are often not
sustainable [5].

322

In this review, we discuss studies of DNA variants that influence predisposition to obesity and T2D in Indigenous Australians,
including the potential impact of archaic human lineages on these
diseases. We review the significance of genome-wide association
studies in Aboriginal groups, including possible evolutionary roles
of genetic selection associated with an adopted Western lifestyle
(Fig. 1). Major topic areas and key studies discussed in our review
are highlighted in Table 1.

2 Indo-Pacific human populations, including
indigenous Australians, are genomically
understudied
Genome-wide association studies (GWAS) have uncovered significant links between specific genetic variants and modern
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diseases, including differences in biological trait distributions
across populations. Importantly, GWAS findings have facilitated
a deeper understanding of biological mechanisms, population genetics and the evolutionary context of complex diseases such as
diabetes mellitus. However, it has been only recently that advances
in DNA technologies have allowed us to study the intersections
between large-scale genomic data, archaic hominin lineages and
modern epidemiology. A recent analysis of 2,511 genomic studies
with 35 million samples showed that the majority of participants
were of European ancestry (81%), with the remainder mostly of
Asian descent (14%) [10]. In particular, due to the complex combination of historical, cultural, scientific and logistical factors, there
is an extreme paucity of genomic data from the Indo-Pacific region, including Indigenous Australians. Pacific Islanders represent
only 0.28% of genomic samples studied, with Native Americans
and Australian Aboriginal participants contributing a mere 0.05%.

Fig. 1 Role of genetics, epigenetics and environmental risk factors in type 2 diabetes in Indigenous Australians
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Table 1 Summary of main topic
areas and key studies or reviews

323

Topic

Study (reference )

Indigenous Australians and T2D*

Davis et al. [4]

Understudied genomics of Indo-Pacific human populations, including Indigenous Australians

Zimmet et al. [2]
Reich et al. [6]
Reich et al. [7]
Sankararaman et al. [8]
Sankararaman et al. [9]
Popejoy et al. [10]
Sankararaman et al. [11]
Simonti et al. [12]
Tobler et al. [13]

Impact of archaic genomes on modern humans

Jacobs et al. [14]
T2D Consortium et al. [15]
Vernot et al. [16]
Gibbons et al. [17]

Overview of genetic factors in the pathogenesis of T2D in Aboriginal populations

Simonti et al. [12]
Busfield et al. [18]
Daniel et al. [19]
O’Dea et al. [20]
Anderson et al. [21]

Genetic adaptation to dietary and environmental changes

McCoy et al. [22]
Williams et al. [23]
Neel [24]
Cordain et al. [25]
Xu et al. [26]
Prentice et al. [27]
Dabelea et al. [28]
Heijmans et al. [29]
Prentice et al. [30]
Speakman [31]
Ayub et al. [32]
Chamberlain et al. [33]
Chamberlain et al. [34]
Ruhli et al. [35]
Wang et al. [36]
Xue et al. [37]
Titmuss et al. [38]

*T2D – type 2 diabetes mellitus

Furthermore, the number of indigenous participants in GWAS
studies has actually declined since 2009 [10].
The importance of studying genomic variation in underrepresented populations is driven by the need to discover
population-specific differences in the frequency of presumed
disease-causing genetic variants, as well as to examine new
genetic associations with the disease traits. Moreover, identifying differences in risk alleles for common complex diseases
across human populations will advance our understanding of
genetic impacts on disease risk, with concomitant improvements in disease prevention strategies and treatments.

Interestingly, a number of genetic studies link predisposition
to diabetes mellitus and other diseases to variants acquired from
historical interbreeding of modern humans with archaic human
species, such as Neanderthals and Denisovans [12, 15]. The
Neanderthal–Denisovan lineage split from Homo sapiens approximately 744,000 years ago and these two archaic groups
diverged from each other approximately 200,000 years later
[39]. Comparisons of DNA sequences, introgressed from
Neanderthals in present-day humans, have estimated that admixture with Neanderthals occurred 37,000–86,000 years before the present and most likely between 47,000 and
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65,000 years ago [8]. Admixture with Denisovans first took
place within a similar time span, approximately 44,000–
55,000 years ago [11]. Denisovans share a deep, but common,
ancestral population with Neanderthals. Due to shared ancestral
alleles [40], it may therefore sometimes be difficult to distinguish between Neanderthal and Denisovan admixture as these
two archaic linages are on average more similar to each other
than either is to modern humans [6, 41]. Genomes of modern
Eurasians contain a small fraction (~1.5–4%) of DNA originating from Neanderthals [42] with low amounts of Denisovan
ancestry (0.2%) being found in East Asia [43]. However, rates
of archaic lineages in Pacific peoples, including Indigenous
Australians, are markedly higher (3–6%) [7]. Moreover, recent
research identified high-confidence archaic haplotypes in inhabitants from Island Southeast Asia and New Guinea from
two divergent Denisovan lineages, with the latest introgression
events perhaps occurring much more recently than in other
parts of the world [14]. Importantly, introgressed alleles that
find themselves within a new genetic background frequently
have negative fitness effects with negative selection likely affecting multiple, weakly deleterious alleles of Neanderthal ancestry [41]. The strength of selection against Neanderthal DNA
in modern humans is dependent on the gene density of selected
sites and their recombination rate [44, 45]. Despite a general
trend towards negative selection against introgressed
Neanderthal alleles, certain genomic regions may have degrees
of Neanderthal ancestry as high as 64% in Europeans and 62%
in Asians, indicating positive selection on these specific regions
[9]. Similar patterns are expected to hold for Denisovan
ancestry.
Interestingly, recent analyses of genome-wide genetic data
from populations including South Asia, Southeast Asia and
Oceania, suggested that archaic Denisovans lived over a broad
geographic range from Siberia to tropical Asia [7].
Congruently, genetic studies on Aboriginal Australians,
though limited, have demonstrated both the uniqueness and
antiquity of Aboriginal Australian genomes including strong
evidence of Denisovan genetic material, possibly at the
highest rate in the world [7]. As much as 4% of indigenous
Australian nuclear genomes may also come from an ancient
hominin lineage that is yet to be identified [46]. In line with
these studies, Indigenous Papuan and Australian people derive
3–6% of their DNA from Denisovans, with an increase in
allele sharing between Denisovans and Aboriginal
Australians compared to other Eurasians and Africans [6, 7,
47]. Furthermore, in Oceanians (such as the negrito Mamanwa
of the Philippines, Indigenous Australians and Papuans from
New Guinea), the average length of Denisovan fragments is
longer than Neanderthal fragments, implying a more recent
average date of Denisovan admixture in the history of these
populations [11]. Moreover, in Oceanians the decline of
introgressed Denisovan ancestry is estimated to be slower than
the rate at sites informative of Neanderthal ancestry [11]. This
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could be due to multiple distinct Denisovan introgressions or
that some introgressed Denisovan variants are not under the
same level of negative selection [11]. A key take-home message, however, is that there is extremely limited literature examining the impact of Denisovan or Neanderthal lineages on
human phenotypes in Oceania, with a striking overrepresentation of genomic studies on European populations.

3 Impact of archaic genomes on modern
humans
A recent study that analysed the contribution of common
Neanderthal variants to over 1,000 electronic health record
(EHR)-derived phenotypes in ~28,000 adults of European ancestry, reported that archaic admixture continues to influence disease
risk in modern humans [12]. These analyses confirmed the impact of Neanderthal DNA on neurological, psychiatric, immunological and dermatological modern human phenotypes.
Importantly, it was found that many alleles associated with complex diseases such as systemic lupus erythematosus, primary
biliary cirrhosis, Crohn’s disease and T2D have been
introgressed from Neanderthals into non-African modern
humans [16]. Congruently, Denisovan admixture in Indigenous
Australians, the largest in the world, might have contributed to
overrepresentation of archaic disease risk alleles in Indigenous
Australians in comparison with any other populations.
In particular, the presence of Neanderthal alleles explained
a significant percent of the risk for a number of medical conditions including actinic and seborrheic keratosis, obesity and
mood disorders including depression [12, 17]. In addition,
Neanderthal haplotypes have been shown to influence hypercoagulable state, thiamine metabolism, urinary tract disorders
and nicotine addiction [17]. Neanderthal-introgressed haplotypes may have also affected the expression levels of multiple
genes including risk alleles for celiac disease in the chemokine
receptor (CCR) gene family, which was possibly maintained
by adaptive forces in early European modern human populations [48]. Moreover, variants within this Neanderthal-derived
haplotype have been associated with severity of malaria [49].
Another example is a nonsynonymous variant of the
ZNF365D gene present in ~32% of Europeans and absent
from Africans, which was inherited from Neanderthals and
is associated with a higher risk of Crohn’s disease and susceptibility towards human uric acid nephrolithiasis [9, 50, 51].
Limited research has proposed that increased rates of obesity and T2D in Europeans and Asians compared to Africans
are in part due to interbreeding with ancient Neanderthals [9],
while Denisovan admixture has affected activity of phospholipid transporter genes and fat metabolism [11]. The genetic
analysis, which examined 9.2 million single nucleotide polymorphisms (SNPs) in Mexican and Latin American populations in 3,848 people with T2D and 4,366 non-diabetic
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controls, identified the monocarboxylate transporter
SLC16A11 as a novel candidate gene [15]. Notably, the
SLC16A11 haplotype was present in approximately half of
Native American samples, and in approximately 10% of
East Asians, while being rare or absent in samples from
Europe and Africa. Subsequent analysis of an archaic unpublished genome of a Neanderthal from Denisova cave reported
the presence of one silent and four missense SNPs in the
SLC16A11 gene indicating that the observed SLC16A11 haplotype (referred to as the “5 SNP” haplotype) has entered into
modern humans from Neanderthals [15]. This Neanderthal
sequence was nearly identical to those present in 1000 genomes from modern Native Americans who were homozygous for the 5 SNP haplotype [15]. The presence of the 5
SNP haplotype significantly increases the prevalence of
T2D, by up to 29%, in individuals with Native American
ancestry [15]. Notably, people affected by the 5 SNP of the
SLC16A11 haplotype develop T2D at a younger age and with
a lower BMI than non-carriers. The researchers proposed that
SLC16A11 may influence predisposition to diabetes through
its effects on hepatic lipid metabolism affecting intracellular
triacylglycerol levels.
Other studies suggest that some archaic alleles may have
been under positive selection. Specific Neanderthal alleles appear to have resulted in a selective advantage for their modern
European carriers through their impact on lipid catabolism [52].
Introgression of ancient alleles from Neanderthals and
Denisovans to the modern human gene pool might have also
conferred a substantial immune advantage the modern humans.
A recent report described a cluster of three Toll-like receptors
(TLR6-TLR1-TLR10), present in modern Asians and
Europeans, who acquired these advantageous alleles through
admixture with archaic humans [53]. Furthermore, these
introgressed alleles of immunity genes continue to have functional effects in modern humans. The archaic-like alleles underlie differences in the expression of the Toll-like receptor (TLR)
genes, and are essential for eliciting inflammatory and antimicrobial responses and for activating an adaptive immune
response. Archaic immunity genes have also been implicated
in increased hypersensitivity to non-pathogenic allergens,
resulting in allergic diseases in present-day people [54].
Interestingly, a recent study proposed the increased expression
of TLR4 as a possible mediator of pancreatic islet inflammation
[55] and as a risk factor for T2D independent of gender, blood
glucose concentrations and body mass index (BMI) [56].

4 Overview of genetic factors
in the pathogenesis of T2D in aboriginal
populations
The differences in prevalence of diabetes mellitus, clinical
complications and mortality rates between Indigenous and
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non-indigenous Australians represent a complex interplay
between genetic susceptibility and environmental and lifestyle risk factors. In particular, obesity and age (35 years
and onwards) are two critical risk factors affecting the
prevalence of T2D in Aboriginal populations [20].
Indigenous Australians display body habitus which differs
from non-indigenous Australians with preferential abdominal fat deposition, exacerbating their insulin resistance
[57] and leading to a higher risk of diabetes mellitus with
BMI scores above 22 kg/m2.
Recent GWAS studies on individuals with primarily
European ancestry have mapped approximately 100 independent SNPs that modulate the risk of T2D and glycaemic
related traits [19, 58, 59]. Despite strong epidemiologic evidence implicating genetic factors in the pathogenesis of
T2D in Aboriginal populations, there is a notable paucity
of data in the literature reporting diabetes-susceptibility
genes in Indigenous Australians. The first full-genome linkage analysis conducted in Indigenous Australians from
North Stradbroke Island, Queensland, was published in
2002, and identified three distinct regions of genetic linkage
to T2D [18]. Multipoint linkage analysis identified evidence
for a T2D susceptibility allele at chromosome position
2q24.3, previously implicated in the aetiology of T2D in
other ethnic groups [60]. Candidate genes at this locus include a gene encoding the growth-receptor-binding protein
14 (GRB14), which is a negative regulator of insulin signalling [61], as well as a gene encoding the islet-specific
glucose-6-phosphate catalytic subunit–related protein.
Raised glucose-6-phosphatase activity has been shown to
reduce glucose induced insulin secretion in an obesehyperglycaemic ob/ob mouse model of T2D [62]. The analysis also pointed to the presence of diabetes susceptibility
loci on chromosomes 3q29 and 8p22, which have been previously linked with an increased risk for diabetes mellitus in
other populations [60, 63]. Candidate genes in these regions
include lipoprotein lipase (LPL), previously associated with
insulin resistance in Mexican Americans [63], and type 1
protein phosphatase inhibitor 2 (PPR12), which constitutes
a key component of the insulin signalling pathway through
the regulation of glycogen metabolism [64].
The recent analysis of genetic markers in 402 individuals
from a Western Australian Aboriginal community, including
89 patients with T2D, has identified novel DNA variants in
previously reported major metabolic pathways that influence
predisposition towards obesity and T2D [21]. Of these 89
individuals affected by T2D, 65 were of unadmixed Martu
ancestry (an Indigenous Australian people, who are part of
the Western Desert cultural block) and 24 individuals of
mixed ethnicity. Although none of the identified SNPs
achieved genome-wide significance, likely due to the small
sample size, the SNP analysis identified multiple risk genes
for BMI and T2D, with many in known candidate genes
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identified in previous studies on other ethnic groups. The top
hit was neurotrophic receptor tyrosine kinase 2 (NTRK2),
which regulates eating behaviour and energy homeostasis
via melanocortin-4 receptor (MC4R). Interestingly, MCR4
was also found as a candidate gene in this study, and although
an association of NTRK2 with T2D has not been previously
reported, MCR4 is a well-known risk gene for high BMI
[65–67]. Another top candidate gene identified by this study
was insulin-like growth factor 2 mRNA-binding protein 2
(IGF2BP2), which has also been previously identified as a
T2D susceptibility gene in other ethnic groups [68–70].
This analysis has provided stronger evidence for an association between Indigenous BMI and SNPs that lie in the
intergenic region between SLC28A3 and NTRK2 on chromosome 9q21.33, as well as with PIK3C2G, a gene linked with
T2D and low serum insulin levels in Japan [71], and
CNTNAP2 [72], a gene required for proper localization of
the potassium voltage-gated channel KCNA1, although both
to a lesser degree.
Furthermore, the results from the Aboriginal genome analysis identified BCL9 as a novel diabetes risk gene. BCL9, a
transcription coactivator, modulates the function of the WNTsignalling pathway [73], which is known to be involved in the
development of T2D [74]. Moreover, this first genome-wide
analysis in an Australian Aboriginal population identified
KCNJ6, KCNA1, and GABRR1, all involved in regulating
pancreatic function, as diabetes susceptibility genes among
Indigenous Australians.
Taken together, these results from the first GWAS performed on Indigenous Australians did not point to susceptibility genes that can by themselves explain the disproportionally
high risk of T2D in Aboriginal populations. Notably, recent
genomic analysis indicated that Aboriginal Australians first
diverged from Eurasian populations approximately
50,000 years ago and, as highlighted above, subsequently
admixed with multiple archaic populations including
Denisovans and Neanderthals [46]. As Oceanians have the
largest frequency of Denisovan admixture in the world, such
archaic lineages might be expected to have more effect on
Australians than on other populations, especially as
Neanderthal-inherited sequences continue to have measurable
impacts on gene expression that contribute to variation in
modern human phenotypes elsewhere [22].
Although the limitation of the first GWAS study in
Australian Aboriginals was its small sample size with subsequently limited power, we hope that the results from this
pioneering study will stimulate replication studies in other
Indigenous Australian groups with the key goal of improving
healthcare outcomes. Furthermore, future identification of risk
variants for T2D in Indigenous Australians may need to consider genetic admixture from archaic populations [13], recently implicated in the pathogenesis of diabetes in Mexican and
Latino Americans [15].
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5 Genetic adaptation to dietary
and environmental changes
Changes in food availability and diet composition may have
also significantly influenced the metabolic health of
Indigenous Australians. Before the recent arrival of
Europeans, for thousands of years, Aboriginal people lived
as hunter-gatherers with a high reliance on animal-based foods
coupled with the relatively low (by Western modern standards) carbohydrate content of wild plant foods. Modern reconstructions of worldwide hunter-gatherer diets have revealed their very high protein content from which indigenous
people derive between 19 and 50% of their total energy supply
[25]. In contrast, modern diets provide on average more than
70% of energy intake from refined sugars, refined vegetable
oils, highly processed cereals and dairy products [75]. The
evolutionary mismatch between modern dietary constituents
and the food available prior to the agricultural revolution has
been considered a major factor in the obesity epidemic [76].
In contrast to the relatively slow changes in the composition of modern diets for the European population, including
the increase of carbohydrates associated with the agricultural
transition, a fast and very recent introduction of modern diets
may have been deleterious to the metabolic health of
Aboriginal populations. The concept of ‘limited opportunity’
for genetic adaptation towards these new environmental factors in Australian Aboriginal populations has also been supported by the observation that the presence of European HLA
haplotypes in Indigenous Australians is protective against
obesity [23]. Proposed mechanisms for the evolutionary origins of the current obesity epidemic among Indigenous
Australians include the ‘thrifty gene’ hypothesis [24, 30] and
epigenetic factors, particularly in conjunction with the loss of
traditional lifestyles and associated changes to a Western diet.
The physiological system that once encouraged survival in
times of famine may thus now be contributing to obesity with
excess calories being stored as energy-rich fat to combat potential times of scarce resources [77, 78]. Furthermore, the
presence of ‘thrifty genes’ might have conferred a significant
reproductive advantage as fertility and the chances of successful pregnancy diminish once the body fat mass falls below a
critical threshold [79]. Alternatively, modern environmental
exposure may be exacerbating the effects of candidate genes,
with genotypic effect sizes being larger than those seen in
other populations. It is, however, important to point out that
there is a lack of compelling evidence for gene-gene and geneenvironment interactions in multifactorial diseases [80], possibly a corollary methodological challenges in human observational studies being marred by variability in study designs
and exposure to measurement error [81]. Therefore, alternative hypotheses have been proposed to explain the heterogeneity of diabetes and obesity between and within populations
[31]. A modified ‘thrifty genes hypothesis’ suggested that
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only agricultural societies experienced food scarcity during
cyclical famine with sufficient pressure to select for thrifty
genes [27]. Furthermore, given the recent advent of agriculture (approximately 10,000 years ago), most polymorphisms
causing obesity have had insufficient time to move towards
fixation [30]. Recent introduction to a diabetogenic diet negatively affected metabolic health in Native Americans and
Pacific Islanders, while Europeans were pioneer farmers and
appear to have become partially adapted to the diet through
longer-term natural selection [82]. Notably, a temporary reversion to a traditional hunter-gatherer lifestyle among a group of
Indigenous Australian adults resulted in significant improvements in cardio-metabolic risk profiles related to diabetes
mellitus [83].
The challenges associated with the ‘thrifty genes hypothesis’ have been extrapolated to the potential role of intrauterine
undernutrition with future increased risk for metabolic disorders in the developing foetus. Poor foetal growth due to undernutrition during pregnancy has been associated with future
risk of T2D through the underdevelopment of foetal pancreatic beta cells, increased peripheral insulin resistance, and subsequent hyperglycemia due to increased adipose tissue deposition [84]. Finally, a genetic drift hypothesis proposed that
obesity is a consequence of random mutation and drift in
genes that regulate the upper limits of body weight control
and that obesity predisposing alleles are selectively neutral
[31]. Notably, the findings from an analysis of 65 loci associated with susceptibility to T2D mellitus in samples of African,
European and East Asian ancestry failed to find evidence in
support of the thrifty gene hypothesis [32], congruent with
studies that considered T2D as being neutral from an evolutionary perspective [85, 86] because it largely presents in postreproductive ages. It is important, however, to point out that
T2D has polygenic inheritance with both rare and common
genetic traits contributing to the effects of individual risk variants. Furthermore, the findings from a meta-analysis of
genome-wide association studies identified that the rarer genetic variants tend to have larger effects on T2D risk and are
more likely to be at low frequencies in the population due to
negative selection [37]. Other recent analysis further challenged the ‘thrifty genes hypothesis’ with little evidence for
positive selection at SNPs linked to BMI, combined with selection favouring leanness at some alleles, thus disputing the
suggestion that obesity provided a selective advantage to survive famines, or any other selective advantage [36].
The identification of genetic loci with a major role in modifying dietary behavior in modern humans has largely been
limited to genes associated with energy metabolism pathways,
including carbohydrate digestive enzymes. A well-known example is the genetic basis of lactase persistence, encoded by
the gene for the lactase enzyme (LCT) that breaks down milksugar lactose. The production of lactase declines after weaning
in all mammals including humans [87]. However, some
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humans are lactase persistent, a trait that is particularly common in some parts of the world, for example Northern Europe
and Eastern Africa [88, 89]. Lactase persistence evolved in
cultures where dairy products are consumed in high quantities,
typically pastoral cultures. The current models trace the mutation associated with the lactase persistence trait back to the
time of animal domestication [90–93]. Another interesting
example of the evolution of metabolic enzymes in humans is
the positive selection on salivary amylase (AMY1) gene copy
number, which correlates positively with human populations
that have historically favored a high-starch diet [94]. Whereas
the Neanderthals had only one copy of AMY1, over 98% of
modern humans carry multiple copies of the gene [43, 94, 95].
In addition to the LCT and AMY1 genes, many other enzymes
may be important in dietary adaptations. The NAT2 gene encodes the drug metabolizing enzyme N-acetyltransferase 2,
which has been shown to be a possible target of selective
pressures associated with the agricultural transition [96].
Other genes involved in metabolism also carry signals of selection in genome-wide studies, thus raising the possibility
that most of the selection identified in these studies coincide
with the transition to agriculture and animal farming [97].
Another candidate gene possibly responsible for the
adaption to modern diets is NTRK2, a neurotrophic receptor
tyrosine kinase 2, which has been shown to regulate mammalian eating behaviour and energy balance downstream of
the melanocortin-4 receptor (MC4R) through the brainderived neurotrophic factor BDNF [26, 98]. The NTRK2
protein has previously been established to regulate BMI,
and a mutation in NRTK2 has been identified in patients
with severe obesity [99] as well as being linked with mood
disorders [100]. Interestingly, the regulatory regions of
NTRK2 lie in a genetic region that has been shown to be
influenced by so-called ‘positive selective sweeps’ that took
place after the last admixture between Denisovans,
Neanderthals and modern humans [22, 101]. These areas,
suggested to have been under positive selection, are characterized by unusually long and high frequency genomic regions with low genetic diversity. These ancient stretches
have been proposed to have reached fixation faster than
what is expected under neutral evolution [91]. One explanation could be that these positive selective sweeps have
been unusually strong and not allowing enough time for
recombination to occur, thereby leading to a fixation of a
whole genetic region [101]. Therefore, although there is no
unequivocal evidence to support the hypothesis that the
Neanderthal haplotype-tagging SNPs in NTRK2 are associated with obesity in Indigenous Australians, such a hypothesis is compelling. Further studies are required to test the
hypothesis that positive selective sweeps have occurred in
human genes such as NTRK2, and these are particularly
needed to advance the molecular understanding of obesity
related pathways in Australia’s Indigenous communities.
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It can be argued that short-term changes in body height and
body weight are not the result of changes in gene frequencies,
but simply adaptive, non-heritable responses to changing living conditions and the ability of the human body to respond to
such changes is a product of its earlier evolution [102]. The
vast majority of mutations that occur are either neutral with
respect to fitness (defined as the individual’s ability to survive
and reproduce) or are disadvantageous. If they are disadvantageous, they will tend to be removed from the population
because their bearers will be less likely to survive and/or reproduce (negative selection). Occasionally, a new mutation
confers a selective advantage and increases the fitness of individuals bearing it (positive selection), so that it will eventually reach fixation. Changes in gene frequencies by natural
selection are determined by differences in fertility and mortality over generations, which ultimately determine the fitness of
a particular population in a given environment [103, 104].
A recent analysis of 118 countries found a negative correlation between natural selection as measured by a ‘Biological
State Index’ and the incidence of diabetes mellitus [35]. The
Biological State Index of a given population represents the
likelihood of an individual passing their genes to the next
generation [105]. The lower the ratio, the less opportunity
for selection [35]. Interestingly, in that study, the relationship
between the prevalence of diabetes mellitus and reduced natural selection, after controlling for income and urbanization,
was stronger for type 1 diabetes mellitus (T1D) (R2 = 0.55)
than for T2D (R2 = 0.13) [35]. Such a result could be partly
explained by an improvement in life expectancy, through effective insulin treatment effectively negating the genetic susceptibility to type 1 and, to a lesser extent, type 2 diabetes.
Although T2D mellitus is overrepresented in Aboriginal
Australians, recent data reveal a similar incidence rate of
T1D among Aboriginal and Torres Strait Islander people and
non-indigenous Australians [106]. T1D is a chronic immunemediated disease-causing attrition and death of the insulinproducing pancreatic β cells, resulting in a life-long requirement for exogenous insulin. T1D is recognized to have a
multi-factorial pathogenesis, in which both genetic and environmental factors play important roles [107]. Today, >60 loci
associated with T1D have been identified, with human leukocyte antigen (HLA) association being the strongest [108]. In
most countries, the incidence of T1D is increasing by ~3–4%
every year, most notably in children and adolescents likely
due to earlier and greater affordability of insulin and improved
healthcare. In the Ruhli et al. study [35], there was a stronger,
positive association between the Biological State Index and
the prevalence of T1D in regions where insulin was available
earlier due to improved access to health services. In Australia,
life expectancy at birth for people with T1D has been estimated to be about 12 years less than the general Australian population [109]. These results are comparable with a Scottish
study, which indicated an estimated loss of life expectancy
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at age 20 of approximately 11 years for men and 13 years
for women compared to the general population without T1D
[110]. In most countries [109], patients with T1D have fewer
children than their unaffected siblings. This effect is more
evident in women and in older birth cohorts. Onset of T1D
as an adult rather than a child is associated with a higher
number of offspring, even after accounting for birth cohort
and disease duration [111]. These data are suggestive of lower
fitness (reproductive success) of individuals with early T1D
compared with individuals with T2D in the modern environment. Therefore, a better understanding of genetic and environmental mechanisms of T1D has strong potential to contribute to novel, more effective treatment strategies for this chronic medical disorder.
Environmental factors such as age, obesity, physical activity and diet have a crucial role in the development of obesity
and T2DM. These factors may change patterns of gene expression via epigenetic mechanisms, including DNA methylation, histone modification and microRNA regulation. DNA
methylation, the addition of a methyl group at the fifth position of the cytosine ring, is an important molecular mechanism
of epigenetic modification [112]. Furthermore, DNA sequence variations such as CpG-SNP, structural variations
and gene–gene interactions can also modulate epigenetic
regulation.
The epigenetic contribution to obesity and diabetes has
been extensively studied in animal models including nonhuman primates and to a much lesser degree in human studies.
Limited observational studies reported that obesity and related
phenotypes induce epigenetic dysregulation with altered
methylation patterns in humans with T2D compared with
non-diabetic controls. Together, these studies support a link
between BMI and epigenetic variation of candidate genes for
both obesity and T2D, which seems to affect gene expression
and metabolism. The reader is referred to a recent review
summarising epigenetic impacts on important target tissues
in humans that contribute to deranged metabolism including
pancreatic islets, adipose tissue and skeletal muscle [113].
Growing evidence indicates that, apart from obesity, several epigenetic risk factors, including the unfavourable environment of hyperglycemia and insulin resistance during intrauterine development, may contribute to increasing diabetes rates
in Indigenous young people [38, 114]. Strong epidemiological
data link human prenatal exposure to famine with persistent
epigenetic differences, as well as increased risk of disease later
in life [29, 115]. Indigenous Australians have a high prevalence of gestational diabetes (GDM) [33]. Moreover, they face
a fourfold risk of developing type 2 diabetes after pregnancies
complicated by GDM in comparison with non-indigenous
women [34], thus triggering an increased transgenerational
risk of metabolic disease. The uterine environment of hyperglycemia and insulin resistance may induce changes in DNA
methylation with subsequent lifelong metabolic risk possibly
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influenced by this timing of exposure [116]. Such a relationship between changes in DNA methylation and impaired metabolic homeostasis has been observed among the Pima Indian
peoples of Arizona. Their children, who were exposed to intrauterine hyperglycaemia, had a 3.7-fold higher risk of type 2
diabetes with higher body mass index compared to siblings
who were born before the mother developed diabetes, suggesting an even greater contribution of the intrauterine environment than underlying genetic susceptibility [114].
Intrauterine exposure to maternal diabetes and obesity may
contribute to up to 47% of T2D in youth, with affected children developing metabolic disease earlier than the preceding
generation [28].
Clearly future large-scale genomic studies and studies specifically addressing environmental risk factors are required to
improve our understanding of the biological mechanisms underlying T2D and other common metabolic diseases, and this
is especially true for severely understudied Indigenous
Australian communities.
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