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Abstract 

Over twenty-five years of research into diabetes type two mellitus, a working hypothesis 
has formed to advance the development of precision therapy for this condition. Previous studies 
that used amplified genomic DNAs for genome
researchers. However, a recent investigation used next
demonstrate a crucial down-regulation of two genes, TPD52L3 and NKX2
covers key principles for understanding the hypothesis, i
atomistic glucose and glucose transport, β
membranes, membrane flexibility, and pre
the T2D enigma from a genetic and evolutionary standpoint with the aim of gaining insight into 
the reasons that underpin the growing genetic predisposition and positive natural selection of 
T2D.This paper will evaluate the T2D enigma from a genetic and evolutionary standp
the aim of gaining insight into the reasons that underpin the growing genetic predisposition and 
positive natural selection of T2D.
associated with disease vulnerability

Key Words: Type two diabetes, 
health outcomes. 

1.0. Introduction 
Diabetes Mellitus (DM) is a disease not transmitted by a pathogen capable of switching 

isotypes and evading human bodily detection, but instead, it is caused by much more insidious and 
surreptitious invader: the western way of life. DM is multifactorial, s
of interrelated factors including genetics, diet and lifestyle 
disease is classified into three subtypes: type I (non
type II (insulin dependent diabetes mellitus, IDDM), and Diabetes Insipidous. The variation between 
these pathologies relates largely to aetiology. Type I DM (T1D) is an inborn condition characterised by 
autoimmune destruction of pancreatic islet cells that produce insulin, a hormo
uptake of glucose into cells. On the other hand, type II DM (T2D) is an acquired condition, whereby 

pancreatic -cells become desensitized to insulin (insulin resistance), resulting in an inability to absorb 
free glucose. Diabetes insipidous is a rare condition with hallmark hypersecretion of vasopressin that 
regulates kidney function.  
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five years of research into diabetes type two mellitus, a working hypothesis 
has formed to advance the development of precision therapy for this condition. Previous studies 
that used amplified genomic DNAs for genome-wide searches of human genes misled many 
researchers. However, a recent investigation used next-generation RNA sequencing to 

regulation of two genes, TPD52L3 and NKX2-1. This compendium 
covers key principles for understanding the hypothesis, including glucose effectiveness, genetics, 
atomistic glucose and glucose transport, β-cell functions, insulin sensitivity, free fatty acids, cell 
membranes, membrane flexibility, and pre-diabetes type 2. Furthermore,this paper will evaluate 

rom a genetic and evolutionary standpoint with the aim of gaining insight into 
the reasons that underpin the growing genetic predisposition and positive natural selection of 

This paper will evaluate the T2D enigma from a genetic and evolutionary standp
the aim of gaining insight into the reasons that underpin the growing genetic predisposition and 
positive natural selection of T2D.This paper additionallyaddresses the 10 evolutionary questions 
associated with disease vulnerability.  

Type two diabetes, insulin resistance, monogenic inheritance, polygenic subset

Diabetes Mellitus (DM) is a disease not transmitted by a pathogen capable of switching 
isotypes and evading human bodily detection, but instead, it is caused by much more insidious and 
surreptitious invader: the western way of life. DM is multifactorial, showing clinically due to a number 
of interrelated factors including genetics, diet and lifestyle (Kahn, Cooper, & Del Prato, 2014
disease is classified into three subtypes: type I (non-insulin dependent diabetes mellitus, NIDDM), 

diabetes mellitus, IDDM), and Diabetes Insipidous. The variation between 
these pathologies relates largely to aetiology. Type I DM (T1D) is an inborn condition characterised by 
autoimmune destruction of pancreatic islet cells that produce insulin, a hormone that promotes the 
uptake of glucose into cells. On the other hand, type II DM (T2D) is an acquired condition, whereby 

cells become desensitized to insulin (insulin resistance), resulting in an inability to absorb 
pidous is a rare condition with hallmark hypersecretion of vasopressin that 
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The uneven geographical distribution of DM is both curious and evolutionarily puzzling. 
The question remains as to why the gene variants continue to pe
disease when associated gene variants should be limited by natural selection 
Ségurel et al., 2013). This paper will evaluate the T2D enigma from a genetic and evolutionary 
standpoint with the aim of gaining insight into the reasons that underpin the growing genetic 
predisposition and positive natural selection of T2D. In particular, this paper will address the 10 
evolutionary questions associated with disease vulnerability put forward by 
understanding of the genetic evolution of T2D will advance medical applications to alleviate the 
significant health, economic and mortality burden of the disease 
2010).  

2.0. Pathophysiology of Type II Diabetes Mellitus
 

Glucose homeostasis is managed through a series of feedback mechanisms featuring the 

pancreatic -cells, which secrete insulin, and various insulin

dependent on -cell responses to increasing glucose concentratio

high levels of insulin secretion are capable of overcoming rising insulin

to facilitate homeostatic glucose control 
delivering adequate insulin to sensitize tissues to glucose

glucose levels (Kahn et al., 2014). The insufficiency of 
nature, with several distinct body systems playing a role 
is presently recognised that both inadequate insulin secretion and insulin resistance are linked to T2D 
(Florez, 2008; Kahn et al., 2014).  

The complication of T2D can be potentially fatal if unmanaged. Uncontrolled glucose 
can lead to hypoglycemic attacks, hyperosmolar hyperglycemic nonketotic syndrome (HHNS), and 
various vasculopathies, including microvascular complications within the eye, k
macrovascular complications within the heart, brain and peripheral blood supply 
Collectively these consequences may further rapid renal and cardiac failure, as well as risks of 
cerebrovascular accidents (i.e. stroke), and significantly d

Of central importance to this paper is the difference between early
T2D variants. The first, early-onset subtype, is recognised to occur through monogenic inheritance, 
while the second is linked to polygenic traits and is commonly acquired rather than inherited 
Gu, Cheng, Narayan, & Cowie, 2007; Stumvoll, Goldstein, & van Haeften, 2005
and pathologically, this variation may provide an explanation to the survivorship of T2D alleles within 
the gene pool. 
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The uneven geographical distribution of DM is both curious and evolutionarily puzzling. 
The question remains as to why the gene variants continue to persist in the gene pool and underpin the 
disease when associated gene variants should be limited by natural selection (Ayub et al., 2014

. This paper will evaluate the T2D enigma from a genetic and evolutionary 
standpoint with the aim of gaining insight into the reasons that underpin the growing genetic 

sitive natural selection of T2D. In particular, this paper will address the 10 
evolutionary questions associated with disease vulnerability put forward by Nesse (2011)
understanding of the genetic evolution of T2D will advance medical applications to alleviate the 
significant health, economic and mortality burden of the disease (Bonnefond, Froguel, & Vaxillaire,

2.0. Pathophysiology of Type II Diabetes Mellitus 

Glucose homeostasis is managed through a series of feedback mechanisms featuring the 

cells, which secrete insulin, and various insulin-sensitive tissues that are therefore highly 

cell responses to increasing glucose concentrations (Kahn et al., 2014)

high levels of insulin secretion are capable of overcoming rising insulin-resistance by 
to facilitate homeostatic glucose control (Kahn et al., 2014). In T2D, -cells become incapable of 
delivering adequate insulin to sensitize tissues to glucose, leading to consequential rises in serum 

. The insufficiency of -cells is both genetic and environmental in 
nature, with several distinct body systems playing a role (Bonnefond et al., 2010; Kahn et al., 2014

dequate insulin secretion and insulin resistance are linked to T2D 

he complication of T2D can be potentially fatal if unmanaged. Uncontrolled glucose 
can lead to hypoglycemic attacks, hyperosmolar hyperglycemic nonketotic syndrome (HHNS), and 
various vasculopathies, including microvascular complications within the eye, kidney and nerves, and 
macrovascular complications within the heart, brain and peripheral blood supply (Kahn et al., 2014
Collectively these consequences may further rapid renal and cardiac failure, as well as risks of 
cerebrovascular accidents (i.e. stroke), and significantly diminish ones quality of life.  

Of central importance to this paper is the difference between early-onset and adult
onset subtype, is recognised to occur through monogenic inheritance, 

genic traits and is commonly acquired rather than inherited 
Stumvoll, Goldstein, & van Haeften, 2005). Both genetically 

and pathologically, this variation may provide an explanation to the survivorship of T2D alleles within 
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3.0. Genetics of Type II Diabetes Mellitus (T2D)
 

Medical and evolutionary genetics continues to play an important role in our 
understanding of disease (Nesse, 2011)
evolutionary development of humans, not simply for positive adaptations, but 
maladaptive traits that continue to permit and progress disease 
no valid method for formulating hypotheses and testing maladaptive traits and their development 
exists, making it difficult to understand the causational genetics that render humans vulnerable to 
diseases such as T2D. 

Genetic contributions to T2D are widely recognised for both early
identified as being primarily monogenic (Table 1), and 
2007; Kahn et al., 2014; Stumvoll et al., 2005
evident that significant genetic heterogeneity is present among subtypes, illustrating the convoluted 

nature of -cell signaling pathways (Florez, 2008

been shown to include both insulin resistance and 
secretion (Florez, 2008).  

Evidence that is fundamental in demonstrating the genetic and evolutionary 
characteristics of T2D is the link between relatives. T2D has a high concordance rate (approximately 
70%) between monozygotic twins compared to the lower concordance in dizygotic tw
30% (Kaprio et al., 1992). The intergenerational genetic relationship is also an important metric. 
Children whose parents have T2D have a 40% lifetime risk of developing the c
figure is greater if the mother is diabetic and significantly greater
parents suffer T2D (Groop et al., 1996)
the likelihood of T2D in those with first
2005). An explanation as to why T2D relatives have such a high risk of developing the condition 
remains challenging. 

Genome-wide association studies (GWAS) have demonstrate
related to T2D (Morris et al., 2012). Furthermore, 53 gene loci have connected to serum insulin and 
glucose concentrations and a significant proportion of these (33 gene loci) have been linked to T2D 
(Morris et al., 2012; Sniderman, Bhopal, Prabhakaran, Sarrafzadegan, & Tchernof, 2007
Interestingly, while some of the genetic material demonstrated to be associated with T2D
proportion code for known products (Kahn et al., 2014
little benefit in prediction of disease risks compared to conventional clinical indicators 
al., 2008).   
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2005). An explanation as to why T2D relatives have such a high risk of developing the condition 

wide association studies (GWAS) have demonstrated greater than 50 gene loci 
. Furthermore, 53 gene loci have connected to serum insulin and 

glucose concentrations and a significant proportion of these (33 gene loci) have been linked to T2D 
Sniderman, Bhopal, Prabhakaran, Sarrafzadegan, & Tchernof, 2007

Interestingly, while some of the genetic material demonstrated to be associated with T2D
Kahn et al., 2014). Finally, the T2D gene associations provide 

little benefit in prediction of disease risks compared to conventional clinical indicators 

THE EVOLUTION OF TYPE II DIABETES MELLITUS: HOW THE MALADAPTIVE DISEASE CONTINUES TO SURVIVE SELECTIVE PRESSURES. 

Medical and evolutionary genetics continues to play an important role in our 
. Of particular significance in this case of T2D is the 

for seemingly 
(Crespi, 2000). Indeed, 

no valid method for formulating hypotheses and testing maladaptive traits and their development 
making it difficult to understand the causational genetics that render humans vulnerable to 

onset T2D, which is 
onset (Table 2) subtypes (Gregg et al., 

. Through inquiry into the distinct T2D variants, it is 
evident that significant genetic heterogeneity is present among subtypes, illustrating the convoluted 

. As previously mentioned, T2D pathogenesis has 

cell dysfunction resulting in a decrease in insulin 

Evidence that is fundamental in demonstrating the genetic and evolutionary 
characteristics of T2D is the link between relatives. T2D has a high concordance rate (approximately 

ins, which is 20-
. The intergenerational genetic relationship is also an important metric. 

ondition. Moreover, this 
up to 70% lifetime risk—if both 

. Prospectively, studies have demonstrated a double increase in 
 (Lyssenko et al., 

2005). An explanation as to why T2D relatives have such a high risk of developing the condition 

d greater than 50 gene loci 
. Furthermore, 53 gene loci have connected to serum insulin and 

glucose concentrations and a significant proportion of these (33 gene loci) have been linked to T2D 
Sniderman, Bhopal, Prabhakaran, Sarrafzadegan, & Tchernof, 2007).  

Interestingly, while some of the genetic material demonstrated to be associated with T2D, a small 
. Finally, the T2D gene associations provide 

little benefit in prediction of disease risks compared to conventional clinical indicators (Lyssenko et 



2571 THE EVOLUTION OF TYPE II DIABETES MELLITUS: HOW THE MALADAPTIVE DISEASE CONTINUES TO SURVIVE SELECTIVE PRESSURES

 

Table 1. Monogenic subtypes of T2D. Adapted from 
of type 2 diabetes. Trends in molecular medicine
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Table 2. T2D susceptibility genes and genetic loci. Adapted from 
emerging genetics of type 2 diabetes. 
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4.0. Evolutionary Theories for the Positive Selection of Type II Diabetes
 

The plethora of underlying genetic mechanisms of T2D, both monogenic and polygenic, 
renders difficulty in establishing an evolutionary rationale for its survivorship as a disease trait. 
Multiple trait analysis is required to assess the evolution of T2D wit
therefore variation in traits among groups appears to limit genetic and evolutionary discourse. 
Nonetheless, the polygenic variant represents the opportunity for exploring the uniform traits. 

Up to 65 predisposing genetic lo
candidate gene studies, with the association signal being determined by alleles on common haplotypes 
(Ayub et al., 2014). Moreover, fine-mapping and transethnic data suggest with a significant degree of 
scientific vigour, a single causal allele 
causative allele remains elusive.  

One explanation for why T2D genes remain in the gene pool is the so
genotype hypothesis’ described first by 
metabolic thrift (i.e. susceptibility) of human ancestry exposed to successive cycles of feast and famine 
(Wells, 2009). Accordingly, therefore, humans would demonstrate this thrifty adap
both abundant food and hallmark contemporary sedentism of western life, subsequently predisposing 
to diseases such as T2D and obesity (Ayub et al., 2014
the thrift hypothesis would then suggest that the rapid insulin response to intermittent feeding was an 
asset to hunter-gatherers, primarily because it minimisedglucosuria as result of renal glucose secretion 
(Neel, Weder, & Julius, 1998). Indeed, this response seems to align with the environmental demands 
of the day and may subsequently explain the susceptibility of humans now that hyperalimentation is 
common throughout the developed world. 

 There is alternate hypothesis to that proposed by Neel (1962) that suggests the presence of 
protective (non-thrifty) rather than susceptibility (thrifty) alleles. Indeed, it is possible like many 
genetic traits that the T2D phenotype is expressed according to the unique i
protective and susceptibility genes. Firstly, several studies have been unsuccessful in detecting risk 
alleles (Chen et al., 2012; Klimentidis, Abrams, Wang, Fernandez, & Allison, 2011
2013). However, these studies have been based on small loci datasets. Nevertheless all of these studie
favoured the possibility that positively selected protective alleles are more likely at play. Indeed, as 
demonstrated by Ségurel et al. (2013) it is possible th
protective alleles that have become advantageous according to population dynamics such as lifestyle 
and dietary intake. It is genetically plausible that selective pressures have reshuffled according to th
dietary changes associated with Western nations, and hence this may be the reason for ongoing T2D 
susceptibility and/or productivity within these populations. 
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Table 3. Addressing the ten evolutionary questions of disease vulnerability

Addressing the ten evolutionary questions of disease vulnerability

Nesse (2011) proposes ten questions of evo
four major tasks: 1) precisely defining the object of explanation; 2) specifying the kind of 
explanation sought; 3) listing and considering all viable hypothesis; and 4) describing the 
methods used for hypothesis testing. This paradigm is both useful for and relevant to 
analysing the high degree of susceptibility associated with T2D. The remaining part of this 
paper will be committed to answering the questions defined under each of Nesse’s (2011) 
tasks.   

Task 1 – precisely defining the object of explanation

T2D takes on two genetic forms, monogenic and polygenic that represent complexity in 
considering the reasons for disease progression, and therefore relies on a broad scope when 
assessing the condition. Evidently the polygenic form is both less understood and more 
prevalent, and for this reason is more applicable to future improvements in health initiatives. 
Indeed, as this is the case, cross-sectional analyses such as that performed by 
(2013) are crucial to our evolutionary understanding of the shifts in genetic pressures 
associated with the geographic and lifestyle factors linked to varying groups. 

Task 2 – specifying the kind of explanation sought

The objective must be focused on obtaini
genotypic links among groups with T2D. The subsequently goal must subsequently be to 
explain the phylogenic progression and selective pressures that shape the disease progression. 
A number of larger and smaller studies have found substantial connections between the 
genetics and evolutionary survivorship of T2D. Genetic and evolutionary discourse around 
the condition highlights a polymorphic pattern with ample evidence to suggest that T2D is 
underpinned by maladaptive genetic variations. The question remains as to the evolutionary 
advantages of the protective and/or susceptibility genes that continue to promote phenotypic 
expression of T2D.  

Task 3 – listing and considering the viable hypotheses

There are two major hypotheses formulated to explain the evolution of T2D: the thrifty or 
susceptibility hypothesis and the non-
possible hypothesis generated to explain the progression of T2D, the thrifty hypothesis has 
seen impetus in the body of literature. More contemporary findings propose that protective 
alleles rather than susceptibility alleles are to blame for T2D persistence. It appears that the 
dual consideration of a net outcome has been under
the polygenic nature of T2D in adults, it appears possible that the genetic basis of the disease 
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is both, succumbing to the susceptibility factors in those that express the disease and holding 
a greater genetic protective capacity in
presence of selective pressures and their role in the evolution of T2D. As a result of variation 
between populations, it is proposed that both diet and lifestyle play a role in the body’s 
genetic selection and its physiologic or pathologic reactions. 

Task 4 – describing the methods used to test the hypothesis

Multiple methods have been employed in the research of T2D genetics and evolution. A 
significant proportion has been directed towards identifyi
alleles associate with the condition utilising genomic analysis and GWAS.  Some effort has 
been assigned to comparative analysis of groups and considerations of the abovementioned 
genetic variables. Nonetheless, research m
taking particular note of the influences on genetic factors that may be present in specific 
populations or at specific locations.  

There are multiple explanations for the why the genetic puzzle of T2D rema
while research has touched on the ‘characteristics’ of the various T2D traits, no established 
theory explains why T2D is considered positive trait within an evolutionary paradigm. The 
evolutionary merit of the trait is largely limited to t
benefit in times of cycling famine and feasting. 

 5.0. Conclusion 

The evolutionary underpinnings of T2D remain an enigma. This essay has explored the 
genetics and evolutionary perspectives that are frontrunners in elucidating the evolutionary advantage 
of, and reasons for, T2D positive selection. Whether T2D allele selec
thrifty (i.e. susceptibility) or non-thrifty (i.e. protective) theories is polarizing. Indeed, the net 
combined outcome is one possible synthesis of the findings. Unfortunately, when comparing the 
current clinical utility of genetic screening to the non
provide convincing evidence to support the former. Further cross
studies need to focus on explaining the mechanisms behind the phylogenic strength
facilitate an enhanced understanding and improved capacity to harness such knowledge in augmenting 
health outcomes and reducing the burden of T2D. 

References 
Ayub, Q., Moutsianas, L., Chen, Y., Panoutsopoulou, K.

(2014). Revisiting the Thrifty Gene Hypothesis via 65 Loci Associated with 
Susceptibility to Type 2 Diabetes. 
94(2), 176-185. doi: 10.1016/j.ajhg.2013.12.010

THE EVOLUTION OF TYPE II DIABETES MELLITUS: HOW THE MALADAPTIVE DISEASE CONTINUES TO SURVIVE SELECTIVE PRESSURES

  

 

is both, succumbing to the susceptibility factors in those that express the disease and holding 
a greater genetic protective capacity in those that do not. Subsequently, this brings forth the 
presence of selective pressures and their role in the evolution of T2D. As a result of variation 
between populations, it is proposed that both diet and lifestyle play a role in the body’s 

ction and its physiologic or pathologic reactions.  

describing the methods used to test the hypothesis 

Multiple methods have been employed in the research of T2D genetics and evolution. A 
significant proportion has been directed towards identifying the various protective or risk 
alleles associate with the condition utilising genomic analysis and GWAS.  Some effort has 
been assigned to comparative analysis of groups and considerations of the abovementioned 
genetic variables. Nonetheless, research more cross-sectional research needs to be perfomed, 
taking particular note of the influences on genetic factors that may be present in specific 

There are multiple explanations for the why the genetic puzzle of T2D remains so. Firstly, 
while research has touched on the ‘characteristics’ of the various T2D traits, no established 
theory explains why T2D is considered positive trait within an evolutionary paradigm. The 
evolutionary merit of the trait is largely limited to the thrift hypothesis, which explains its 
benefit in times of cycling famine and feasting.  

The evolutionary underpinnings of T2D remain an enigma. This essay has explored the 
genetics and evolutionary perspectives that are frontrunners in elucidating the evolutionary advantage 
of, and reasons for, T2D positive selection. Whether T2D allele selection occurs in alignment with 

thrifty (i.e. protective) theories is polarizing. Indeed, the net 
combined outcome is one possible synthesis of the findings. Unfortunately, when comparing the 

enetic screening to the non-genetic screening factors of T2D, the data fails to 
provide convincing evidence to support the former. Further cross-sectional analysis and genome 
studies need to focus on explaining the mechanisms behind the phylogenic strength of T2D, in order to 
facilitate an enhanced understanding and improved capacity to harness such knowledge in augmenting 
health outcomes and reducing the burden of T2D.  

Ayub, Q., Moutsianas, L., Chen, Y., Panoutsopoulou, K., Colonna, V., Pagani, L., . . . Xue, Y. L. 
(2014). Revisiting the Thrifty Gene Hypothesis via 65 Loci Associated with 
Susceptibility to Type 2 Diabetes. AMERICAN JOURNAL OF HUMAN GENETICS, 

185. doi: 10.1016/j.ajhg.2013.12.010 

THE EVOLUTION OF TYPE II DIABETES MELLITUS: HOW THE MALADAPTIVE DISEASE CONTINUES TO SURVIVE SELECTIVE PRESSURES. 

is both, succumbing to the susceptibility factors in those that express the disease and holding 
those that do not. Subsequently, this brings forth the 

presence of selective pressures and their role in the evolution of T2D. As a result of variation 
between populations, it is proposed that both diet and lifestyle play a role in the body’s 

Multiple methods have been employed in the research of T2D genetics and evolution. A 
ng the various protective or risk 

alleles associate with the condition utilising genomic analysis and GWAS.  Some effort has 
been assigned to comparative analysis of groups and considerations of the abovementioned 

sectional research needs to be perfomed, 
taking particular note of the influences on genetic factors that may be present in specific 

ins so. Firstly, 
while research has touched on the ‘characteristics’ of the various T2D traits, no established 
theory explains why T2D is considered positive trait within an evolutionary paradigm. The 

he thrift hypothesis, which explains its 

The evolutionary underpinnings of T2D remain an enigma. This essay has explored the 
genetics and evolutionary perspectives that are frontrunners in elucidating the evolutionary advantage 

tion occurs in alignment with 
thrifty (i.e. protective) theories is polarizing. Indeed, the net 

combined outcome is one possible synthesis of the findings. Unfortunately, when comparing the 
genetic screening factors of T2D, the data fails to 

sectional analysis and genome 
of T2D, in order to 

facilitate an enhanced understanding and improved capacity to harness such knowledge in augmenting 

, Colonna, V., Pagani, L., . . . Xue, Y. L. 
(2014). Revisiting the Thrifty Gene Hypothesis via 65 Loci Associated with 

AMERICAN JOURNAL OF HUMAN GENETICS, 



2576 THE EVOLUTION OF TYPE II DIABETES MELLITUS: HOW THE MALADAPTIVE DISEASE CONTINUES TO SURVIVE SELECTIVE PRESSURES

Bonnefond, A., Froguel, P., & Vaxillaire, M. (2010). The emerging genetics of type 2 diabetes. 
Trends in molecular medicine, 16

Chen, R., Corona, E., Sikora, M., Dudley, J. T., Morgan, A. A., Moreno
A. J. (2012). Type 2 diabetes risk alleles demonstrate extreme directional differentiation 
among human populations, compared to other diseases. 
doi: 10.1371/journal.pgen.1002621

Florez, J. C. (2008). Newly identified loci highlight beta cell dysfunction as a key cause of type 2 
diabetes: Where are the insulin resistance genes? 
10.1007/s00125-008-1025

Gregg, E. W., Gu, Q., Cheng, Y. J., Narayan, K. M. V., & Cowie, C. C. (200
in Men and Women with Diabetes, 1971 to 2000. 
149-155. doi: 10.7326/0003

Groop, L., Forsblom, C., Lehtovirta, M., Tuomi, T., Karanko, S., Nissén, M., . . . Taskinen, M.
R. (1996). Metabolic consequences of a family history of NIDDM (the Botnia study): 
Evidence for sex-specific parental effects. 
10.2337/diab.45.11.1585 

Kahn, S. E., Cooper, M. E., & Del Prato, S. (2014). Pathophysiology and t
diabetes: perspectives on the past, present, and future. 
1083.  

Kaprio, J., Tuomilehto, J., Koskenvuo, M., Romanov, K., Reunanen, A., Eriksson, J., . . . 
Kesäniemi, Y. A. (1992). Concordance for type 1 (insuli
insulin-dependent) diabetes mellitus in a population
Diabetologia, 35(11), 1060

Klimentidis, Y. C., Abrams, M., Wang, J., Fernandez, J. R., & Allison, D. B. (2011)
selection at genomic regions associated with obesity and type
sub-Saharan Africans exhibit high levels of differentiation at type
Human Genetics, 129(4), 407

Lyssenko, V., Jonsson, A., Almgren, P., Pulizzi, N., Isomaa, B., Tuomi, T., . . . Groop, L. (2008). 
Clinical Risk Factors, DNA Variants, and the Development of Type 2 Diabetes. 
England Journal of Medicine, 359

Maller, J. B., McVean, G., Byrnes, J., Vukcevic, D., Palin, K., Su, Z., . . . Donnelly, P. (2012). 
Bayesian refinement of association signals for 14 loci in 3 common diseases. 
Genetics, 44(12), 1294-1301. doi: 10.1038/ng.2435

Morris, A. P., Voight, B. F., Teslovich, T. M., Ferreira, T., Segrè, A. V., Steinthorsdottir, V., . . . 
MäNnistö, S. (2012). Large

THE EVOLUTION OF TYPE II DIABETES MELLITUS: HOW THE MALADAPTIVE DISEASE CONTINUES TO SURVIVE SELECTIVE PRESSURES

  

 

Bonnefond, A., Froguel, P., & Vaxillaire, M. (2010). The emerging genetics of type 2 diabetes. 
Trends in molecular medicine, 16(9), 407-416. doi: 10.1016/j.molmed.2010.06.004

Chen, R., Corona, E., Sikora, M., Dudley, J. T., Morgan, A. A., Moreno-Estrada, A
A. J. (2012). Type 2 diabetes risk alleles demonstrate extreme directional differentiation 
among human populations, compared to other diseases. PLoS Genetics, 8
doi: 10.1371/journal.pgen.1002621 

tified loci highlight beta cell dysfunction as a key cause of type 2 
diabetes: Where are the insulin resistance genes? Diabetologia, 51(7), 1100

1025-9 

Gregg, E. W., Gu, Q., Cheng, Y. J., Narayan, K. M. V., & Cowie, C. C. (2007). Mortality Trends 
in Men and Women with Diabetes, 1971 to 2000. Annals of Internal Medicine, 147

155. doi: 10.7326/0003-4819-147-3-200708070-00167 

Groop, L., Forsblom, C., Lehtovirta, M., Tuomi, T., Karanko, S., Nissén, M., . . . Taskinen, M.
(1996). Metabolic consequences of a family history of NIDDM (the Botnia study): 

specific parental effects. Diabetes, 45(11), 1585-1593. doi: 
 

Kahn, S. E., Cooper, M. E., & Del Prato, S. (2014). Pathophysiology and treatment of type 2 
diabetes: perspectives on the past, present, and future. The Lancet, 383(9922), 1068

Kaprio, J., Tuomilehto, J., Koskenvuo, M., Romanov, K., Reunanen, A., Eriksson, J., . . . 
Kesäniemi, Y. A. (1992). Concordance for type 1 (insulin-dependent) and type 2 (non

dependent) diabetes mellitus in a population-based cohort of twins in Finland. 
(11), 1060-1067. doi: 10.1007/BF02221682 

Klimentidis, Y. C., Abrams, M., Wang, J., Fernandez, J. R., & Allison, D. B. (2011)
selection at genomic regions associated with obesity and type-2 diabetes: East Asians and 

Saharan Africans exhibit high levels of differentiation at type-2 diabetes regions. 
(4), 407-418. doi: 10.1007/s00439-010-0935-z 

enko, V., Jonsson, A., Almgren, P., Pulizzi, N., Isomaa, B., Tuomi, T., . . . Groop, L. (2008). 
Clinical Risk Factors, DNA Variants, and the Development of Type 2 Diabetes. 
England Journal of Medicine, 359(21), 2220-2232. doi: 10.1056/NEJMoa0801869

Maller, J. B., McVean, G., Byrnes, J., Vukcevic, D., Palin, K., Su, Z., . . . Donnelly, P. (2012). 
Bayesian refinement of association signals for 14 loci in 3 common diseases. 

1301. doi: 10.1038/ng.2435 

B. F., Teslovich, T. M., Ferreira, T., Segrè, A. V., Steinthorsdottir, V., . . . 
MäNnistö, S. (2012). Large-scale association analysis provides insights into the genetic 

THE EVOLUTION OF TYPE II DIABETES MELLITUS: HOW THE MALADAPTIVE DISEASE CONTINUES TO SURVIVE SELECTIVE PRESSURES. 

Bonnefond, A., Froguel, P., & Vaxillaire, M. (2010). The emerging genetics of type 2 diabetes. 
416. doi: 10.1016/j.molmed.2010.06.004 

Estrada, A., . . . Butte, 
A. J. (2012). Type 2 diabetes risk alleles demonstrate extreme directional differentiation 

PLoS Genetics, 8(4), 100-115. 

tified loci highlight beta cell dysfunction as a key cause of type 2 
(7), 1100-1110. doi: 

7). Mortality Trends 
Annals of Internal Medicine, 147(3), 

Groop, L., Forsblom, C., Lehtovirta, M., Tuomi, T., Karanko, S., Nissén, M., . . . Taskinen, M.-
(1996). Metabolic consequences of a family history of NIDDM (the Botnia study): 

1593. doi: 

reatment of type 2 
(9922), 1068-

Kaprio, J., Tuomilehto, J., Koskenvuo, M., Romanov, K., Reunanen, A., Eriksson, J., . . . 
dependent) and type 2 (non-

based cohort of twins in Finland. 

Klimentidis, Y. C., Abrams, M., Wang, J., Fernandez, J. R., & Allison, D. B. (2011). Natural 
2 diabetes: East Asians and 

2 diabetes regions. 

enko, V., Jonsson, A., Almgren, P., Pulizzi, N., Isomaa, B., Tuomi, T., . . . Groop, L. (2008). 
Clinical Risk Factors, DNA Variants, and the Development of Type 2 Diabetes. The New 

2232. doi: 10.1056/NEJMoa0801869 

Maller, J. B., McVean, G., Byrnes, J., Vukcevic, D., Palin, K., Su, Z., . . . Donnelly, P. (2012). 
Bayesian refinement of association signals for 14 loci in 3 common diseases. Nature 

B. F., Teslovich, T. M., Ferreira, T., Segrè, A. V., Steinthorsdottir, V., . . . 
scale association analysis provides insights into the genetic 



2577 THE EVOLUTION OF TYPE II DIABETES MELLITUS: HOW THE MALADAPTIVE DISEASE CONTINUES TO SURVIVE SELECTIVE PRESSURES

architecture and pathophysiology of type 2 diabetes. 
doi: 10.1038/ng.2383 

Neel, J. V. (1962). Diabetes mellitus: a "thrifty" genotype rendered detrimental by "progress"? 
AMERICAN JOURNAL OF HUMAN GENETICS, 14

Neel, J. V., Weder, A. B., & Julius, S. (1998). Type II diabetes, essential hypertens
obesity as 'syndromes of impaired genetic homeostasis': The 'thrifty genotype' hypothesis 
enters the 21st century. Perspectives in Biology and Medicine, 42
10.1353/pbm.1998.0060 

Nesse, R. M. (2005). Maladaptation and natural select
80(1), 62-70.  

Nesse, R. M. (2011). Ten questions for evolutionary studies of disease vulnerability. 
Evolutionary Applications, 4

Ségurel, L., Austerlitz, F., Toupance
(2013). Positive selection of protective variants for type 2 diabetes from the Neolithic 
onward: A case study in Central Asia. 
1146-1151. doi: 10.1038/ejhg.2012.295

Sniderman, A. D., Bhopal, R., Prabhakaran, D., Sarrafzadegan, N., & Tchernof, A. (2007). Why 
might South Asians be so susceptible to central obesity and its atherogenic 
consequences? The adipose tissue overflow hypothesis. 
Epidemiology, 36(1), 220

Stumvoll, M., Goldstein, B. J., & van Haeften, T. W. (2005). Type 2 diabetes: principles of 
pathogenesis and therapy. 
6736(05)61032-X 

Wells, J. C. K. (2009). Ethnic variability in adiposity and cardiovascular risk: the variable 
disease selection hypothesis. 
10.1093/ije/dyn183 

 

 

 

THE EVOLUTION OF TYPE II DIABETES MELLITUS: HOW THE MALADAPTIVE DISEASE CONTINUES TO SURVIVE SELECTIVE PRESSURES

  

 

architecture and pathophysiology of type 2 diabetes. Nature Genetics, 44

Neel, J. V. (1962). Diabetes mellitus: a "thrifty" genotype rendered detrimental by "progress"? 
AMERICAN JOURNAL OF HUMAN GENETICS, 14(4), 353-362.  

Neel, J. V., Weder, A. B., & Julius, S. (1998). Type II diabetes, essential hypertens
obesity as 'syndromes of impaired genetic homeostasis': The 'thrifty genotype' hypothesis 

Perspectives in Biology and Medicine, 42(1), 44-
 

Nesse, R. M. (2005). Maladaptation and natural selection. The Quarterly review of biology, 

Nesse, R. M. (2011). Ten questions for evolutionary studies of disease vulnerability. 
Evolutionary Applications, 4(2), 264-277. doi: 10.1111/j.1752-4571.2010.00181.x

Ségurel, L., Austerlitz, F., Toupance, B., Gautier, M., Kelley, J. L., Pasquet, P., . . . Heyer, E. 
(2013). Positive selection of protective variants for type 2 diabetes from the Neolithic 
onward: A case study in Central Asia. European Journal of Human Genetics, 21

8/ejhg.2012.295 

Sniderman, A. D., Bhopal, R., Prabhakaran, D., Sarrafzadegan, N., & Tchernof, A. (2007). Why 
might South Asians be so susceptible to central obesity and its atherogenic 
consequences? The adipose tissue overflow hypothesis. International Jou

(1), 220-225. doi: 10.1093/ije/dyl245 

Stumvoll, M., Goldstein, B. J., & van Haeften, T. W. (2005). Type 2 diabetes: principles of 
pathogenesis and therapy. The Lancet, 365(9467), 1333-1346. doi: 10.1016/S0140

Wells, J. C. K. (2009). Ethnic variability in adiposity and cardiovascular risk: the variable 
disease selection hypothesis. International Journal of Epidemiology, 38(1), 63

THE EVOLUTION OF TYPE II DIABETES MELLITUS: HOW THE MALADAPTIVE DISEASE CONTINUES TO SURVIVE SELECTIVE PRESSURES. 

Nature Genetics, 44(9), 981-990. 

Neel, J. V. (1962). Diabetes mellitus: a "thrifty" genotype rendered detrimental by "progress"? 

Neel, J. V., Weder, A. B., & Julius, S. (1998). Type II diabetes, essential hypertension, and 
obesity as 'syndromes of impaired genetic homeostasis': The 'thrifty genotype' hypothesis 

-74. doi: 

The Quarterly review of biology, 

Nesse, R. M. (2011). Ten questions for evolutionary studies of disease vulnerability. 
4571.2010.00181.x 

, B., Gautier, M., Kelley, J. L., Pasquet, P., . . . Heyer, E. 
(2013). Positive selection of protective variants for type 2 diabetes from the Neolithic 

European Journal of Human Genetics, 21(10), 

Sniderman, A. D., Bhopal, R., Prabhakaran, D., Sarrafzadegan, N., & Tchernof, A. (2007). Why 
might South Asians be so susceptible to central obesity and its atherogenic 

International Journal of 

Stumvoll, M., Goldstein, B. J., & van Haeften, T. W. (2005). Type 2 diabetes: principles of 
1346. doi: 10.1016/S0140-

Wells, J. C. K. (2009). Ethnic variability in adiposity and cardiovascular risk: the variable 
(1), 63-71. doi: 


