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The interplay of lifestyle and genetic
susceptibility in Type 2 diabetes risk

Paul W Franks'>* & Dmitry Shungin'?

Current risk algorithms containing information on common genetic variation are of little clinical utility
owing to their poor predictive ability.

It is likely that common genetic variants convey different levels of risk for Type 2 diabetes depending on
the environmental risk factors to which a person is exposed.

Practice Points
| |

improve the performance of genetic risk algorithms.

B At present, the most effective risk algorithms are those that do not include genetic information.
However, the inclusion of information on first-degree family history of diabetes, which to some extent
reflects a person’s genetic background, does meaningfully increase the predictive ability of many
diabetes risk algorithms.

B Human genetics research is moving at a very rapid pace. The continuing discovery of novel genetic
risk variants for Type 2 diabetes should be anticipated. The implementation of this information into
prediction algorithms may further enhance the clinical relevance of these tools.

B Genetic information may also prove valuable for the delineation of the molecular mechanisms that
cause Type 2 diabetes and reveal opportunities for the development of drug targets to prevent or treat
the disease.

B Where genetic risk varies across environmental contexts, it may be possible to harness this information to

SUMMARY Type 2 diabetes results from the complex interplay of adverse lifestyle
exposures and genetic predisposition. Accordingly, genetic information might one day
facilitate personalized medical interventions for diabetes prevention, thus minimizing
treatment costs, reducing patient exposure to ineffective therapies and improving patient
adherence to treatment recommendations and their prognosis. Here, we briefly overview
the roles that obesity, physical activity and dietary factors play in Type 2 diabetes; define
common approaches used to discover genetic risk factors and gene-lifestyle interactions;
provide relevant examples of gene-lifestyle interactions; and speculate on the application
of genetics to the prediction, prevention and treatment of diabetes.
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Type 2 diabetes is a disease of relative insulin defi-
ciency. Persons with well-managed diabetes can
live long and otherwise healthy lives, but when
management fails, diabetes has truly awful con-
sequences such as loss of limbs, blindness, kid-
ney failure and damage to the heart and vessels;
tragically, around 75% of people with diabetes
eventually die from cardiovascular disease [1,2].

Diabetes takes a grip when the pancreatic
B cells are no longer able to secrete sufficient vol-
umes of insulin to maintain whole-body glucose
homeostasis. Although an individual with fail-
ing P cells can transition quickly from impaired
glucose regulation (sometimes referred to as pre-
diabetes) to full-blown diabetes (3], the decline
in B-cell function and glucose uptake that pre-
cedes diabetes tends to gradually manifest over
many years, with an accelerated deterioration in
glucose control in the later stages (4]. The factors
that contribute to this decline are numerous, but
often involve obesogenic lifestyle behaviors such
as physical inactivity and dietary excess. Indeed,
at the point of diagnosis, approximately 80% of
people with Type 2 diabetes are estimated to be
obese [5.6].

Randomized controlled trials of intensive
lifestyle modification or drug monotherapy that
result in weight loss substantially reduce the pro-
gression to diabetes in high-risk individuals [7.8]
and bariatric surgery in people who are morbidly
obese and diabetic can result in almost immedi-
ate remission from the disease [9]. Nevertheless,
diabetes is by no means an inevitable consequence
of obesity, as many people who are obese never
develop the disease, suggesting the involvement
of one or more catalysts present in some people
but not in others, that are triggered by obesity or
its correlates. The relatively high familial risk of
diabetes [10-12] strongly suggests that those cata-
lysts may be genetic in nature and that Type 2
diabetes is therefore the consequence of complex
interactions between genetic and lifestyle factors.

In this article we discuss the relative contribu-
tions of obesity, genetics and lifestyle factors to
the etiology of Type 2 diabetes. We then exam-
ine selected studies that implicate gene—lifestyle
interactions in the disease and ask how valuable
knowledge of gene—lifestyle interactions is likely
to be for the prediction and prevention of diabetes.

Obesity & Type 2 diabetes

One of the major modifiable risk factors for
Type 2 diabetes is obesity, which is conven-
tionally defined as a BMI of at least 30 kg/m?.
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Although many obese people never develop dia-
betes, of those with the disease, most are obese
at the time of diagnosis. Largely because BMI
is easily measured, it is widely used in clinical
research and practice to quantify a person’s level
of overweight or obesity. However, BMI is a
proxy for several components of body compo-
sition, such as adipose mass, subtype and dis-
tribution, skeletal muscle mass, bone mass and
organ size. Because BMI is not a perfect correlate
of these traits, two people with the same BMI
may have radically different body compositions
(13] and underlying metabolic risk profiles [14].
Nevertheless, in diabetes research, where we are
often interested in adipose mass and distribution,
the correlation between BMI and these traits
is sufficiently strong [15] to permit meaningful
inferences about their relationships with diabetes
risk to be made using BMI as a proxy measure
of adiposity.

There are numerous mechanisms through
which obesity causes Type 2 diabetes, many of
which include insulin resistance brought about
by factors that detrimentally impact the sensi-
tivity of the body’s cells to insulin, such as lipid
accumulation in and around myocytes, adipocyte
hypertrophy, macrophage infiltration of adipo-
cytes and cellular inflammation. These processes
are augmented by elevations in adipocyte-derived
hormones such as resistin, retinol binding pro-
tein 4, TNF-o and IL-6 and a diminution in
adiponectin concentrations [16]. Obesity is also
highly heritable [17) and has a complex genetic and
epigenetic (18] basis that is only partially defined
at present [19].

Lifestyle factors & Type 2 diabetes

As obesity is a consequence of chronic positive
energy balance, there is a real opportunity to
impact diabetes risk through programs of inten-
sive lifestyle modification that lead to weight
loss. Indeed, numerous randomized clinical
trials have clearly shown that diet and exercise
interventions that result in weight loss can sub-
stantially reduce the progression to Type 2 dia-
betes when compared against the incidence in
a normal care control group [7.8]. Studies from
the 1980s of exercise training in Swedish men
with or without Type 2 diabetes provided some
of the first evidence that exercise can transiently
normalize blood glucose concentrations even in
persons with deficient pancreatic 3 cells [20]. The
reasons why exercise is so effective at restoring
glucose homeostasis is because the mechanisms
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for glucose disposal during exercise are largely
independent of those by which insulin operates
(21]. Dietary factors, on the other hand, impact
both insulin- and noninsulin-mediated glucose
disposal pathways [22]. Thus, dietary interven-
tions may have a greater capacity to prevent
diabetes than exercise intervention, although a
recent synthesis of clinical trial evidence suggests
that the combination of diet and exercise regimes
are probably required for diabetes risk reduction,
with neither proving tremendously efficacious
when acted on alone [23].

Approaches to discovering the genetic
basis to Type 2 diabetes

The initial methods that were used to iden-
tify genetic loci influencing Type 2 diabetes
risk included family-based linkage studies and
studies of biologic candidate genes. The linkage
approach involves studying the segregation of
a disease or trait within family pedigrees that
have been genotyped for a panel of (conven-
tionally ~500) microsatellite markers spaced
equally across the genome. In the event that the
trait and genetic markers co-segregated and a
linkage signal emerged, the respective genomic
region would then be sequenced in the hope
that the disease-causing locus could be mapped.
Although linkage studies proved successful for
the detection of rare, highly penetrant disease-
causing mutations, they failed almost entirely for
the detection of Type 2 diabetes loci. The only
exception is for 7CF7L2, which was discovered
by fine mapping a linkage peak identified on
chromosome 11 [24]. Ironically though, the gene
variants that emerged from this effort, which
have now been widely replicated for their asso-
ciation with Type 2 diabetes in multiple popula-
tions from around the world, were independent
of the linkage signal, appearing to have been a
largely serendipitous discovery.

A second approach to detect Type 2 diabetes-
associated loci involves collating biologic evi-
dence for the role of a gene in a given disease
and subsequently genotyping variants within the
selected gene within population-based or case—
control cohorts and testing these for an asso-
ciation with diabetes or a related trait. Only a
handful of loci detected using this approach have
been robustly replicated. Although it is possible
that variants within other biologic candidate
genes will subsequently be replicated, for the
time being this approach has not been terribly
successful, primarily because the information
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used to define candidate loci may have been unre-
liable and because most studies were probably
underpowered to detect association signals.

The third most widely deployed approach is
often referred to as the genome-wide associa-
tion study (GWAS). This method is relatively
new (the first GWAS for Type 2 diabetes were
published in 2007) [25-27], but has facilitated
truly remarkable discoveries with regard to the
genetic basis of Type 2 diabetes. The approach
completely contrasts the biologic candidate gene
approach in that it is agnostic to prior knowledge
about the role of a gene in a specific disease.
The GWAS method is essentially quite simple,
beginning with genotyping hundreds of thou-
sands or even millions of gene variants in very
large cohort collections (sometimes in excess
of 100,000 samples), with the imputation of
2-3 million more variants per individual. The
associations between each of these gene vari-
ants and the trait of interest are then tested [28].
Because the multiple hypothesis testing burden
is enormous, GWAS apply very stringent sig-
nificance thresholds (p < 1 x 10#) in order to
determine whether a variant is reliably associ-
ated with the disease trait; the level of statistical
significance used in GWAS is roughly equivalent
to a p-value below 0.01 after experiment-wide
Bonferroni correction.

Although progress in the discovery of Type 2
diabetes predisposing loci was painfully slow for
many years, the discovery of 7CF7L2in 2006 [24]
and the subsequent emergence of the paradigm-
leaping GWAS approach transformed this situ-
ation. Prior to 2006, only two adequately repli-
cated Type 2 diabetes loci (PPARG Prol2Ala [29)
and KCNJ11 E23K 30]) had been discovered in
roughly a decade of single nucleotide polymor-
phism (SNP)-based genetic research. However,
since 2006, SNDPs in almost 40 loci have been
robustly replicated, many emerging from GWAS
experiments [31]. Nevertheless, none of the dis-
covered loci have conveyed particularly large risk
effects and the aggregate predictive ability of all
confirmed Type 2 diabetes loci remains fairly
modest [31,32]. It is possible that the remaining
variability in a person’s heritable risk of diabetes
can be explained in part by rare genetic vari-
ants (with an allele frequency less than 1% in
a population) that are inadequately detected by
existing GWAS techniques [28,33]. Rare genetic
variants may have large effect sizes and thus
may explain much of the ‘missing heritability’
that GWAS failed to detect. Rapidly emerging

www.futuremedicine.com

301



REVIEW Franks & Shungin

302

next-generation sequencing technologies, which
allow high-resolution characterization of the
nuclear genome, may shed light on the genetic
basis of Type 2 diabetes and may also be of value
when studying the role of gene—environment (or
treatment) interactions.

Genetic information can also be used to
infer casual relationships between lifestyle fac-
tors and diseases such as Type 2 diabetes in
observational data using an approach termed
Mendelian randomization [34]. Because alleles
are randomly assorted during meiosis in dip-
loid organisms, rendering associations between
SNPs and phenotypes free from many forms of
confounding common to nongenetic exposures,
this characteristic can be leveraged to quantify
the presence and magnitude of relationships
between biologic traits that are associated with
each other as well as with the index SNP. A
recent example of how this approach has been
applied to metabolic traits involved the exami-
nation of BMI, C-reactive protein levels and
Type 2 diabetes [35.36]. The authors of those
studies convincingly showed that the relation-
ship between C-reactive protein and BMI is
likely to be driven by BMI and that C-reactive
protein is unlikely to cause Type 2 diabetes,
which is all but impossible to determine using
nongenetic observational data alone.

Approaches to studying the interaction

of genetic & lifestyle factors in Type 2
diabetes etiology

Lifestyle interventions vary in complexity,
emphasis, cost and effectiveness. Two of the
most successful diabetes prevention randomized
clinical trials, deploying almost identical pro-
grams of behavioral modification for weight loss,
are the Finnish Diabetes Prevention Study and
the Diabetes Prevention Program [78]. In both
studies, emphasis was placed on 7% body weight
reduction by increased habitual physical activ-
ity and structured exercise training, decreased
total calorie intake (e.g., by reducing dietary fat
and sugar intake) and improved dietary quality
(e.g., by increasing consumption of fresh fruit
and vegetables and fiber-rich foods). A total of
16 instructor-led classes were delivered to each
participant to enhance the effectiveness of the
intervention and to help participants achieve
these goals. Since the publication of the main
findings from the Finnish Diabetes Prevention
Study and the Diabetes Prevention Program,
numerous other studies have followed, some
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of which have translated the core protocol into
the primary care setting with some success [37].
Nevertheless, a universal aspect of lifestyle inter-
vention studies is that responses to such inter-
ventions differ markedly from one person to the
next. Although adherence to the intervention
is an important source of variation, even when
this is accounted for, some variance in response
persists [38]. These findings, in combination
with family-based exercise intervention stud-
ies, where responses to interventions correlate
more strongly between family members than
between members of different families [39], indi-
cate that genetic factors may underlie an indi-
vidual’s response to lifestyle interventions. If
this is true and the specific genetic variants that
predict an individual’s response to intervention
can be localized, it might be possible to use this
information to aid the prevention and treatment
of Type 2 diabetes.

The process of translating the three differ-
ent genetics approaches described above (link-
age, biologic candidate gene and GWAS) to the
investigation of gene-lifestyle interactions has
met with limited success so far. The majority
of biological candidate gene studies and linkage
studies that have explored gene-lifestyle interac-
tion effects have yielded results that remain to
be adequately replicated. The most promising
example of an interaction involving a biologic
candidate gene is for the Prol12Ala variant at the
PPARG gene [40]. Several studies have reported
on interactions between this variant and dietary
fat intake on insulin resistance or obesity. The
first study reporting on this effect was published
almost a decade ago [41] and showed that in a
small cohort of people from the UK (n = 592),
the Prol2Ala variant modified the relation-
ships of polyunsaturated to saturated dietary
fat intake with obesity and insulin resistance. A
study from the US also reported similar inter-
action effects, but in that example the dietary
exposure was monosaturated fats [42]. Since
then, more than 20 follow-up studies have
been reported on related topics, but the extent
to which the initial observation can be said to
have been replicated needs to be considered in
the context of the variability in study designs,
the specific nature of the hypothesis tests and
the nature of the reported interaction effects,
all of which vary to some degree across the
follow-up studies. Indeed, a recent attempt to
retrospectively meta-analyze the published lit-
erature on this topic [43] concluded that because
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of publication and measurement biases and
heterogeneous study designs and approaches
to reporting data, no meaningful conclusion
could be made by pooling published studies
of interaction.

An alternative approach to testing hypotheses
of gene-lifestyle interactions is to carry forward
top ranking loci discovered in GWAS and exam-
ine whether they modify the relationships of life-
style exposures with Type 2 diabetes or related
traits. As we describe below, several studies that
have taken this approach have been published.
For example, Li ez al. observed statistically robust
interactions between a genetic risk score com-
prised of 12 GWAS-derived obesity predisposing
loci and physical activity on the risk of obesity
in a large cohort of British adults [44]. However,
this approach also has its limitations, not least
that the methods for conducting conventional
GWAS experiments are probably biased towards
the detection of loci that do not interact with
other factors. This is because such studies typi-
cally utilize the probability statistic (p-value) to
rank loci, which is influenced by a combination
of factors including the heterogeneity of the
effect estimate; because interactions increase the
heterogeneity of the component marginal effects,
genetic loci that express their effects via inter-
actions will tend to be ranked lower in GWAS
experiments than those that do not. Although
methods exist to overcome these limitations, they
are not widely implemented at this time, as they
require the incorporation of interaction terms
(rather than just main effects) into the models,
which is a relatively time-consuming process.

Examples of gene-lifestyle interactions in
Type 2 diabetes & related traits

The largest and most comprehensive study test-
ing GWAS defined loci for interactions with
lifestyle factors in Type 2 diabetes involved
around 16,000 initially nondiabetic Swedish
adults who were followed for a median dura-
tion of 25 years during which time approxi-
mately 2000 incidences of Type 2 diabetes
occurred [45]. Each of the 17 confirmed Type 2
diabetes gene variants included in the study were
tested for interaction with the baseline physi-
cal activity level. After correction for multiple
hypothesis testing, there was only one interac-
tion effect that remained statistically significant.
In that example, physical activity was strongly
protective of incident Type 2 diabetes in people
carrying neither copy of the risk allele at the
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HNFIB 154430796 variant. However, in persons
with one or both copies of the risk allele at this
locus, the protective effects of physical activity
were substantially diminished.

Elsewhere, Jablonski et al. studied the inter-
action of roughly 1590 SNPs (tagging 40 loci)
with placebo, metformin or lifestyle modifica-
tion interventions on Type 2 diabetes incidence
in the Diabetes Prevention Program [46]. The
selected loci included biologic candidate genes
as well as variants discovered in recent GWAS:s.
Overall, there was no convincing evidence of
interactions between gene variants and the life-
style intervention, with the most convincing
results being an interaction between a variant
in SLC47A1 (encoding the OCT1 metformin
transporter) and metformin treatment.

One of the most exciting examples of a gene—
lifestyle interaction reported to date involves a
gene variant at the 70 locus (1s9939609). FTO
was first implicated in Type 2 diabetes in 2007
as part of the Wellcome Trust’s Case Control
Consortium study [47]. The authors found that
the rs9939609 variant raised Type 2 diabetes
risk, but that this effect was mediated by obe-
sity. In other words, by virtue of an association
between the minor A allele at the rs9939609
variant and obesity risk, Type 2 diabetes risk
was also elevated. The initial study to report evi-
dence of gene—physical activity interactions at
this locus was conducted in a population-based
cohort of approximately 5500 Danish adults
from the Inter99 Study [48]. The authors found
that in physically inactive individuals, BMI dif-
fered by around 2 kg/m? units between the high
(AA) and low (TT) risk homozygotes. However,
in people reporting moderate to high levels of
physical activity, the magnitude of this genetic
effect was reduced to approximately 0.5 kg/m?,
which was reflected by a statistically significant
gene—physical activity interaction. Several other
studies published since this original report have
yielded variable results. A study in around 700
Amish adults [49] reported a statistically signifi-
cant interaction for another 70 SNP that is
in low linkage disequilibrium with the variant
reported in the Danish study. Although the
study was relatively small, it included objective
physical activity measures and the interaction
effect was generally consistent in direction and
magnitude with the Danish findings. Clinical
trial data from the Diabetes Prevention Program
also support the presence of gene-lifestyle
interactions on l-year changes in subcutaneous
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adipose mass [s50], but several other large epide-
miological studies and small clinical trials were
unable to confirm these results. Because few
studies of gene-lifestyle interaction are, on an
individual basis, likely to be adequately pow-
ered to detect effects, a large consortia-based
effort was undertaken in which all published
and unpublished data pertinent to this hypoth-
esis (n ~ 240,000 individual observations) were
collated and analyzed using a standardized ana-
lytical approach [KiLrELAINEN T, PERS. COoMM.]. The
results of the study were pooled using meta-ana-
lysis and confirmed the initial reports of inter-
action. Nevertheless, the interaction effect sizes
were considerably smaller than those reported
in the original studies, which is possibly owing
to the so-called ‘winner’s curse’. Very recently,
the CHARGE consortium reported findings on
gene—nutrient interactions and wholegrain food
intake on glucose and insulin levels. The study
consisted of roughly 48,000 individual observa-
tions from 14 cohorts. The strongest evidence
for interaction was for the putatively functional
1s780094 variant at GCKR [s1], whereby each copy
of the Type 2 diabetes-associated allele dimin-
ished the protective effects of wholegrain food
intake on fasting insulin levels by roughly half.

How might information on

gene-lifestyle interactions aid

the prediction & prevention of

Type 2 diabetes?

Scientists and practitioners have long since been
aware of the considerable interindividual differ-
ences in susceptibility to specific diabetogenic
exposures or responses to antidiabetic treat-
ments. Many have recognized that these dif-
ferences may be related to individual genetic
variation, but to identify the specific variants
underlying these interactions has proven very
difficult. Despite this, there is widespread opti-
mism that genetics has an important role to
play in personalized medical therapy [s2]. Proof
of this concept already exists for sulfonylurea
tablet therapy as a replacement for daily insu-
lin injections in diabetic carriers of MODY2
mutations [53] and in African—Americans with
heart failure for which the US FDA specifically
approves the use of the drug BiDil®, which it
does not for other ethnic groups [101].

The use of genetics to tailor medical treat-
ments and preventive interventions in other sce-
narios will require adequate replication of results
from studies of gene—treatment interactions.
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These examples will not only require extensive
replication, but will also need to convey suf-
ficiently large effects, such that the inclusion
of genetic information into prediction algo-
rithms out-performs nongenetic risk algorithms.
Despite these hurdles, it seems quite possible
that genetics will find its way into prevention
and treatment paradigms for Type 2 diabetes
before too long, perhaps as part of more complex
screening approaches that combine other demo-
graphic, biologic and behavioral information to
identify individuals who are likely to respond
well or poorly to specific antidiabetic therapies.

Conclusion

As we explained earlier, genetic and lifestyle fac-
tors do not act independently on Type 2 dia-
betes risk. Our understanding of how genetic
and lifestyle risk factors combine to influence
Type 2 diabetes risk is far from perfect, but we
can at least envisage a framework within which
these factors operate, allowing us to conceive
research paradigms that should help define in
fine detail the specific components of these
interactions, the manner in which the interac-
tions manifest and the strategies that we will
need to adopt to utilize this information in a
way where it helps prevent the development or
limit the consequences of Type 2 diabetes. If the
evidence base becomes strong enough to war-
rant the inclusion of information on interac-
tions of genetic and environmental factors into
prediction algorithms for Type 2 diabetes, this
may facilitate the tailoring of medical therapies
to the individual, thus minimizing treatment
costs and exposure to ineffective therapies and
improving patient treatment compliance and
treatment outcomes.

Future perspective

Type 2 diabetes is a preventable disease. The
major modifiable risk factors are known and
clinical trials have shown that intervening on
these risk factors substantially reduces the risk
of Type 2 diabetes. However, despite the gen-
eral success of these studies, a ‘one size fits all’
intervention is suboptimal in several senses, not
least from the point of view of the patient’s wel-
fare and the economic burden created by inef-
fective treatments. It is conceivable that genetic
information might help guide the development
of personalized medical interventions for dia-
betes prevention, thus minimizing treatment
costs, reducing the extent to which patients are
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exposed to ineffective therapies and improving
patient motivation and treatment outcomes. In
the past 4 years, personal genome testing kits
have become widely available, a trend that is
almost certainly set to continue. Nevertheless,
evidence to support the application of genome
profiling for the prediction, prevention or treat-
ment of Type 2 diabetes is generally lacking.
In the next 5-10 years, we should expect to see
the publication of well-designed scientific stud-
ies that provide reliable data on the identities
of genetic risk factors that modify a person’s
response to antidiabetic interventions. The avail-
ability of such information will help guide the
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