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Objective: The study investigated whether childhood cognitive ability moderates Type 2 diabetes
polygenic risk manifestation in older age. Method: In 940 relatively healthy people (mean age
69.55 = 0.85), we tested whether self-reported diabetes and hemoglobin HbAlc (HbAlc) levels
were predicted by diabetes polygenic risk, cognitive ability measured about 60 years earlier, and
their interaction. Polygenic risk scores aggregated the small effects of up to nearly 121,000
single-nucleotide polymorphisms (SNPs). Participants’ cognitive ability was measured at age 11.
Results: Both polygenic risk and low childhood cognitive ability significantly predicted diabetes
diagnosis. Polygenic risk interacted with cognitive ability (p = .02), predicting HbA1c levels more
strongly in people with below-median cognitive ability (effect r = .21) than in people with
above-median cognitive ability (effect r = .10). The interaction term was not significant for
self-reported diabetes (p = .34), although the genetic risk-diabetes association showed a tendency
of being stronger among those with below-median cognitive ability. Conclusions: Higher premorbid
cognitive ability may provide some environmental protection against the manifestation of Type 2
diabetes genetic risk. Thisinformation may improve early identification of diabetes risk and inform
intervention development.
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The recent increase in the prevalence of diabetes is projected to
continue world-wide (Wild, Roglic, Green, Sicree, & King, 2004),
underscoring the importance of better understanding its pathogen-
esis and early risk factors. This study investigates whether the
stable behavioral trait of cognitive ability moderates the manifes-
tation of polygenetic risk for Type 2 diabetes in older age.

Type 2 diabetes (T2D) and its diagnostic marker hemoglobin
HbA1c (HbA1c) demonstrate substantial heritability (Almgren et
al., 2011; Simonis-Bik et al., 2008). Genome-wide association
studies (GWAYS) have discovered several common genetic variants
that account for about 10% of the total genetic effects on T2D
(Morris et al., 2012). For the rest, a large number of common
variants, or variants in linkage disequilibrium with those on geno-
typing chips, may be implicated, with each having effects too
small to be detected by the current GWAS projects (Stahl et al.,
2012). Given this possibility, however, existing GWAS data can be
used to quantify polygenic risk for such complex diseases by
aggregating the (often statistically nonsignificant by conventional
standards) small effects of thousands of variants (cf. Davies et a.,
2011; Purcell et a., 2009; Yang et d., 2010).

Yet, probably not everyone genetically predisposed to T2D
develops the condition. Pointing to gene-environment interactions
(Franks, Pearson, & Florez, 2013), T2D genetic risk may be
moderated by dietary habits (Nettleton et a., 2010; Qi, Cornelis,
Zhang, van Dam, & Hu, 2009) and physical activity may interact
with the genetic risk of obesity, aT2D precursor (Andreasen et al .,
2008; Kilpeléinen et ., 2011). Here, we take a more general view
by considering the moderating role of general cognitive ability, a
factor possibly underlying diabetes-prone lifestyle choices (Deary,
Weiss, & Batty, 2010). Lower childhood cognitive ability predicts
diabetes-related outcomes such as metabolic syndrome (Batty et
al., 2008), obesity (Batty, Deary, Schoon, & Gale, 2007ad), and
inflammation (Luciano, Marioni, Gow, Starr, & Deary, 2009), as
well as later diabetes itself (Olsson, Hulting, & Montgomery,
2008). These links may be mediated by lifestyle choices, as lower
cognitive ability is associated with smoking (Taylor et al., 2003),
poorer diet and less physical activity (Batty, Deary, Schoon, &
Gale, 2007h), and less persistent adhering to medical treatment
(Deary, Gale, et al., 2009). Thisis the rationale for hypothesizing
that cognitive ability may also moderate the links between TD2
genetic risk and its actual manifestation. Besides theoretical im-
plications of such a possible moderation, cognitive ability can be
reliably measured many decades before the typical T2D onset age
and may therefore contribute to early identification of people at
risk.

Method

Sample

Almost al of the 1,091 community-dwelling members of the
Lothian Birth Cohort 1936 (LBC1936) sat for an intelligence test
in 1947 (at about age 11) and were followed up between 2004 and
2007. Details on the background, recruitment, and testing proce-
dures are available elsewhere (Deary et al., 2007). The present
study uses data from those 940 LBC1936 members (481 males,
mean age 69.55, SD = 0.85) for whom complete data on childhood
cognitive ability, self-reported diabetes, HbA1lc, and T2D poly
genetic risk were available. Participants provided written informed

consent. Ethics permissions were obtained from the Multi-Centre
Research Ethics Committee for Scotland.

M easures

Age-11 cognitive ability was measured using the Moray House
Test No. 12 that included word classification, arithmetic and
spatial items, and proverbs. Demonstrating concurrent validity, it
correlated about 0.80 with the Terman-Merrill Revision of the
Binet Test (Deary, Whalley, & Starr, 2009). During follow-up
testing at the clinic, participants were asked about their diabetes
status and their HbA1c levels were measured. Participants were
genome-wide genotyped and their T2D polygenic risk was quan-
tified by combining these data with previously published meta-
analytic results (Morris et a., 2012) on the association between
T2D and nearly 121,000 single-nucleotide polymorphisms (SNPs).
For each participant, the meta-analytic effect size of each SNP's
“risk” alele was multiplied by the number of copies of the risk
allele carried by the participant. The sums of these individual risks
across al SNPs formed participants' T2D polygenic risk scores.
For robustness analysis, seven additional risk scores were calcu-
lated by applying increasingly stringent inclusion criteria for
SNPs. See Supplemental Material for further details.

Results

Of the 940 participants, 83 (8.8%) reported diabetes (11 of them
reported insulin therapy, suggesting possible Type 1 diabetes),
whereas 117 (12.4%) had HbA1c levels equal to or above the
cut-off of diabetes diagnosis (The International Expert Committee,
2009). See Supplemental Material for further details and analyses.
Higher T2D polygenic risk significantly predicted self-reported
diabetes (odds ratio per standard deviation increase in predictor
[OR] = 1.81, 95% ClI [1.40, 2.34], p < .001). People with higher
childhood cognitive ability were less likely to report diabetes
(OR = 0.72, 95% CI [0.59, 0.89], p < .001). Higher T2D poly-
genic risk also significantly predicted higher HbA1c levels (stan-
dardized linear regression weights [B] = .16, 95% CI [.09, .22],
p < .001), as did lower childhood cognitive ability (B = —.13,
95% CI [—.19, —.06], p < .001).

The interaction term between childhood cognitive ability and
polygenic risk was statistically nonsignificant (p = .34) when
predicting self-reported diabetes status, but significant (p = .02)
for the prediction of HbAlc. When people were split at median
into those with lower and higher childhood cognitive ability (see
Figure 1), the risk scores predicted HbAlc levels significantly
more strongly in the lower cognitive ability group (B = .21, 95%
Cl [.11, .31], p < .001) than in the higher ability group (B = .10,
95% ClI [.01, .19], p = .04; see aso Supplemental Material for an
alternative splitting). The nonsignificant interaction in the predic-
tion of self-reported diabetes was in the same direction: the asso-
ciation between genetic risk and diagnosis was stronger in those
below median cognitive ability (OR = 1.93, 95% CI [1.38, 2.74],
p < .001) than among those with higher ability (OR = 1.64, 95%
Cl [1.10, 2.49], p < .05). These findings tended to replicate across
the alternative risk scores based on fewer SNPs (see Supplemental
Material for details). There was little evidence for the association
being driven by participants with potential Type 1 diabetes or by
the use of hypoglycemic drugs (see Supplementary Material for
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Figurel. Theinteraction between polygenic risk and childhood cognitive
ability in the prediction of HbA1c.

details). Finally, we found negligible evidence for the role of body
mass index (BMI) in polygenic risk-diabetes association or in the
polygenic risk-cognitive ability interaction (see Supplemental Ma-
teria for details).

Discussion

The study presented novel evidence for a genetic risk by
stable behavioral trait interaction: polygenic risk for T2D was
more likely to manifest in elevated diabetes marker HbAlc at
age 70 among people with lower childhood cognitive ability
than in those with higher ability test performance nearly 60
years earlier.

There are at least two possible reasons for why the interaction
was not significant, although in the same direction, when self-
reported diabetes diagnosis was used as an outcome. First, with the
sample containing just 83 (8.8%) people with reported diabetes
diagnosis, statistical power to detect a significant interaction for
the binary outcome was limited, whereas the power was higher for
continuously defined HbAlc. Second, diabetes might have been
underdiagnosed in the present sample because the proportion of
people with HbA 1c above the cut-off was higher (12.4%) than the
proportion of self-reported diabetes. As a result, self-reported
diabetes could have heen a relatively less accurate measure of
actual diabetes status than HbA1c.

By showing that there may be identifiable factors that facilitate
or lessen the links between genetic disease risk and actual disease
phenotype, these findings extend the existing few previous reports
of gene-environment interactionsin T2D (Kilpel&inen et al., 2011;
Nettleton et a., 2010; Qi et al., 2009). Low cognitive ability is a
known antecedent of many unhealthy lifestyle choices (Deary et
al., 2010). It is therefore plausible that the mechanisms by which
lower cognitive ability can ater genetic risks include health-

related behaviors such as dietary habits and exercise, and smoking
(Taylor et d., 2003) or heath-management (Deary, Gale, et a.,
2009) may also play arole. Also, higher cognitive ability is known
to contribute to educationa attainment and, as a result, higher
socioeconomic success (Deary & Johnson, 2010), which may also,
by means of better physical and socia environments, lessen the
effects of genetic risk. However, the possible mediating role of
BMI in the polygenic risk-diabetes association (and it being mod-
erated by cognitive ability) was found to be small, suggesting that
the mechanisms by which genetic risk for TD2 manifests itself,
and the moderating role of cognitive ability in these mechanisms,
may be more complex than was proposed above. Thus, although
BMI was measured only concurrently with the diabetes whereas
life-course BMI may have provided more relevant information for
studying diabetes development, the mechanism of how cognitive
ability might facilitate diabetes remain elusive.

The present results have possible practical implications in at
least two important ways. First, to behave in ways that help to
buffer the genetic risks, people do not necessarily have to have
high cognitive ability as such. It may very well sufficeif people
with lower cognitive ability mimic what their higher-ability
peers do differently with respect to diabetes-related behaviors.
Thisis akin to what has previously been termed phenocopying,
whereby an individual’s environmentally produced phenotypic
characteristics are the same as those normally produced by
genetic factors (Deary et al., 2010). The targets of phenocopy-
ing may include dietary habits and exercise but also smoking
and health care habits. Of course, such health lifestyle choices
could and should be encouraged in everyone, regardless of their
cognitive ability levels, which brings us to the second implica-
tion.

Second, it is possible that not all people react to health
interventions in the same way. In particular, it has been sug-
gested that people with lower cognitive ability are less likely to
benefit from different types of public or targeted health inter-
ventions than their cognitively more able peers (Gottfredson,
2004). For example, there is evidence that public campaigns on
various issues are more likely to reach people with higher
education—and therefore, higher cognitive abilities—than peo-
ple with lower education (Weenig & Midden, 1997). As a
result, to the extent that there are specific and potentially
modifiable lifestyle aspects that may facilitate diabetes genetic
risk manifestation, they are likely to operate on people’s
broader cognitive background. It may be useful to factor this
background into any planned interventions. In other words,
although it undeniably is a good idea to promote healthy be-
haviors in all people to buffer against any possible genetic risk
turning into actual disease phenotype, such interventions may
be informed by understanding the antecedents of the behaviors
to be targeted and thereby the barriers that may interfere with
changing them. For example, if and when there are indications
that the people or groups of people to be targeted with an
intervention may have somewhat lower verbal or reasoning
abilities (e.g., low educational level), then the interventions
may need to be delivered in ways that are appropriately tailored.
Our results empirically corroborate that the cognitive back-
ground is indeed relevant in genetic risk manifestation and not
knowing or ignoring this possibility is not likely to benefit
anyone.
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For most people, the relative level of cognitive ability is
highly stable across most of the life-course (Deary, Whalley,
Lemmon, Crawford, & Starr, 2000). This means that cognitive
ability level can be used as a predictor of health outcomes at
various points across life-course, including several decades
before the typical onset age of diseases such as T2D (as was
done in this study). Because the same is true for genetic
differences between people, individuals' cognitive ability and
genetic makeup can be used in combination to more accurately
identify people at higher diabetes risk several decades before
the likely onset age of the disease itself. This may open possi-
bilities for early prevention strategies. Of course, often
cognition-related information may not be readily available, in
which case proxy variables such as school performance or
educational attainment may prove useful.

The findings are potentially informative in terms of diabetes
pathogenesis and prevention but they may also have implications
for thefield of genetic risk prediction more generally. Specificaly,
it is possible that including behavioral traits such as cognitive
ability may also improve the accuracy of the genetic prediction of
other conditions. From a purely psychological point of view, it is
likewise interesting that a well-established psychological trait may
manifest in people’s lives by moderating how genetic predisposi-
tionsfor health conditions become manifest. It is possible that such
gene by trait interactions exist for other health phenotypes and
involve other psychological traits as well.

Finally, an important limitation of the study is the sample size,
which was relatively modest for a genetic risk prediction study.
Therefore, these findings should and are intended to be replicated
in larger studies that have relevant information (e.g., the United
Kingdom’s National Child Development Study [the 1958 British
Birth Cohort] or U.K. Biobank).

References

Almgren, P., Lehtovirta, M., Isomaa, B., Sarelin, L., Taskinen, M. R,,
Lyssenko, V., . .. Groop, L. (2011). Heritability and familiality of type
2 diabetes and related quantitative traits in the Botnia Study. Diabeto-
logia, 54, 2811-2819. http://dx.doi.org/10.1007/s00125-011-2267-5

Andreasen, C. H., Stender-Petersen, K. L., Mogensen, M. S., Torekov,
S. S, Wegner, L., Andersen, G., . . . Hansen, T. (2008). Low physical
activity accentuates the effect of the FTO rs9939609 polymorphism on
body fat accumulation. Diabetes, 57, 95-101. http://dx.doi.org/10.2337/
db07-0910

Batty, G. D., Deary, |. J., Schoon, |., & Gale, C. R. (2007a). Mental ability
across childhood in relation to risk factors for premature mortality in
adult life: The 1970 British Cohort Study. Journal of Epidemiology and
Community Health, 61, 997—-1003. http://dx.doi.org/10.1136/jech.2006
.054494

Batty, G. D., Deary, 1. J.,, Schoon, |., & Gale, C. R. (2007b). Childhood
mental ability in relation to food intake and physical activity in adult-
hood: The 1970 British Cohort Study. Pediatrics, 119, e38—e45. http://
dx.doi.org/10.1542/peds.2006- 1831

Batty, G. D., Gale, C. R., Mortensen, L. H., Langenberg, C., Shipley, M. J.,
& Deary, |. J. (2008). Pre-morbid intelligence, the metabolic syndrome
and mortality: The Vietnam Experience Study. Diabetologia, 51, 436—
443. http://dx.doi.org/10.1007/s00125-007-0908-5

Davies, G., Tenesa, A., Payton, A., Yang, J., Harris, S. E,, Liewald, D., . . .
Deary, I. J. (2011). Genome-wide association studies establish that
human intelligence is highly heritable and polygenic. Molecular Psychi-
atry, 16, 996—1005. http://dx.doi.org/10.1038/mp.2011.85

Deary, I. J, Gde, C. R., Stewart, M. C. W., Fowkes, F. G. R., Murray,
G.D., Batty, G.D., & Price, J. F. (2009). Intelligence and persisting with
medication for two years: Analysis in a randomised controlled trial.
Intelligence, 37, 607—612. http://dx.doi.org/10.1016/j.intel.2009.01.001

Deary, |. J,, Gow, A. J,, Taylor, M. D., Corley, J., Brett, C., Wilson, V., . ..
Starr, J. M. (2007). The Lothian Birth Cohort 1936: A study to examine
influences on cognitive ageing from age 11 to age 70 and beyond. BMC
Geriatrics, 7, 28. http://dx.doi.org/10.1186/1471-2318-7-28

Deary, I. J, & Johnson, W. (2010). Intelligence and education: Causal
perceptions drive analytic processes and therefore conclusions. Interna-
tional Journal of Epidemiology, 39, 1362—1369. http://dx.doi.org/10.1093/
ije/dyq072

Deary, |. J., Weiss, A., & Batty, G. D. (2010). Intelligence and personality
as predictors of illness and death. Psychological Science in the Public
Interest, 11, 53-79. http://dx.doi.org/10.1177/1529100610387081

Deary, I. J,, Whalley, L. J., Lemmon, H., Crawford, J. R., & Starr, J. M.
(2000). The stability of individual differences in mental ability from
childhood to old age: Follow-up of the 1932 Scottish Mental Survey.
Intelligence, 28, 49-55. http://dx.doi.org/10.1016/S0160-2896(99)
00031-8

Deary, |. J, Whalley, L. J., & Starr, J. M. (2009). A lifetime of intelligence:
Follow-up studies of the Scottish mental surveys of 1932 and 1947.
Washington, DC: American Psychological Association. http://dx.doi
.0rg/10.1037/11857-000

Franks, P. W., Pearson, E., & Florez, J. C. (2013). Gene-environment and
gene-treatment interactions in type 2 diabetes: Progress, pitfals, and pros-
pects. Diabetes Care, 36, 1413-1421. http://dx.doi.org/10.2337/dc12-2211

Gottfredson, L. S. (2004). Intelligence: Is it the epidemiologists’ elusive
“fundamental cause” of socia class inequalities in health? Journal of
Personality and Social Psychology, 86, 174—199. http://dx.doi.org/
10.1037/0022-3514.86.1.174

Kilpeléinen, T. O., Qi, L., Brage, S, Sharp, S. J., Sonestedt, E., Demerath,
E.,...Loos R.J F. (2011). Physical activity attenuates the influence
of FTO variants on obesity risk: A meta-analysis of 218,166 adults and
19,268 children. PLoSMedicine, 8, €1001116. http://dx.doi.org/10.1371/
journal.pmed.1001116

Luciano, M., Marioni, R. E., Gow, A. J,, Starr, J. M., & Deary, I. J. (2009).
Reverse causation in the association between C-reactive protein and
fibrinogen levels and cognitive abilities in an aging sample. Psychoso-
matic Medicine, 71, 404-409. http://dx.doi.org/10.1097/PSY
.0b013e3181a24fh9

Morris, A. P., Voight, B. F., Teslovich, T. M., Ferreira, T., Segre, A. V.,
Steinthorsdottir, V., . . . the DIAbetes Genetics Replication And Meta-
analysis (DIAGRAM) Consortium. (2012). Large-scal e association anal-
ysis provides insights into the genetic architecture and pathophysiology
of type 2 diabetes. Nature Genetics, 44, 981-990. http://dx.doi.org/
10.1038/ng.2383

Nettleton, J. A., McKeown, N. M., Kanoni, S., Lemaitre, R. N., Hivert,
M.-F., Ngwa, J, . . . Meigs, J. B. (2010). Interactions of dietary
whole-grain intake with fasting glucose- and insulin-related genetic loci
inindividuals of European descent: A meta-analysis of 14 cohort studies.
Diabetes Care, 33, 2684—2691. http://dx.doi.org/10.2337/dc10-1150

Olsson, G. M., Hulting, A.-L., & Montgomery, S. M. (2008). Cognitive
function in children and subsequent type 2 diabetes. Diabetes Care, 31,
514-516. http://dx.doi.org/10.2337/dc07-1399

Purcell, S. M., Wray, N. R, Stone, J. L., Visscher, P. M., O’Donovan,
M. C,, ... SKklar, P. (2009). Common polygenic variation contributes to
risk of schizophrenia and bipolar disorder. Nature, 460, 748—752.

Qi, L., Cornelis, M. C., Zhang, C., van Dam, R. M., & Hu, F. B. (2009).
Genetic predisposition, Western dietary pattern, and the risk of type 2
diabetes in men. The American Journal of Clinical Nutrition, 89, 1453—
1458. http://dx.doi.org/10.3945/ajcn.2008.27249

Simonis-Bik, A. M. C., Eekhoff, E. M. W., Diamant, M., Boomsma, D. I.,
Heine R. J, Dekker, J. M., . .. de Geus, E. J. C. (2008). The heritability



GENE BY COGNITION INTERACTION IN DIABETES 5

of HbA1c and fasting blood glucose in different measurement settings.
Twin Research and Human Genetics, 11, 597-602. http://dx.doi.org/
10.1375/twin.11.6.597

Stahl, E. A., Wegmann, D., Trynka, G., Gutierrez-Achury, J., Do, R.,
Voight, B. F., . .. Plenge, R. M. (2012). Bayesian inference analyses of
the polygenic architecture of rheumatoid arthritis. Nature Genetics, 44,
483-489. http://dx.doi.org/10.1038/ng.2232

Taylor, M. D., Hart, C. L., Davey Smith, G., Starr, J. M., Hole, D. J,
Whalley, L. J., . .. Deary, |. J. (2003). Childhood mental ability and
smoking cessation in adulthood: Prospective observational study linking
the Scottish Mental Survey 1932 and the Midspan studies. Journal of
Epidemiology and Community Health, 57, 464—465. http://dx.doi.org/
10.1136/jech.57.6.464

The International Expert Committee. (2009). International Expert Com-
mittee Report on the Role of the A1C Assay in the Diagnosis of
Diabetes. Diabetes Care, 32, 1327-1334. http://dx.doi.org/10.2337/
dc09-9033

Weenig, M. W. H., & Midden, C. J. H. (1997). Mass-media information
campaigns and knowledge-gap effects. Journal of Applied Social Psy-
chology, 27, 945-958. http://dx.doi.org/10.1111/j.1559-1816.1997
.tb00280.x

Wild, S., Roglic, G., Green, A., Sicree, R., & King, H. (2004). Global
prevalence of diabetes: Estimates for the year 2000 and projections for
2030. Diabetes Care, 27, 1047-1053. http://dx.doi.org/10.2337/diacare
.27.5.1047

Yang, J.,, Benyamin, B., McEvoy, B. P., Gordon, S., Henders, A. K.,
Nyholt, D. R., ... Visscher, P. M. (2010). Common SNPs explain alarge
proportion of the heritability for human height. Nature Genetics, 42,
565-569. http://dx.doi.org/10.1038/ng.608

Received November 20, 2013
Revision received September 6, 2014
Accepted October 2, 2014 =



