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Abstract

Dietary fat intake is correlated with increased insulin resistance (IR). However, it is unknown whether gene—diet interaction modulates the
association. This study estimated heritability of IR measures and the related genetic correlations with fat intake, and tested whether dietary fat
intake modifies the genetic influence on type 2 diabetes (T2D)-related traits in Chinese child twins. We included 622 twins aged 7-15 years
(n 311 pairs, 162 monozygotic (MZ), 149 dizygotic (DZ)) from south-eastern China. Dietary factors were measured using FFQ. Structural
equation models were fit using Mx statistical package. The intra-class correlation coefficients for all traits related to T2D were higher for MZ
twins than for DZ twins. Dietary fat and fasting serum insulin (additive genetic correlation () 0-20; 95 % CI 0-08, 0-43), glucose (7, 0-12; 95 %
CI 0-01, 0-40), homoeostasis model of assessment-insulin resistance (Homa-IR) (74 0-22; 95% CI 0-10, 0-50) and the quantitative insulin
sensitivity check index (Quicki (7, —0-22; 95% CI —0-40, 0-04) showed strong genetic correlations. Heritabilities of dietary fat intake, fasting
glucose and insulin were estimated to be 52, 70 and 70 %, respectively. More than 70 % of the phenotypic correlations between dietary fat and
insulin, glucose, Homa-IR and the Quicki index appeared to be mediated by shared genetic influence. Dietary fat significantly modified
additive genetic effects on these quantitative traits associated with T2D. Analysis of Chinese twins yielded high estimates of heritability of
dietary fat intake and IR. Genetic factors appear to contribute to a high proportion of the variance for both insulin sensitivity and IR. Dietary fat
intake modifies the genetic influence on blood levels of insulin and glucose, Homa-IR and the Quicki index.
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Type 2 diabetes (T2D) is characterised by the loss of g cell
function and insulin sensitivity (IS), and is a multifactorial
abnormality with a strong genetic component to its aetiology;
however, there are several recognised environmental influences
as wellV. Epidemiological studies and clinical trials have exam-
ined the roles of lifestyle and dietary factors (e.g. fat intake) in
diabetes prevention®®. Total fat and SFA intakes were positively
associated with T2D risk™”. It has been suggested that insulin
resistance (IR) is a postprandial phenomenon linked to acute
dietary fat metabolism™. Animal studies have demonstrated that
the type of fat in the diet affects IS by changing the fatty acid
composition of membrane lipids(@. Such phenomena support
findings of studies linking the nature of dietary fats to dysfunc-

. . . . . . . e
tions in insulin secretion and increased risk of T2D“7,

Recent genome-wide association studies have identified
several genes associated with T2D and glucose and/or insulin
levels"*'" These individual variants confer relatively small
increments in risk, however, and when combined explain only
a small proportion of familial clustering, leading many to
question how the remaining ‘missing’ heritability can be
explained?. Tt is proposed that gene—environment interaction
may explain the missing heritability of T2D“?. In the past
decade, gene—gene and gene—environment interactions have
documented to play critical roles in the aetiology of diabetes™ .
A growing body of research indicates that dietary fat may
modify the genetic association with T2D-related traits"*>7.

However, it remains unclear to what extent dietary fat intake
could influence insulin secretion and resistance, and much less

Abbreviations: DZ, dizygotic; Homa-IR, homoeostasis model of assessment—insulin resistance; IR, insulin resistance; IS, insulin sensitivity; MZ, monozygotic;
Quicki, quantitative insulin sensitivity check index; r,, additive genetic correlation; T2D, type 2 diabetes.
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is known about the relationship between dietary fat and diabetes
in children, compared with adults, especially during puberty and
in developing countries. This study aimed to estimate the genetic
and environmental influence on dietary fat intake, IS and IR as
well as to determine the correlations among these phenotypes
using data collected from Chinese child twins.

Methods
Study sample and data collection

We used the baseline data collected from 622 twins aged 7-15
years (n 311 pairs, monozygotic (MZ):dizygotic (DZ)~1:1,
male:female ~ 1:1) at Jiaxing, Zhejiang Province, south-eastern
China during 2009. The study protocol was reviewed and
approved by the Institutional Review Boards of The Johns
Hopkins University Bloomberg School of Public Health and
Jiaxing Maternity and Child Health Care Hospital in Jiaxing, China.

All twins and their mothers visited one of three clinics closest to
their home on a designated weekend morning for data collection.
Physical and medical examinations, including collection of fasting
blood samples, were performed by research physicians and nurses
with specific training for this study. Instruments were calibrated
before use at each session. Mothers completed a questionnaire
about their family background and about their children.

Anthropometric measures

Subjects were measured by trained research staft following
standard protocols. Barefoot height (in cm to nearest 0-1) was
measured using a wall-mounted stadiometer (Yiwu Fengkuang);
two readings were recorded and averaged for analysis. Participants
were weighed without shoes and with light clothes to the nearest
0-1kg using a digital scale integrated into a bioelectric impedance
analyzer system (Yiwu Fengkuang). BMI was calculated as weight
(kg)/height (m)?.

Dietary intake assessment

Food consumption was assessed using a 145-item, self-
administered FFQ, which measured children’s food intakes
during the previous 12 months. This FFQ was initially designed for
children in Beijing and was validated against four 24-h recalls; the
FFQ showed good reliability and moderate validity™®. Subjects
provided information on the type and amount of food consumed.
Children were also provided with two-dimensional colourful
pictures of measuring plates and bowls to facilitate estimation of
portion size. Standardised interviews were conducted when
necessary to help children better understand the questionnaire.
All interviewers were required to follow a standardised protocol
for data collection. Energy and nutrient intakes were calculated
using the Nutrition Data Systems established by the China Centers

for Disease Control and Prevention™.

Assessment of fasting serum glucose, insulin and basal
insulin resistance and sensitivity measurements

Fasting serum glucose was measured by the glucose oxidase
method. Insulin was examined by electrochemiluminescence

immunoassay. Homoeostasis model of assessment-insulin resis-
tance (Homa-IR) and the quantitative insulin sensitivity check
index (Quicki) were calculated on the basis of the following
formulae: HOMA-IR =fasting insulin (uU/mD X fasting glucose
(mmol/D)/22-5; Quicki=1/(log (fasting insulin (UU/mD)+log
(fasting glucose (mg/dD)).

Zygosity

MZ and DZ twin status was ascertained by nineteen questions
covered in the maternal questionnaire. These questions were
adapted from a wvalidated Taiwan twin similarity ques-
tionnaire®” and based on other related studies®”, which asked
about the children’s degree of physical similarity and frequency
of identity confusion. The accuracy rate of the validated ques-
tionnaire was over 95% for self-reports of adolescent twins
and their mothers compared with results based on DNA
diagnosis®”. Only one twin pair was asked to answer these

questions directly because their mother did not answer them.

Statistical analysis

Descriptive analyses were conducted to calculate mean values
and standard deviations for all continuous phenotypes. Fasting
serum glucose, insulin, Homa-IR and the Quicki index were
continuous variables, and were summarised as means with
standard errors. ANOVA was conducted to compare the
differences between two or more groups for all continuous
variables. Similarity was estimated by intra-class correlations (ICC)
in MZ and DZ, which were calculated from a random-effects
one-way ANOVA model. Shrout-Fleiss ICC were calculated for
MZ and DZ twins separately using SAS 9.2 (SAS Institute).
Second, the data were analysed using quantitative genetic
models for twin data. Twin studies are based on the assumption
that MZ twins are genetically identical at the sequence level, and
DZ twins have 50 % of their genes shared by identical-by-descent.
Thus, differences between MZ co-twins may be due to environ-
mental effects, whereas differences between DZ co-twins are due
to genetic and environmental effects. Under the above assump-
tions, four sources of variation can be interpreted as latent and
standardised variance components using the structural equation
models: additive genetic (A, additive effects of genes at multiple,
independent genes), non-additive genetic (D,
between alleles at the same locus (dominance) or on different loci
(epistasis)), common environmental (C, environmental effects
shared by twins reared in the same family) and unique environ-
mental effects (E, environmental effects unique to the individual).
MZ pairs are assumed to share the same A and D genetic
variances; DZ pairs are assumed to share one-half of the additive
variance and one-quarter of the dominance variance. The
C variance is assumed to be the same for both MZ and DZ twin
pairs. Maximum likelihood methods were used to fit this general
model and to estimate heritability of glucose, insulin, Homa-IR
and the Quicki index. Heritability, which represents the propor-
tion of variation in a quantitative trait due to genetic variation, was
defined as the proportion of genetic variance to total phenotypic
variance. Models were fit using Mx statistical package*®®.

interactions
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Third, we started the genetic modelling by running univariate
models for glucose, insulin, Homa-IR and the Quicki index
separately to estimate genetic and environmental influences
and to find the best model for each trait. A likelihood ratio test
(LRT) was used to test whether a significantly poorer fit was
obtained when removing parameters. The LRT should follow
a y* distribution, where a small y* and a high P value indicate
a good fit. Parsimony was assessed by means of the Akaike
information criterion, and the model with the lowest Akaike
information criterion was selected as the most parsimonious
model. Estimates of variance components were derived from
the best-fitting model and presented with 95 % CI.

Fourth, we then estimated pairwise genetic and environmental
correlations between these quantitative phenotypes using full
Cholesky decomposition. Genetic correlation is an estimate of
the additive genetic effect that is shared between the pair of traits.
For example, height and weight could both be heritable, but their
genetic correlation can tell you whether they are likely to share
the same genes. In this context, the correlations between dietary
fat and each quantitative phenotype (glucose, insulin, Homa-IR
and the Quicki index) were partitioned into an additive genetic
correlation (7,), which represents common genes controlling
these phenotypes, and an environmental correlation (1), repre-
senting non-genetic, environmental factors common to dietary fat
intake and the quantitative phenotypes. This bivariate heritability,
which is a measure of the extent to which shared genetic influ-
ence generates a correlation between two traits, was calculated
using the multivariate analysis module in the MX package.

Finally, a gene—diet interaction model was fit. The moderator
factor (dietary fat intake) was denoted as M. This factor is
presumed to affect the mean trait value (f,,) but also modify the
effects of genetic () and environmental factors (fyand f,) on
the trait. This model implies that dietary fat can affect the four
quantitative phenotypes (glucose, insulin, Homa-IR and the
Quicki index) and their variances.

Results

Characteristics of dietary fat, insulin, glucose and insulin
resistance

There were no systematic differences in means and variances
of dietary fat intake, fasting serum glucose, fasting insulin,
Homa-IR and the Quicki index between the MZ and the DZ
twins (Table 1). The within-pair ICC for all traits were higher

among MZ twins than among DZ twins, indicating that genetic
factors are more important for glucose, insulin, Homa-IR
and the Quicki index. The DZ correlation for dietary fat was
nearly half of the corresponding MZ correlation, suggesting no
presence of dominance (D) effects. Correlations for insulin,
Homa-IR and the Quicki index within opposite-sex pairs were
lower than within same-sex DZ pairs, suggesting the possible
presence of sex-specific genetic effects (Table 1).

Correlations between dietary fat and fasting serum glucose,
insulin, homoeostasis model of assessment-insulin
resistance and the Quicki index

Dietary fat intake was significantly positively (but weakly)
correlated with glucose (» 0-101, P=0-013), insulin (» 0-157,
P=0-001) and Homa-IR (r —0-163, P<0-001), whereas dietary
fat intake was negatively correlated with the Quicki index
(r =0-163, P<0-001) in the entire sample. To test for possible
sex difference, analyses of the trait relationships were also
conducted separately by sex. We observed similar patterns of
correlation in female twins, but no significant correlations
among male twins were found (Table 2).

Genetic and environmental correlations between
these traits

We started our genetic modelling by estimating the best model
for dietary fat intake, fasting serum glucose, insulin, Homa-IR
and the Quicki index. The additive genetic/specific environ-
ment (AE) model offered the best fit for all of these traits:
dropping common environmental (C) effect from the model
had virtually no effect on model fit either. Fig. 1 summarises the
proportions of phenotypic variance for all the traits explained
by additive genetic and unique environmental factors under the
best-fitting AE model. Estimated heritabilities for dietary fat
intake, fasting serum glucose, insulin, Homa-IR and the Quicki
index were 52, 70, 70, 63 and 55 %, respectively.

Fig. 1 also shows the model-based genetic and environmental
correlations for these traits, as estimated from Cholesky models.
The bivariate heritability is a measure of the extent to which
shared genetic factors may influence two quantitative pheno-
types and generates an estimated correlation for two traits. Our
results showed that dietary fat intake and fasting serum insulin
were significantly correlated ( 0-157), with a genetic correlation
(ra 0-20; 95% CI 0-08, 0-43). Dietary fat intake and glucose

Table 1. Characteristics of dietary fat intake, fasting blood glucose and insulin, and insulin resistance in Chinese child twins (n 622)

(Mean values with their standard errors and intra-class correlations (ICC))

Age (years) BMI (kg/m?) Dietary fat (as % of energy)  Glucose (mmol/l) Insulin (uU/ml) Homa-IR Quicki
n Mean s Mean sE Mean SE ICC Mean st ICC Mean s ICC Mean s ICC Mean se ICC
Al 622 11.31 251 1663 296 2703 027 0-353 4.81 002 0136 781 017 0618 1.69 004 0573 016 0-01 0-536
Mz 324 11.55 2.51 1675 301 26:58 0-36 0482 478 0.02 0144 764 023 0762 1.64 005 0686 016 001 0615
Dz 298 11.04 250 1650 276 27-53 0-40 0227 485 003 0129 799 025 0462 1.75 006 0445 0-16 0-00 0-437
SDz 162 11.09 256 16-31 274 268 0-61 0217 483 004 0100 769 0-32 0537 168 0-08 0-500 0-16 0-00 0-474
ODZ 136 1097 243 1674 277 2838 0-50 0224  4.87 003 0159 835 040 0374 1.84 010 0373 016 0-00 0-384

Homa-IR, homoeostasis model assessment-insulin resistance; Quicki, quantitative insulin sensitivity check index; MZ, monozygotic; DZ, dizygotic; SDZ, same-sex dizygotic; ODZ,

opposite-sex dizygotic.
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Table 2. Pearson’s partial correlation between dietary fat intake and fasting blood insulin and glucose levels among Chinese child twins (n 622), in all
and by sex
(Pearson’s partial correlation coefficients with their standard errors)

All (n 622)* Males (n 298)t Females (n 322)t
Coefficient SE P Coefficient SE P Coefficient SE P
Glucose (mmol/l) 0-10 0-08 0-013 0-01 0-01 0-952 0-15 0-08 0-005
Insulin (uU/ml) 0-16 0-10 0-001 0-05 0-05 0-396 0-26 0-11 <0-001
Homa-IR 0-16 0-11 <0-001 0-05 0-04 0-416 0-28 0-12 <0-001
Quicki -0-16 012 <0-001 -0-05 0-03 0-407 -0-27 012 <0-001
Homa-IR, homoeostasis model nent-insulin resistance; Quicki, quantitative insulin sensitivity check index.
* Adjusted for age, sex, BMI, total energy.
1 Adjusted for age, BMI, total energy.
rg 0-20 (0-08, 0-43)  rz —0-07 (-0-21, 0-07) 15 0-12 (0-01, 0-40) 1z 0-01 (=0-10, 0-13)
\ X
0-52 0-48 0-70 0-30 0-52 0-48 0-70 0-30
(0-40, 0-61) (0-38, 0-59) (0-62,0-76)  (0-23, 0-37) (0-40, 0-61) (0-38, 0-59) (0-62, 0-76) (0-24, 0-37)
Bivariate heritability =0-121 Bivariate heritability =0-073
15 0-22 (0-10, 0-50)  rz —0-04 (-0-20, 0-10) 14 —0-22 (-0-40,-0-04)  rg 0-05 (-0-09, 0-19)
\ 1Y
0-52 0-48 0-63 0-37 0-52 0-48 0-55 0-45
(0-40, 0-61) (0-38, 0-59) (0-54, 0-70) (029, 0-45) (0-40, 0-61) (0-38, 0-59) (0-44, 0-63)  (0-36, 0-55)

Dietary fat Ip7 0-163 Homa-IR Dietary fat ror —0-163 Quicki

Bivariate heritability =0-125 Bivariate heritability=0-118

Fig. 1. Bivariate association analysis of dietary fat and glucose, insulin, homoeostasis model of assessment-insulin resistance (Homa-IR) and the quantitative insulin
sensitivity check index (Quicki) among Chinese child twins (n 622). rg, Additive genetic (A) correlation; re, unique environmental (E) correlation; ret, phenotypic
correlation.

(ra 0-12; 95% CI 0-01, 0-40), Homa-IR (7, 0-22; 95% CI 0-10, index (Table 3). Fat intake significantly modified additive
0-50) and the Quicki index (r, —0-22; 95% CI —0-40, 0-04) all genetic effects on these T2D-related traits. The estimated
showed strong estimated genetic correlations. The environ- additive genetic variance decreased, whereas the unique
mental correlation was not significant (r; —0-07; 95% CI —0-21, environmental variance increased with increasing dietary fat in
0-07). The calculated bivariate heritabilities of dietary fat and determining insulin and the Quicki index (Fig. 2). This indicates
insulin, fasting glucose, Homa-IR and the Quicki index were that genetic factors play a less important role in determining

0-121, 0-073, 0-125 and 0-118, respectively (Fig. 1). insulin levels and the Quicki index in subjects with high dietary
fat intakes compared with lower intakes. In contrast, the esti-
mated additive genetic variance was increased, whereas the
unique environmental variance decreased with increasing
dietary fat intake from analyses of glucose and Homa-IR
(Fig. 2). This suggests that genetic factors may play a more
Finally, we tested dietary fat intake as a moderator of genetic important role in determining glucose and Homa-IR levels
and/or environmental effects on quantitative measures of T2D- among subjects with high dietary fat intakes compared with
related traits including glucose, insulin, Homa-IR and the Quicki lower intakes.

Gene—environmental interactions on these type 2
diabetes-related traits
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Discussion

The present study provided unique insights about how dietary
fat intake is associated with quantitative phenotypes related to
T2D (including insulin, glucose, Homa-IR and the Quicki index)
in Chinese children. To our knowledge, this is the first report
to estimate genetic and environmental correlations between
dietary fat intake and T2D-related traits in children. Our results
suggest that genetic factors contribute to a significant propor-
tion of the total variance in IR, IS and fat intake among Chinese

Table 3. Moderating effect of dietary fat intake on genetic and specific
environmental variances of fasting insulin and glucose and insulin resis-
tance among Chinese child twins (n 622)*

(Additive genetic modifications (A), specific environmental modifications (E)
and 95 % confidence intervals)

Moderating effects

Dietary fat intake

(as % of total energy) A 95% Cl E 95% CI
Glucose (mmol/l) -0-33 -0-45, -0-20 0-19 0-07, 0-37
Insulin (uU/ml) 0-19 0-04, 0-36 0-07 -0-05, 0-17
Homa-IR 0-16 0-02, 0-42 -022 -0-46, —0-14
Quicki -022 -0-46, —0-07 0-07 -0-02, 0-22

Homa-IR, homoeostasis model assessment-insulin resistance; Quicki, quantitative
insulin sensitivity check index.

* Additive genetic and specific correlations were based on re-parameterisation of
Cholesky decomposition model.

Glucose
1-00 r A
[®)
>
E
0-00 - M
—4-00 4-00
Low dietary fat High dietary fat
Homa-IR
1-00 A
[®)
>
E
0-00 M
—4-00 4-00

Low dietary fat High dietary fat

Fig. 2. Change in additive genetic (A,

) and unique environmental variance (E,

vC

vC

T. Huang et al.

children. Phenotypic correlations between dietary fat intake and
quantitative traits related to T2D are mediated by common
genetic factors.

Our results provide further evidence for the role of genes in
controlling IR, IS and glucose metabolism. Our results are
consistent with previous evidences showing estimated herit-
ability for peripheral IS (h* 0-53) and non-oxidative glucose
metabolism (h* 0-50) in young people, supporting the notion
that there are both genetic and environmental aetiological
factors controlling insulin action and non-oxidative glucose
metabolism™®®. Our findings lend further support for a major
genetic component in the aetiology of insulin secretion.

Previous epidemiological studies have found that dietary fat
intake is positively associated with T2D risk, blood insulin and
glucose®¥?. We previously found that high total fatty acids
were positively associated with diabetes-related quantitative
traits in Chinese®®*?”. Our findings in Chinese child twins
further supported this result. Dietary fat intake was significantly
positively correlated with glucose, insulin and Homa-IR
levels. The potential mechanisms through which dietary fat
influence IS levels were elucidated®®>®. In rodents, a high-fat
diet increased the concentration of diacylglycerol in muscles
and activated novel protein kinase C (PKC)®?. Thus, the
accumulation of diacylglycerol impaired activation of the
insulin receptor®”. Similarly, infusion of lipid for 5h caused
IR in muscles associated with accumulation of intracellular

Insulin
1.00
0-00 M
—4-00 4-00
Low dietary fat High dietary fat
Quicki
1-00 r
E
C
0-00 M
—4-00 400

Low dietary fat High dietary fat

) of glucose and insulin with increasing levels of dietary fat among Chinese

child twins (n 622). Dietary fat significantly modified additive genetic effects on glucose, insulin, homoeostasis model of assessment-insulin resistance (Homa-IR) and
the quantitative insulin sensitivity check index (Quicki) levels. High dietary fat intake may accentuate the genetic influence in determining glucose and Homa-IR.
In contrast, high dietary fat intake may attenuate the genetic influence in determining insulin and Quicki.
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diacylglycerol and specific activation of PKC®®. A study in
mice without PKCO showed the importance of activation of
novel PKC and serine phosphorylation of insulin receptor
substrate 1 (IRS1) for development of IR®®. On the other hand,
IR can also be attributed to lipid-induced defects in the insulin
signalling pathway originating from a reduction in tyrosine
phosphorylation of IRS1, which plays a key role in transmitting
signals from the insulin and insulin-like growth factor-1 recep-
tors to intracellular pathways phosphoinositide 3 kinase and
protein kinase B (PI3K/Akt) and Erk mitogen-activated protein
(MAP) kinase pathwaysGS) .

Homa-IR and fasting insulin levels showed high genetic
correlations. Homa-IR and IS yielded moderate estimated
genetic correlations, suggesting that these two quantitative traits
are influenced, at least in part, by different genes(‘%) . In addi-
tion, the correlations between dietary fat intake and T2D-related
traits may also be mediated by shared genetic influences. Thus,
to elucidate the mechanism, we conducted a bivariate analysis
using Cholesky models in the present study. The estimated
bivariate heritability reflects the extent to which shared genetic
factors underlie a correlation between two quantitative traits.
Our results showed that dietary fat intake and fasting serum
insulin were significantly correlated, with common genetic
factors creating a correlation. Overall 77 % of this phenotypic
correlation was mediated by the shared genetic factors. In the
same way, genetic factors also appear to underlie the correla-
tions between dietary fat intake and glucose, Homa-IR and
Quicki levels. Our results provide further evidence of some role
of genetic factors in mediating phonotypic correlations between
dietary fat and T2D-related traits.

Considering the evidence for gene—environment interactions
in the aetiology of diabetes, we further investigated the effects
of genetic and environmental interactions on T2D-related traits.
The present study indicates that dietary fat significantly
modified additive genetic effects on glucose, insulin, Homa-IR
and Quicki levels. High dietary fat intake may accentuate the
genetic influence in determining blood glucose and Homa-IR.
In contrast, high dietary fat intake may attenuate the genetic
influence in determining blood insulin and the Quicki index.
Our findings can be supported by previous evidences that
suggest a possible interaction between Prol2Ala polymorphism
of PPARG?2 (a recognised candidate gene for T2D) and dietary
MUFA, such that obese people with the Ala-12 allele have
higher Homa-IR values, especially if their intake of MUFA is
low®”, Dietary fat intake modifies the effects of —514(C/T)
polymorphism on HDL-cholesterol concentrations and its
subclasses. Specifically, in the Framingham Study, TT subjects
displayed impaired adaptation to high animal fat diets, which
could in turn result in higher cardiovascular and diabetes
risk®®. Therefore, our study together with previous studies
further supported the hypothesis that IR results from the inter-
action between genetic and environmental factors.

In conclusion, genetic factors contribute to a significant
proportion of the total variance in T2D-related traits among
Chinese children. These associations between dietary fat
intake and T2D-related traits are mostly mediated by genetic
influences. Future longitudinal studies are needed to test the
related causal relationships.
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