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Introduction
The incidence of type 2 diabetes in
young people continues to rise and
it is worrying that adolescents, and
even children, are now increasingly
diagnosed with type 2.1 The causes
for this burgeoning demand on
health services are the subject of
much research, and it is likely that
both lifestyle and genetic factors
are implicated. 

The concept underpinning the
EarlyBird Study is that the process,
which eventually leads to type 2 
diabetes, begins early and may be
identifiable during childhood, years
before diabetes is diagnosed. This
paper reviews the evidence for three
factors which may influence that
process – firstly the inborn ability 
of pancreatic beta cells to respond to
insulin demand, secondly the evi-
dence that modifiable environmen-
tal factors may alter the genetic risk
of a given individual to diabetes and
obesity, and thirdly the effect of an
individual’s mood on his or her dia-
betes risk. Together, these factors
form pieces of the complex jigsaw
puzzle that together may explain
why some people, but not others,
develop diabetes. 

Methods
EarlyBird is a non-intervention
study following a cohort of healthy

children from the age of five
through to 16. The study com-
menced recruitment in 2000 from
randomly selected schools in
Plymouth, UK and formed a cohort
of 347 healthy children, closely
grouped in age (standard deviation
± three months). The majority were
white Caucasian, with a wide socio-
economic mix. Local research
ethics committee approval was
granted in 1999 and full details of
recruitment and methodology were
described by Voss et al.2 Annual
measures include detailed anthro-
pometry, including body mass
index (BMI SDS, standardised for
age and gender), body fat percent-
age (dual-energy x-ray absorptiom-
etry), seven-day physical activity
monitoring (accelerometry), blood
pressure, and fasting blood tests:
glucose, insulin, insulin resistance
(HOMA-IR), beta-cell function
(HOMA-B), total cholesterol, HDL
cholesterol, triglycerides. The same
fasting blood tests were made on

the parents when the child was
aged five years.

Pubertal development was
assessed as the age at which the
child reached their peak height
velocity, determined as the tangen-
tial velocity at the middle time-point
of three consecutive height meas-
urements taken six months apart. 

Participant retention was good: a
full data set from 78% of the cohort
was obtained at the conclusion of the
twelfth study year in 2012, with the
children aged 16 years.

Insulin supply and demand
Hyperglycaemia ensues when
demand for insulin increases
beyond the capability of the beta
cell to respond.3 Cross-sectional
studies suggest that the demand for
insulin is greater in children with a
higher fat percentage, although
diabetes will only develop if the
supply is unable to meet it.4,5

Impaired fasting glucose (IFG)
occurs when the control loop is
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unable to maintain glucose levels
within the normal range in the fast-
ing state. The American Diabetes
Association’s definition is a fasting
glucose more than 5.6–6.9 mmol/l.6

Studies in adults and children 
suggest that future diabetes risk
increases continually with increas-
ing fasting plasma glucose.7,8,9

Hosking et al. identified 
55 EarlyBird children (39 boys)
with IFG at least once between five
and 15 years of age (17% of the
cohort), and over 70% of them at
11 years or older.10 Interestingly,
there was no difference in BMI
between those who showed IFG and
those who did not (BMI SDS at five
years: 0.27 versus 0.33 respectively,
p=0.70). Indeed, only 9.6% of the
55 children who developed IFG
were overweight or obese com-
pared with 16.9% of those who did
not. Neither were there any differ-
ences between the two groups for
physical activity, pubertal develop-
ment or insulin resistance (all
p>0.49). However, those with IFG
had significantly lower beta cell
function than those who did not
(HOMA-B at five years: 82.5 versus
95.0 units respectively, p=0.001). 

Longitudinal modelling of the
trends in beta cell function between
the ages of 5 and 16 showed it to be
consistently lower in those with IFG
than those without (Figure 1). This
difference remained statistically sig-
nificant after adjustment for gender,
BMI SDS, age at peak height velocity
and physical activity (p=0.03). 

It was also interesting to note
that the mean fasting glucose of the
mothers whose children showed
IFG was significantly higher than
that of the mothers whose children
did not (4.9 versus 4.6, p<0.001),
and their HOMA-B was also lower
(p=0.02). Mothers’ BMI and
HOMA-IR was the same in both
groups (p>0.6). Again, mean fast-
ing glucose of the fathers of IFG
children was higher than that of

normal glucose children (5.0 versus
4.8, p=0.04).

Hosking et al.10 speculated that
further weight gain and demand
for insulin would be needed for the
IFG children to progress to frank
diabetes. What distinguished those
who developed IFG was a defect in
beta cell function, already present
at five years of age, and also present
in their parents. 

Changes in gene expression 
and diabetes risk
Epigenetics is the study of heritable
changes in gene function that

occur without a change in DNA
sequence. Epi, Greek for ‘outside’,
implies that the changes are out-
side, or in addition to, genetics.
Epigenetic changes affect how well,
or in what way, individual genes
work, and may be thought of as
‘turning on’ or ‘turning off’ genes,
and all the stages in between .
These epigenetic changes may last
for that cell’s lifetime or through
multiple cell divisions and genera-
tions, even though there is no
change to the gene sequence itself.
An example of this process is evi-
dent in the families of those who

Figure 1. Trajectories of beta cell function (HOMA-B) between 5 years and 15 years in
children according to IFG status (a. unadjusted, b. adjusted for age, gender, BMI standards,
age at peak height velocity, height standards, and physical activity)10
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experienced the Dutch ‘Hunger
Winter’ between 1944–45. Adults
who were in utero during this
period of famine had increased risk
of hypertension, obesity and insulin
resistance.11 Crucially, the effects of
the famine continued through the
generations, such that the grand-
children of women who were
exposed to famine during their
pregnancy also showed this
increased risk.12

Triggers of epigenetic change
remain speculative, but probably
include periods of rapid growth
(gestation, infancy, puberty), diet,
exposure to chemicals and drugs,
and the ageing process. Epigenetic
changes have been implicated in
the development of some cancers13

and autoimmune diseases.14

Most epigenetic studies relating
to diabetes have been in animals,
where it is possible to manipulate
the diet of mothers and their off-
spring. When pregnant rats and
mice were fed diets of reduced pro-
tein, calories, or a high fat content,
the offspring had impaired blood
pressure, insulin resistance and
obesity, and these effects continued
in future generations.15

There have so far been very few
studies of epigenetic changes in
relation to diabetes in humans, and
the number of genes studied so far
is limited. EarlyBird conducted the
first longitudinal epigenetic study16

in 40 children, stratified according
to their insulin resistance at 
14 years of age. The first aim was to
examine the stability of the PGC1�
gene over a 10-year period during
childhood. The PGC1� gene is cen-
tral to energy homeostasis through
regulation of pancreatic beta-cell
function and adipogenesis (differ-
entiation of fat cells). Clarke-Harris
et al.16 studied seven different sites
(CpG loci) located on the PGC1�
gene, and measured how well the
gene was expressed at each of those
sites (the percentage methylation).

Increased methylation corre-
sponds, in the case of the PGC1�
gene, to switching off or lower activ-
ity of the gene16. The authors
found that the amount of methyla-
tion at each CpG locus was remark-
ably stable during childhood: mean
(±SD) methylation of individual
CpG loci varied from 20.4 ± 3.5% to
64.9 ± 2.8% across all subjects and
years and did not differ between
boys and girls, and longitudinal
tracking co-efficients were high for
all loci. This was important to estab-
lish as it implies that the function 
of that gene is not being affected 
by any environmental stimulus 
during this period of time, and that
an early measure of methylation
can accurately predict methylation
10 years later. 

The second aim was to estab-
lish whether methylation was asso-
ciated with body fat (measured by
dual energy x-ray absorptiome-
try). A clear differentiation was
seen, with greater methylation
(suppression of gene activity)
associated with greater body fat at
each age. This was statistically sig-
nificant (p≤0.03) in four CpG sites
for both boys and girls, and the
pattern was replicated, but not sta-
tistically significant, at the other
three sites. The magnitude of the
association suggested that a 10%
difference in methylation pre-
dicted up to 12% difference in fat
mass. This is important as it is the
first evidence that epigenetic
changes early in childhood may
predict adiposity later, and that
epigenetic marks in childhood
could be used as biomarkers on
which to base interventions to
reduce risk of obesity.

The next step is to examine the
association between methylation of
the PGC1� gene and insulin resist-
ance. This study is ongoing, and
results will be available from
EarlyBird in due course. The same
group is also studying methylation

in other genes thought to affect
diabetes risk (SIRT 1, HNF4�, glu-
cokinase). If the expected associa-
tions are found, this could mean
that an individual’s diabetes risk
could be predicted from a single
blood test early in childhood.

Mood and diabetes risk
The prevalence of depression is
doubled in individuals with type 2
diabetes compared with those with-
out diabetes.17 It is not known
whether depression develops as a
result of living with the burden of
diabetes,18 or whether depression is
an independent risk factor for the
development of type 2 diabetes.19,20

In a meta-analysis of longitudinal
studies in adults, Knol et al.21 con-
cluded that those with depressive
symptoms had a 37% increased risk
of developing type 2 diabetes in the
future, after accounting for con-
founders such as BMI. There are a
number of pathways by which this
could happen: depressive symp-
toms may activate stress pathways,
including upregulating the hypo-
thalamic-pituitary-adrenal axis,
altering insulin signalling in the
brain or increasing pro-inflamma-
tory factors.22

Mood is associated with mental
health problems in both adults23

and children24,25 and comprises two
components: negative and positive
affect. Negative affect is a general
factor of emotional distress.
Positive affect is represented by
pleasant feelings (eg interested,
strong and active), and low positive
affect is specific to
depression. Postive affect is repre-
sented by pleasant feelings and low
positive effect is specific to depres-
sion. Both negative and positive
affect are relatively stable as people
move from childhood into adult-
hood,26 and are associated with dia-
betes in adults.27,28

The link between obesity and
depression in children is estab-
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lished,29 and depressive symptoms
in adolescents have been shown to
predict obesity a year later.30 Cross-
sectional studies of adolescents
have found depressive symptoms to
be associated with insulin sensitiv-
ity, both dependent31 and inde-
pendent of adiposity.32,33

In a recent publication,34

EarlyBird hypothesised that:
1. Lower mood and increased 
diabetes risk in teenagers would be
correlated, and that adiposity would
explain some of this association
2. Increases in diabetes risk during
childhood would predict lower
mood at 16 years of age. 

Mood was measured by the positive
affect and negative affect schedule
– child form (PANAS-C) is a widely
used scale which has been validated
in a UK adult population35,36 and 
in children aged 11–18 years.37

The scale consists of 30 adjectives,
15 positive and 15 negative. The
child was asked ‘How do you 
normally feel?’ in the way described
by the adjective on a five-point scale
ranging from 1 (very slightly or 
not at all) to 5 (extremely). The
scores for each affect were added
and an overall mood score calcu-
lated (positive minus negative). 
A higher mood score denoted a
happier child. 

A mean diabetes risk z-score was
calculated comprising sex and age-
specific standardised measures of
insulin resistance (IR), cholesterol:
HDL cholesterol ratio, tri -
glycerides, systolic and diastolic
blood pressure.38 A higher score
represented poorer metabolic
health and increased diabetes risk.

Jeffery et al.34 found that
teenagers with a higher fat percent-
age had significantly lower mood
than those who did not, and that
this relationship was partly
explained by the fact that girls have
a higher fat percentage than boys,
as well as lower mood at 16. 

Low mood in otherwise healthy
adolescents was associated with
increased diabetes risk at 16 years
(�= -0.26, p=0.008), confirming our
first hypothesis. Figure 2 shows the
scatterplot between mood and 
diabetes risk (r= -0.19, p=0.003).

We also found evidence to sup-
port our second hypothesis – lower
mood was associated with increas-
ing diabetes risk during childhood,
independent of adiposity and sex
(�= -0.40, p=0.004). This is the first
study to suggest that those children,
whose metabolic health deterio-
rates over time, appear to be the
most at risk for exhibiting depres-
sive symptoms. Earlier developing
children had higher negative affect
than those developing later39

Further research is needed to
determine whether early interven-
tion to relieve depressive symptoms
in teenagers could ameliorate
pubertal insulin resistance and/or
reduce the risk of developing type 2
diabetes in the future. 

Summary and conclusion
This article has highlighted three
ways in which factors during child-

hood can lead to increased diabetes
risk for teenagers. By following a
cohort of normal youngsters 
during their childhood certain risk
factors have become evident. The
study identified an early deficit in
beta cell function among otherwise
healthy children who went on to
develop impaired fasting glucose
during puberty. Further work to
better understand the origins of the
deficit (genetic, epigenetic or envi-
ronmental) may be important in
reducing diabetes risk.

It was previously thought impos-
sible to alter one’s genes, but the
science of epigenetics illustrated
here shows that gene expression
could potentially be modifiable (eg
dietary, weight management).
Furthermore, these new bio -
markers for obesity, and potentially
for diabetes, are identifiable early
in life. 

Finally, we report that teenagers
who have a more buoyant mood
tend to be leaner and at lower dia-
betes risk than their peers. This has
implications for the future physical
and mental health of teenagers
with diabetes risk factors.
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