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Abstract

Published estimates of the incidence of type 1 diabetes (T1D) in children in the last

decade varies between 2% and 4% per annum. If this trend continued, the disease inci-

dence would double in the next 20 years. The risk of developing T1D is determined by

a complex interaction between multiple genes (mainly human leukocyte antigens) and

environmental factors. Notwithstanding that genetic susceptibility represents a rele-

vant element in T1D risk, genetics alone cannot explain the increase in incidence. Vari-

ous environmental factors have been suggested as potential triggers for T1D, including

several viruses and the hygiene hypothesis; however, none of these seems to explain

the large increase in T1D incidence observed over the last decades. Several studies

have demonstrated that the prevalence of childhood/adolescence overweight and

obesity has risen during the past 30 years in T1D. Currently, at diagnosis, the majority

of patients with T1D have normal or elevated body weight and ~50% of patients with

longstanding T1D are either overweight or obese. The growing prevalence of obesity

in childhood and adolescence offers a plausible explanation for the increase in T1D

incidence observed in recent decades. Possible mechanisms of the enhancement of

β-cell autoimmunity by obesity include: a) insulin resistance-induced β-cell secretory

demand triggering autoimmunity through cytokine release, neo-epitope antigen forma-

tion and increase in β-cell apoptosis, and b) obesity-induced low-grade inflammation

with pro-inflammatory cytokines secreted by locally infiltrating macrophages, which

contribute to the presentation by islet cells of autoantigens generally not accessible to

T cells. Further studies are needed to clarify whether the control of body weight can

prevent or delay the current and continuing rise in T1D incidence.

K E YWORD S

type 1 diabetes, beta cell function, glycaemic control

1 | INCIDENCE OF TYPE 1 DIABETES IS ON
THE INCREASE

Type 1 diabetes (T1D) represents ~10% of all cases of diabetes

mellitus.1 T1D is recognized to be an autoimmune-mediated disease

leading to the destruction of insulin-producing β cells.1,2 This disease

occurs mostly during childhood/adolescence, and there has been an

increase in the incidence of the disease in early life.3 However, nearly

half of patients experience onset in adulthood.4

DIAMOND5 and EURODIAB,6 two large epidemiological studies

evaluating the incidence and trends in T1D diabetes worldwide and in

Europe, respectively, have highlighted the increasing incidence of this

disease. Specifically, in the period 1990 to 2000 in children aged 0 to

14 years, the estimated annual increase in incidence worldwide was

2.8% per annum and in Europe it was 3.9% per annum. More recently,

Patterson et al 7 analysed the age-/sex-standardized incidence rates

for the age group 0 to 14 years in 26 European centres registering

newly diagnosed individuals in geographically defined regions for up
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to 25 years during the period 1989 to 2013. A significant increase in

incidence was noted in all centres, but not in two high-incidence

countries (Finland and Norway), where reducing increase rates were

observed in recent years.7 This is an interesting finding because it was

associated with a plateau in the growth of obesity in these countries.8

Despite these findings, a pooled analysis across all European centres

revealed that the incidence of childhood T1D continues to rise by

~3% to 4% per annum.7 If this trend continued, the incidence would

double in the next 20 years. To support the relevance of the role of

obesity in the growing incidence of T1D, the reported increased inci-

dence of T1D in Kuwait which parallels the rise of obesity over the

past quarter of century is of particular interest.9

A very recent study, performed in French children, reported that

in a total of 12 067 children identified as newly diagnosed with T1D,

the annual incidence rate increased from 15.4 to 19.1 per 100 000

person/year between 2010 and 2015.10 The increase in the annual

rate was 4.0%. In the United States, pooled data from five centres on

children and adolescents diagnosed before the age of 20 years indi-

cated a 1.8% (95% CI 1.0, 2.6) annual increase during 2002 to 2012

after adjustment for age, gender and race or ethnic group.11

Regarding the Asian population, a study performed in Zhejiang

province, in a region of China with low T1D incidence, showed that

the age-standardized T1D incidence in children and adolescents aged

0 to 19 years doubled between 2007 (1.22/100 000 person-years)

and 2013 (2.48/100 000 person-years), with an average annual

increase of 12%.12 In a retrospective cohort study in South Korea

conducted for the period 2001 to 2010, the average incidence rate of

T1D in children aged <15 years was 2.01/100 000.13 The reported

incidence of T1D in Korean children and adolescents from 2012 to

2014 increased to 3.19/100 000.14

In Japan, the incidence of childhood-onset T1D for 2005 to 2010

was 2.25/100 000.15 The incidence was not only shown to be mark-

edly lower than in Western countries, but has also remained

unchanged for >10 years, with no evidence of T1D spreading to youn-

ger age groups.15

Finally, some reports suggest a temporal increase in incidence

trends not only in children (0–14 years) but also in adolescents and

young adults (15–30 years), suggesting an increasing effect over time

of environmental factors.16-19

2 | INTERACTION BETWEEN GENETICS
AND ENVIRONMENT IN THE INCREASING
INCIDENCE OF TYPE 1 DIABETES

The risk of developing T1D is determined by a complex interaction

between multiple genes and environmental factors. Evidence for a

genetic component is provided by the higher risk in siblings of people

with T1D (6%) compared to that observed in the general population

(~ 0.4%), and there are at least 20 regions of the genome predisposing

to T1D.20 The human leukocyte antigen (HLA) region accounts for

~50% of the genetic susceptibility to T1D; the significant role played

by the HLA system in susceptibility to T1D could affect both the

incidence and age of onset of the disease.21,22 Indeed, the minor fre-

quency of HLA class II high-risk genotypes can partially explain the

low incidence of T1D reported in central Italy.23

Notwithstanding that genetics represents a relevant element in

T1D risk, the increase in T1D incidence observed worldwide in recent

decades cannot be explained by genetic susceptibility. Moreover, it is

worth noting that the rising incidence of T1D has been accompanied

by an increase of the disease in patients carrying low/moderate HLA

risk genotypes compared to previous decades.24

These observations underline the less important role for genetic

predisposition in the increasing incidence of T1D, and at the same

time highlight the role played by a number of diverse environmental

factors in the rapid change in the global incidence of T1D.25

It has long been suggested that viral infections could be environ-

mental triggers implicated in the aetiology of T1D. Enteroviruses,

coxsackie virus B, cytomegalovirus, rotaviruses and encephalomyocar-

ditis virus might contribute to T1D pathogenesis.25,26 Alternatively,

according to the hygiene hypothesis, put forward to explain the rise in

immune dysregulation, the increase in T1D could be explained by the

decrease in bacterial and viral infections, which could indeed have

served as a defence mechanism against developing the disease.27

Recent evidence indicates that there has been a decrease in global

regional and national morbidity by 30% and in mortality by 51% with

regard to respiratory infections in children, probably as a result of

increases in vaccinations and other prevention measures.28-30 None-

theless, the identification and confirmation of environmental determi-

nants remain a formidable challenge.31 Because of the lack of strong

evidence for a single factor as a major trigger for T1D, it is possible

that numerous elements may determine additive or synergistic effects

by acting via several mechanisms and/or at different stages in the dis-

ease process.32 Environmental exposures may occur at any time

before the onset of the disease from in utero to T1D onset.33 In addi-

tion, environmental determinants may vary in different populations,

also depending on the genetic background.

To summarize, various different causal factors have been pro-

posed as triggers for T1D; however, none of these elements seems to

explain the increase in incidence of T1D observed in the past decades.

The identification of environmental determinants contributing to T1D

has been difficult because of the heterogeneous and transitory nature

of environmental exposures.

3 | THE OBESOGENIC ENVIRONMENT
AND HOW IT MAY LEAD TO T1D

Numerous studies have now demonstrated that the prevalence of

childhood overweight and obesity has risen during the past 30 years

in children with T1D since diagnosis.34,35 Obesity per se could be

linked to the increasing incidence of T1D, generating a novel expres-

sion of the disease known as "double diabetes".36 The worldwide

prevalence of obesity increased from <1% in 1975 to 7.8% and to

5.6% in 2016 for boys and girls, respectively.37 This trend increases

similarly or even at a faster rate in patients with T1D compared to the
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general population.38 Nowadays, a good number of T1D patients at

diagnosis, especially adults but also children, have a normal or slightly

raised body mass index (BMI).39 A study conducted in ~9000 children

with T1D demonstrated that higher BMI was associated with younger

age at onset, concluding that the elevated weight gain could be a risk

factor for an early manifestation of the disease.39 More recently, it

has been demonstrated that children with overweight/obesity have a

63% higher risk of developing T1D.40 All these new observations sup-

port the "accelerator hypothesis" put forward by Wilkin in 2001. He

suggested a link between BMI and T1D,41 underlining that T1D and

type 2 diabetes (T2D) are the same disorder of insulin resistance set

against different genetic background. T1D and T2D in terms of patho-

genesis represent a continuum as the interaction between genetic

susceptibility and insulin resistance determines an earlier onset of

T1D in obese compared to non-obese subjects. Obesity favours insu-

lin resistance, causing stress on β cells and rendering them more vul-

nerable to an autoimmune attack.42 The Wilkin's hypothesis received

definitive confirmation by a recent study testing whether raised BMI

accelerates islet autoimmunity before T1D diagnosis. The rate of pro-

gression from single to multiple autoantibodies increased in those

with high BMI, particularly in children/adolescents with moderate/low

HLA risk.43

With regard to the mechanisms involved in obesity-induced β-cell

damage, several mechanisms may be considered to explain the activa-

tion of an autoimmune response in obese subjects (Table 1). Although

there is no direct causal link between obesity and the increased inci-

dence of T1D, in the presence of insulin resistance, β cells compen-

sate by secreting more insulin. Such increased demand leads to an

imbalance with respect to the ability of the islet cell endoplasmic

reticulum to produce insulin, leading to β-cell stress with consequent

cytokine release [interferon (IFN)α], neo-epitope formation and

increase in β-cell apoptosis.44,45 IFNα may induce and amplify the

adaptive immune response against human β cells, thus having a cen-

tral role in the early phases of T1D.44

Another possible mechanism is the obesity-induced low-grade

inflammation at the core of the β-cell damaging process.46 Obesity

and insulin resistance lead to promotion of hepatic de novo lipogene-

sis, initial liver steatosis, non-alcoholic fatty liver disease, non-

alcoholic steatohepatitis, pancreatic fat accumulation and, most

important, tissue macrophage infiltration.47 Low-grade systemic

inflammation develops from adipose tissue dysfunction, underlined by

the presence of infiltrating macrophages. Adipocytes undergo apopto-

sis and release antigens previously not available to the immune sys-

tem.45 Macrophages synthesize and secrete a variety of chemokines

capable of recruiting more lymphocytes into pancreatic tissue.48,49

The presence of chemokines, markedly enhanced by β-cell exposure

to inflammatory signals,50,51 induces two specific chemokine recep-

tors (i.e. CXCL1-2 and CXCR3)52,53 which may contribute to the

expansion of the already ongoing autoimmune activation. We demon-

strated that the frequency of autoantibodies to islet antigen-2 (IA-

2)256–760, a fragment of IA-2IC that includes the extracellular portion

of the protein, increased with increasing BMI in patients with latent

autoimmune diabetes in adults.54 We have also found that IA-

2256–760 autoantibodies have a higher frequency in obese subjects

with normal glucose tolerance compared to subjects with T2D.55

Thus, we suggest that an increasing “obesogenic” environment and

the consequent associated low-grade inflammation could promote/

amplify, in obese subjects, the development of diabetes-specific

autoimmunity.56

4 | IMPLICATIONS FOR OVERWEIGHT/
OBESITY AT T1D DIAGNOSIS

The observation that overweight/obesity can characterize T1D at clin-

ical diagnosis or even in the prediabetic state, drives us to reconsider

the rationale for intervention trials.57 Such trials focus mainly on

targeting the autoimmune response to β cells, with a number of com-

pounds acting at different stages of the immunological events associ-

ated with β-cell destruction.58 Since autoimmunity continues for at

least few years after diagnosis, increasing the loss of residual β-cell

function, interventions to lessen this phenomenon with drugs

targeting obesity-driven systemic inflammation may slow down the

progression of islet cell destruction. Recent trials have been con-

ducted with this aim.59 Further studies are needed to clarify whether

the control of body weight can prevent or delay the current and con-

tinuing rise in T1D incidence. Furthermore, in patients with long-

standing T1D, overweight/obesity may be the result of the general

anabolic effect caused by iatrogenic insulin replacement. The per-

ceived threat of hypoglycaemia, which leads to a significant increase

in calorie intake, is another factor causing body weight increase. In

this respect, glucagon-like peptide-1 receptor agonists have been pro-

posed as additional therapy in obese patients with pump-treated

T1D.60

In conclusion, the clinical phenotype of T1D is dramatically

changing compared to the past, and clinicians should be aware of this

modification as it has both diagnostic and clinical implications.

TABLE 1 Possible mechanisms underlying how obesity may lead
to enhanced β-cell specific autoimmunity and destruction in type 1
diabetes

• Obesity can accelerate the clinical onset of autoimmunity by

increasing insulin resistance and thus insulin requirement in

genetically susceptible subjects

• Obesity, overfeeding and insulin resistance increase β-cell
secretory demand and lead to the activation of intrinsic β-cell
stress, triggering autoimmunity through: (a) cytokine release

(IFNα), neo-epitope formation and increase in β-cell apoptosis and
(b) acceleration of autoimmune mediated β-cell death

• Obesity-induced low-grade inflammation (secretion by stressed

adipocytes undergoing apoptosis of pro-inflammatory cytokines,

such as IL1-β, IL6, TNF alpha) contributing to: (a) release from islet

cells of auto-antigens generally not accessible to T cells and (b)

β-cell death

Abbreviations: IFN, interferon; IL, interleukin.
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