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Graphical abstract. Rising incidence of type 2 diabetes among multi-ethnic U.S. youth over the last two decades portends
an awakening epidemic among children and adolescents worldwide
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ARTICLE HIGHLIGHTS

e We provide an overview of current knowledge regarding youth-onset type 2 diabetes epidemiology, from predia-
betes through complications and comorbidities, in the U.S. and worldwide.

* We describe gaps in knowledge that stem from limited understanding of pathophysiology and a lack of systematic
surveillance of this pediatric condition of increasing concern.

* We make suggestions for future research to inform preventive action.
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In this narrative review, we describe the epidemiology (prevalence, incidence,
temporal trends, and projections) of type 2 diabetes among children and adoles-
cents (<20 years), focusing on data from the U.S. and reporting global estimates
where available. Secondarily, we discuss the clinical course of youth-onset type 2
diabetes, from prediabetes to complications and comorbidities, drawing compar-
isons with youth type 1 diabetes to highlight the aggressive course of this condi-
tion, which, only recently, has become recognized as a pediatric disease by
health care providers. Finally, we end with an overview of emerging topics in
type 2 diabetes research that have potential to inform strategies for effective
preventive action at the community and individual levels.

Four decades ago, “juvenile diabetes” referred to type 1 diabetes and “adult-onset
diabetes” was synonymous with type 2 diabetes. Three decades ago, pediatric type 2
diabetes cases began to emerge from clinic-based investigations (1) and studies mon-
itoring youth-onset type 2 diabetes trends in American Indian communities (2—4). To-
day, incidence of type 2 diabetes in adolescents is twice that of type 1 diabetes in
several non-White racial and ethnic groups (5,6) and has, only recently, become rec-
ognized as a pediatric disease in clinical settings (7). While youth-onset type 2 diabe-
tes is still relatively rare, any occurrence of this condition in children and adolescents
is concerning given its aggressive clinical course (8), association with risk of debilitat-
ing complications by young adulthood (9), and high all-cause mortality (10).

In this narrative review, we describe the epidemiology of type 2 diabetes and its
clinical course among people <20 years of age, focusing on data from the U.S. and
reporting global estimates where available. Secondarily, we discuss key drivers of
current trends and put forth emerging research areas with potential to inform
strategies for type 2 diabetes prevention in youth.

BURDEN

Prevalence
Most of our current knowledge about the epidemiology of youth-onset diabetes in
the U.S. comes from the SEARCH For Diabetes in Youth study, a population-based
study that surveilled physician-diagnosed diabetes in Washington, South Carolina,
Ohio, Colorado, and California, plus select American Indian reservations, from 2000
to 2020 (11). Based on the most recent SEARCH data, type 2 diabetes prevalence
among U.S. youth in 2017 was 0.67 (95% Cl 0.63, 0.70) case subjects per 1,000,
corresponding to 1,230 cases among 1,848,899 youth aged 10-19 years (12).

Racial and ethnic minority populations carry the largest burden of youth-onset
type 2 diabetes. In SEARCH, the highest prevalence of type 2 diabetes per 1,000 youth
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in 2017 was observed among Black or
African American youth at 1.80, followed
by 1.63 in American Indian youth, 1.03
among youth of Hispanic origin, 0.59
among Asian/Pacific Islander youth, and
0.20 among non-Hispanic White youth
(12). While type 1 diabetes remains the
predominant form of diabetes in children
and adolescents, prevalence of type 2 di-
abetes is now higher than that of type 1
diabetes among American Indian youth
(1.63 cases per 1,000 vs. 0.56 cases per
1,000 in 2017). Moreover, the annual
percent change (APC) in prevalence be-
tween 2009 and 2017 was steeper for
type 2 than type 1 diabetes among
Asian/Pacific Islander youth (7.3% vs.
2.9%), Black youth (7.1% vs. 2.4%), and
Hispanic youth (3.2% vs. 2.4%).

Across all racial and ethnic groups, the
prevalence of type 2 diabetes increased
with age: 0.29 per 1,000 for 10- to
14-year-old individuals and 1.04 per
1,000 for 15- to 19-year-old individuals
(12). Additionally, females consistently
have higher prevalence than males (0.82
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[95% Cl 0.77, 0.88] vs. 0.51 [95% Cl 0.47,
0.56] per 1,000) (12).

Globally, type 2 diabetes prevalence is
highest among adolescents in Brazil (33
per 1,000) (13), the Ontario First Nations
People (5.7 per 1,000) (14), and youth in
Mexico (4 per 1,000) (15), followed by
Black youth (1.8 per 1,000) and American
Indian youth (1.63 per 1,000) in the U.S.
(12). Lowest prevalences are observed in
Denmark (0.6 per 100,000) (16) and En-
gland and Wales (2.9 per 100,000) (17).
Figure 1 shows worldwide prevalence esti-
mates ranked by region and ethnicity,
comprising data from the 2021 IDF Diabe-
tes Atlas (18) and SEARCH (12). Note that
direct comparisons of country-specific sta-
tistics should be made with caution given
the lack of universal diagnostic criteria for
youth-onset type 2 diabetes.

Incidence

Incidence of type 2 diabetes among chil-
dren and adolescents in the U.S. is 13.8 per
100,000 youth/year according to SEARCH
2014-2015 data (5). Incidence increases
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with age (per 100,000/year: 12.4 vs.
15.2 for age 10-14 vs. 15-19 years), fe-
male sex (per 100,000/year: 16.7 vs.
11.1 for females vs. males), and youth
from racial and ethnic minority popula-
tions (per 100,000/year: 37.8 for Black
youth, 32.8 for American Indian youth,
20.9 for Hispanic youth, 11.9 for Asian/
Pacific Islander youth, and 4.5 for non-
Hispanic White youth) (5).

In a recent systematic review of litera-
ture on type 2 diabetes incidence among
children and adolescents from 25 coun-
tries/territories, Wu et al. (19) estimated
~41,600 new cases of youth-onset type 2
diabetes globally in 2021. One-third of
incident cases were in China (734 per
100,000), India (397 per 100,000), and the
US. (285 per 100,000). Other countries
within the top 10 highest incidence rates
per 100,000 in 2021 include Brazil (n =
154), Nigeria (n = 143), Indonesia (n =
133), Mexico (n = 119), Egypt (n = 116),
Pakistan (n = 88), and the Russian Federa-
tion (n = 65) (19). On the other hand,
non-Hispanic White youth in the UK,
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Figure 1—Global prevalence of type 2 diabetes among children and adolescents (age <20 years), per 100,000.
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Germany, and the U.S. had the lowest in-
cidence (0.1 to 0.8 per 100,000/year)
(5,20,21). Figure 2 shows global incidence
estimates by region and ethnicity based
on data from the 2021 IDF Diabetes Atlas
(18), SEARCH (5), and Wu et al. (19). Gen-
erally, global patterns for prevalence and
incidence of youth-onset type 2 diabetes
align with those observed in the U.S., with
a disproportionate burden among non-
White youth.

Temporal Trends and Projections

In SEARCH (12), type 2 diabetes preva-
lence per 1,000 youth was 0.34 in 2001,
0.46 in 2009, and 0.67 in 2017, with a

steeper APC in prevalence during the
latter half of the follow-up period (4.8%
vs. 3.7% increase). During this time, the
APC significantly increased among 15-
to 19-year-old individuals (2.9% in 2001—
2009 to 5.5% in 2009-2017; P = 0.04)
but not among 10- to 14-year-old indi-
viduals (4.9% in 2001-2009 vs. 3.1% in
2009-2017; P = 0.46). Both sexes experi-
enced increased type 2 diabetes preva-
lence during the abovementioned study
periods (12). Disaggregation by race and
ethnicity revealed the largest increase in
prevalence among Black youth, for whom
the APC increased from 1.2% (—1.3%,
3.8%) in 2001-2009 to 7.1% (4.8%, 9.4%)
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in 2009-2017 (P = 0.007). Across these two
periods, marginally significant increases in
APC were observed for American Indian
youth (APC —1.0% in 2009-2017 vs. 4.8%
in 2009-2017; P = 0.11) and Asian/Pacific
Islander youth (APC —0.7% in 2001-2009
vs. 7.3% in 2009-2017; P = 0.07). In con-
trast, the APC in prevalence decreased
among Hispanic youth (7.3% in 20012009
and 3.2% in 2009-2017; P = 0.03) and re-
mained stable in non-Hispanic White youth
(2.5% in 2001-2009 and 1.4 in 2009-2017;
P=0.64) (12).

SEARCH data also indicate a steady rise
in type 2 diabetes incidence. In 2002—
2003, the incidence of youth-onset type 2
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Figure 2—Global incidence of type 2 diabetes among children and adolescents (age <20 years), per 100,000.
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diabetes was 9 new cases per 100,000 in-
dividuals/year. This estimate increased to
12.2 cases in 2009-2010, 12.5 in 2011-
2012, and 13.8 in 2014-2016 (5), corre-
sponding to an age- and sex-adjusted
APC in incidence of 4.8% from 2002 to
2015 (5). This statistic was higher for
females than males (5.1% vs. 4.4%) and
for older than younger adolescents
(5.0% for 15- to 19-year-old individuals
vs. 4.6% for 10- to 14-year-old individu-
als). As shown in Fig. 3, disaggregation
by race and ethnicity reveals the highest
APC in incidence among Asian/Pacific Is-
lander youth at 7.7% (3.4%, 12.2%), fol-
lowed by 6.5% (4.4%, 8.5%) in Hispanic
youth, 6.0% (4.1%, 7.9%) in Black youth,
3.7% (0.1%, 7.4%) in American Indian
youth, and 0.8% (—1.4%, 2.9%) among
non-Hispanic White youth.

Based on these estimates and those of
other studies (6), researchers project a
fourfold increase in prevalence of youth-
onset type 2 diabetes in the U.S. by 2050
after accounting for anticipated changes
in demography, with the most substantial
increases occurring among racial and eth-
nic minority youth, particularly those of
Black or Indigenous populations (22). As
these groups also have the highest preva-
lence of overweight/obesity, current
temporal trends in Black and Indigenous
youth may portend future trends in other
racial and ethnic groups as the obesity
epidemic continues to evolve. We note,
however, that population-level patterns

of change in obesity prevalence may
have differential effects on type 2 diabe-
tes trends across racial and ethnic groups
as some populations, e.g., those in East
Asia, have high incidence of youth-onset
type 2 diabetes despite a lower burden
of childhood obesity than White youth in
the U.S. and Europe (23,24). Genetic pre-
disposition, heterogeneous pathophysi-
ology of type 2 diabetes, disparities in
socioeconomic status, access to health
care, and cultural practices likely contrib-
ute to such differences in incidence.

CLINICAL COURSE

Prediabetes

In adults, the progression from normal glu-
cose tolerance to type 2 diabetes involves
the intermediate stage of prediabetes,
comprising impaired fasting glucose (IFG)
(fasting plasma glucose 100-126 mg/dL)
and/or impaired glucose tolerance (IGT)
(plasma glucose 140-199 mg/dL 2 h after
oral glucose tolerance test). For both
adults and children, the American Diabe-
tes Association (ADA) defines prediabe-
tes as having IFG, IGT, or hemoglobin A,
(HbA;.) level between 5.7% and 6.4%.
Here, we describe the epidemiology of
prediabetes in youth according to the
current ADA definition, acknowledging
that there is need for research investigat-
ing the natural history of prediabetes in
children and adolescents and the clinical
relevance of current thresholds for pre-
dicting youth-onset type 2 diabetes (25).

60
S
©
£
P 40
=]
<
o
S
-
I
[}
Q
g \
c 20
S —_—_—
£ All youth;

Adjustedlll---.......lll"‘

APC: 4.8%

Perng and Associates

A recent analysis of 2005-2016 National
Health and Nutrition Examination Survey
(NHANES) data estimated 18.0% preva-
lence of prediabetes among adolescents
12-18 years of age based on HbA,. values
(26). Within the categorization of prediabe-
tes, 9.2% of adolescents had IFG, 2.8% had
IGT, and 0.7% had both. After accounting
for age, race, ethnicity, and BMI, the preva-
lence of prediabetes was higher among
males than females during adolescence
(22.5% [19.5%, 25.4%)] vs. 13.4% [10.8%,
16.5%]) (26). In a subsequent study that
analyzed 10 NHANES cycles spanning 1999—
2018, investigators observed an increase in
prediabetes among 12- to 19-year-old indi-
viduals from 11.5% in 1999-2002 to
28.2% in 2015-2018 (27). This increase
was steeper in males (15.8% to 36.4%)
than females (7.1% to 19.6%) (27). We
note that while relative differences in
these statistics across subgroups and trends
over time are likely valid, estimates at each
time point may be lower than in actuality,
given evidence of markedly lower prediabe-
tes prevalence when using HbA;. (4.4%)
versus fasting glucose (15.0%) thresholds
(28). Additionally, national-level U.S. data in-
dicate that Black youth consistently exhibit
~0.2% higher HbA;. values than their
White peers both in the presence and ab-
sence of diabetes (29). Mexican American
youth have values that are between those
of Black and White youth (29). These racial
and ethnic differences are not explained by
glycemia, sociodemographic characteristics,
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Figure 3—Temporal trends and APC in incidence of type 2 diabetes among multiethnic U.S. youth in the SEARCH study from 2002 to 2015. APC es-
timates for all youth are adjusted for age, sex, race, and ethnicity; estimates within racial and ethnic strata are adjusted for age and sex. Created
from data reported in Mayer-Davis et al. (15) and Divers et al. (6).
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clinical factors, or access to or quality of
health care, pointing toward the need for
additional research to assess the need for
race- or ethnicity-specific HoA;. norms.

Given that prediabetes is a precursor to
type 2 diabetes in adults, it is tempting to
surmise that trends in youth prediabetes
portend a continued rise in prevalence
and incidence of youth-onset type 2 dia-
betes. However, it is important to note
that a substantial proportion (~70%) of
youth categorized as having prediabetes
revert to normoglycemia after puberty
(30). Moreover, the paradoxical sex dif-
ferences for prediabetes versus type 2
diabetes suggest that male youth with
prediabetes are more likely to revert to
normoglycemia after puberty, whereas
female youth with prediabetes are more
likely to progress to type 2 diabetes. Al-
though reasons for this discrepancy re-
main unclear, hypotheses include a more
“harmful” effect of puberty on metabolic
health in female individuals, especially in
the context of obesity (31), and/or higher
levels of physical activity among male in-
dividuals (32), a pattern that has been ob-
served as early as age 4-5 years (33).
More research is required to determine
whether extrapolation of adult prediabe-
tes definitions is appropriate for children
and adolescents; to assess clinical rele-
vance of current definitions for predicting
youth-onset type 2 diabetes; and to iden-
tify determinants of progression to type 2
diabetes versus reversion to normoglyce-
mia (25).

Complications and Comorbidities

The Treatment Options for Type 2 Diabe-
tes in Adolescents and Youth (TODAY)
study, a U.S. clinical trial assessing treat-
ment efficacy among youth with recently
diagnosed type 2 diabetes (9), exemplifies
the high burden of type 2 diabetes com-
plications following a relatively short dis-
ease duration. Additionally, the SEARCH
study, which was purposefully designed
to provide a direct comparison of burden
of diabetes-related complications and co-
morbidities among youth with type 1 and
type 2 diabetes of similar disease dura-
tion, glycemic control, and age, provides
compelling evidence that youth-onset
type 2 diabetes is an aggressive disease
associated with higher rates of compli-
cations than type 1 diabetes. Here, we
summarize evidence from TODAY and
SEARCH, among others, to describe the

epidemiology of complications and co-
morbidities among youth with type 2 di-
abetes, drawing comparisons to type 1
diabetes where possible.

Microvascular Complications

In TODAY, cumulative incidence of any
microvascular complication was 50% by
9 years and 80% by 15 years of type 2 dia-
betes duration, corresponding to a 60%
prevalence of having any microvascular
complication approximately 13 years after
diagnosis (34). Diabetic retinopathy, or
damage to light-sensitive blood vessels
in the retina, is the most common com-
plication of type 2 diabetes (9). Diabetic
retinopathy was present in 50% of
TODAY participants by age 25 years, after
~12 years of disease duration (35).
Equally alarming is the 35% cumulative
incidence peripheral neuropathy, or
damage to nerves outside the brain,
12-15 years after diagnosis (36). As dia-
betes is the leading cause of kidney dis-
ease (37), it is not surprising that up to
50% of people with diabetes develop
diabetic kidney disease (DKD) (38), for
which changes in kidney structure in-
dicative of nephropathy are detectable
as soon as 1.5 years after disease onset
(39). Although the baseline prevalence
of DKD at the time of enrollment into
the TODAY study was only 8%, investiga-
tors reported a cumulative incidence of
55% after 15 years of follow-up at age
26 years (9), an estimate comparable to
the 43.5% DKD prevalence among adults
65 years or older with type 2 diabetes
(40). A comparison of these statistics to
the 25% of young people with type 1 dia-
betes who suffer from any microvascular
complication within 10 years of diagnosis
underscores the gravity of these data.

In comparisons of youth with type 2 vs.
type 1 diabetes, the prevalence of all mi-
crovascular complications is consistently
higher among cases of type 2 diabetes de-
spite similar disease duration, glycemic
control, and age. In SEARCH, participants
with type 2 diabetes had 3.5% higher
prevalence of diabetic retinopathy (9.1%
vs. 5.6%), 9.2% higher prevalence of pe-
ripheral neuropathy (17.7% vs. 8.5%), and
14.0% higher prevalence of DKD (19.9%
vs. 5.8%) than those with type 1 diabe-
tes after an average disease duration of
8 years (41). SEARCH also showed that
DKD was present in 20% of participants
with type 2 diabetes 8 years after diag-
nosis (average age 22 years), an estimate
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that is threefold higher than that for partic-
ipants with type 1 diabetes (41). Similarly,
in an Australian study of patients with dia-
betes diagnosed before age 18 years, the
prevalence of peripheral and autonomic
neuropathy was 21% and 57%, respec-
tively, after a median of just 1.3 years’
disease duration, comparable to the prev-
alence of neuropathy among youth with
type 1 diabetes in the same clinic but
20 years after diagnosis (42).

The discrepancies in prevalence of
microvascular complications in TODAY
versus SEARCH is due, in part, to differ-
ing definitions. Specifically, the lower
prevalence of diabetic retinopathy in
SEARCH compared with TODAY reflects
the fact that SEARCH included more
advanced cases of diabetic retinopathy
comprising proliferative retinal changes
(41), whereas TODAY included all cases
of diabetes retinopathy, including non-
proliferative cases (35).

Beyond comparisons of diabetes com-
plications among youth-onset type 2 and
type 1 diabetes, indirect comparisons
have been made to older adults in the
Diabetes Prevention Program Outcomes
Study (DPPOS) (9), for which participants
were ~51 years of age at baseline. In
this setting, prevalence of composite
microvascular complications is relatively
low (11.3-12.4%) (43), but the compari-
son is somewhat misleading, as TODAY
participants were youth with clinically
diagnosed type 2 diabetes while DPPOS
participants represent a high-risk popu-
lation screened for type 2 diabetes with
periodic oral glucose tolerance tests.

Macrovascular Complications

Macrovascular complications of type 2 dia-
betes include coronary heart disease, car-
diomyopathy, arrhythmias, cerebrovascular
disease, and peripheral artery disease. In
SEARCH, youth with type 2 versus type 1
diabetes had much higher age-adjusted
prevalence of arterial stiffness (47.4% vs.
11.1%) and hypertension (21.6% vs. 10.1%)
after an average of 8 years’ disease dura-
tion, although these discrepancies were at-
tenuated after accounting for obesity status,
pointing toward a key role for excess adipos-
ity in the pathophysiology of macrovascular
complications (41). Similarly, in a study
of 824 Australian participants in Sydney
diagnosed with diabetes between 15 and
30 years of age, ischemic heart disease
and/or cerebrovascular disease was ob-
served in 14% of participants with type 2
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diabetes vs. 6% of those with type 1 dia-
betes after 12 and 15 years of disease
duration, respectively (10). In another
Australian study that took place in New
South Wales, hypertension was more fre-
guent among youth with type 2 than
type 1 diabetes (36% vs. 16% preva-
lence) at age 15 years (42). Together,
these findings highlight the markedly
higher burden of macrovascular compli-
cations and comorbidities among youth
with type 2 than type 1 diabetes.
SEARCH data reveal that the higher
prevalence of diabetes complications
among youth with type 2 than type 1 dia-
betes is driven by youth from minority pop-
ulations (41). For example, the higher
prevalence of retinopathy for type 2
(9.1%) versus type 1 diabetes (4.6%) is
driven by non-White minority youth,
among whom type 2 diabetes cases have
5.5% (1.0%, 11.0%) higher prevalence of
retinopathy than type 1 diabetes. On the
other hand, no significant difference was
detected with respect to diabetes type
among non-Hispanic White adolescents.
This pattern holds true for all other diabe-
tes complications, except for cardiovascu-
lar autonomic neuropathy, for which no
significant difference in prevalence was
observed by diabetes type. Importantly,
these racial and ethnic disparities are not
explained by differences in glycemic con-
trol, blood pressure levels, or obesity, sug-
gesting other potential explanations, such
as social determinants of health (see sociat
DETERMINANTS OF HEALTH, below), and the
need for additional research in this area.

Mortality

Among SEARCH participants diagnosed
with diabetes between 2002 and 2015,
short-term mortality among youth and
young adults with type 2 diabetes was 1.5
times higher than in those with type 1 di-
abetes (standardized mortality ratio 2.3
[95% ClI 1.7, 3.0] vs. 1.5 [95% CI 1.2, 1.8]
during 8.5 years of follow-up among
19,717 participants) (44). The excess mor-
tality among young people with type 2
diabetes was higher among racial and
ethnic minorities and those younger than
25 years of age at time of death (44).
Among participants with type 2 diabetes,
only 9.1% of deaths were attributable to
diabetes, while 34.5% were due to exter-
nal causes such as motor vehicle acci-
dents, accidental injuries, and assault. The
proportion of deaths attributable to exter-
nal causes is consistent with the general

U.S. population, for which the leading
cause of death (31-40%) for people 1-
44 vyears of age is unintentional injuries
(45). However, there remains an excess in
mortality among youth and young adults
with type 2 diabetes beyond what is expe-
rienced by the general population, poten-
tially due to socioeconomic disadvantage,
as evidenced by lower household income
and parental education and reliance on
Medicaid (41).

Among global deaths due to youth-
onset diabetes, the majority (73.7%
[68.3%, 77.4%)) are classified as being due
to type 1 diabetes (46). Age-standardized
death rates due to diabetes among people
<25 years declined between 1990 and
2019, with a steeper decline for type 1
than type 2 diabetes (APC —21.0%
[—33.9%, —5.9%] vs. —2.5% [—17.7%,
15.8%]). The highest age-standardized
death rates due to any type of diabetes
among young people worldwide are re-
ported for low- to middle-income coun-
tries, ranging from 0.23 (0.19, 0.28) in
Kyrgyzstan to 1.93 (1.30, 2.68) in Myan-
mar (46). In comparison, the lowest and
highest age-standardized death rates re-
ported for high-income countries are 0.03
(0.02, 0.04) in Cyprus and 0.45 (0.34,
0.62) in Kuwait (46). These global trends,
albeit for combined type 1 and 2 diabetes,
emphasize the wide-ranging impact of so-
cial factors not only on diabetes prevalence
and incidence but also on short- and long-
term complications and comorbidities.

CONTRIBUTORS TO TRENDS IN
YOUTH-ONSET TYPE 2 DIABETES
The Obesity Epidemic

Parallel trends in childhood obesity and
youth-onset type 2 diabetes, albeit with
an average 10-year latency between the
two conditions (47), are not surprising
given that obesity is a leading risk factor
for development of insulin resistance and
eventual failure of the B-cells to maintain
adequate insulin secretion. The effect of
excess adiposity on type 2 diabetes risk
takes root very early in life. With increasing
rates of obesity and/or diabetes among
reproductive-aged women (48), exposure
to developmental overnutrition in utero
through excess maternal adiposity (e.g.,
high prepregnancy BMI and excessive ges-
tational weight gain [49]), hyperglycemia
(50), and poor prenatal diet quality (51)
are recognized as risk factors for early-
onset metabolic disease (52). Additionally,
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postnatal and early-life exposures and ex-
periences that occur at the family and indi-
vidual levels, e.g., shorter breastfeeding
duration (53), exposure to environmental
pollutants (e.g., ambient air pollution and
endocrine-disrupting hormones) (54,55),
and a home environment that promotes
unfavorable eating behaviors and low
physical activity levels (56), can further
compound the effects of exposure to in
utero overnutrition. Finally, upstream of
family and individual-level risk factors are
social determinants of health or structur-
ally embedded contexts that trickle down
to affect our physical and social environ-
ment, health behaviors, and ultimately in-
dividual-level physiology, a topic discussed
in the next section.

Social Determinants of Health
Research on type 2 diabetes prevention
has historically focused on individual-level
biological traits (e.g., genetic predisposi-
tion, in utero exposures, and biochemical
markers of disease progression) and be-
havioral risk factors (e.g., diet and physical
activity). In recent years, social determi-
nants of health, i.e., the conditions and
environment into which we are born, live,
play, and work, have risen to the forefront
as upstream drivers of chronic metabolic
conditions. Social factors such as income,
education, housing/neighborhood context,
and access to health care and nutritious
food are central to the development and
progression of type 2 diabetes (57,58).
Moreover, the prevalence and incidence of
childhood obesity and type 2 diabetes, as
well as related complications and comor-
bidities, are socially graded with a disparate
burden among children from families of
lower socioeconomic status and historically
marginalized populations (57,59). As shown
in Fig. 4, these disparities point toward a
need to address the social and environmen-
tal contexts surrounding youth-onset type 2
diabetes. These upstream, contextual risk
factors include experiences of poverty and
structural racism, which occur at and, thus,
require action at multiple levels (i.e., indi-
vidual [60], county [61], and state [62]) and
dimensions (e.g., segregation, educational
inequities, employment, income, and home
ownership [63]) in order to identify avenues
by which to mount broad-ranging preven-
tion and intervention.

The multilevel nature of type 2 diabe-
tes risk factors suggests that individual-
and family-level lifestyle interventions
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Structural and contextual factors

Social environment
(e.g., policy, institutions, and
practices; perceptions of and

experiences owing to race and
ethnicity)

Family and individual factors

Family
(e.g., maternal prenatal
behaviors, parental
education level,

household income, shared
familial behaviors and
home environment)

.| Deterioration of
glycemic control

v

Type 2 diabetes

Individual
(e.g., genetics, age, in
utero environment, infant
feeding, diet, activity level,
BMI growth, experiences of
racism and discrimination)

Physical environment
(e.g., built environment and
physical features at the
neighborhood and community
levels, exposure to
environmental toxicants)

| Figure 4—A conceptual diagram of multilevel risk factors for youth-onset type 2 diabetes.

may not be sufficient, although we note
that such approaches have had moder-
ate success among certain high-risk sub-
sets of youth. One example is Tribal
Turning Point, a randomized trial that
modified and culturally tailored the Dia-
betes Prevention Program lifestyle inter-
vention for American Indian children
(64). While such intensive and tailored
approaches are crucial for mitigating
type 2 diabetes risk among the highest-
risk segments of the population, a com-
plementary approach is to take the onus
off individuals and families and instead
improve community resources that forge
healthy lifestyles. Examples include in-
creasing neighborhood green space and
walkability to promote physical activity
and facilitating access to healthy foods
and health care. Importantly, community
engagement and involvement in imple-
mentation of interventions are key to ef-
fective and sustained impact, especially
in low-resource settings (65). We include
suggestions for extending both tailored/
targeted strategies as well as broader ap-
proaches to diabetes prevention in a
two-pronged approach to youth-onset
type 2 diabetes prevention, below.

FUTURE DIRECTIONS
Characterizing the Spectrum of
Youth-Onset Type 2 Diabetes
Compared with the breadth of literature
on the epidemiology of type 2 diabetes
in adults, such data on children and
adolescents are limited, especially at
the global level. This scarcity is due to

the relative rarity of youth-onset type 2
diabetes, which contributes to incom-
plete knowledge about the etiology and
pathophysiology of this relatively new
disease that may be distinct from adult-
onset type 2 diabetes.

At present, a diagnosis of type 2 dia-
betes is typically considered among pu-
bertal youth with hyperglycemia who
also have obesity, a family history of
type 2 diabetes, and/or features of met-
abolic syndrome (abdominal adiposity;
high blood pressure, plasma glucose,
and serum triglycerides; and low serum
high-density lipoprotein) in the absence
of islet autoantibodies (66). However,
overlap in symptoms (i.e., presence of
polydipsia and polyuria, presence of obe-
sity, and presentation with ketoacidosis)
among youth with newly diagnosed dia-
betes, despite distinct etiologies (e.g.,
autoimmune diabetes vs. monogenic forms
of diabetes vs. type 2 diabetes), may lead
to misclassification, diagnostic challenges,
and inappropriate treatment. In addition,
youth-onset type 2 diabetes may have a
heterogeneous pathophysiology. Among
young and middle-aged adults in Sweden
(67) and India (68), researchers identified
distinct subgroups of individuals based on
characteristics at diagnosis, including age,
BMI, HbA;. and indices of insulin resis-
tance and -cell function. The subgroups
had different sociodemographic charac-
teristics and differential risk of complica-
tions. Additionally, insulin deficiency was
a key pathophysiological driver of type 2
diabetes among young Indians, whereas

insulin resistance with obesity was the
predominant feature among young adults
of European origin (68). Use of such clus-
tering approaches to identify distinct sub-
groups of type 2 diabetes phenotypes in
youth, while considering inclusion of data
on genetics, environmental factors, and
social determinants of health in addition
to characteristics at diagnosis, is a promis-
ing direction to improve understanding of
youth-onset type 2 diabetes pathophysi-
ology, which in turn will improve preven-
tion, diagnosis, and treatment.

The Intergenerational Cycle of
Obesity and Type 2 Diabetes

The longitudinal study of Pima Indians
in the Gila River Indian Community (69)
was one of the first to explore associa-
tions of in utero exposure to maternal
diabetes with risk of type 2 diabetes in
offspring. In this high-risk population,
offspring of women with diabetes had
higher birth weight and 10-fold greater
risk of type 2 diabetes by adolescence
and young adulthood (3). Further, ma-
ternal diabetes was the single strongest
risk factor for youth-onset type 2 diabe-
tes, accounting for most of the increase
in youth-onset type 2 diabetes in this
population over the last three decades
(70). In the SEARCH Case-Control Study,
participants whose mothers had diabe-
tes during pregnancy were at sevenfold
greater risk of type 2 diabetes than their
unexposed counterparts (71). A discor-
dant sibling pair study of Pima Indians
demonstrated threefold greater odds of
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youth-onset type 2 diabetes among the
siblings born after versus before the di-
agnosis of maternal diabetes (72), sup-
porting a specific in utero programming
effect of maternal diabetes on offspring
type 2 diabetes risk. Such findings high-
light the need to consider exposures
and experiences, starting in gestation, if
not before conception, for prevention
of type 2 diabetes.

A Two-Pronged Approach to
Youth-Onset Type 2 Diabetes
Prevention

Understanding the Pathophysiology of
Youth-Onset Type 2 Diabetes to Identify
High-Risk Youth

Prevention of youth-onset type 2 diabetes
is crucial, as this form of disease is more
aggressive (73,74) and less responsive to
treatment than adult-onset type 2 diabe-
tes (75). However, our limited knowledge
of type 2 diabetes pathophysiology pre-
vents us from identifying high-risk youth
for intervention. To date, most literature
on the pathophysiology of youth-onset
type 2 diabetes comprises cross-sectional
studies (76-80) and small longitudinal pro-
tocols that did not span all of puberty
(81-84). Much remains unknown about
type 2 diabetes cases that occur with in-
creasing frequency in adolescence (85)
and young adulthood (86). Longitudinal
studies following initially normoglycemic
youth to onset of dysglycemia and full-
blown type 2 diabetes during puberty are
needed to understand subclinical disease
progression, characterize the spectrum of
glycemic transitions, and identify determi-
nants of progression versus reversion. Such
efforts will inform targeted approaches for
diabetes prevention early in disease pro-
gression and complement findings from
clinical trials like TODAY (9) and the Restor-
ing Insulin Secretion (RISE) (87), which fo-
cus on the pathophysiology of youth-onset
type 2 diabetes after diagnosis to identify
effective treatment options.

Concerted Prevention Efforts Across

Government, Public Health, and Clinical Care
While targeted approaches for type 2 dia-
betes prevention are crucial for mitigating
disease risk as well as future complica-
tions/comorbidities among individuals at
the upper end of the risk distribution,
an overarching goal of chronic disease
prevention is to deploy such efforts at
the population level. Within this context,
successful prevention requires concerted

efforts across three societal sectors (88).
First, governments, in concert with the
private sector, need to promote healthy
nutritional and agricultural policies, im-
plement modifications in the built envi-
ronment that encourage physical activity,
and make prevention affordable for the
most high-risk and vulnerable individuals.
Second, public health is crucial for trans-
lating evidence-based research findings
for use in clinical settings, developing ac-
cessible and cost-effective programs that
can be deployed at the community level,
and monitoring the progress of preven-
tion initiatives. Finally, the clinical sector
bears the charge of screening and identi-
fying youth at high risk for type 2 diabe-
tes based on risk factors and referring
these individuals to intervention pro-
grams. At present, such intervention pro-
grams are not widely available. Coordination
among public health researchers and
clinicians will be instrumental to identify-
ing evidence-based strategies for diabetes
prevention and subsequent investment in
the resources and programs to accomplish
this end. Further, a concerted effort across
government, public health, and clinical
care sectors is required not only to de-
velop and test cost-effective community-
level interventions that meet individual
needs but also to ensure that access to
medical treatment and other support are
sustainable in the long term and accessible
to the most vulnerable and impoverished
segments of the population.

CONCLUSIONS

The rising prevalence and incidence of
youth-onset type 2 diabetes in the U.S.
and globally is a public health concern.
The relative newness and rarity of this
condition, paired with our limited knowl-
edge of its pathophysiology, hamper effec-
tive prevention and treatment. Research
priorities include the following:

o Perform systematic surveillance of the
entire course of youth-onset type 2
diabetes, from normoglycemia to dys-
glycemia to full-blown type 2 diabetes
and its complications/comorbidities;

¢ Improve understanding of youth-onset
type 2 diabetes pathophysiology, an
end point that will provide insight
on the spectrum of type 2 diabetes
in children and adolescents and aid
in identifying high-risk individuals for
preventive action;
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¢ Apply a holistic approach for identifying
lifetime exposures and experiences, in-
cluding multilevel analyses of upstream
contextual risk factors (e.g., social de-
terminants of health) as well as down-
stream family- and individual-level
characteristics that independently and
interactively promote risk of type 2
diabetes;

¢ Develop multilevel strategies for type 2
diabetes prevention that will be bene-
ficial to multiple other cardiometabolic
conditions on the rise among young
people worldwide.
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