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ABSTRACT

Type 2 diabetes (T2D) in youth is a global health
concern characterized by an increasing inci-
dence and prevalence, especially among disad-
vantaged socioeconomic subgroups. Moreover,
youth-onset T2D is more aggressive and causes
earlier, more severe long-term cardio-renal
complications compared with T2D in adults.
The therapeutic options available are limited
and often inadequate, partially due to the
numerous challenges in implementing clinical
trials for this vulnerable patient population.
Over the last few years, a significant effort has
been made to develop new effective drugs for
children and adolescents with T2D. Specifically,
a number of studies are currently generating
new data to address the urgent unmet medical
need for optimal management of this disease.
This review describes the central features of
youth-onset T2D and summarizes the available

treatments and ongoing studies in pediatric
patients.

Keywords: Adolescents; Childhood; Incidence;
Management; Pediatric; Treatment; Type 2
diabetes; Youth-onset

Key Summary Points

Youth-onset of type 2 diabetes (T2D) is a
global health issue.

Compared with adults, young patients
with T2D have a faster progression of
disease with more severe long-term
cardiorenal complications.

Few therapeutic options are available,
mostly due to the challenges of
implementing clinical studies in youth-
onset T2D , creating an urgent need for
new therapies.

Various clinical trials are currently
assessing potential new treatments to
address the unmet need of optimal
management of T2D in youth.

W. Tamborlane
Department of Pediatrics, Yale University School of
Medicine, New Haven, CT, USA

N. Shehadeh (&)
Institute of Diabetes, Endocrinology and
Metabolism, Rambam Health Care Campus, PO
Box 9602, 3109601 Haifa, Israel
e-mail: n_shehadeh@rambam.health.gov.il

N. Shehadeh
Azrieli Faculty of Medicine, Bar-Ilan University,
Safed, Israel

Adv Ther (2023) 40:4711–4720

https://doi.org/10.1007/s12325-023-02642-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s12325-023-02642-7&amp;domain=pdf
https://doi.org/10.1007/s12325-023-02642-7


INTRODUCTION

Between 2002 and 2012, the overall annual
increase in the incidence of type 2 diabetes
(T2D) in youth was 4.8%, with the highest val-
ues observed among non-Hispanic blacks
(6.3%), Asian/Pacific Islanders (8.5%), and
American Indians (8.9%), in contrast to 0.6%
among non-Hispanic whites [1]. According to
an analysis from 2009, in the US,
among* 190,000 individuals aged\20 years
affected by diabetes, more than 20,000 had T2D
[2]. In a systematic review of published studies
that examined the incidence of youth-onset
T2D (aged\20 years) in a single year, Wu et al.
estimated 41,600 new cases worldwide in 2021,
with the highest numbers in China, India, and
the United States of America (US) [3]. In the US,
it is predicted that, if the increasing trends in
incidence continue, the number of youths with
T2D could rise to between 30,000 and 84,000 by
2050 [4]. Similar increases in the incidence of
T2D in youths have also been shown in other
countries; for example, a cohort study in Israel
showed a rise in the incidence of youth-onset
T2D from 0.63 per 100,000 individuals in 2008
to 3.41 per 100,000 individuals in 2019 [5].

The largest risk factor for T2D is obesity
[6, 7], especially when left untreated [8]. Asso-
ciated with an unhealthy diet [9] and a seden-
tary lifestyle [10], obesity escalates the
pathogenesis of T2D by increasing insulin
resistance [11, 12]. Evidence shows that T2D
progresses more rapidly in younger patients,
with yearly beta-cell function deterioration
found to be 20–35% in youth with T2D[13]
versus 7–11% in adults with T2D [14], despite
similar disease durations. In addition, time to
treatment failure was shorter in youth than in
adult patients with T2D [15]. A retrospective
real-world study of youth-onset T2D (15–-
30 years) versus age-matched patients with type
1 diabetes (T1D) has shown that the develop-
ment of nephropathy and neuropathy pro-
gressed faster in youth with T2D compared with
youth with T1D, with a worse cardiovascular
risk and mortality profile. A significant mortal-
ity excess (11% vs. 6.8%, P = 0.03) and
increased risk of death [hazard ratio 2.0 (95% CI

1.2–3.2), P = 0.003] were noted [16]. This is
supported by other studies demonstrating the
higher risk of cardiovascular and kidney com-
plications in youth with T2D versus T1D, which
have been observed regardless of glycemic con-
trol [17–19].

The management of T2D in youth is partic-
ularly difficult given the complex social and
environmental influences that can affect young
people with T2D [20]. Treatment requires not
only pharmacologic intervention but also psy-
chosocial support from healthcare providers
[21]. Multimodal intervention may be necessary
to overcome the barriers to self-management
and to address individual, family, and social
processes [20].

METHODS

We searched PubMed with the following search
terms: adolescents, childhood, incidence, man-
agement, pediatric, treatment, type 2 diabetes,
and youth-onset. We then reviewed the titles
and abstracts of the search results to identify
any clinical trials that focused on treating T2D
in youth. Additionally, we selected relevant
trials from the ClinicalTrials.gov database
(https://www.clinicaltrials.gov/) and assessed
eligible recommendations and treatment
guidelines from any relevant associations [for
e.g., American Diabetes Association (ADA) [22],
European Association for the Study of Diabetes
(EASD) [23], and International Society for Pedi-
atric and Adolescent Diabetes (ISPAD)] [24]. We
also consulted the reference lists of the selected
articles to include all relevant studies. This
article is based on previously conducted studies
and does not contain any new studies with
human participants or animals performed by
any of the authors.

CURRENT TREATMENTS AVAILABLE
FOR YOUTH WITH T2D

Despite the significant increase in the preva-
lence of youth-onset T2D, the number of ther-
apeutic options is limited, in part by the
challenges associated with undertaking clinical
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studies in this patient population [22]. These
challenges include low numbers of participants,
restrictive study eligibility criteria, and a small
number of research sites worldwide with dedi-
cated resources for youth T2D trials [23, 24].
The SEARCH for diabetes in youth study in the
US highlighted these challenges, demonstrated
that time from diagnosis to registration was
more than twice as long in youth-onset T2D
versus T1D clinical trials [25].

At present, metformin is the first-line treat-
ment for the management of youth-onset T2D
as indicated by international guidelines, i.e.,
ADA [26], EASD [27], and ISPAD [28]. When
metformin does not provide adequate glycemic
control, insulin is used as second-line treat-
ment. Insulin is also recommended as the first
choice when A1c is high ([8.5%) [8] at diag-
nosis or in the presence of ketoacidosis [29]. The
effects of oral metformin and injectable insulin
in young people with T2D have been exten-
sively evaluated in two trials—TODAY [30] and
RISE Peds [31]. The TODAY trial showed that
metformin was effective in providing glycemic
control in only half of the participants, sug-
gesting the need for additional therapies in
youth-onset T2D [30]. In addition, both trials
also demonstrated that neither metformin nor
insulin could slow the progressive deterioration
of beta-cell function [30, 31]. The longitudinal
follow-up study to the TODAY trial—TODAY
2—showed that in participants who had onset
of type 2 diabetes in youth, the risk of compli-
cations increased over time and affected the
majority of participants once they reached
young adulthood. These data indicate that dia-
betes-related complications appear early, thus
reiterating the need and importance of better
treatments for this population [32].

Since 2019, other therapies have been
approved for the treatment of youth-onset T2D,
including liraglutide, exenatide, and dapagli-
flozin. Liraglutide and exenatide,
injectable glucagon-like peptide-1 receptor
agonists (GLP-1 RAs), were approved for use in
young people (C 10 years old) with T2D by the
US Food and Drug Administration (FDA) in
2019 and by the European Medicines Agency
(EMA) in 2021. These drugs mainly act by
stimulating glucose-dependent insulin release

from the pancreatic beta-cells. A daily injection
of liraglutide, when added to metformin with or
without basal insulin, was superior to placebo in
reducing A1c at 26 weeks (estimated treatment
difference, - 1.06%; P\0.001) and 52 weeks
(estimated treatment difference, - 1.30%) in
patients aged 10–17 years [33]. Similarly, a study
evaluating once-weekly injection of exenatide
in patients aged 10–18 years with T2D receiving
metformin and/or sulfonylurea and/or insulin
also demonstrated superiority over placebo in
reducing A1c at 24 weeks (mean treatment dif-
ference, 0.85%; P = 0.012) [34]. Both GLP-1 RAs
(liraglutide and exenatide) caused gastroin-
testinal side effects, similar to observations in
adult studies [35]. Furthermore, treatment
adherence is a concern in younger people with
diabetes [36], and while data are lacking
specifically on GLP-1 RAs in this population, a
study investigating adherence to GLP-1 RA in
adults in the US, demonstrated that more than
50% of patients were non-adherent and 70.1%
discontinued therapy within 24 months [37].

Dapagliflozin, a sodium-glucose transporter-
2 (SGLT2) inhibitor [38], was the first oral glu-
cose-lowering medication since metformin to
be approved by the EMA in 2021 for children
(C 10 years old) and young adults with T2D
(NCT02725593). The efficacy and safety of
dapagliflozin 10 mg as add-on therapy was
assessed in young people (aged 10–24 years)
receiving metformin with or without insulin
[39]. In protocol-compliant patients after
24 weeks, dapagliflozin was superior to the
control group in reducing A1c (mean treatment
difference, - 1.13%; P = 0.012). Safety was
consistent with previous studies in adult popu-
lations, and there was a low risk of severe
hypoglycemia and no adverse events of diabetic
ketoacidosis [39]. In adults with T2D, large
outcome studies have shown that dapagliflozin
reduces the risk of worsening heart failure,
kidney disease, and mortality in patients with
heart failure or chronic kidney disease, regard-
less of the presence or absence of T2D [40–42].
Given the adverse cardio- [17–19] and
microvascular[5] profile of many young people
with T2D, and the evidence that long-term
complications increase over time [15, 16], these
non-glycemic benefits of dapagliflozin may
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become increasingly important in the manage-
ment of youth-onset T2D.

There are a number of other drugs that have
been investigated in young people with T2D,
but with limited success, including sulfony-
lureas, thiazolidinediones, and dipeptidyl pep-
tidase-4 (DPP-4) inhibitors. Glimepiride, a
sulfonylurea that increases insulin secretion
and peripheral glucose uptake, was assessed in
263 obese young patients (aged 8–17 years) with
T2D, achieving similar A1c levels and lipid
profiles versus metformin, but with greater
levels of weight gain and hypoglycemia [43].
Thiazolidinediones increase insulin sensitivity
and decrease hepatic gluconeogenesis, achiev-
ing durable glycemic control in adults. In the
TODAY study, the addition of rosiglitazone to
metformin was superior to metformin alone
when assessing glycemic failure rates in patients
aged 10–17 years (39 vs. 52%, respectively;
P = 0.006) [30]. Nevertheless, in the context of
safety concerns around use of these agents in
adults [44], thiazolidinediones have not been
approved for youth-onset T2D. Another class of
compounds, DPP-4 inhibitors, block the
enzyme that inactivates incretin, increasing
insulin secretion while reducing glucagon
secretion. Recently published data from three
studies have demonstrated that sitagliptin
100 mg daily in youth with T2D showed no
significant improvement in glycemic control
when added to metformin with or without
insulin, or when used as initial oral therapy
[45, 46]. Similarly, alogliptin 2 mg once daily (as
monotherapy or add-on therapy to metformin
and/or insulin) demonstrated no significant
difference versus control [47].

TREATMENTS IN DEVELOPMENT
FOR YOUTH WITH T2D

Among the multiple therapeutic agents avail-
able for adults with T2D, some treatments have
shown promising results in treating youth-on-
set T2D. Aside from the already approved
liraglutide and extended-release exenatide,
there have been several GLP-1 RAs that have
demonstrated efficacy and safety in younger
patients (\18 years old) with T2D. Since 2016,

four clinical trials of GLP-1 RAs and two clinical
trials of SGLT2 inhibitors or DPP-4 inhibitors for
use in youth-onset T2D have been listed on
ClinicalTrials.gov (Table 1). Two of these are
now complete. In a Phase 3 study, dulaglutide,
at a once-weekly injectable dose of 0.75 or 1.5
mg, significantly lowered A1c (0.6 and 0.9%
reduction, respectively) in young patients trea-
ted with or without metformin or insulin
(P\0.001 for both comparisons vs. control)
[48]. The safety profile was consistent with that
previously observed in adult studies, with a
higher incidence of gastrointestinal adverse
events with dulaglutide treatment. In a Phase 1
trial, the injectable GLP-1 RA lixisenatide was
associated with improved glycemic control and
a trend in body weight reduction in youth with
T2D receiving metformin or insulin, compared
with the control group. The safety profile of
repeated lixisenatide doses of up to 20 lg per
day in children and adolescents with T2D was
consistent with its known profile in adults [49].

At present, various Phase 3 randomized
multicenter studies are evaluating other drugs,
already approved for use in adults with T2D, in
youth (10–17/18 years old) with T2D currently
receiving metformin, insulin, or both (Table 1).
The PIONEER TEENS trial is assessing the effi-
cacy and safety of semaglutide, the first oral
GLP-1 RA approved by the FDA in 2019 for use
as an adjunct to diet and exercise to improve
glycemic control in adults with T2D [50]. Chil-
dren and adolescents with T2D are also being
recruited into a trial (SURPASS-PEDS) that will
evaluate tirzepatide, a once-weekly
injectable gastric inhibitory polypeptide (GIP)-1
RA with similar activity to GLP-1 RA, that the
FDA and EMA approved in 2022 for use in
adults with T2D [51]. There has been much
effort to explore the activity of SGLT-2 inhibi-
tors (canagliflozin [52], ertugliflozin [53], dapa-
gliflozin [54], empagliflozin [55]) in youth T2D
due to their glycemic and cardio-renal benefits
already established in adult populations. The
oral route of administration of SGLT2 inhibitors
favors patient compliance, overcoming adher-
ence issues typical for other routes such as
injection, particularly in a population of chil-
dren and adolescents. Studies assessing the
effect of dapagliflozin and empagliflozin in
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youth also assessed the effect of the DPP-4
inhibitors saxagliptin (T2NOW) [54] and
linagliptin (DINAMO) [55], respectively, in this
patient population. The DINAMO study inves-
tigated the effect of empagliflozin and linaglip-
tin in youth with T2D. Results demonstrated
that use of empagliflozin led to clinically rele-
vant reductions in A1c, whereas linagliptin did
not have this effect. Compared to placebo, the
adjusted mean change from baseline in A1c at
Week 26 in the empagliflozin group was
- 0.84% (95% CI - 1.50 to - 0.19; P = 0.012);
the corresponding change in the linagliptin
group versus placebo was –0.34% (- 0.99 to
0.30; P = 0�29) [56]. Similarly, the T2NOW
study assessed the effect of dapagliflozin and
saxagliptin in youth with T2D; the results from
this study are yet to be released.

However, it must be kept in mind that while
these therapies have shown promising results in
the short term, their long-term benefits are still
unknown and future trials will be needed to
estimate this.

CONCLUSION

Youth-onset T2Dmainly affects an under served
population. The lack of adequate treatments
represents an important unmet need for opti-
mal management of youth with T2D. Consid-
ering the projected fourfold increase in youth-
onset T2D by 2050, the treatment of this dis-
order in the young population is challenging.
With the corresponding increase in cardio-renal
morbidity and mortality at younger ages, there
is an urgent need for effective drugs to be ap-
proved for children and adolescents with T2D.
Given the fast progression and aggressiveness of
T2D complications in younger patients, disease-
modifying therapies (e.g., SGLT2 inhibitors and
GLP-1 RAs) are needed, alongside treatments
regulating blood glucose levels. Emphasis
should also be on customizing the treatment
protocol specifically for this patient population,
including but not limited to faster access to new
therapies and support to access medication and
promote treatment adherence.

In addition to medical treatment, it must be
noted that the overall management of youth-

onset T2D depends on overcoming various
obstacles, including social, environmental and
financial ones, and hence intervention may
have to be multimodal in nature. However, it is
necessary to ensure that long-term benefits of
these therapies are clearly demonstrated in
youth with T2D, with future trails aiming to
overcome the current challenges associated
with clinical studies in this patient population.
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et al. Liraglutide in children and adolescents with
type 2 diabetes. N Engl J Med. 2019;381:637–46.

34. Tamborlane WV, Bishai R, Geller D, et al. Once-
weekly exenatide in youth with type 2 diabetes.
Diabetes Care. 2022;45:1833–40.

35. Nauck MA, Quast DR, Wefers J, Meier JJ. GLP-1
receptor agonists in the treatment of type 2 dia-
betes—state-of-the-art. Mol Metab. 2021;46:
101102.

36. Polonsky WH, Henry RR. Poor medication adher-
ence in type 2 diabetes: recognizing the scope of the
problem and its key contributors. Patient Prefer
Adherence. 2016;10:1299–307.

37. Weiss T, Carr RD, Pal S, et al. Real-world adherence
and discontinuation of glucagon-like peptide-1
receptor agonists therapy in type 2 diabetes mellitus
patients in the united states. Patient Prefer Adher-
ence. 2020;14:2337–45.

38. Dhillon S. Dapagliflozin: a review in type 2 dia-
betes. Drugs. 2019;79:1135–46.

39. Tamborlane WV, Laffel LM, Shehadeh N, et al.
Efficacy and safety of dapagliflozin in children and
young adults with type 2 diabetes: a prospective,
multicentre, randomised, parallel group, phase 3
study. Lancet Diabetes Endocrinol. 2022;10:341–50.

40. Heerspink HJL, Stefánsson BV, Correa-Rotter R,
et al. Dapagliflozin in patients with chronic kidney
disease. N Engl J Med. 2020;383:1436–46.

41. McMurray JJV, Solomon SD, Inzucchi SE, et al.
Dapagliflozin in patients with heart failure and
reduced ejection fraction. N Engl J Med. 2019;381:
1995–2008.

42. Solomon SD, McMurray JJV, Claggett B, et al.
Dapagliflozin in heart failure with mildly reduced
or preserved ejection fraction. N Engl J Med.
2022;387:1089–98.

43. Gottschalk M, Danne T, Vlajnic A, Cara JF. Glime-
piride versus metformin as monotherapy in pedi-
atric patients with type 2 diabetes: a randomized,
single-blind comparative study. Diabetes Care.
2007;30:790–4.

Adv Ther (2023) 40:4711–4720 4719



44. Lebovitz HE. Thiazolidinediones: the forgotten
diabetes medications. Curr Diab Rep. 2019;19:151.

45. Shankar RR, Zeitler P, Deeb A, et al. A randomized
clinical trial of the efficacy and safety of sitagliptin
as initial oral therapy in youth with type 2 diabetes.
Pediatr Diabetes. 2022;23:173–82.

46. Jalaludin MY, Deeb A, Zeitler P, et al. Efficacy and
safety of the addition of sitagliptin to treatment of
youth with type 2 diabetes and inadequate gly-
cemic control on metformin without or with insu-
lin. Pediatr Diabetes. 2022;23:183–93.

47. NCT02856113. Phase 3 alogliptin pediatric study
[Available from: https://clinicaltrials.gov/ct2/show/
NCT02856113].

48. Arslanian SA, Hannon T, Zeitler P, et al. Once-
weekly dulaglutide for the treatment of youths with
type 2 diabetes. N Engl J Med. 2022;387:433–43.
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