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Parallel with the current pediatric obesity epidemic, the escalating rates of youth-
onset type 2 diabetes mellitus (T2DM) have become a major public health burden.
Although lifestyle modification can be the first-line prevention for T2DM in youths,
there is a lack of evidence to establish optimal specific exercise strategies for obese
youths at high risk for T2DM. The purpose of this narrative review is to summarize
the potential impact of exercise on 2 key pathophysiological risk factors for T2DM,
insulin sensitivity and B-cell function, among obese youths. The studies cited are
grouped by use of metabolic tests, i.e., direct and indirect measures of insulin
sensitivity and B-cell function. In general, there are an increasing number of studies
that demonstrate positive effects of aerobic exercise, resistance exercise, and the 2
combined on insulin sensitivity. However, a lack of evidence exists for the effect of
any exercise modality on -cell functional improvement. We also suggest a future
direction for research into exercise medical prevention of youth-onset T2DM. These
suggestions focus on the effects of exercise modalities on emerging biomarkers of
T2DM risk.
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Introduction

In parallel with the widespread pediatric obesity epidemic, youth-onset type 2 diabetes
mellitus (T2DM) has emerged as an increasingly prevalent health condition in pediatrics."”
Worldwide, the highest rate of youth-onset T2DM was observed in the United States in which
the incidence increased from 9 to 12.5 cases per 100,000 between 2002 and 2012,>” accounting
for one in 3 new cases of diabetes in youth.” Similar to the natural history of T2DM in
adults,” insulin resistance and pancreatic p-cell dysfunction are major pathophysiological
biomarkers of youth-onset prediabetes and T2DM.”” However, recent clinical observations
demonstrated that youth-onset T2DM is characterized by rapid clinical deterioration,
accelerated loss of B-cell function, rapid progression of complications, high therapeutic failure
rates with decreased therapeutic response to insulin sensitizers (metformin, metformin
plus rosiglitazone), and rapid progression to insulin dependence compared to adult-onset
T2DM.”"” Moreover, obese youths with prediabetes exhibited 2-fold higher insulin resistance
than equally obese adults with prediabetes indicating increased pathophysiological process
severity prior to T2DM onset."” Considering the high therapeutic failure rates in obese youths
with T2DM and given the high incidence of severe insulin resistance in obese youths with
prediabetes, identification of appropriate T2DM prevention strategies for high-risk youths, i.e.,
obese and prediabetic youths, is essential.

Lifestyle modification can be the first-line treatment and/or prevention for T2DM in
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youths,"™"” and physical inactivity is a major contributor to

childhood obesity and related adverse health outcomes."” The
2nd edition of the Physical Activity Guidelines for Americans
recommends that youths engage in both aerobic and muscle-
strengthening exercise to improve overall health.'” For diabetes
prevention/treatment in adults, the combination of aerobic
and resistance exercise is suggested as an efficient strategy for
improving glycemic control and insulin sensitivity. "' A wealth
of scientific and clinical evidence has allowed establishment of
specific exercise strategies for diabetic and prediabetic adults.
However, there is a lack of consistent data, despite an increasing
number of randomized controlled trials in exercise intervention,
to support specific exercise strategy guidelines for youths who
are at high risk for T2DM. Additionally, only a few studies have
described the effects of exercise on insulin sensitivity and B-cell
function, 2 key pathophysiological components of T2DM. This
paucity of data has hindered our current ability to identify the
best diabetes prevention approach for youths.

For this reason, the purpose of this narrative review is to
present recent evidence on the impact of exercise on insulin
sensitivity and p-cell function among obese youths. We will
mainly focus on exercise intervention studies in obese youths
without diabetes that evaluated improvement of insulin
resistance and B-cell function, biomarkers for T2DM. Because
various measurement tools for insulin sensitivity/resistance
and P-cell function have been used in the studies, the present
review is organized by the measurement techniques. We then
discuss future directions for facilitating the translation of
pediatric exercise research into clinical practice to prevent the
development of T2DM in youths.

Exercise and direct measures of insulin
sensitivity/resistance

A core metabolic derangement from normal weight to obesity
and from normal glucose tolerance to prediabetes to T2DM
is insulin resistance. This resistance occurs at insulin-sensitive
hepatic, adipose, and peripheral tissues in youths."”*" A variety
of measurement methodologies including hyperglycemic-
euglycemic clamp, intravenous glucose tolerance test, and
oral glucose tolerance test have been used to evaluate insulin
sensitivity.””

A study on 14 lean and 15 obese postpubertal adolescents
assessed the effects of 12 weeks of aerobic exercise on insulin
sensitivity calculated from the stable label intravenous glucose
tolerance test.™ In both lean and obese adolescents, peripheral
insulin sensitivity (35% and 59%, respectively, all P<0.05)
and hepatic insulin sensitivity (19% and 23%, respectively,
all P<0.01) increased after the exercise program, attesting
to the beneficial effects of aerobic exercise on global insulin
sensitivity. Bell et al.” studied the effects of eight weeks of
circuit training consisting of aerobic exercises on 14 obese
adolescents. This group analyzed the Mam) value, indicative of
in vivo insulin sensitivity after accounting for lean body mass,
calculated from the euglycemic-hyperinsulinemic clamp and
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found improvement of insulin sensitivity (pretraining Mabm)
vs. posttraining Mam): 8.2+3.4 mg/kg/min vs. 10.0+4.3 mg/
kg/min, P=0.019) without changes in body mass index or
percent body fat. Further, Davis et al.”” demonstrated dose-
response benefits for insulin resistance and improvement of
visceral adiposity in overweight/obese children. Matsuda index,
representative of whole-body insulin sensitivity, measured from
the oral glucose tolerance test was improved with a significant
upward trend with exercise dose; greater improvement in the
high aerobic exercise dose (40 min/day) group and the low
aerobic exercise dose (20 min/day) group than in the control
group was demonstrated. Exercise was conducted for 13 weeks
in that study. Similar beneficial effects of aerobic exercise were
described in various interventions: lifestyle intervention with
6 months of aerobic exercise”” and 12 weeks of a school-based
aerobic physical activity program in Taiwan.” Furthermore,
a recent study™ examined the effectiveness of 3 exercise
modalities, aerobic versus resistance versus the 2 combined,
on hyperinsulinemic-euglycemic clamp-measured insulin
sensitivity (expressed as whole-body insulin-stimulated glucose
disposal [Rd]) in overweight/obese youths. All 3 exercise groups
(i.e., aerobic alone [180 min/wk at 50%-65% of peak VO2],
resistance alone [180 min/wk of weightlifting with 12-15 reps
per set], and aerobic and resistance exercise combined) were
associated with significant improvement in Rd after completion
of 20-22 weeks of the interventions.” Moreover, combined
aerobic and resistance exercise and aerobic exercise alone were
similarly beneficial, but were better than resistance exercise
alone, in improving insulin sensitivity.””

In contrast to the aforementioned studies, some studies
reported no enhancement of insulin sensitivity measured by the
frequently sampled intravenous glucose tolerance test after 6
months of high- (70%-85% of heart rate reserve) and moderate-
(40%-55% heart rate reserve) intensity endurance training in
obese adolescents™ and after 16 weeks of multidisciplinary
(nutrition education combined) intervention.’” Further
investigations are warranted to investigate the effects of exercise
modalities on insulin sensitivity.

Lee et al.™” examined the effect of 3 months of aerobic
exercise or resistance exercise on insulin sensitivity in obese
female and obese male™ adolescents. In obese adolescent girls,
only the groups with aerobic exercise showed improvement in
peripheral insulin sensitivity (A0.92+0.27 mg/kg/min per pU/
mL) measured by 3-hour hyperinsulinemic-euglycemic clamp
compared with the control group.”” Interestingly, opposite
results were observed in obese adolescent boys: only the groups
with resistance exercise exhibited significant improvement in
peripheral insulin sensitivity (A0.8+0.2 mg/kg/min per pU/mL)
compared with the control group.” The observations in boys
were in line with another study by Shaibi et al.”” who conducted
a 16-week intervention in overweight Latino adolescent boys.
Significant enhancement of insulin sensitivity (A0.9+0.1x10°
‘/min/pU/mL) measured by frequently sampled intravenous
glucose tolerance test was observed in the resistance exercise
group compared with the control group. However, one study
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reported no gender difference in the effects of resistance exercise
(12 weeks) in obese Hispanic youths. This study demonstrated
that resistance exercise was effective in improving hepatic, but
not peripheral, insulin sensitivity."”

Additional investigations are needed to provide gender-
specific resistance vs. aerobic exercise strategies for metabolic
improvement interventions and to elucidate the mechanisms
responsible for depot-specific (peripheral vs. hepatic vs. adipose
tissue) insulin sensitivity improvement.

Exercise and indirect measures of insulin
sensitivity/resistance

Invasive direct metabolic tests present a burden on partici-
pants, potentially causing low retention rates in exercise
interventions. For this reason, fasting blood tests and tests for
various indirect indicators of insulin sensitivity have been
used in pediatric exercise research. The indirect indicator tests
include tests for visceral adiposity and inflammation biomarkers
such as adiponectin and leptin. Fasting insulin concentration
alone and a homeostatic model assessment for insulin resistance
(HOMA-IR) were widely used in pediatric obesity and T2DM
research since those indicators have been validated against the
gold-standard measure of insulin sensitivity.”” Some studies
confirmed the effects of aerobic exercise,”**** aerobic
and resistance exercise combined,**” and multidisciplinary
intervention®***"*" on improving fasting insulin and/or
HOMA-IR. Savoye et al."” conducted a randomized controlled
trial in obese youths examining short-term (6 months) and
long-term (12 months) aerobic exercise intervention effects.
Compared to the control group, the aerobic exercise group
showed a significant decrease in fasting insulin (A1.7 vs. A-6.5
1U/mL) and HOMA-IR (A0.33 vs. A-1.51) at 6 months, and the
improvements in fasting insulin (A4.5 vs. A-6.1 pU/mL) and
HOMA-IR (A0.90 vs. A-1.52) remained at 12 months.*” One
study with 1 year of multidisciplinary intervention™” consisting
of nutritional, exercise, psychological, and clinical therapy
had similar findings. Short-term (6 months) and long-term
(12 months) effects of aerobic exercise on insulin resistance
measured by fasting insulin were 23% and 35% decreases,
respectively, compared to baseline, P<0.05; and, in obese boys,
HOMA-IR experienced 20% and 35% decreases, respectively,
compared to baseline, P<0.05).

However, there is a lack of evidence that resistance exercise
alone has beneficial effects on improving either fasting
insulin” " or HOMA-IR.™***" Additionally, the superior
effects of aerobic and resistance exercise combined over
aerobic exercise alone on fasting insulin and HOMA-IR is still
inconclusive.”***" After 12 months of exercise intervention,
thepostpubertal obese youths in the combination of aerobic
and resistance exercise group had lower fasting insulin and
HOMA-IR while those in the aerobic exercise alone group
did not show any significant improvement."” In another 12
months of exercise intervention study, both aerobic exercise
alone and a combination of aerobic and resistance exercise were
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similarly effective in decreasing fasting insulin and HOMA-IR
in postpubertal obese adolescents.” Last, despite an increasing
number of studies supporting the effectiveness of exercise
in reducing fasting insulin and/or HOMA-IR, other studies
showed absences of positive effects of aerobic exercise,”"****"
combinations of aerobic and resistance exercise,”” and
multidisciplinary interventions.”® The possible explanations
for such inconsistent findings are heterogeneity of study designs
(i.e., different dose/intensity of exercise intervention, diverse
inclusion criteria with respect to glycemic status, Tanner stage,
ethnicity, and sample size) and/or use of indirect measurements
of insulin sensitivity. Shih and Kwok™ reported that the
impaired glucose tolerance with school physical activity training
group members had more significant improvement in fasting
insulin and HOMA-IR than the normal glucose tolerance
counterpart. In addition, Kang et al.” found an ethnicity
effect. Fasting insulin levels were higher in black obese youths
than in white obese youths after aerobic exercise. Therefore,
future studies using robust study designs consisting of various
phenotypes are warranted .

Abdominal visceral adipose tissue (VAT) is an important
determinant of insulin resistance across all age groups.®"*”
VAT is metabolically active with respect to lipid metabolism,
and increased VAT can cause elevated free fatty acid flux to the
liver resulting in insulin resistance.”"*” Interestingly, VAT may
differ between individuals with similar total body fat.*” As such,
VAT, which could be indicative of insulin sensitivity, has been
widely evaluated in the exercise intervention studies as a means
of effectiveness assessment. Aerobic exercise”"****¥ % and
a combination of aerobic and resistance exercise "have
been suggested to be effective in reducing VAT as measured by
either computed tomography or magnetic resonance imaging.
Some resistance exercise’” and multidisciplinary lifestyle
interventions’*” also demonstrated VAT improvement.
A 12-week aerobic exercise program was more effective in
reducing VAT in obese adolescents (54.7+6.0 cm’ to 49.6+5.5
cm’, P<0.05) than lean ones.*”” In addition, after a one-year
multidisciplinary intervention, obese boys exhibited short-term
and long-term VAT improvements (-23% and -26%, respectively,
all P<0.05) with aerobic exercise; however, obese girls only
exhibited the long-term effect (-26% at 12 months, P<0.05).””"

The efficacy of the combination of aerobic and resistance
exercise over aerobic or resistance exercise alone in improving
VAT requires further study. One study”” reported that aerobic
and resistance exercise combined was more effective in reducing
VAT in obese adolescents after 12 months of the intervention,
but other studies did not show any significant differences
between aerobic and resistance combined and aerobic exercise
alone groups after their intervention.”>” Whether resistance
exercise alone is effective in reducing VAT in youths is unclear;
the number of relevant studies is too small, and the results of
those studies are too inconsistent to draw definite conclusions,”
Lee et al.™” reported the positive effect of resistance exercise on
reducing VAT in obese boys. Interestingly, when using a similar
research design, those effects of resistance exercise on VAT were
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not observed in obese girls.”” In addition, Van Der Heijden et
al.™ also reported no significant effect of resistance exercise on
improving VAT.

Last, the levels of circulating inflammation biomarkers
adiponectin and leptin have been used in research as indicators
of insulin sensitivity. There is a close relationship between
insulin sensitivity/resistance and adiponectin and leptin levels
across all age groups.”"”” However, the effect of exercise on
adiponectin level is controversial. Kim et al.” observed a
significant increase (~10%) in adiponectin level among obese
youths after 6 weeks of aerobic exercise. However, there was no
significant improvement in adiponectin level after 12 weeks
of lifestyle plus exercise intervention in obese girls"” or after
12 weeks of aerobic exercise (120 min/wk) intervention in
overweight/obese girls.”’ Resistance training alone was not
effective in improving adiponectin levels in obese youths after
completion of a 12-week exercise intervention. The combi-
nation of aerobic and resistance exercise has been consistently
shown to be effective in lowering adiponectin levels in obese
adolescents". This combination has a superior effect to aerobic
exercise alone in improving adiponectin levels in short-term™
and long-term training."”

A few of studies have examined the effect of exercise on
changes in leptin level. Leptin level was significantly reduced
after 12 weeks of aerobic exercise'™*” or after 12 weeks of a
lifestyle intervention that included 45 minutes of moderate
to vigorous cardiovascular physical activity.”” In postpubertal
obese adolescents, both aerobic exercise alone and combined
aerobic and resistance exercise were effective in reducing
leptin levels after 6 months of training™ compared to leisure
physical activity (A8.62+15.38 ng/mL and A13.34+10.76 ng/
mlL, respectively, all P<0.05). Additionally, Damaso et al.”’
observed that a combination of aerobic and resistance exercise
was superior to aerobic exercise alone in reducing leptin levels
in postpubertal obese adolescents after 12 months of exercise
intervention.

Collectively, a variety of indirect measures of insulin
sensitivity, including fasting insulin, HOMA-IR, VAT and
inflammatory biomarkers, have been evaluated in pediatric
exercise research. Although testing for these indicators of
insulin sensitivity is cost effective and/or less invasive compared
to the direct measures, inconsistent results among previous
studies have been reported, presumably due to the nature of
indirect measures. Therefore, comprehensive investigation of
the relationship between specific exercise modalities (aerobic
vs. resistance vs. the 2 combined) and each outcome measure is
warranted. The identification of the optimal exercise regimen
that yields significant improvement on indirect measures of
insulin sensitivity will assist researchers, clinicians and exercise
physiologists.

Exercise and pancreatic 3-cell function

Given the pathophysiological importance of pancreatic p-cell
function in the natural history of prediabetes and T2DM, i.e.,
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loss of compensatory capacity of insulin secretion in the face of
insulin resistance,”” -cell functional improvement should be
considered when exercise intervention is initiated for diabetes
prevention/treatment. However, in contrast to the wealth of
scientific studies regarding insulin sensitivity, little is known
about potential effects of exercise on p-cell function. A variety
of metabolic tests can be used to evaluate pancreatic p-cell
function in insulin secretion and insulin secretion relative to
insulin sensitivity.

Beta-cell function can be measured during an oral glucose
tolerance test by using simple mathematical models, introducing
insulinogenic index (indicative of early-phase insulin secretion),
total area under the curve (AUC) of insulin response (indicative
of hyperinsulinemia) during the test, and oral disposition index
(DI=insulin sensitivityxinsulin secretion). Shih and Kwok*”
examined the effects of their exercise program combined
with physical education in overweight/obese male Taiwanese
adolescents. After the 12-week exercise training, overweight/
obese boys showed significant increases in insulinogenic index
(8.62 plU/mM vs. 11.40 plU/mM) and oral DI (5.84 vs. 12.77)
and significant decreases in total insulin-AUC (4.65 ulU/mM
vs. 3.57 ulU/mM), attesting that exercise training may improve
pancreatic -cell function. The beneficial effects of exercise
on insulin-AUC is relatively consistent in aerobic exercise
intervention.””” Regardless of dose of aerobic exercise (i.c., 20
minutes vs. 40 minutes), overweight/obese adolescents showed
significant decreases in insulin-AUC (adjusted mean difference,
high dose vs. control: -3.56 [95% confidence interval {CI}, -6.26
to -0.85]x10° (U/mL; low dose vs. control -2.96 [95% CI, -5.69
to -0.22]x10" uU/mL) compared to the control group.”” Savoye
etal” observed that lifestyle intervention that included aerobic
exercise led to a significant decrease in insulin-AUC compared
with the control group (data not shown). However, Suh et al.”?
reported no significant increase in insulinogenic index in any
intervention groups over 12 weeks in overweight/obese children
(aerobic vs. resistance vs. diet only). Furthermore, 2 studies of
aerobic exercise intervention found significant improvement
in DI”*” while 3 studies reported no improvement in DI after
exercise intervention.”***” Davis et al.” observed that only
a high-dose of aerobic exercise was effective in improving
DI in obese youths compared to the control group (adjusted
mean difference, high dose vs. control: 0.84 [95% CI, 0.02 to
1.65], P=0.04); a low dose of aerobic exercise had no effect on
improving DI (adjusted mean difference, low dose vs. control:
0.19 [95% CI, -0.63 to 1.02], P=0.65). Studies conducted on
resistance exercise intervention did not report any significant
improvement in DI compared to the baseline or control
group.”***¥ Even with a more sophisticated metabolic test,
i.e., frequently sampled intravenous glucose tolerance test, 4
studies reported that acute insulin release, representative of in
vivo B-cell function, was not improved after aerobic exercise,”
resistance exercise,”*” or the 2 combined.””

Taken together, a potential improvement of $-cell function
resulting from aerobic exercise is suggested. However, the
limited number of studies are insufficient for us to conclude
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that exercise has beneficial effects on $-cell function. More
pediatric research focusing on B-cell function with various
exercise intensities/modalities is warranted.

Summary and future directions

This review summarized the effects of aerobic, resistance
exercise, or combined exercise interventions, focusing on
metabolic improvement rather than weight loss in the face of
worldwide increasing prevalence of T2DM in obese youths.
Table 1 lists the previous studies cited in this review. In general,
there is an increasing number of studies demonstrating positive
exercise effects on insulin sensitivity; however, a lack of evidence
exists in relation to p-cell functional improvement. A potential
explanation for such observations is that insulin sensitivity
rather than secretion could be acutely improved in response to
~12 to 16 weeks of exercise intervention. A large cohort with
a longer period of exercise training is needed to potentially
demonstrate improved B-cell function. Currently, there are
several challenges in making a solid conclusion on the beneficial
effects of exercise on insulin sensitivity and p-cell function in
youths: (1) not enough replicated studies with sufficient power
in obese youths, (2) heterogeneity of the pediatric population
in each study (i.e., different race, gender, and Tanner stage),
(3) different length and dose of the exercise interventions
with various modalities, and (4) a variety of measurement
methodologies for insulin sensitivity and p-cell function used
in each study. A carefully designed future study is needed to
establish the occurrence of T2DM risk reduction in response to
various exercise modalities in youths.

Last, we want to highlight the need for a simple, consistently
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reliable measurement tool for assessing the effects of exercise on
prevention for T2DM. Exercise intervention requires effort on
the part of participants, and invasive metabolic testing such as
clamp and intravenous glucose tolerance test is not ideal. Various
indices derived from the oral glucose tolerance test (Matsuda
index, insulinogenic index, and oral DI) and fasting biomarkers
(HOMA-IR, insulin, adiponectin level, and leptin level) have
been widely used in pediatric exercise studies. Increasing
attention has been given to novel biomarkers in the assessment
of youth-onset T2DM. These biomarkers are derived from
oral glucose tolerance testing; therefore, consideration of the
following measures in order to enhance the capability of testing
effectiveness of exercise on T2DM risk is necessary: (1) glucose-
response curve, ™ (2) 1-hour glucose concentration,””” and
(3) time-to-glucose-peak.*”*” Those emerging biomarkers
have been recently examined and considered as sensitive
and early indicators of T2DM risk, indicative of both insulin
sensitivity and B-cell function, in obese youths. Assessing those
novel biomarkers in response to any exercise intervention is
essential.”” This research will form the launching pad for new
discoveries that advance scientific knowledge in exercise science
as these biomarkers can be used as identification criteria for
obese youths in desperate need of exercise intervention for
T2DM and as an evaluation tool for testing the effectiveness of
exercise modalities.
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Table 1. List of references by exercise modalities and existence/absence of significant results

- . Studies that Studies that showed
: Combination of Lifestyle o o
Variable AE only RE only : ) showed significant no significant
AE and RE intervention ;
improvement change
Invivoinsulin ~ (23-25,27-29, 31, 32) (28,30-34) (28, 30, 53) (26) (23-28,31-34) (29-31,34,53)
sensitivity

HOMA-IR (27,36-41, 42,44, (30,38,52,53) (30, 46-49, 54) (26,50, 51, 60) (26,27,36,37,39-42, (30,38,44,52,53,57,

45,47,49, 54,57, 58) 45-51,54) 58, 60)
Fasting Insulin (23-25,27,31,32,36-  (30-34, 38,52, 53) (30, 46-49, 54) (26,50, 51,59,60) (23,25-27,36,37,39- (24,30-34,38,52,53,
44,47, 49, 54-58) 44, 46-51, 54) 55-60)
VAT (25,29,31,32,42,47, (31,32, 34,70) (47-49, 54, 70) (50,69) (25, 31,32, 42,47-50, (29,34,57,70)
49,54, 55,57,67,68, 54,55, 67-69)
70)
Adiponectin (23, 36, 40, 47,49, 54, (34) (47,49, 54) (36,47,49, 54) (23, 34,40, 57,58)
57,58)
leptin (23, 38,40, 43,47) (34) (38,47) (60) (38, 40, 43, 47, 60) (23,34)
Insulinogenic (27,73) (73) (27) (73)
index
Insulin-AUC (25,27,31,57,73) (31,73) (26) (25-27,57,73) (31)
DI (27,32) (30,32,33,53) (30) (26,59) (27) (26, 30,32, 33,53,59)
AR (30, 33, 53) (30) (59) (30, 33, 53, 59)

AE, aerobic exercise; RE, resistance exercise; HOMA-IR, homeostatic model assessment for insulin resistance; VAT, visceral adipose tissue;
AUC, area under the curve; DI, disposition index; AIR, acute insulin release.
References recommended by authors indicated in bold.
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