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Abstract

Aims—Insulin resistance (IR) correlates with mitochondrial dysfunction, free fatty acids (FFAS),
and intramyocellular lipid (IMCL) in adults with type 2 diabetes (T2D). We hypothesized that
muscle IR would relate to similar factors in T2D youth.

Methods—~Participants included 17 youth with T2D, 23 normal weight controls (LCs), and 26
obese controls (OBs) of similar pubertal stage and activity level.

Results—T2D and OB groups were of similar BMI. T2D youth were significantly more IR and
had higher calf IMCL and serum FFA concentrations during hyperinsulinemia. ADP time constant
(ADPTC), a blood-flow dependent mitochondrial function measure, was slowed and oxidative
phosphorylation rates lower in T2D. In multiple linear regression of the entire cohort, lack of FFA
suppression and longer ADPTC, but not IMCL or HbAlc, were independently associated with IR.

Conclusion—We found that elevated FFAs and mitochondrial dysfunction are early
abnormalities in relatively well-controlled youth with T2D.
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Further, post-exercise oxidative metabolism appears affected by reduced blood flow, and is not
solely an inherent mitochondrial defect. Thus, lowering FFAs and improving mitochondrial
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function and blood flow may be potential treatment targets in youth with T2D.
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1. Introduction

Type 2 diabetes (T2D) was initially thought to be a disease exclusive to adults, however the
incidence of T2D has risen in youth in parallel with the increasing prevalence of obesity
among children (Dabelea et al., 2007). The onset of T2D during adolescence is associated
with early development of diabetes-associated co-morbidities such as cardiovascular disease,
nonalcoholic fatty liver disease and renal disease (Bjornstad et al., 2014; Kelsey, Forster, Van
Pelt, Reusch, & Nadeau, 2014; Levitt Katz et al., 2015; Nadeau, Klingensmith, & Zeitler,
2005; Nadeau et al., 2009). Initial studies indicate that these youth are now experiencing
increased morbidities and even mortality as early as the third decade of life, highlighting the
urgency in understanding differences between youth-onset and adult-onset T2D (Kelsey,
Zaepfel, Bjornstad, & Nadeau, 2014).

In both youth and adults, T2D is characterized by insulin resistance (IR) plus pancreatic
beta-cell insufficiency. Many of the diabetes co-morbidities are related to IR (Cree-Green,
Triolo, & Nadeau, 2013; Nadeau et al., 2009; Shulman, 2014). Of importance, it is not clear
if IR in youth and adults is related to similar factors. For example, IR in youth with T2D is
at least partially and uniquely related to the hormonal milieu characteristic of puberty
(Argov, De Stefano, & Arnold, 1996; Cree-Green et al., 2013). Moreover, the currently
available methods to improve IR have little impact on glucose control in youth, as compared
to more positive results with both lifestyle modification and metformin therapy in adults
(Levy-Marchal et al., 2010; Zeitler et al., 2012). Therefore, further study of pediatric IR is
needed to develop future additional prevention and treatment options for youth at risk for
developing diabetes.

The etiology of IR in adults with T2D is complex, and incompletely understood. Previous
studies suggest that excess or ectopic lipids, including serum free fatty acids (FFAS),
intramyocellular lipid (IMCL), intraheptic lipid and lipid subspecies such as diacyglycerol
may be related to IR (D'Adamo & Caprio, 2011; De Feyter et al., 2008; Shulman, 2014).
Additionally, decreased mitochondrial substrate oxidation may be associated with the
development of IR. The simplified potential explanation of this relationship is that
mitochondria have decreased oxidation and clearance of FFAs, leading to increased IMCL
and diacylglycerol, or via increased production of reactive oxygen species (Cree-Green et
al., 2013). Mitochondrial oxidative dysfunction has been documented in adults with T2D as
well as in the adult lean offspring of people with T2D, who are at risk for the development
of diabetes (Befroy et al., 2007; Shulman, 2014). However, mitochondrial function has not
been well studied in youth with T2D.
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In addition to alterations in mitochondrial metabolism and intracellular storage of FFA,
alterations in blood flow may affect mitochondrial oxidative function in T2D. Oxidative
phosphorylation requires a constant supply of intracellular oxygen. Patients with peripheral
arterial disease have impaired oxygenation of peripheral tissue, and were found to have
abnormal mitochondrial respiration in skeletal muscle (Esterhammer et al., 2008; Schocke,
Esterhammer, & Greiner, 2008). Further, venous occlusion of the limb in healthy subjects
has been shown to produce similar mitochondrial findings in healthy volunteers,
demonstrating the importance of acute changes in oxygen delivery to mitochondrial function
(Argov et al., 1996). Youth with T2D have increased rates of CVVD and CVD risk markers
and decreased limb blood flow (Nadeau et al., 2009). However, it is unknown if this is severe
enough to affect oxygen delivery to the mitochondria.

Our goal was to assess IR and its potential contributors, namely mitochondrial function, FFA
and IMCL concentrations in youth with T2D, as compared to BMI-similar obese non-
diabetic youth, and normal weight non-diabetic youth. The primary aim of the study was to
determine if obese youth with T2D had impaired mitochondrial function that related to IR,
as seen in adults. Our secondary aim was to evaluate fat metabolism in terms of FFA
availability during hyperinsuinemia and IMCL concentrations. The last aim was to utilize
non-invasive measures to assess post-exercise mitochondrial oxidative function (some of
which are blood flow dependent) to begin to determine if blood flow abnormalities were a
component of mitochondrial dysfunction in pediatric T2D.

2. Materials and methods

2.1. Participants

66 participants were recruited from pediatric clinics at the Children's Hospital Colorado and
the Barbara Davis Center for Childhood Diabetes for a prospective, cross-sectional study
from 2009 to 2014. This is a clinically similar but distinct cohort of youth from those
previously described (Nadeau et al., 2009). Volunteers included non-obese (body mass index
(BMI) <85th percentile for age) control youth without diabetes and obese youth (BMI >95th
percentile for age) with and without T2D. All volunteers were sedentary (defined as less
than 3 h per week of any exercise, verified by standardized 3-day activity recall, and 7-day
accelerometer recording, Actigraph, Pensacola, FL), had achieved Tanner Stage 3 or above
in puberty (as assessed by physical exam by a pediatric endocrinologist, KIN or MCG).
Youth with T2D had a hemoglobin A1C (HbA1C) of <12% (108 mmol/mol). Anemia was
ruled out in all subjects prior to study, and obese and lean control volunteers underwent a
standard 2 h OGTT and were excluded if dysglycemia was present (fasted blood sugar >100
mg/dL or 2 h >140 mg/dL). Exclusionary medications included antihypertensives, lipid
lowering agents, oral steroids, atypical antipsychotics and any diabetes medication other
than metformin or insulin. T2D was defined by American Diabetes Association criteria and
the absence of glutamic acid decarboxylase, islet cell or insulin autoantibodies or secondary
causes of diabetes. This study was approved by the University of Colorado Anschutz
Medical Campus Institutional Review Board and the Children's Hospital of Colorado
Scientific Advisory Review Committee. Parental informed consent and participant assent
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were obtained from all participants less than 18 years old and participant consent from those
aged 18 years and above.

2.2. Overall study design

Participants underwent a screening visit to ensure eligibility and then a study visit with an
overnight stay. Participants consumed 3 days of an isocaloric, weight maintenance diet (55%
carbohydrate, 15% protein, 30% fat) provided by the CTRC nutrition services and refrained
from any physical activity 3 days prior to study. During these 3 days, participants with T2D
also refrained from taking metformin, checked blood glucose concentrations at least four
times a day, and continued any insulin with the last long acting insulin given 24 h prior to
evening admission. Youth with a fasting glucose >200 mg/dl, random glucose >300 mg/dl or
acute illness in the previous 2 weeks were rescheduled. Menstruating females were studied
in the follicular phase, i.e. the first 14 days following the start of the last menstrual period.

Upon arrival, fasting exercise/imaging studies were performed which included magnetic
resonance imaging (MRI) of the calf for maximal cross-sectional area (MCSA), proton
magnetic resonance spectroscopy (*H MRS) to measure IMCL content, and in-MRI exercise
testing with 31phosphorus MRS (31P MRS). Body composition was measured with dual-
energy X-ray absorptiometry (DEXA) scan (Hologic, Waltham, MA) (Nadeau et al., 2010).
Blood glucose was checked in youth with T2D immediately prior to the MRI.

2.3. Measure of insulin sensitivity

All participants consumed an isocaloric study dinner and then fasted overnight on the
inpatient Clinical/Translation Research Center (CTRC). Youth with diabetes received an
overnight insulin infusion to normalize glycemia (goal glucose ~ 100 mg/dl). In the AM, a
fasting hyperinsulinemic euglycemic clamp (80 mU/m?2 min insulin) was performed to
measure insulin sensitivity, similar to our previously described methods (Nadeau et al.,
2010). Briefly, serum glucose concentrations were maintained at approximately 95 mg/dL
based on blood samples every 5 min, and analyzed with a YSI (Yellow Springs Instrument,
OH). Glucose infusion rate (GIR) was expressed as milligrams dextrose infused per
kilogram fat-free mass from the DEXA scan, corrected for serum blood glucose.

2.4. Magnetic resonance imaging and spectroscopy

2.4.1. Imaging acquisition—Imaging and spectroscopy were performed on a General
Electric (GE) 3 T magnet with HDx MRI (GE, Milwaukee, WI) running Version 15M4
software equipped with the GE multi-nuclear spectroscopy accessory of hardware and
research software and a custom H/3LP leg coil (Clinical MR Solutions, Brookfield, WI)
(Cree-Green et al., 2014). The coil is a concentric probe made of an inner coil 9 cm in
diameter (for 31P) and a 13 cm outer coil tuned to IH frequency for scout imaging and
shimming. Cross-sectional area for the calf was measured as previously described (Cree-
Green et al., 2014).

2.4.2. Spectroscopy—Rates of mitochondrial phosphorylation were assessed by 31P

MRS performed at 51.70 MHz with the TH/31P coil. The machine was auto-shimmed
with 1H, and then a 31P scan was performed for resting baseline measurements (long TR of
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15,000 ms, flip angle of 135° and 32 scans) to measure a fully relaxed spectrum. The 31p
exercise scan was then performed under partially saturated conditions (TR 1000 ms, flip
angle 135, 2048 pts). IMCL and EMCL were measured via 1H MRS, as previously
described (Nadeau et al., 2010).

2.4.3. 31p MRS exercise protocol—Strength testing to determine maximal volitional
contraction (MVC) was done on a custom-built MR-compatible plantar flexion device with
force measurement capability and force during the exercise perturbation recorded as
previously described (Cree-Green et al., 2014; Larson-Meyer, Newcomer, Hunter,
Hetherington, & Weinsier, 2000).

The 31P MRS exercise protocol consisted of measurements during rest for 90 s, isometric
plantar flexion exercise for 90 s at 45% and 70% MVC, and recovery for 5 min post-
exercise. We selected a 90 s isometric exercise bout as this perturbation has been extensively
modeled and utilized for assessing both aerobic and anaerobic processes (Sirikul, Hunter,
Larson-Meyer, Desmond, & Newcomer, 2007). Force was monitored continuously
throughout the exercise, with verbal feedback provided to the subject to help keep the force
measurements within the target goal. The average force applied was recorded in kg. All
participants were able to complete the exercise for 90 s at or near target force.

2.4.4. Spectroscopy analysis—Peak positions and areas of interest [phosphocreatine
(PCr), inorganic free phosphate (Pi), B-ATP(3 peaks), a-ATP(2 peaks), y-ATP(2 peaks), and
phosphomonoester] were determined by time domain fitting using jMRUi (Klose, 1990; van
den Boogaart, 1997) utilizing AMARES (A Method of Accurate, Robust and Efficient
Spectral fitting), a nonlinear least-square-fitting algorithm using previously built prior
knowledge files (Rico-Sanz et al., 1999). All exercise spectra were corrected for saturation
using the fully relaxed spectra for that day. The jMRUIi data were used to calculate metabolic
variables as previously described (Newcomer & Boska, 1997). Calculations included the
rates of oxidative phosphorylation (OxPhos) following exercise, creatine kinase (CK)
reaction, initial PCr synthesis (\VPcr), anaerobic glycolysis (AnGly) and QMAX, the
apparent mitochondrial capacity, i.e. maximal oxidative ATP production rate, as previously
described (Cree-Green, Newcomer, Brown et al., 2015; Cree-Green et al., 2014). ADP, PCr
and Pi time constants were calculated via regression analyses with Sigmaplot (Systat
Software, Inc., San Jose, CA). Time constant measures are blood flow dependent, as they
include the entire recovery period which at 20-40 s allows for ample time for all oxygen
delivery following the cessation of exercise. QMAX is thus also blood-flow dependent as
ADPTC is in the calculation. AnGly, OxPhos, and CK are all based only on substrate
availability at the time of cessation of exercise, as they only include the first 10 s of data post
exercise, which is not enough time for blood flow related reperfusion and delivery to the
mitochondria. QMAX is a calculation of maximal mitochondrial function. Therefore, these
endpoints were also chosen in order to distinguish the effect of blood-flow on mitochondrial
function.

1H MRS data were analyzed as previously described (Nadeau et al., 2010). IMCL
concentrations, obtained by reference to the unsuppressed water peak, are reported in
institutional units.
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2.5. Statistical analysis

The distribution of all variables was examined via a Shapiro-Wilk test and results presented
as mean + SD of the mean or median (25%, 75%) as appropriate. Group comparisons were
made using one way ANOVA or Kruskal-Wallis for non-normally distributed variables. The
association between GIR and covariates: HbAlc, BMI Z-score, IMCL, and FFA
concentrations during hyperinsulinemia and the three primary mitochondrial outcomes from
the 70% exercise were examined (ADP time constant, Qmax, and OxPhos) using a
Spearman correlation. As the mitochondrial measurements are interrelated, a linear
regression model of GIR vs. each of the three primary mitochondrial outcomes (ADP time
constant, QMAX, and OxPhos) was then performed, including only those covariates with a
correlation significantly different from zero. P-values <0.05 were considered statistically
significant. All statistical analyses were performed with SigmaStat Software, Version 11.2
(Systat Software, Inc., San Jose, CA.)

Of the 66 adolescents enrolled, 17 had T2D and 49 were non-diabetic controls (26 OCs, 23
LCs). Participant demographics are shown in Table 1. Groups were of similar sex, age and
pubertal distributions. All but 1 participant were Tanner stage 4 or 5 with no significant
difference in Tanner stage between groups. Participants with diabetes had a median HbAlc
of 6.9%, and a diabetes duration of <2 years. BMI was similar between the T2D and OC
groups. Of note, hs-CRP and platelets were different between groups, and significantly
highest in the youth with T2D; other markers of inflammation were not significantly
different. Fasting lipids were significantly different between the groups, and most abnormal
in the youth with T2D. The insulin clamps were similar between the groups in terms of
serum insulin concentrations and achieved glucose serum concentrations. Suppression of
FFAs during the clamp in response tohyperinsulinemia (consistent with adipose IR) was
different between the groups (p = 0.007) and most abnormal in the T2D group as was the
GIR, consistent with muscle IR. IMCL concentrations were different between groups, and
highest in the group with T2D (Table 1, p = 0.04).

Group means of raw and calculated data from 3P MRS for 70% exercise are shown in Fig.
1. The peak ADP concentration during exercise was lower in the group with T2D than LCs
(Fig. 1A), and thus free phosphate concentrations were also lower in T2D youth (Fig. 1C).
However, youth with T2D had similar perturbations in PCr (Fig. 1B) and pH (Fig. 1D). The
three groups worked equally hard during exercise, as force generated per area was similar
between groups (Table 2). The tracings of force throughout the exercise bouts are shown in
Fig. 2. Youth with T2D generated a similar isometric force relative to the size of their calf
muscle for both levels of exertion, indicating equal relative workloads, and the mean force
over the entire 70% exercise bout was identical between groups (Cree-Green et al., 2014).

Despite the lower ADP concentrations during 70% exercise, ADPTC was different between
groups and longest in T2D (T2D 23.1(19.1, 27.0) s vs. OC 21.2 (18.1, 23.5) vs. LC
18.5(15.3, 22.6); p = 0.03), with a longer ADPTC indicating slower mitochondrial rates of
conversion of ADP to ATP. The youth with T2D also had a lower rate of oxidative
phosphorylation (T2D 0.11(0.06, 0.18) mmol/L/s vs. OC 0.18 (0.12, 0.23) vs. LC 0.18 (0.13,
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0.26); p = 0.01). However, there was no difference in QMAX, (T2D 0.34(0.18, 0.56)
mmol/L/s vs. OC 0.51 (0.38, 0.60) vs. LC 0.48(0.41, 0.64); p = 0.18). Rates of the creatine
kinase reaction were also similar between groups. Results from 45% exercise in a subset of
subjects were similar in terms of ADP TC (T2D 22.7 (18.1, 33.5) s vs. OC 24.1 (19.2, 27.5)
vs. LC 15.3 (13.8, 18.3); p = 0.01) with trends in oxidative phosphorylation (T2D 0.09 (0.07,
0.18) mmol/L/s vs. OC 0.08 (0.02, 0.14) vs. LC 0.17(0.10, 0.21); p = 0.08). The substrate
curves during 45% exercise are similar but lower than the 70%, and not shown.

Results from regression analyses for the predictors of GIR are shown in Table 3. Variables
that were significant in the initial Spearman's correlation analysis were FFA following
hyperinsulinemia (end FFA), HbAlc and the primary mitochondrial endpoints (OxPhos,
QMAX and ADPTC from 70% maximal exercise). In Model 1, GIR correlated
independently with ADPTC and FFA, but not HbAlc. In Model 2, GIR correlated
independently with FFA but not OxPhos or HbAlc. In Model 3, GIR independently related
to QMAX and FFA, but not HbAlc (Table 3).

4. Discussion

We examined the relationship between IR and post-exercise mitochondrial oxidative
function, serum FFA, IMCL and hyperglycemia in youth with T2D, as compared to both
lean and obese youth without diabetes. We found that adolescents with T2D have decreased
muscle mitochondrial function and IR when compared to obese and lean youth without
diabetes of similar age, pubertal stage, level of habitual physical activity, and for obese
controls, similar BMI. Specifically, youth with T2D had a slower rate of conversion of ADP
back to ATP following cessation of near-maximal isometric exercise, consistent with defects
in oxidative phosphorylation. Additionally, youth with T2D had failure of suppression of
FFA in response to high dose insulin, elevated IMCL and hyperglycemia. Whole body IR
correlated independently only with elevated FFAs and muscle mitochondrial dysfunction.
Therefore, FFAs and muscle mitochondrial dysfunction, but not IMCL or hyperglycemia,
appear related to IR in pediatric T2D. Finally, impaired mitochondrial function may be
partially related to alterations in blood flow, as measures requiring oxygen delivery were
worse.

Post-exercise muscle mitochondrial function, represented by a slowed ADPTC and lower
QMAX, was independently related to IR in youth with T2D. While no other mitochondrial
data from youth with T2D have previously been reported, other groups have examined
mitochondrial function in adults, with conflicting results (Antonetti, Reynet, & Kahn, 1995;
Bajpeyi et al., 2011; Cree-Green, Newcomer, Brown et al., 2015; De Feyter et al., 2008;
Schrauwen-Hinderling et al., 2007). Many groups have found a decrease in mitochondrial
function, markers or proteins in adults with T2D (Shulman, 2014). However, mitochondrial
dysfunction is not always present in T2D (De Feyter et al., 2008), and Martin, Morrison,
Konstantopoulos, and McGee (2014) found that the relationship between the two is
extremely complex and may differ by cell type. Acquired mitochondrial dysfunction may
predispose to IR, as the elderly and individuals at risk for diabetes have mitochondrial
dysfunction (Befroy et al., 2007; Shulman, 2014). Further, the association between
mitochondrial function and IR has been validated in other patient populations including burn
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trauma, aging, type 1 diabetes and polycystic ovarian syndrome (Cree-Green, Newcomer,
Coe et al., 2015; Cree-Green et al., 2013; DeLany et al., 2014; Levitt Katz et al., 2015). Our
cross-sectional design does not permit differentiation of which abnormality, IR or
mitochondrial dysfunction, comes first; our data indicate that both abnormalities can occur
at a young age, early in T2D and can be seen following both mild and submaximal exercise.

Elevations in FFA during hyperinsulinemia were associated with IR in youth with T2D, both
in this cohort and in a previous study (Kelsey, Forster et al., 2014). Supporting this finding is
the work of Shulman (2014) in which rodents fed high-fat diets to increase serum FFA or
given intravenous FFA infusions showed transient increases in muscle diacylglycerol (DAG)
content which indirectly led to the inhibition of muscle insulin signaling. In addition, acute
and chronic reductions of FFA via Acipimox have been shown to improve both
mitochondrial function and whole body insulin sensitivity in adults with T2D (Bajaj et al.,
2005; Daniele et al., 2014). Further, Daniele et al. (2013) demonstrated that reductions of
plasma FFA concentrations improved mitochondrial-mediated ATP synthesis in skeletal
muscle tissue, as well as insulin sensitivity. In contrast, a recent study found that whereas IR
was improved with Acipomoxin obese controls and adults with T2D, mitochondrial function
only improved in the controls, not in the adults with T2D (Phielix, Jelenik, Nowotny,
Szendroedi, & Roden, 2014). Further investigation is needed on interventions that lower
FFAs in order to improve mitochondrial function and/or IR in youth with T2D.

IMCL was different between groups, yet there was no relationship between GIR and IMCL,
confirming our findings in a different, smaller cohort of youth with T2D (Nadeau et al.,
2009). We have also demonstrated IR and mitochondrial dysfunction, unrelated to IMCL in
adolescents with type 1 diabetes (Cree-Green, Newcomer, Brown et al., 2015). Similarly, in
a study of normal weight control adults, mitochondrial function and peripheral IR were
related, but no relationship was found with IMCL (DeLany et al., 2014). IMCL is a reliable
measure of muscle lipid concentration and it can be used for muscle energy, as seen in
caloric restriction or endurance exercise, or as an ectopic lipid disposal site as in obesity.
Our findings support that IMCL may be related to fuel stores and availability, not directly
related to mitochondrial oxidative function or IR.

Glycemia was unrelated to mitochondrial function and IR in relatively well-controlled T2D
youth (mean HbA1c 6.9%). This finding is supported by studies in adults with and without
diabetes (Antonetti et al., 1995; Cree et al., 2008; Rabol et al., 2009). In particular, Rabol et
al. (2009) found that adults with diabetes and HbAlc in a range similar to that of our patient
population experienced mitochondrial dysfunction independent of hyperglycemia. We also
found that in youth with type 1 diabetes, HbAlc was not related to IR or mitochondrial
function (Cree-Green, Newcomer, Brown et al., 2015). Therefore, when glucose levels are
kept near target clinical glucose ranges, IR and mitochondrial function do not correlate with
hyperglycemia.

Our results indicate that in youth with T2D, mitochondria themselves appear impaired, in
addition to indicating that there are alterations in oxygen delivery. Methods utilizing 31P
MRS are an ideal approach to assess the role of blood flow in skeletal muscle mitochondrial
function in adolescents with T2D (Wu et al., 2012). Not only is MRS non-invasive, unlike
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previous muscle biopsy-based methods, but it also allows an in vivo assessment of
mitochondrial function. Such in vivo methods avoid the perturbations that occur when
concentrations and activities of enzymes in oxidative phosphorylation and the TCA cycle are
measured after removing muscle tissue from its natural state and blood supply. Both
calculations of ADP TC and QMAX include the entire recovery period following exercise,
which is influenced by post-exercise blood flow (Sirikul et al., 2007). The abnormal blood
flow-dependent mitochondrial measures in our volunteers with diabetes suggest that altered
blood flow may contribute to their mitochondrial dysfunction. In support of this concept,
Pedersen, Baekgaard, and Quistorff (2009) showed that mitochondrial function is impaired
in adults with only diabetes and in adults with only peripheral arterial disease, and was worst
in those with both diabetes and peripheral arterial disease. Moreover, we have previously
shown evidence of vascular dysfunction in youth and adults with T2D (Bjornstad et al.,
2014; Levitt Katz et al., 2015; Nadeau et al., 2005, 2009). Therefore, further study of the
role of blood flow and delivery in T2D and its impact on mitochondrial function is indicated.

There are several strengths to our study. We were careful to choose obese controls with a
BMI similar to youth with T2D to ensure control for adiposity. We also controlled acute and
habitual physical activity, pubertal stage and menstrual cycle, which may all impact IR and
mitochondrial function. We similarly provided a study diet to control for potential
differences in home diet between groups, and withdrew metformin and controlled glycemia
overnight in the inpatient setting so that all groups had fasting labs and the insulin clamp
began with similar blood sugar levels. While subject burden limited us from an insulin
infusion prior to mitochondrial measures, we did assess blood sugar prior to MRS and found
it to be unrelated to mitochondrial endpoints. In addition, while muscle biopsy was
considered, it is more difficult in youth, and our in vivo methods most closely reflect the
normal physiologic state. However, our study does have some limitations, including the
relatively small sample size, lack of longitudinal data and lack of direct blood flow
measurements.

5. Conclusions

In summary, we found that youth with T2D have impaired mitochondrial function and
increased concentrations of FFA during hyperinsulinemia, both of which independently
relate to IR. Further, decreased mitochondrial function may also relate to impaired blood
flow. As future therapeutics are developed to directly improve insulin sensitivity, those that
involve mitochondrial function, FFA and improving vascular function should be strongly
considered for youth with T2D.
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Metabolite concentrations before during and after 45% exercise are shown in: E) inorganic
phosphate, F) phosphocreatine concentrations, G) ADP H) intracellular pH.
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Plantar flexion force before, during, and after 70% and 45% exercise. Plantar flexion force
of the soleus and gastrocnemius muscles before, during, and after 70% and 45% exercise.
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Table 3

Multiple regression of GIR relationship to mitochondrial outcomes.

Covariate Parameter estimate  S.E. of parameter estimate  P-value

Model 1 (ADPTC)

ADP TC -0.272  0.102 0.014

HbAlc -1.132 0.664 0.103

FFA —-0.0908 0.0259 0.002
Model 2 (OxPhos)

OxPhos 0.207 8.940 0.981

HbAlc -1.266 0.752 0.106

FFA —-0.0944  0.0249 <0.001
Model 3 (QMAX)

QMAX 7211 1.726 <0.001

HbAlc -0.775 0.582 0.197

FFA -0.0797 0.0229 0.002

Linear regression outcomes and significance for GIR as related to either ADP time constant, Oxidative Phosphorylation and QMAX are shown,
with FFA and HbA1C in the models.
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