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Insulin resistance (IR) increases cardiovascular morbid-
ity and is associated with mitochondrial dysfunction. IR
is now recognized to be present in type 1 diabetes;
however, its relationship with mitochondrial function is
unknown. We determined the relationship between IR
and muscle mitochondrial function in type 1 diabetes
using the hyperinsulinemic-euglycemic clamp and 3'P-
MRS before, during, and after near-maximal isometric
calf exercise. Volunteers included 21 nonobese adoles-
cents with type 1 diabetes and 17 nondiabetic control
subjects with similar age, sex, BMI, Tanner stage, and
activity levels. We found that youths with type 1 diabetes
were more insulin resistant (median glucose infusion
rate 10.1 vs. 18.9 mg/kglean/min; P < 0.0001) and had
a longer time constant of the curve of ADP conversion to
ATP (23.4 = 5.3 vs. 18.8 = 3.9 s, P < 0.001) and a lower
rate of oxidative phosphorylation (median 0.09 vs. 0.21
mmol/L/s, P < 0.001). The ADP time constant (8 = —0.36,
P = 0.026) and oxidative phosphorylation ( = 0.02, P <
0.038) were related to IR but not HbA,.. Normal-weight
youths with type 1 diabetes demonstrated slowed post-
exercise ATP resynthesis and were more insulin re-
sistant than control subjects. The correlation between
skeletal muscle mitochondrial dysfunction in type 1

diabetes and IR suggests a relationship between mito-
chondrial dysfunction and IR in type 1 diabetes.

Type 1 diabetes is increasing in youth and is associated
with increased cardiovascular morbidity and mortality (1).
In type 2 diabetes, insulin resistance (IR) has a critical role
in the development of cardiovascular disease, exercise im-
pairment, and other features of the metabolic syndrome
(2). IR typically occurs in association with the metabolic
syndrome phenotype (increased hepatic, visceral, and
intramyocellular lipid [IMCL]; hypertriglyceridemia; obe-
sity; hyperinsulinemia; hyperglycemia; and low HDL
cholesterol and adiponectin). However, IR is now also
recognized as a common feature of youth and adults
with type 1 diabetes, despite lacking hyperinsulinemia
and the aforementioned typical features of the metabolic
syndrome (2-4). We previously reported significant IR in
normal-weight youths with type 1 diabetes, as well as
exercise and cardiac and vascular dysfunction compared
with nondiabetic youth (2). Thus, the presence of IR may
contribute to the early and excess cardiovascular disease
seen in type 1 diabetes (2,5-7).
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The mechanism(s) of muscle IR in individuals with
type 2 diabetes is thought to include decreased glucose
transport secondary to decreased mitochondrial function,
decreased blood flow, increased circulating free fatty acid
(FFA) levels, increased IMCL, signaling defects, or in-
flammation (8). Decreased mitochondrial function and
alterations in lipid metabolism have also been detected
in nondiabetic populations with IR including aging, burn
trauma, and HIV medication-related lipodystrophy (9-
11). In adults with type 1 diabetes, fasting FFAs are ele-
vated and are not fully suppressed by hyperinsulinemia
(6,12). In youth with type 1 diabetes, we demonstrated
vascular dysfunction and increased FFAs but no increase
in IMCL or markers of systemic inflammation compared
with nondiabetic youth (2). In contrast, IMCL and inflam-
matory markers were reported to be increased in adults
with type 1 diabetes (2,13,14). Therefore, IR in type 1
diabetes may share some, but not all, mechanistic features
of type 2 diabetes.

There is limited information on the role of mitochon-
drial function in IR in type 1 diabetes. The majority of
previous studies used musce biopsy in adults and sug-
gested mitochondrial dysfunction. Mitochondrial DNA
from fasting adults with type 1 diabetes showed decreased
expression of mitochondrial oxidative genes compared with
control subjects (15). After insulin withdrawal in adults
with type 1 diabetes, mitochondrial DNA expression de-
creased relative to the normoinsulinemic state (16). Adults
with type 1 diabetes had decreased energy flux through
ATP synthase during a hyperinsulinemic-euglycemic clamp
(17). However, the two published studies using 31p spec-
troscopy methods are contradictory (18,19). The mitochon-
drial studies to date include only adults with long-standing
diabetes duration, where complications such as microvas-
cular disease or obesity may confound the results. There-
fore, studies in youth are important to understand the
initial pathophysiology and significance.

Assessment of mitochondrial function in youth with
type 1 diabetes has not been published to date. Moreover,
studies in adults with type 1 diabetes have not examined
the role of serum FFA or glucose, muscle insulin sensitivity,
or IMCL in mitochondrial dysfunction. We hypothesized
that nonobese youth with type 1 diabetes have mitochon-
drial dysfunction, which relates to IR and elevated FFA.
The purpose of this study was to assess muscle IR and
mitochondrial function in youth with type 1 diabetes,
along with additional established contributors to IR in
other populations: FFA, glucose, IMCL, and inflammation.

RESEARCH DESIGN AND METHODS

Subjects

Thirty-eight participants 12-18 years of age were re-
cruited from pediatric clinics at the Children’s Hospital
Colorado and the Barbara Davis Center for Childhood
Diabetes for a prospective, cross-sectional study. Partici-
pants included nonobese (BMI =95th percentile for age)
volunteers with and without type 1 diabetes. To help
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reduce variability, we ensured that all participants were
untrained (defined as =3 h per week of exercise, verified
by standardized 3-day activity recall and by 7-day acceler-
ometer recording [Actigraph, Pensacola, FL]), had achieved
Tanner Stage 2 or above in puberty (as assessed by physical
exam by a pediatric endocrinologist), and were not pre-
scribed medications known to effect IR, blood pressure,
or lipids. Youth with type 1 diabetes had an HbA;  of
<12% (108 mmol/mol). This study was approved by the
University of Colorado Anschutz Medical Campus Institu-
tional Review Board. Parental informed consent and partic-
ipant assent were obtained from all participants =18 years
old and participant consent from those aged 18 years old.

Overall Study Design

Participants underwent a screening visit, an overnight
inpatient stay prior to a hyperinsulinemic-euglycemic
clamp, and an exercise/imaging study visit, which included
MRI of the leg for maximal cross-sectional area, proton
MRS (*H-MRS) to measure IMCL content, and in-MRI
exercise testing with phosphorus MRS (**P-MRS). *'P-MRS
studies during exercise have been shown to correlate
well with mitochondrial function assessed from muscle
biopsy (20). Volunteers consumed an isocaloric diet (55%
carbohydrate, 15% protein, and 30% fat) for 3 days prior
to admission, and all subjects were free of acute illness. All
testing was performed fasting, with no strenuous exercise
for the 3 days prior. Blood glucose was checked in subjects
with type 1 diabetes immediately prior to the MRI. Body
composition (Hologic, Waltham, MA) was assessed by
standard DEXA methods (18).

Measure of Insulin Sensitivity

In participants with type 1 diabetes, subcutaneous insu-
lin was replaced with an overnight intravenous insulin
infusion to normalize blood glucose levels (goal of 100
mg/dL). A 3.5 to 4.5-h hyperinsulinemic-euglycemic clamp
(80 mU/m? - min insulin) was performed fasting in the
morning to measure IR, similar to our previously described
methods (2). Briefly, serum glucose concentrations were
maintained at ~95 mg/dL based on serial blood samples
drawn every 5 min and analyzed at the bedside with a YSI
(Yellow Springs Instrument, OH). Glucose infusion rate
(GIR) during the last stage of the clamp was expressed as
milligrams dextrose infused per lean kilogram, corrected
for serum blood glucose. A stable isotope 6,6 D, glucose
tracer was included as previously described in a subset of
9 youth with type 1 diabetes and 11 control youth to allow
calculations of endogenous glucose release during hyper-
insulinemia and isolate muscle insulin sensitivity (4).

MRI and MRS

Imaging Acquisition

Imaging and spectroscopy were performed on a General
Electric 3 Tesla magnet with HDx MRI (General Electric,
Milwaukee, WI) running version 15M4 software equipped
with the General Electric multinuclear spectroscopy ac-
cessory of hardware and research software and a custom
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H/AP leg coil (Clinical MR Solutions, Brookfield, WI)
(21). The coil was a concentric probe with an inner coil
9 ¢m in diameter (for >*P) and a 13-cm outer *H coil for
scout imaging and shimming. Cross-sectional area of the calf
was measured and based on a sampling depth of 5.5 cm,

and the percent of soleus and gastrocnemious muscle sam-
pled was calculated (21).

Spectroscopy

Rates of mitochondrial phosphorylation were assessed by
3P_MRS performed at 51.70 MHz with the *H/3'P coil. The
machine was autoshimmed with 'H, and then a 3'P scan
was performed for resting baseline measurements (long
repetition time of 15,000 ms, flip angle of 135 degrees,
and 32 scans) to measure a fully relaxed spectrum. The s1p
exercise scan was then performed under partially saturated
conditions (repetition time 1,000 ms, flip angle 135, 2,048
points). IMCL and extramyocellular lipid content were
measured via "H-MRS as previously described (2).

3'P-MRS Exercise Protocol

Strength testing to determine maximal volitional con-
traction (MVC) was done on a custom-built magnetic
resonance—compatible plantar flexion device with force
measurement capability as previously described (21-23).
The force transducer box was connected to an external
readout stage (Omega Engineering, Stamford, CT) and
then to a computer for recording of force throughout
exercise with data acquisition software (Labview; National
Instruments, Austin, TX).

The 3'P-MRS exercise protocol consisted of measure-
ments during rest for 90 s, isometric plantar flexion exercise
for 90 s at 70% MVC, and recovery for 5 min postexercise.
We selected a 90-s isometric exercise bout, as this perturba-
tion has been extensively modeled and used for assessing
both aerobic and anaerobic processes (24). Force was mon-
itored continuously throughout the exercise, with verbal
feedback to keep the force measurements within the target
goal. The average force applied was recorded in kilograms.
All participants were able to complete the exercise for 90 s at
or near target force. In approximately half of the subjects, an
additional exercise test was also performed at 45% MVC to
test the effect of submaximal exercise, with at least 15 min
of rest between exercise bouts.

Spectroscopy Analysis

Peak positions and areas of interest (phosphocreatine
[PCr], inorganic free phosphate [Pi], 3-ATP [three peaks],
o-ATP [two peaks], and y-ATP [two peaks], and phospho-
monoester) were determined by time domain fitting using
jMRUi software (25,26) using AMARES (A Method of
Accurate, Robust and Efficient Spectral fitting), a nonlin-
ear least square fitting algorithm using previously built
prior knowledge files (27). A representative set of exercise
spectra is shown in Fig. 1 for a 70% MVC exercise bout.
All exercise spectra were corrected for saturation using
the fully relaxed spectra. The jMRUi data were used to
calculate metabolic variables as previously described (28).
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Exercise

Figure 1—Representative plot of 70% exercise data for a volunteer
with type 1 diabetes. Raw *'P-MRS data are shown. Each line rep-
resents 2 s of data. Time is on the Z axis, and the graph represents
~5 min of data collection. The nadir of PCr peak height and maxi-
mum of Pi peak height is the end of exercise.

Calculations included the rates of oxidative phosphorylation
(OxPhos) after exercise, creatine kinase (CK) reaction, initial
PCr synthesis (Vpc,), and anaerobic glycolysis (AnGly). ADP,
PCr, and Pi time constants were calculated via regression
analyses with Sigmaplot (Systat Software, Inc., San Jose, CA).
Vpc,, the initial rate of PCr resynthesis in the first 10 s after
exercise, = (1/PCr time constant) X ([PCr rest] — [PCr end
exercise]) in mmol/L/s. Qp.y, the apparent mitochondrial
capacity, i.e., maximal oxidative ATP production rate, =
Vpc[1+(30/[ADP end exercise])] in mmol/L/s. AnGly in
millimoles per liter per second is calculated from data col-
lected in the last 10 s of exercise as follows:

(24.3 + Apeak Pi) X ApH
Atime
— (1/1 + 1077 ~peak pH) 5 APCy/Atime)

AnGly = 1.5 X ~0.85

OxPhos in millimoles per liter per second is calculated
from the slope of the line of APCr/ Atime during the first
10 s after cessation of exercise. CK represents the ATP
production from CK reactions, which are not mitochon-
drial dependent. CK is calculated as the slope of the line of
APCR/Atime during the last 10 s of exercise in millimoles
per liter per second. Q.. is based on VPc, end exercise
(ADP), and an assumption of ADP control in mitochon-
dria. It represents the apparent mitochondrial maximal
oxidative ATP production rate relative to mitochondrial
density. Q. was only calculated from the 70% exercise
bout data, which is near maximal.

"H-MRS data were analyzed as previously described
(2). IMCL concentrations, obtained by reference to the un-
suppressed water peak, are reported in institutional con-
centration units.

Statistical Analysis

The distribution of all variables was examined, and results
are presented as mean * SD, median (minimum, maxi-
mum), or proportions, as appropriate. Group comparisons
were made using x> or Fisher exact test for proportions
and the t test or Kruskal-Wallis test for continuous
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Table 1—Demographics and metabolic measurements

Mitochondrial Function in Pediatric Type 1 Diabetes

Type 1 diabetes (n = 21)
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Control (n = 17)

Sex (male)
Age (years)
Race™
White
Hispanic
Black
Other (more than one)

Tanner stage*
Missing
2
3
4
5

BMI (kg/m?)**

Waist-to-hip ratio

Percent total body muscle mass
HbA ¢ (%)™

HbA;; (mmol/mol)**

Inflammatory markers
AST (units/L)
ALT (units/L)
hs-CRP (mg/L)
Interleukin-6 (pg/mL)
Myloperoxidase (mg/L)
White blood cells (1 kcell/.g)
Platelets (1 kcell/p.g)
Lipids
Total cholesterol (mg/dL)**
Triglycerides (mg/dL)
HDL (mg/dL)
LDL (mg/dL)*
FFA baseline (mmol/L)*

Clamp measurements
FFA end clamp (mmol/L)*
Insulin end clamp (mmol/L)
Glucose end clamp (mg/dL)
GIR (mg/kglean/min)**

10 (47.6)
15.0 (13.0, 18.0)

18 (85.7)
3 (14.3)
0
0

1(4.8)
0
1(4.8)
4 (19.1)
15 (71.4)

25.0 + 4.2
0.9 + 0.1
65.9 + 9.8

8.2 (6.7, 12.0)
66 (50, 108)

28.5 (19.0, 45.0)
20.0 (3.0, 38.0)
0.49 (0.12, 7.71)

1.25 (1.25, 12.50)
445.0 + 193.7

6.2 (3.9, 14.3)
240.7 + 57.6

140.2 * 24.9
74.0 (42.0, 112.0)
474 =92
785 = 20.7
355.8 + 226.3

33.0 (7.5, 125.0)
181.0 (108.0, 812.0)

5 (29.4)
14.0 (12.0, 18.0)

9 (52.9)
4 (23.5)
2 (11.8)
2 (11.8)

0
3(17.7)
0
7 (41.2)
7 (41.2)

21.4 + 39
0.8 = 0.1
68.3 + 8.8

5.3 (4.7, 5.8)
34 (28, 40)

29.0 (18.0, 62.0)
19.5 (12.0, 64.0)
0.20 (0.03, 20.60)
1.25 (1.25, 11.90)
433.7 + 173.2
5.8 (3.4, 7.8)
2511 + 51.2

163.2 + 26.6
83.0 (44.0, 196.0)
46.8 = 10.9
98.9 = 26.1
563.9 + 212.1

20.5 (15.0, 35.0)
213.3 (158.0, 252.0)

Ry (mg/kglean/min)***

94.7 = 4.7 99.1 =94
10.10 (3.01, 20.78) 18.92 (9.39, 28.09)
123 + 44 19.9 = 3.9

Data are n (%), mean + SD, or median (minimum, maximum). P values are from yx? or Fisher exact test, t test, or Kruskal-Wallis test, as
appropriate. *0.01 = P = 0.05; *0.0001 = P < 0.01; **P < 0.0001. kcell, representing 1,000 cells.

variables. The associations between blood glucose at time
of MRI, HbA;., BMI, BMI Z score, GIR, IMCL, and FFA
concentrations during hyperinsulinemia and the three pri-
mary outcomes from the 70% exercise were examined
(ADP time constant, Qua.y, and OxPhos) using multiple
regression. The Spearman correlation between each of
the outcomes and the covariates was estimated, and only
those covariates with a correlation significantly different
from zero were included in the regression. P values <0.05
were considered significant. All statistical analyses were
performed with SAS Software, version 9.3 (SAS, Cary, NC).

RESULTS

Of the 38 adolescents enrolled, 21 had type 1 diabetes
and 17 were nondiabetic control subjects. Participant

demographics are shown in Table 1. Groups had similar
sex and age distributions. Most participants were in mid-
to late puberty. Participants with type 1 diabetes had
a mean HbA;, of 8.2% (66 mmol/mol). Of note, markers
of inflammation were similar between the groups, with no
difference in hs-CRP, interleukin-6, myloperoxidase, as-
partate aminotransferase (AST), alanine aminotransferase
(ALT), or platelets (Table 1). Fasting LDL cholesterol, HDL
cholesterol, and triglycerides were also similar between
groups. Fasting FFA concentrations were significantly lower
in type 1 diabetes, likely due to the suppressive effects
of the overnight insulin infusion used to control glycemia.
In addition, in youth with type 1 diabetes, serum FFA con-
centrations inappropriately failed to further suppress in
response to hyperinsulinemia (consistent with adipose IR),



diabetes.diabetesjournals.org Cree-Green and Associates 387
Table 2—Markers of muscle metabolism during exercise
Type 1 diabetes Control

45% exercise 11 16
Force/area (kg/cm?) 18.60 * 3.21 18.05 = 4.23
AnGly (mmol/L/s) 0.33 (0.04, 0.64) 0.28 (0.10, 0.67)
CK ATP production (mmol/L/s) 0.07 = 0.06 0.07 + 0.06
OxPhos (mmol/L/s)* 0.05 (0.00, 0.32) 0.14 (0.08, 0.28)
Total ATP production (mmol/L) 0.47 £ 0.19 0.52 = 0.17
ADP time constant (s) 21.71 = 5.34 17.61 = 5.64
PCr time constant (s) 27.51 (15.58, 41.02) 22.50 (13.52, 39.15)
Vpcr (mmol/L//s)*™ 0.11 = 0.05 0.24 + 0.13

70% exercise 21 17
Force/area (kg/cm?) 27.67 = 5.44 24.69 + 5.73
AnGly (mmol/L/s)* 0.37 (0.09, 0.69) 0.22 (0.06, 0.51)
CK ATP production (mmol/L/s) 0.08 + 0.07 0.08 + 0.05
OxPhos (mmol/L/s)** 0.09 (0.01, 0.43) 0.21 (0.10, 0.37)
Total ATP production (mmol/L) 0.56 + 0.24 0.56 = 0.09
ADP time constant (s)*™* 23.38 + 5.26 18.80 * 3.90
PCr time constant (s) 29.18 (17.45, 51.26) 30.15 (8.14, 39.00)
Vpcr (Mmol/s)** 0.23 = 0.16 0.42 + 0.27

Qmax (MmMol/s)*

0.43 (0.09, 1.10)

0.54 (0.41, 2.50)

Data are means = SD, n, or median (minimum, maximum). P values are from t test or Kruskal-Wallis test, as appropriate. *0.01 = P =
0.0.5; **0.0001 = P < 0.01; **P < 0.0001.

and the GIR was significantly lower (10.10 mg/kglean/min
[3.01, 20.78] vs. 18.92 mg/kglean/min [9.39, 28.09]; P <
0.01) (consistent with whole-body IR). R4 adjusted for
tracer-determined endogenous glucose release in a subset
of subjects was also different between groups (12.3 = 4.4
mg/kglean/min in type 1 diabetic, 19.9 = 3.9 in control

subjects; P << 0.001), consistent with muscle IR. These
differences in insulin sensitivity occurred despite similar
serum glucose and insulin concentrations during the
hyperinsulinemic-euglycemic clamp.

The leg muscle cross-sectional area was slightly larger in
the group with diabetes (3,681 * 464 vs. 2,948 * 776 mm?).
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trations. C: ADP concentrations. D: Intracellular pH.



388  Mitochondrial Function in Pediatric Type 1 Diabetes

However, the force generated per area was similar be-
tween groups (Table 2). The soleus represented the ma-
jority of muscle sampled in both groups (76 * 7 type 1
diabetic vs. 81 * 6% control subjects). Group means of
raw data from >'P-MRS, including PCr, free phosphate,
ADP concentrations, and pH, are shown in Fig. 2. Youth
with type 1 diabetes had similar perturbations in PCr
(Fig. 2B) and pH (Fig. 2D), but the peak ADP concentra-
tion was approximately half that of control subjects
(Fig. 2C), and thus free phosphate concentrations were
also lower in subjects with type 1 diabetes (Fig. 24).
31P_MRS calculated measures for both 45% and 70% ex-
ercise are shown in Table 2. Youth with type 1 diabetes
generated a similar isometric force relative to the size of
their calf muscle for both levels of exertion, indicating
equal relative workloads (for 70% exercise: 27.67 =*
5.44 vs. 24.69 += 5.74 kg/ch), and the mean force over
the entire 70% exercise bout was identical, as shown in
Fig. 3. However, during 70% exercise, youth with type 1
diabetes had a significantly longer ADP time constant
(23.38 = 5.26 vs. 18.80 = 3.90 s; P < 0.01), indicating
slower mitochondrial rates of conversion of ADP to ATP
and a lower rate of oxidative phosphorylation (0.09
mmol/L/s [0.01, 0.43] vs. 0.21 mmol/L/s [0.10, 0.37];
P < 0.01). The Quax was also lower in youth with type 1
diabetes (0.43 mmol/L/s [0.09, 1.10] vs. 0.54 mmol/L/s
[0.41, 2.50]; P < 0.05). The rate of AnGly was higher in
youth with type 1 diabetes (0.37 mmol/L/s [0.09, 0.69]
vs. 0.22 mmol/L/s [0.06, 0.51]; P < 0.05). Rates of the CK
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reaction were similar between groups. Overall, results
during 45% exercise were similar to those seen with
70% exercise (Fig. 4). IMCL was similar between groups,
with 424.18 (150.05, 1,260.00) in type 1 diabetic and
464.80 (197.32, 1,490.00) in control subjects. Mean
blood glucose at the time of MRS in the youth with
type 1 diabetes was 134 mg/dL (98, 394).

Results from regression analyses for the primary
mitochondrial end points (ADP time constant, OxPhos,
and Q.. from 70% exercise) are shown in Table 3. Var-
iables considered in the initial Spearman correlation anal-
ysis for each regression were HbA;, GIR, blood glucose at
time of MRI, and FFA concentration after hyperinsulinemia
(end FFA). HbA;, GIR, and end FFA concentration were
univariately associated with ADP time constant, but only
GIR was independently associated, with a lower GIR as-
sociated with a higher ADP time constant. HbA;. and GIR
were univariately associated with oxidative phosphoryla-
tion, but only GIR was independently associated with
oxidative phosphorylation, with a lower GIR associated
with lower oxidative phosphorylation. Finally, HbA,
GIR, and IMCL were univariately correlated with Qpay,
but only IMCL was independently associated with Q..
Of note, a higher IMCL was associated with a higher or
more efficient Q... Spearman analysis was performed
with R4 corrected for hepatic glucose output to isolate
muscle IR in a subgroup with similar results to the un-
adjusted GIR, but regression analysis could not be per-
formed owing to the smaller sample size.
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DISCUSSION

The existence of significant IR in individuals with type 1
diabetes is increasingly recognized; yet, the relationship
between mitochondrial function and IR has not been
explored in youth with type 1 diabetes. We found that
nonobese youth with type 1 diabetes have muscle
mitochondrial dysfunction compared with nondiabetic
youth of similar age, pubertal stage, BMI, and level of
habitual physical activity, which correlates inversely with
insulin sensitivity. Specifically, youth with type 1 diabetes
had a slower rate of conversion of ADP back to ATP after
cessation of near-maximal isometric exercise, despite
relatively lower ADP production during exercise. Thus,
youth with type 1 diabetes seem to use AnGly as a fuel
source rather than OxPhos. These findings are consistent
after both moderate and submaximal exercise loads,
showing mitochondrial dysfunction even at levels of
exercise performed in everyday life. Of note, these changes
in mitochondrial function were found in the absence of
other features of the metabolic syndrome such as dyslip-
idemia or increased IMCL and did not relate to markers of
glycemic control or BML Thus, youth with type 1 diabetes
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have a unique phenotype of IR and mitochondrial dysfunc-
tion but lack many other features typical of IR.

This is the first report of mitochondrial dysfunction in
youth with type 1 diabetes, and mitochondrial studies in
adults with type 1 diabetes using either nutritional or
exercise perturbations are conflicting to date. For exam-
ple, Kacerovsky et al. (17) measured ATP flux with 51p MRS
fasted and during a hyperinsulinemic-euglycemic clamp.
They found that insulin-stimulated glucose flux through
ATP synthase during the clamp was reduced by 25% in
type 1 diabetes, and glucose 6 phosphate concentrations
were reduced by 42% (17). Since the glucose 6 phosphate
was reduced more than the ATP synthase, one interpre-
tation is that delivery of glucose to the cell is impaired,
rather than the mitochondria itself being dysfunctional.
The authors found a tight relationship between HbA;, Ry,
and ATP flux and thus concluded that despite tight gly-
cemic control (mean HbA;. of 6.89 = 04% [52 = 1
mmol/mol] in the type 1 diabetic participants), glucotoxicity
was the cause of the findings. Alternatively, Antonetti
et al. (15) found that mitochondrial gene expression, spe-
cifically, cytochorome oxidase I, cytochodrome oxidase III,
NADH dehydrogenase IV, and 12s mRNA gene expres-
sion, was actually increased in muscle biopsies from
patients with type 1 diabetes and vascular disease, sug-
gesting increased mitochondrial function, perhaps in re-
sponse to hypoxemia. In men with type 1 diabetes,
postexercise PCr recovery assessed with >'P-MRS was
slower after 120 s of 75% maximal plantar flexion; how-
ever, the participants with diabetes worked harder than
the control subjects (19). Item et al. (18) found that
mitochondrial capacity as assessed with 3'P-MRS during
85% plantar flexion for 30 s was not impaired in women
with type 1 diabetes relative to control subjects and
related to HbA;.. However, this short exercise paradigm
may not be of an adequate duration to test OxPhos, as
initial force generation with muscle occurs via the PCr
reaction (29). In summary, three of five studies in adults
indicated that mitochondrial function, stimulated by
either insulin or exercise, may be impaired in type 1
diabetes, and our data add to this body of evidence that
the defect occurs early in diabetes development. What
remains unclear, however, is whether the mitochondria
themselves are impaired or whether nutrient delivery
(i.e., reduced muscle blood flow secondary to lack of in-
sulin action) or availability is the cause of the resulting
poor mitochondrial function. Finally, it is unclear whether
abnormalities in mitochondrial function seen in adults
will be the same as those seen in youth.

We found that mitochondrial function was related to
IR but not glycemia. Both ADP time constant and OxPhos
were related to IR but not to markers of glucose control
including HbA;, or blood glucose at the time of exercise
testing. Previous studies proposed that IR in type 1 di-
abetes was primarily related to hyperglycemia (30,31).
However, this assumption has been challenged by more
recent studies in both animal models and adults with type 1
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Table 3—Parameter estimates and P values for regression with mitochondrial outcomes from 70% MVC exercise

Outcome Covariate Parameter estimate SE of parameter estimate P
ADP TC Intercept 25.23 4.96 <0.0001
ADP TC HbA1¢ 0.18 0.46 0.7025
ADP TC GIR —0.36 0.15 0.0261
ADP TC End FFA concentration —0.01 0.04 0.8735
OxPhos Intercept 0.26 0.29 0.3929
OxPhos HbA ¢ 0.001 0.028 0.9471
OxPhos GIR 0.02 0.01 0.0382
(@) Intercept 0.44 0.23 0.0802
Qmax HbA1¢ —0.02 0.02 0.3431
Qnmax GIR 0.01 0.01 0.1933
Qmax IMCL 0.0002 0.0001 0.0159

ltems in bold indicate statistical significance.

diabetes in reasonable glycemic control (4,6,32). We pre-
viously found that neither HbA;, nor 3-day glucose read-
ings with continuous glucose monitoring relate to IR in
adolescents with type 1 diabetes (2). In studies of non-
diabetic patients that included assessments of both IR
and mitochondrial function, glycemia did not relate to
either IR or mitochondrial function (10,15,33,34). In
adults with type 2 diabetes, mitochondrial function was
impaired relative to control subjects but was only affected
by extreme hyperglycemia, and an HbA;,  in the range
similar to that of our patient population did not relate
to mitochondrial function (34). Thus, it may be that when
glucose concentrations are managed near goal clinical
glucose ranges, IR and mitochondrial function are not
strongly influenced by hyperglycemia.

We found that mitochondrial dysfunction was tightly asso-
ciated with muscle IR as measured with a hyperinsulinemic-
euglycemic damp but not serum FFA or IMCL. Moreover,
we previously demonstrated that IMCL is not elevated in
pediatric type 1 diabetes, and others have demonstrated
that IMCL does not relate to IR in adults with type 1
diabetes (2,35). In this cohort, we similarly found no
elevation in IMCL in youth with type 1 diabetes and that
IMCL was associated positively with increased Q... This
positive relationship of IMCL with Q. is consistent with
the athlete’s paradox, where IMCL rises in healthy sub-
jects as individuals are more trained, and it is negatively
correlated with insulin sensitivity (36). Finally, we did find
that youth with type 1 diabetes had higher serum FFA
during hyperinsulinemia; yet, we did not find an associa-
tion between FFA suppression and mitochondrial function.
However, the serum insulin concentrations achieved dur-
ing the clamp were supraphysiologic at 200 [U/mL. It is
possible that in daily life, serum FFA over 24 h are higher
in youth with type 1 diabetes than in control subjects due
to inadequate insulin concentrations for suppression of
lipolysis and that these FFA elevations may decrease mus-
cle blood flow and secondarily nutrient delivery or directly
impair mitochondrial function.

The interpretability of exercise data is always depen-
dent on the quality of the exercise paradigm and the
muscle sampled. The raw ADP data shown in Fig. 3C show
that the youth with type 1 diabetes produced much
less ADP that the control volunteers during a 70% exer-
cise perturbation. The simplest explanation for this dis-
crepancy is that the youth with type 1 diabetes did not
perform as much physical work as the control group. How-
ever, the force data indicate that participants with type 1
diabetes pushed with a force equal to that of control
subjects, and when normalized for leg muscle area, the
youth with type 1 diabetes pushed an average of 3 kg
harder. Further, the pH curves are similar between the
groups, indicating that the intracellular perturbation was
equivalent, and the intracellular environment did not be-
come acidotic enough to prevent optimal mitochondrial
function (32). Finally, in our study a subset of patients
performed two exercise bouts with the second at 45% of
MVC. The overall results from this subset are consistent
with the 70% results, indicating that the difference be-
tween groups is not likely reflective of unequal exercise
levels or ischemia induced from maximal contraction. Fur-
thermore, these results illustrate that mitochondrial defi-
ciencies are seen in near-maximal as well as submaximal
exercise levels in this population, implying that the
mitochondrial dysfunction in type 1 diabetic youth could
impact exercise performance in youth. Analysis of the
imaging data indicates that the majority of muscle sam-
pled was the soleus, a primarily oxidative muscle type.
Thus, it appears that youths with type 1 diabetes are gen-
erating the force for the exercise via more nonoxidative
pathways, such as AnGly.

There are several limitations to a broader applicability
of our findings to all youth with type 1 diabetes. Our
sample size was relatively small, as these studies are
complex and costly. To be certain that our findings were
not due to BMI, we performed a subanalysis of only those
volunteers with a BMI <85th percentile and found iden-
tical results as presented (data not shown). Thus, we do
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not believe that our findings of a difference in the youth
with type 1 diabetes are an artifact of adiposity. Owing to
the inclusion criteria, the study cannot be considered gen-
eralizable to physically active or obese youth with type 1
diabetes. Moreover, the impact of FFAs in type 1 diabetes
on mitochondrial function requires further study, as we
only assessed FFA suppression of high-dose insulin in this
analysis.

In summary, we found that youth with type 1 diabetes
have decreased mitochondrial OxPhos after exercise, which
correlates with IR but not acute or chronic glycemia, IMCL,
or FFA. As future therapeutics are developed to directly
improve insulin sensitivity, those that involve mitochon-
drial function should also be considered for individuals
with type 1 diabetes.
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