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1 | INTRODUCTION

Exercise capacity and maximum oxygen uptake (VO,max)
are lower in type 2 diabetes patients than in age- and/or
weight-matched nondiabetes controls (Baldi et al., 2003,;
Fang et al., 2005; Regensteiner et al., 1998). The lower
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The study examined whether men with type 2 diabetes exhibit lower expression of
muscle proteins important for exercise capacity, and whether exercise training pro-
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were compared to eleven nondiabetes counterparts (ND) matched for age and body
composition (body fat percentage). T2D underwent 10 weeks of high-intensity inter-
val exercise training (10-20-30 training). T2D had lower expression of SOD1 (—62%;
p < 0.001) and ETC complex V (—34%; p = 0.003), along with higher expression of
ETC complex IV (+66%; p = 0.007), MEN2 (+62%; p = 0.001), and DRP1 (+30%;
p = 0.028) compared to ND. T2D had higher (p < 0.001) expression of Na*/K* al
(+98%), a2 (+114%), and NHE1 (+144%) than ND. In T2D, training increased ex-
ercise capacity (+9%; p < 0.001) as well as expression of SOD2 (+44%; p = 0.029),
ETC complex II (+25%; p = 0.035), III (+52%; p = 0.041), IV (+23%; p = 0.005),
and V (+21%; p = 0.035), CS activity (+32%; p = 0.006) as well as Na™/K* al
(+24%; p = 0.034), Kir6.2 (+36%; p = 0.029), and MCT1 (+20%; p = 0.007). Men
with type 2 diabetes exhibited altered expression of a multitude of skeletal muscle
proteins important for exercise capacity. Ten weeks of 10-20-30 training upregulated
expression of muscle proteins regulating antioxidant defense, mitochondrial function,

and ion handling while enhancing exercise capacity in men with type 2 diabetes.
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exercise capacity observed in type 2 diabetes patients
may be related to both central (i.e., cardiovascular) and
peripheral (i.e., muscular) factors (Baldi et al., 2003,;
Reusch et al., 2013). Specifically, skeletal muscle from
type 2 diabetes patients is characterized by increased
oxidative damage (Aouacheri et al., 2015; Odegaard
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et al., 2016; Pan et al., 2010), mitochondrial dysfunction
(Lowell & Shulman, 2005; Rovira-Llopis et al., 2017),
and possibly impaired ion handling (Juel et al., 2004).
However, it remains unclear whether type 2 diabetes-re-
lated muscle alterations are due to the aberrant expres-
sion of proteins involved in antioxidant defense and ion
handling.

Oxidative stress, defined as an imbalance between pro-
duction and removal of reactive oxygen species (ROS),
while being implicated in the development of type 2 di-
abetes (Henriksen et al., 2011), may inhibit exercise ca-
pacity by affecting contractile function (Allen et al., 2008;
Persson et al., 2019). Diabetes appears to cause alterations
in proteins regulating antioxidant defense in rats (Wohaieb
& Godin, 1987) and is associated with lower activity of the
antioxidant enzyme superoxide dismutase (SOD) in human
plasma (Pan et al., 2010; Ramakrishna & Jailkhani, 2008),
implying a connection between type 2 diabetes and aber-
rant antioxidant defenses. Mitochondria are among the main
sources of ROS in skeletal muscle (Szendroedi et al., 2011),
and overwhelming mitochondrial ROS generation may lead
to mitochondrial dysfunction. Accordingly, mitochondrial
dysfunction has been proposed to play a critical role in the
pathophysiology of type 2 diabetes (Szendroedi et al., 2011).
Thus, while the interplay between aberrant antioxidant de-
fense and mitochondrial dysfunction appears to play a critical
role in the pathophysiology of type 2 diabetes and the asso-
ciated impairments in exercise capacity, it remains unknown
whether these features are associated with alterations in mus-
cle proteins regulating redox homeostasis and mitochondrial
function.

Skeletal muscle ion-handling capacity plays a major
role in fatigue development (Allen et al., 2008; Hostrup
& Bangsbo, 2017). The pronounced Na* and K* perturba-
tions occurring during exercise are caused, in part, by the
ATP-sensitive potassium channel (Kir6.2) and are coun-
teracted by a multitude of ion-handling proteins, including
the Na*/K*-pumps and their upstream regulator phospho-
lemman (FXYD1). Animal studies indicate that diabetes
and insulin treatment decrease and increase, respectively,
muscle protein expression as well as activity of Na*/
K+-pumps (Kjeldsen et al., 1987; Schmidt et al., 1994,;
Nishida et al., 1992). On the other hand, data in humans
are inconsistent, with studies showing lower (Schmidt
et al., 1994), higher (Djurhuus et al., 2001), or similar
(Dela et al., 2004) expression of Na*/K*-pump subunits
in type 2 diabetes patients compared to nondiabetes coun-
terparts. Besides Na®™ and K™ perturbations, contractile
function, and thereby exercise capacity, may be limited
by rising intracellular levels of H" (Allen et al., 2008).
The monocarboxylate transporter subunit 1 (MCT1) and 4
(MCT4) and the Na*’H" exchanger 1 (NHE1) contribute
to regulating H* handling in skeletal muscle. Interestingly,

muscle protein expression of MCT1, but not MCT4 and
NHEI, has been reported to be lower in type 2 diabetes
patients compared to age- and body weight-matched sub-
jects (Dela et al., 2004; Juel et al., 2004). Taken together,
data on ion-handling proteins in type 2 diabetes patients
are inconsistent, thus, warranting further investigations
to elucidate whether type 2 diabetes and the associated
lower exercise capacity is linked to aberrant expression of
ion-handling proteins.

High-intensity interval training (HIIT) is effective in
improving health-related outcomes in patients with cardio-
vascular and metabolic diseases (Baasch-Skytte et al., 2020;
Fiorenza et al., 2018; Rognmo et al., 2012; Tjonna et al.,
2008), and whether skeletal muscle protein adaptations are
associated with improvements in exercise capacity.

Thus, the aim of this study was to investigate whether
men with type 2 diabetes exhibit lower expression of skel-
etal muscle proteins regulating either antioxidant defense,
mitochondrial function, or ion handling compared to non-
diabetes counterparts and to explore the effect of HIIT on
these muscle proteins. We hypothesized that men with type
2 diabetes would exhibit lower expression of proteins regu-
lating antioxidant defense, mitochondrial function, and ion
handling compared to age- and body composition-matched
nondiabetes counterparts. Furthermore, we hypothesized
that a period of HIIT would increase the expression of
these proteins while improving exercise capacity in men
with type 2 diabetes.

2 | METHODS

2.1 | Study design

The study was part of a larger study investigating the
effect of HIIT on glycemic control in men with type 2
diabetes (Baasch-Skytte et al., 2020). In addition, for
baseline comparisons nondiabetes counterparts were in-
cluded from a previous study (Fiorenza et al., 2018). The
present study was designed as a cross-sectional and longi-
tudinal study. The training intervention consisted of high-
intensity interval cycling training three times per week
for 10 weeks, adhering to the 10-20-30 training princi-
ple (Gunnarsson and Bangsbo, 2012). Biopsies were ob-
tained from m. vastus lateralis at rest before and after the
training intervention in men with type 2 diabetes. The
nondiabetes counterparts did not complete the training in-
tervention, but had a muscle biopsy obtained at rest. The
study was approved by the ethics committee of the capital
region of Denmark (H-4-2014-100), adheres to guidelines
of the most recent version of the Declaration of Helsinki,
and is registered at Clinical-trials.gov (NCT03349944).
Subjects provided oral and written informed consent prior
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to inclusion in the study. The manuscript is aligned with
STROBE standards.

2.2 | Subjects

Subjects were recruited via newspaper ads and the Danish
Diabetes Association. Twenty-three men were included; 12
inactive men with type 2 diabetes (T2D: n = 12) and 11
inactive nondiabetes men (ND: n = 11) (Table 1; Figure 1).
Groups were matched based on age (+5 years) and body
composition (fat%; +£3%). In T2D, one subject was newly
diagnosed with type 2 diabetes (6-12 months), five subjects
were diagnosed for 1-2 years and six subjects were diag-
nosed for 4-15 years. Ten out of the 12 subjects included in
T2D received antidiabetic medications (Table 1).

Sodkety

Prior to inclusion in the study, potential subjects went
through a standardized medical examination including a
questionnaire regarding lifestyle, physical activity, and use
of medication, a resting 12-lead ECG, fasting blood samples
for evaluation of HbA . and blood cholesterol and a graded
exercise test on a bike ergometer (Monark Ergomedic 839E).

Inclusion criteria for the men with type 2 diabetes were
40-75 years of age, type 2 diabetes diagnosis for >6 months,
stable medication for >3 months. Inclusion criteria for non-
diabetes counterparts were 40-75 years of age and no reg-
ular medicine treatment. Exclusion criteria for all Subjects
were >2 h of physical activity per week (daily commute by
bike was accepted); evidence of renal, liver, cardiovascu-
lar and/or neuromuscular disease (except hypertension in
T2D), body mass index <20 and >40 kg/mz, smoking and
excess alcohol consumption (>14 units/week).

TABLE 1 Characteristics of the type 2 diabetes (T2D) and age- and body composition-matched nondiabetes (ND) individuals

Between-group Within- group
difference difference
T2D (n = 12) T2D (n = 12) (ND vs. T2D Pre)  (T2D Pre vs. T2D Post)
ND (r = 11) Pre Post p value p value

Age, years 60.3 + 4.6 58.0 +3.7 58.0 +3.7 0.797
Height, cm 181 +4.2 180 + 3.7 180 + 3.7 0.565
Weight, kg 86.1 + 6.7 91.4 + 10.2 90.6 + 18.5 0.510 0.858
BMI, kg/m> 261+ 1.7 28.0+2.4 277 +43 0.297 0.791
Fat%, % 28.7+29 279+48 275+ 6.0 0.694 0,544
FEM, kg 589 +43 642 +5.3 64.7 +9.6 0.124 0.879
HbA,_, mmol/mol 36.4+1.2 55.8 + 8117 513+ 1.4 <0.001 0.147
HDbA,., % 55+0.1 724077 6.7+0.8 <0.001 0.170
Cholesterol, mmol L™ 58+04 43406 0.001
HDL, mmol L~! 1.5+0.2 13+02 0.224
LDL, mmol L' 3.7+03 22406 0.001
Triglycerides, mmol 17! 1.8 £ 0.6 2.7+0.7 0.079
VO,max, ml min~! 3208 + 281 2748 + 476 2885 + 425 0.155 0.091
VO,max, ml kg~ min~"! 373+2.0 29.9 +3.17F 319429 0.001 0.036
Exercise capacity, W 289 + 29 211 + 347 229 + 36" 0.004 <0.001
T2D diagnose, years 53+27
Antidiabetic medications, n 10/12

Biguanide, n 8/12

Liraglutide, n 1/12

DPP-1V inhibitor, n 2/12

SGLT-2 inhibitor, n 112

Data are presented as mean + SD.

Abbreviations: BMI, body mass index; Fat%, fat percentage; FFM, fat-free mass.
"Different (p < 0.01) from ND.

"Different (p < 0.001) from ND.

*Different (p < 0.05) from T2D pre.

*##*Different (p < 0.001) from T2D pre.
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FIGURE 1 Flowchart of subjects through the study

2.3 | Experimental setup

Two experimental days, separated by 48 h, were conducted
in T2D and ND. In addition, in T2D, the two experimen-
tal days were repeated after the training intervention within
48-72 h after the last training session. Subjects refrained
from caffeine, alcohol, and exercise for 24 h prior to the
experimental days.

2.3.1 | Experimental day 1

Subjects reported to the laboratory in the morning after
an overnight fast. After 10 min of supine rest, sub-
jects were scanned with whole-body dual-energy X-ray

absorptiometry (DXA). Thereafter, a graded exercise test
was performed on a mechanically braked cycle-ergome-
ter to determine the maximum oxygen uptake (VO,max)
and exercise capacity (incremental peak power output;
(W). The test consisted of two 4-min warm-up bouts at
a submaximal intensity. After 3 min of passive recovery,
an incremental ramp test was performed starting at 80 W
and with increments of 20 W min~"' until volitional ex-
haustion. During the test, pulmonary gas exchanges were
measured breath-by-breath using an online gas analy-
sis system (Oxycon Pro, Viasys Healthcare, Hoechberg,
Germany). VO, max was determined as the highest value
achieved during a 30 s period. Criteria used for achieve-
ment of VO,max were a plateau in VO, despite an increase
in workload and a respiratory exchange ratio above 1.10.



BAASCH-SKYTTE ET AL.

S| 50f 13

2.3.2 | Experimental day 2

Subjects reported to the laboratory in the morning after an
overnight fast. After 15 min of rest in the supine position, a
3 mm incision was made over the lateral portion of the thigh
under local anesthesia (2 ml lidocaine without epinephrine,
20 mg/ml Xylocain; AstraZeneca Pharmaceuticals), and a bi-
opsy was obtained from m. vastus lateralis using a percutane-
ous Bergstrom needle with suction.

2.3.3 | Training intervention

The intervention consisted of high-intensity interval cy-
cling training three times per week for 10 weeks, adher-
ing to the 10-20-30 training principle (Gunnarsson and
Bangsbo, 2012). The 10-20-30 training consists of five con-
secutive 1-min exercise periods divided into 30, 20, and 10
seconds at low (~30-100 W), moderate (~60-180 W), and
maximal (>400 W) intensity (data not included). Subjects
controlled the intensity by a brake force and self-chosen
cadence, but were instructed to increase the load (brake
force and/or cadence) from the 30- to the 20-s intervals,
and to perform “all-out” during the 10-s sprints. Subjects
were verbally encouraged to push as hard as possible
during each 10-20-30 training session. Training sessions
were conducted on Body Bikes (model HBS, Denmark) in
a nonclinical local municipality setting (fitness center in
Copenhagen, Denmark) by trained personnel. Prior to each
training session, subjects conducted a 10-min low-intensity
warm-up before completing 3 X 5 min of 10-20-30 training
interspersed by 2 min of passive recovery. Heart rate was
measured beat by beat during training sessions through-
out the intervention period using Polar heart rate monitors
(Polar Teamz, Kempele, Finland).

2.4 | Measurements and analysis

2.4.1 | Body composition

Whole-body fat-free mass, fat mass, and fat percentage were
measured by DXA (Lunar iDXA; GE Healthcare), as pre-
viously described (Baasch-Skytte et al., 2020). The scanner
was calibrated prior to measurements in accordance with the
manufacturer's guidelines. All scans were conducted by the
same operator.

2.4.2 | Muscle samples

Muscle samples were snap-frozen in liquid N2 and stored
at —80°C. The samples were weighed before and after

physiclogical

freeze-drying to determine water content. Visible fat, con-
nective tissue, and blood were dissected away under stand-
ardized conditions (22°C and 30% relative humidity). After
dissection, 2.5 and 1.5 mg of tissue was stored in separate
tubes for analysis of muscle protein content and maximal en-
zyme activity of citrate synthase, respectively. Protein con-
tent and enzymatic activity were determined in duplicates,
that is, two different samples were obtained from the same
muscle specimen and the mean value of the two samples was
used as a result.

2.4.3 | Muscle protein content

Protein content was determined in muscle lysates through
SDS-PAGE and western blot analysis. First, the freeze-
dried and dissected muscle sample was homogenized for
2 x 30 s at 29 Hz (Qiagen Tissuelyser II, Retsch GmbH) in a
fresh cold buffer (10% glycerol, 20 mM Na-pyrophosphate,
150 mm NaCl, 50 mM HEPES (pH 7.5), 1% NP-40, 20 mm
B-glycerophosphate, 2 mM Na;VO,, 10 mm NaF-poison,
2 mM PMSF, 1 mm EDTA (pH 8,0), I mm EGTA (pH 8,0),
10 pg/ml Aprotinin, 10 pg/ml Leupeptin, 3 mm Benzamidine).
After homogenization, the samples were rotated end over end
for 1 h at 4°C and centrifuged for 20 min at 13,000 RPM at
4°C. Then, the supernatant was collected, and protein con-
tent was determined in triplicates using a BSA standard kit
(Thermo Scientific). Lysates were diluted (double-distilled
H,0) to equal protein concentrations in a 6x sample buffer
(7 ml of 0.5 M Tris-base, 3 ml glycerol, 0.93 g DTT, 1 g SDS,
and 1.2 mg bromophenol blue).

Equal amounts of protein were loaded in duplicates in
separate wells on 4-15% or 16.5% precast Criterion gels (Bio-
Rad Laboratories). Samples from the same participant were
loaded in adjacent wells on the same gel. The same pool of
a mixed human muscle standard lysate was loaded in three
different wells per gel, and the mean intensity of these sam-
ples was used for normalization to allow gel-to-gel compar-
ison, as previously described (Thomassen et al., 2018). No
housekeeping proteins were used as loading controls, as this
procedure may increase the variation in the determination of
the primary protein of interest (Goasdoue et al., 2016; Li &
Shen, 2013; Murphy & Lamb, 2013).

Proteins were separated according to their molecular
weight via SDS-PAGE electrophoresis and proteins were
semi-dry blotted to a polyvinylidene difluoride membrane
(MilliporeSigma). The membranes were blocked in 2% skim
milk or 3% BSA in a mixture of tris-buffered saline and
Tween 20 (TBST) before incubation overnight at 4°C in pri-
mary antibody diluted in either 2% skim milk or 3% BSA
(Table 2). Afterward, membranes were washed in TBST and
incubated in secondary antibody for 1 h at room temperature.
Then, membranes were washed in TBST for 3 X 15 min. The
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TABLE 2 Antibodies used for western blotting analysis

Antibody Protein loading Gel

Antibody Manufacturer Catalog nr. RRID solution amount (ug) type Dilution
Catalase Abcam Ab1877 AB_302649 3% BSA 12 4-15% 1:5000
DRP1 Cell Signaling Technology 5391 AB_11178938 3% BSA 12 4-15% 1:1000
FXYDI1 Proteintech 13721-1AP  AB_2108296 2% milk 9 4-15% 1:2500
Kir 6.2 Santa Cruz Biotechnology Sc-11228 AB_2265235 2% milk 15 4-15% 1:500
MCT1 Santa Cruz Biotechnology Sc-14916 AB_2189200 3% BSA 12 4-15% 1:250
MCT4 Millipore AB3316P AB_11214041 2% milk 12 4-15% 1:1000
MFN2 Cell Signaling Technology 11925 AB_2750893 2% milk 12 4-15% 1:1000
Nak ol DSHB AB-528092  AB_528092 3% BSA 15 4-15% 1:500
Nak o2 Millipore 07-674 AB_390164 3% BSA 9 4-15% 1:500
Nak p1 Thermo Fischer Scientific MA3-930 AB_2060990 2% milk 9 4-15% 1:1000
NHEI1 Millipore MAB3140 AB_94707 3% BSA 12 4-15% 1:500
OXPHOS Abcam 110411 AB_2756818 2% milk 9 16.5% 1:500
SOD1 Millipore 574597 AB_2255005 3% BSA 12 4-15% 1:1000
SOD2 Millipore 06-984 AB_310325 2% milk 12 4-15% 1:1000

membrane staining was visualized by incubation withache- 3 | RESULTS

miluminescent horseradish peroxidase substrate (Millipore)

before image digitalization (Chemi Doc MP, Bio-Rad 3.1 | Training

Laboratories). Western blot band intensities were quantified
by densitometry (total band intensity adjusted for background
intensity) using Image lab V.4.0 (Bio-Rad Laboratories). All
western blot analyses were performed at the same time.

2.4.4 | Maximal activity of citrate synthase

The muscle sample was homogenized (1:400) in a 0.3 mol/L
phosphate BSA buffer adjusted to pH 7.7 and analyzed for
the maximal enzyme activity of citrate synthase using fluor-
imetry (Fluoroscan Ascent, Thermo Scientific) as previ-
ously described (Lowry & Passonneau, 1972). Enzymatic
activity was determined in duplicates from the same muscle
specimen.

2.5 | Statistics

To determine between-group differences at baseline, an
independent-sample t-test was used. To determine within-
group changes with the training intervention, a linear mixed
model was used with time as fixed factor and participant as
a random factor. Data were normal distributed, and model
checking was based on Q-Q plots and Shapiro—Wilk's test.
The significance level was set at p < 0.05. Statistical analyses
were carried out using IBM SPSS Statistics 26 (IBM) and are
based on sample sizes of n = 12 for T2D and n = 11 for ND,
unless stated otherwise. Data are presented as mean + SD.

Compliance during the training intervention was 89% + 4%
in T2D corresponding to 2.7 training sessions per week.
Average heart rate during training sessions was 82 + 5%
of HRmax (including rest periods), and time spent above
85% of HRmax during training was 46 + 7% of total train-
ing time (Figure 2). No adverse events occurred during the
intervention.

3.2 | VOzmax and exercise capacity

In T2D, VO, max relative to body mass (ml kg™ min~") was
20% lower (p = 0.001) than in ND, whereas absolute VO, max
was not different between groups. Exercise capacity was 27%
lower (p = 0.004) in T2D than in ND (Table 1). In T2D,
VO, max relative to body mass increased (p = 0.036) by 7%
(29.9 + 3.1 vs. 31.9 + 2.9 ml kg_1 min~"), whereas abso-
lute VO,max did not change (2748 + 476 vs. 2885 + 425 ml
min~") with training. Exercise capacity increased (p < 0.001)
by 9% (211 + 34 vs. 229 + 36 W) with training (Table 1).

3.3 | Skeletal muscle protein expression

In T2D, muscle expression of SOD1 was 62% lower
(p < 0.001) than in ND, whereas the expression of SOD2
and catalase was not different between groups (Figure 3).
In T2D, expression of SOD2 increased (p = 0.029) by 44%
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FIGURE 2 Average heart rate (excluding the 10-min warm-

up period) (a) and average time spent in heart rate zones (b) during
10 weeks of 10-20-30 training in male type 2 diabetes patients (T2D;
n = 12). Data are presented as mean + SD

with training, whereas SOD1 and catalase expression did not
change (Figure 3).

In T2D, muscle expression of ETC complex IV was 66%
higher (p = 0.007) than in ND, whereas complex V was
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34% lower (p = 0.003), with no difference between groups
in complex I, II, and IIT (Figure 4). In T2D, expression of
complex II, II, IV, and V increased by 25% (p = 0.035), 52%
(p =0.041), 23% (p = 0.005), and 21% (p = 0.035), respec-
tively, with training, whereas the expression of complex I did
not change (Figure 4). Maximal activity of CS was similar
(p = 0.07) between groups and increased (p = 0.006) by 32%
with training (Figure 5).

In T2D, expression of muscle MFN2 and DRP1 was 62%
(p =0.001) and 30% (p = 0.028) higher, respectively, than in
ND, and did not change with training (Figure 6).

In T2D, the expression of muscle Na*/K* ol and a2 was
98 and 114% higher (p < 0.001), respectively, than in ND,
with no difference in the expression of muscle Na*/K* 1,
FXYDI, and Kir6.2 (Figure 7). In T2D, expression of muscle
Na*/K* al and Kir6.2 increased by 24% (p = 0.045) and 36%
(p = 0.029), respectively, with training, whereas no change
was observed in expression of Na*/K*a2 and p1 and FXYD1
(Figure 7).

In T2D, muscle NHE1 expression was 144% higher
(p < 0.001) than in ND, with no difference in MCT1 and
MCT4 (Figure 8). In T2D, expression of MCT1 increased
(p = 0.007) by 20% with training, whereas NHE1 and MCT4
expression did not change (Figure 8).

4 | DISCUSSION

The major finding of this study was that the expression of a
multitude of muscle proteins important for exercise capacity
were altered in men with type 2 diabetes compared to non-
diabetes counterparts. Specifically, protein levels of SODI1
and ETC complex V were lower in men with type 2 diabetes.
On the other hand, and in contrast to our hypothesis, men

[

S 44
< A
c ND T2D
2 3
a2 Pre Pre P
3 A * A -e"—o's"t— 25 kDa
s “ " 20 kDa
£, A SOD1, 18 kDa ‘:MD
w 9 a
c ttt 4 o
© A A A ® =— 37 kDa
o ‘
2 D2,24kDa ([l &

14 F 4 SoD2, 25 kDa

o A
04 o 4 A Catalase, 60 kDa H g =00
| s 7 0-
T T T
SOD1 SOD2 Catalase

FIGURE 3 Expression of superoxide dismutase 1 (SOD1), superoxide dismutase 2 (SOD2), and catalase in male type 2 diabetes patients (T2D;
SODI1; n=9,SOD2; n = 10, Catalase; n = 10) before (pre) and after (post) 10 weeks of 10-20-30 training and in matched nondiabetes counterparts
(ND, N = 11). Data are presented as mean =+ SD including individual values. " Different (p < 0.001) from ND. *Different (p < 0.05) from T2D pre



BAASCH-SKYTTE ET AL.

B0f13 | N Dscegea = Physiological Reports

T2D T2D

49 - pre post

Protein expression (A.U)
N
1

{ 4t 4 1[{ S

ND T2D
Pre  Pre Post

.-
T e 25kDa

C”, 2 n
20kDa

Cl, 18 kDa

— 50 kDa

° * gy
Clll, 48 Kda
w37 kDa
— 37 Kda
A 04 e
A A . C e— "
0- = 75kDa
CV. 54 kD e p——
1 1 1 1 1 o - 5 — 50 kDa
>\ A DAY \Y
S & S & &
NS A\ N
o & S & ¢

FIGURE 4 Expression of subunits of the electron transport chain (ETC) complex I-V and maximal citrate synthase (CS) activity in male type
2 diabetes patients (T2D, ETC n = 11, CS activity n = 8) before (pre) and after (post) 10 weeks of 10-20-30 training and in matched nondiabetes
counterparts (ND, n = 11). Data are presented as mean +SD including individual values. "'Different (p < 0.01) from ND. *Different (p < 0.05)

from T2D pre. **Different (p < 0.05) from T2D pre

with type 2 diabetes had higher protein levels of ETC com-
plex IV, MEN2, DRPI, Na*/K* a1, Na*/K* a2, and NHEI
compared to the nondiabetes counterparts. In the men with
type 2 diabetes, the 10-20-30 cycling training intervention
elevated protein expression of SOD2 and ETC complex II,
I, IV, and V, maximal activity of CS, as well as protein
expression of Na'/K* al, Kir6.2, and MCTI. Lastly, 10-20-
30 cycling training improved exercise capacity and VO,max
relative to bodyweight. The strengths of this study are the
matching of the groups (age and body composition), and that
the training intervention was conducted in a nonclinical set-
ting with a high compliance, which increases generalizabil-
ity of the study outcomes. Furthermore, the weekly activity
level in both groups was <2 h per week consisting of walking
and occasional transport by bike, thus differences in baseline
VO, max were not caused by differences in activity level. A
limitation of the study is the small sample size, which in-
creases the risk of type 2 errors, and the lack of a training
intervention in the nondiabetes group. Furthermore, only
men were included which limits generalizability of study out-
comes. It should also be noted that protein content does not
describe the functionality of the respective proteins.

That expression of muscle SOD1, that is, the cytosolic
isoform of SOD, but not SOD2, that is, the mitochondrial
isoform of SOD, was lower in the men with type 2 diabetes
may suggest that type 2 diabetes is associated with blunted
cytosolic antioxidant protection. Our observation, while
agreeing with studies reporting lower levels of total plasma

SOD activity in type 2 diabetes patients compared to healthy
control subjects (Pan et al., 2010; Ramakrishna & Jailkhani,
2008), is novel. The observation is the first, to our knowl-
edge, to indicate alterations in SOD protein expression in
skeletal muscle in men with type 2 diabetes compared to non-
diabetes counterparts. Expression of SOD1 did not change
with training in men with type 2 diabetes, whereas SOD2 in-
creased, suggesting a training-induced enhancement in mito-
chondrial antioxidant protection. In agreement, total plasma
SOD activity in type 2 diabetes patients has been observed
to be higher following a training intervention (Oliveira et al.,
2012). Of note, however, the men with type 2 diabetes in this
study did not exhibit lower catalase protein expression com-
pared to the nondiabetes counterparts. Taken together these
findings may indicate that men with type 2 diabetes have a re-
duced cytosolic antioxidant defense system, and that the mi-
tochondrial antioxidant defense system is more responsive to
exercise training than the cytosolic antioxidant defense sys-
tem. However, further studies including assessments of anti-
oxidant enzyme activity are required to confirm the present
findings. The observed training-induced increase in SOD2
may be due to higher mitochondrial content, as maximal ac-
tivity of CS, a marker of mitochondrial content (Larsen et al.,
2012), also increased with the training intervention.

The men with type 2 diabetes had lower expression of
ETC complex V and higher expression of complex IV than
the nondiabetes counterparts, suggesting diabetes-related
alterations in the proteins of the ETC. Lower oxidative
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FIGURE 5 Maximal citrate synthase (CS) activity in male type 2
diabetes patients (T2D, n = 8) before (pre) and after (post) 10 weeks
of 10-20-30 training and in matched nondiabetes counterparts (ND,

n = 11). Data are presented as mean + SD including individual values.
**Different (p < 0.05) from T2D pre

enzyme activity (He et al., 2001) and mitochondrial res-
piration (Phielix et al., 2010) have been reported in type 2
diabetic subjects compared to nondiabetes controls, support-
ing a lower ATP production capacity in type 2 diabetic sub-
jects. However, other studies reported normal mitochondrial
function compared to healthy subjects when normalized to
mitochondrial content (Boushel et al., 2007), and one study
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did not report a relationship between insulin sensitivity
and expression of OXPHOS genes (Timmons et al., 2018).
Nevertheless, the training-induced elevations in ETC com-
plex II, II1, TV, V, and in maximal activity of CS in this study
are in accordance with the adaptations observed in type 2 di-
abetes patients following 2 weeks of aerobic high-intensity
interval training (Little et al., 2011), possibly indicating an
increased muscle mitochondrial content (Larsen et al., 2012)
and pointing toward the effectiveness of high-intensity inter-
val training to improve muscle oxidative capacity in type 2
diabetes patients.

The higher MFN?2 protein expression observed in the men
with type 2 diabetes is surprising as abundance of MFN2 has
been shown to correlate positively with insulin sensitivity
(Bach et al., 2005) and no differences in MFN2 levels have
been reported between lean and healthy as well as between
obese and type 2 diabetic subjects (Gundersen et al., 2020).
Also, the present findings are in contrast with a recent report
showing reduced muscle MFN2 protein expression in young
(<30 years) type 2 diabetes patients compared to healthy sub-
jects (Hernandez-Alvarez et al., 2010). However, the unequal
distribution of men and women in the experimental groups
in the latter study (Hernandez-Alvarez et al., 2010) and that
only men were included in this study makes comparisons
between the studies difficult. Interestingly, training did not
change MFN2 expression, which is in contrast to the increase
in MFN2 shown in type 2 diabetes patients (Little et al., 2011)
and in hypertensive subjects of similar age and body compo-
sition (Fiorenza et al., 2018) following a high-intensity train-
ing intervention. The higher DRP1 expression observed in
the men with type 2 diabetes was expected as DRP1 content
has been shown to correlate positively with insulin resistance
(Jheng et al., 2012), however, our results are in contrast with
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FIGURE 6 Expression of Mitofusin-2 (MFN2) and Dynamin-related protein 1 (DRP1) in male type 2 diabetes patients (T2D; n = 11) before
(pre) and after (post) 10 weeks of 10-20-30 training and in matched nondiabetes counterparts (ND, n = 11). Data are presented as mean + SD
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the absence of differences in DRP1 between lean, healthy phosphorylation of DRP1 decrease with training (Fealy et al.,
obese and type 2 diabetic obese subjects (Gundersen et al., 2014).

2020). The lack of training-induced changes in DRP1 expres- The observed higher expression of muscle Na*/K™ al
sion agrees with findings in a study of old sedentary subjects and o2 in the men with type 2 diabetes is in contrast with
(Fealy et al., 2014), but not with the observation of increased evidence indicating no differences between type 2 dia-
DRP1 protein content in healthy subjects with a HIIT inter- betes and nondiabetes subjects (Dela et al., 2004). Such
vention (Perry et al., 2010). This suggests that, in elderly sub- discrepancy might relate to differences in the experimen-
jects, DRP1 expression is not responsive to exercise, whereas tal design, as the groups in this study were matched not
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only for age and body weight but also for body composi-
tion; a factor possibly affecting ion-handling proteins, as
lower expression of Na*/K* pumps has been observed in
overweight compared to lean subjects, albeit in erythro-
cytes (DeLuise et al., 1982). Notably, other studies showed
higher (Schmidt et al., 1994) or lower (Djurhuus et al.,
2001) levels of Na*/K* pump expression in type 2 diabe-
tes patients compared to healthy subjects, but in neither
of these studies, subjects were matched for age or body
composition. The higher expression of Na*/K* al and a2
subunits observed in the men with type 2 diabetes may be
explained by the high plasma insulin levels associated with
the progressing insulin resistance in these individuals, as
insulin has been observed to increase the expression of
Na*/K* pump subunits (Hatou et al., 2010; Schmidt et al.,
1994; Sweeney & Klip, 1998). An alternative explanation
is that the men with type 2 diabetes may have compensated
for lower muscle Na*/K* pump activity, as suggested to
occur in diabetes-induced animal models (Nishida et al.,
1992). The training-induced increase in Na*/K* «l con-
tent is in line with the proposed association between the
increase in al subunit and improvements in exercise per-
formance (Iaia et al., 2008). Similar to Na*/K* ol and o2,
the observation that muscle NHE1 expression was higher
in the men with type 2 diabetes than in the nondiabetes
counterparts is in contrast with prior evidence indicating
no difference between type 2 diabetes patients and nondi-
abetes subjects (Dela et al., 2004). The higher expression
of NHE1 may be explained by the high plasma insulin and
glucose levels associated with insulin resistance, as insulin
and glucose have been observed to increase the activity of
NHE]1 in human monocytes (Sarigianni et al., 2010). This
does, however, not explain the lack of a difference in NHE1
expression previously reported (Dela et al., 2004). The
men with type 2 diabetes and nondiabetes counterparts had
similar expression of muscle MCT1 and MCT4; a finding
partly in line with another study showing reduced expres-
sion of MCT 1, but not MCT4 (Juel et al., 2004) with type
2 diabetes. As MCT1 is highly expressed in oxidative mus-
cle fibers and MCT4 is mainly expressed in fast glycolytic
muscle fibers (Wilson et al., 1998), our results suggest that
the training intervention increased the H* handling pro-
teins primarily in the oxidative muscle fibers. Furthermore,
the present findings indicate that glycolytic fiber-specific
adaptations in H" handling may be blunted in type 2 diabe-
tes patients, as training-induced increments in MCT4 have
been reported in healthy subjects, but not in type 2 diabetes
patients (Juel et al., 2004).

The exercise capacity, determined by the peak power
output achieved during the incremental cycling exercise,
was lower in the men with type 2 diabetes than in the nondi-
abetes counterparts, confirming that type 2 diabetes is asso-
ciated with impairments in physical performance. Exercise
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capacity increased by 9% following the training interven-
tion, which coincided with a 7% increase in the relative
VO,max and a nonsignificant increase in 5% in absolute
VO, max, implying that the improvement in VO,max have
contributed to the increased exercise capacity. The muscle
adaptations with higher levels of SOD2, ETC complex II,
III, IV, and V, maximal activity of CS, as well as expression
of Na™/K* «l, Kir6.2, and MCT1 with the training inter-
vention may also have contributed to the increased exercise
capacity. Nevertheless, future studies examining muscle
protein adaptations with exercise training in larger cohorts
of type 2 diabetes patients are warranted to unravel whether
the present findings are mechanistically linked to enhance-
ments in exercise capacity.

In summary, this study showed that men with type 2
diabetes exhibited lower expression of muscle SOD1 and
ETC complex V and higher expression of ETC complex IV,
MFN2, DRPI1, Na*/K* al, and o2 and NHE1 compared to
nondiabetes counterparts matched for age and body compo-
sition, which was associated with a lower exercise capacity
for the men with type 2 diabetes than the nondiabetes coun-
terparts. 10-20-30 training improved exercise capacity while
increasing expression of SOD2, ETC complex II, III, IV, and
V, maximal activity of CS, as well as expression of Na*/K*
al, Kir6.2, and MCT1 in the men with type 2 diabetes.
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