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Abstract

Background Acute exercise can increase skeletal muscle citrate synthase (CS) enzyme activity and resting skeletal muscle
mitochondrial enzyme activity has been linked to maximal oxygen consumption (VO,max)- We investigated: (1) if acute
aerobic exercise (AEx) increases muscle metabolic enzyme activities other than CS; (2) if the addition of acute resistance
exercise (REx) enhances the response to AEx (A +REx); and (3) if post-exercise muscle metabolic enzyme activity was
related to VO,max-

Methods Twelve young, sedentary men completed 45 min of two-legged cycle ergometry at 55% of VO, ax and 3 sets of
8-12 repetitions of one-leg knee extensor at 55% of 1 repetition maximum (1-RM). Vastus lateralis biopsies were taken prior
to and 1 h post AEx and A +REXx for the measurement of phosphofructokinase (PFK), 3-L-hydroxyacyl CoA dehydrogenase
(B-HAD), succinate dehydrogenase (SDH) and CS.

Results As a group, there was no effect of acute AEx or A +REx on muscle PFK, f-HAD, CS, and SDH activities. Post
exercise muscle PFK, B-HAD, CS, and SDH activities were related to higher VO, ax (r=0.62-0.74). With participants
grouped by Vozmax (LOW, < 30th %; NORM, > 50th %), acute exercise-induced changes in muscle PFK, p-HAD, CS, and
SDH were greater in NORM compared to LOW.

Conclusion These findings suggest acute exercise muscle metabolic enzyme activities are predictive of VO,pax and pos-
sibly supportive of higher VO,max- Also, low VO,max (below 30th percentile) appears to impair skeletal muscle metabolic
enzyme responses to acute exercise.
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Introduction

Moderate intensity, chronic aerobic exercise (AEx) train-
ing is well known to increase the maximal activity of
several skeletal muscle mitochondrial enzymes including
3-L-hydroxyacyl-CoA dehydrogenase (f-HAD), citrate
synthase (CS), and succinate dehydrogenase (SDH) [1].
The activity of phosphofructokinase (PFK), the rate limit-
ing enzyme of glycolysis, is increased with intense AEx
training [2]. In addition, chronic REx training can increase
skeletal muscle p-HAD [3], CS [3], and SDH [4] activities.
Coordinated upregulation of muscle metabolic enzymes
would be important to minimize individual enzyme rate
limits on metabolic flux.

Interestingly, a single 30-min bout of acute, aerobic
knee extension (KE) exercise at 50% of maximum work
rate increased CS activity 50% at 1 h post-exercise in
men [5]. A single bout of cycling (75% of peak oxygen
consumption (VOzpeak) until exhaustion (mean 71 min))
increased the activity of skeletal muscle citrate synthase
(CS) by 20% immediately post-exercise, but not f-HAD
or PFK activity [6]. In rodents, acute exercise appears to
either decrease (CS, SDH, PFK, -HAD) or not change
(B-HAD) muscle enzyme activities accessed immediately
post-exercise [7—10]. Whether skeletal muscle enzyme
activity is increased in response to more traditional (mode,
duration, intensity) acute exercise in humans is unknown.

Current physical activity guidelines recommend regular
participation in both aerobic (AEx) and resistance (REx)
exercise [11] and there is the possibility of altered effects
of concurrent (A + REX) exercise training on skeletal mus-
cle. In healthy individuals, A + REx training increases
VO,max and muscle CS activity to a similar extent as
AEXx alone [12], while in T2D patients A + REX training
increases more than either AEx or REx alone [13, 14].
Also in T2D patients, both REx alone and A + REx, but
not AEx training alone, increase skeletal muscle p-HAD
and CS activities supporting potential additive benefits of
REx to AEx [15]. Thus, the addition of resistance exer-
cise to aerobic exercise appears be additive on the skeletal
muscle enzyme responses to training. Whether this is true
with acute exercise is unknown.

Low aerobic exercise capacity is an important predictor
of mortality [16] and is closely associated with VO,max
[17]. Theoretically, VO,max can be limited at different
points along the O, cascade from ambient air down to
the mitochondrial electron transport chain. In adults, skel-
etal muscle accounts for approximately 40% of total body
weight and is the consumer of 75-85% of the O, used
during cycling exercise [18]. There is a positive linear
relationship between VO, ax and skeletal muscle mito-
chondrial volume suggesting an important role for muscle
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metabolism in setting aerobic exercise capacity [19]. How-
ever, increases in CS activity with acute exercise have not
been linked to VO,max [6].

Metabolic flexibility is the ability of an individual to shift
metabolism in response to energy demand, such as occurs
with exercise [20]. During moderate-intensity exercise,
obesity impairs the ability to shift toward greater reliance
on carbohydrate utilization and this metabolic inflexibil-
ity is linked to insulin resistance [21, 22]. Skeletal muscle
accounts for 70-80% of insulin stimulated glucose disposal
[23].

Physiologically, the benefit to acute exercise-induced
increases in enzyme activity could be to support greater
aerobic exercise capacity and could lead to a better under-
standing of inherent limits in exercise tolerance and
VO,max- Metabolically, the flexibility to acutely increase
muscle enzyme activity in response to increases in metabolic
demand could provide insight into individual metabolic flex-
ibility as it relates to insulin sensitivity. In the current report,
we hypothesized that traditional, systemic aerobic exercise
increases the activity of skeletal muscle PFK, f-HAD, and
SDH as well as CS and the addition of acute resistance exer-
cise enhances the response to aerobic exercise. Given the
importance of skeletal muscle in aerobic exercise capacity
and glucose disposal, we hypothesized that muscle enzyme
activity after exercise would be related to VO, ax and insu-
lin sensitivity.

Materials and methods
Participants

Twelve sedentary, young (range 19-30 years of age) men
volunteered and consented to participate in the study after
receiving written and verbal explanations of the content and
intent of the study as approved by the University Institu-
tional Review Board and in accordance with the Helsinki
Committee for Human Rights. All participants were healthy
non-smokers, with no history of cardiopulmonary disease.
Sedentary participants were defined as participating in less
than 1 h of strenuous physical activity per week as assessed
by questionnaire.

Determination of VO, ,,ax and 1-RM

Maximal oxygen consumption (VO,4x) Was measured on
an electronically braked cycle ergometer (Lode, Excaliber
Sport, Groningen, The Netherlands) as previously described
[24]. Minute ventilation (VE), oxygen uptake (VOZ), and car-
bon dioxide production (VCO,) were continuously moni-
tored via open circuit spirometry (True Max 2400, Parvo
Medics, Salt Lake City, UT). Heart rate (model T31, Polar
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Electro Inc., Woodbury, NY) and rating of perceived exer-
tion (RPE) were measured continuously. The test began with
a 5-min warm-up at SOW. After the warm-up, the workload
was increased 25W every min until volitional fatigue. Par-
ticipants were verbally encouraged to continue for as long as
possible. The criterion used to assess VO,max included the
following: (1) heart rate in excess of 90% of age-predicted
max (220—age); (2) a respiratory exchange ratio greater
than or equal to 1.10; and (3) identification of a plateau
(<150 ml increase) in VO2 despite a further increase in
workload. In all tests, at least two of three criteria were met.

After a 15-min rest period following the VO, ax test,
one leg resistance KE 1-Repetition Maximum (1-RM) was
determined by having participants lift a progressively greater
weight until they were unable to continue. Participants
were given 1 min rest between each attempt. After an initial
weight of 13.6 kg, the weight was increased by 4.5 kg before
the next attempt. The highest successfully lifted weight was
designated as 1-RM.

Experimental design

At least 2 weeks after the determination of VO, and
1-RM, participants reported to the laboratory between 0600
and 0700 after a 12-h fast. A blood sample was drawn from a
catheter inserted in an antecubital vein for the measurement
of insulin, glucose, total cholesterol (TC), high-density lipo-
protein (HDL), low-density lipoprotein (LDL), and triglyc-
erides (TG). The homeostasis model assessment for insulin
resistance (HOMA-IR) and f cell function (HOMA-B) were
subsequently calculated [25].

Participants performed 45 min of two-legged cycle
ergometry at a workload corresponding to 55% of VO,ax-
This duration and intensity of AEx was selected in an effort
to replicate the 30 min of 50% of single leg, acrobic KE
maximum employed when a 50% increase in CS activity
was reported [5]. Directly following AEx, participants com-
pleted three sets of 8—12 repetitions of resistance KE at 55%
of the 1-RM workload with a 2-min rest interval between
sets (Fig. 1). The aerobic and resistance bouts chosen align
with current exercise recommendations [11] and prelimi-
nary analysis found this procedure to be fatiguing without
requiring outside assistance to complete the KE sets. All
participants reached fatigue by the end of the prescribed
resistance exercise work bout.

Prior to and 1 h post exercise, vastus lateralis biopsies
were obtained. The initial, resting biopsy was alternated
between AEx and A +REx legs across participants. Biopsies
for AEx and A + REx were alternated between being the 2nd
and 3rd biopsy across participants to minimize potential time
bias post-exercise. Biopsies (rest and acute exercise) when
taken from the same leg were separated by at least 3 cm as
previously described [24]. The 1-h post-exercise time point
was chosen in an effort to replicate the post-exercise biopsy
time previously employed when a 50% increase in CS activ-
ity was reported [5]. Samples were stored at — 80 °C until
analysis.

Muscle metabolic enzyme analysis

Frozen muscle was homogenized on ice in isolation buffer
(20 mM Tris, 40 mM KCI1, 2 mM EGTA, 50 mM sucrose;
0.2 mM Na;VO,; 50 mM NaF, pH 7.4) in the presence of
20 ul proteinase inhibitor cocktail per ml buffer (Sigma, St.
Louis, MO) [26]. Protein concentration was determined by
BCA (Thermo Fisher Scientific, Waltham, MA). Follow-
ing total protein determination, homogenized samples were
frozen and kept at — 80 °C until enzyme analysis. Analysis
of enzyme activity was performed according to previously
reported procedures for PFK [27], B-HAD [28], CS [26],
and SDH [26]. There was a strong correlation between PRE
CS and SDH activities suggesting an internal consistency
in mitochondrial enzyme activity measurement (»=0.95).

Quantitative real-time PCR

Total muscle RNA was extracted by using a Trizol reagent
(Thermo Fisher Scientific) as previously described [29]. For
mRNA reverse transcription, first-strand cDNA was gen-
erated by random hexamer primers with MMLV Reverse
Transcriptase (Thermo Fisher Scientific). Real-time PCR
detection was performed using SYBR green-based chemistry
on a CFX Connect (BioRad, Hercules, CA, USA). Primers
for mRNA are listed in Table 1. Gene expression was deter-
mined with the 2722 relative quantification method and
normalized to 18 s for mRNA. Housekeeping genes were
validated to ensure their expression was not influenced by
the experimental procedure.

® @ @ @ ®
Blood Draw Cycle for 45 min Leg Extension Rest1 hr Biopsy AEx
and Pre Ex and A+REx
biopsy

Fig. 1 Time line of the activities on Day 2. Pre-exercise biopsies were alternated between legs and timing for post-exercise biopsies were alter-

nated between conditions
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Table 1 Primer sequences

1 Gene Gene ID Forward (5'-3") Reverse (5'-3")
for mRNA expression for
18S ribosomal 1 (185), 18S 106632259 ~ GGCCCTGTAATTGGAATGAGTC ~ CCAAGATCCAACTACGAGCTT
gf‘f_;py}gf;ycggl;“gsz(PFK)’ PFK 5213 GGTGCCCGTGTCTTCTTTGT AAGCATCATCGAAACGCTCTC
dehydrogenase (B-HAD), citrate ~ B-HAD 3033 ACCAGGCAGTTCATGCGTT ACGTGCTTGACGATTATCTTCTT
synthase (CS), and succinate CS 1431 ACGTGCTTGACGATTATCTTCTT CCACCATACATCATGTCCACAG
dehydrogenase (SDH) SDH 6389  ACAGCTCCCCGTATCAAGAAA GCATGATCTTCGGAAGGTCAA

Muscle protein analysis

Because enzyme activity is measured in the presence of
excess reagents, increases in activity could be the result of
increased protein content or allosteric regulation. Exercise
training-induced increases in muscle enzyme activity reflect
increases in enzyme protein content [1, 2]. Western blot-
ting was performed to evaluate if changes in muscle enzyme
activity following the acute exercise bout could be attributed
to alterations in protein content. Frozen muscle was homog-
enized on ice in RIPA buffer [1X PBS, 1%Igepal, 0.5%
sodium deoxycholate and 0.1% SDS with protease and phos-
phatase (I and II) inhibitors (Sigma)] as previously described
[30]. From muscle homogenates, 30-60 pg of total protein
was fractionated on SDS-polyacrylamide gels; transferred to
PVDF membrane; and incubated with one of the following
primary antibodies: CS from Cell Signaling Technology;
PFK, p-HAD (HADHSC), and tubulin from Santa Cruz
Biotechnology; total OXPHOS cocktail from Mitosciences
(Eugene, OR); and acetyl-coA carboxylate (pan-ACC) and
phospho-ACC (Ser79) from Millipore. Phospho-ACC was
measured as an indicator of 5" AMP-activated protein kinase
(AMPK) phosphorylation, the main kinase regulator of ACC
[31]. AMPK acts as a metabolic fuel gauge to monitor cel-
lular energy charge, is increased with exercise in muscle,
and could possibly be responsible for post-translational
modification of enzymes. Either florescence-conjugated
(LI-COR) or horseradish peroxide-conjugated (Cell Signal-
ing Technology, Danvers, MA) secondary antibodies were
incubated with the membrane and detected using florescence
or chemiluminescence (Santa Cruz Biotechnology, Dallas,
TX) with a FluroChem R system (Proteinsimple, San Jose,
CA). Densitometric analysis was performed using Image J
software. Results were normalized to GAPDH or tubulin.

Post hoc analysis

After initial data analysis, considerable inter-individual
variation was observed in the enzyme activity responses
to exercise and linear regression revealed relationships
between VO, 2 and several enzyme activities. In response,
participants were grouped by VO, ax to compare enzyme
activity responses to exercise between participants with
normal (NORM; N=35) and low (LOW; N=7) VO,max.
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where NORM (range 43.4-54.8 mlxkg™!xmin~!) was
a VO,max > 50th percentile and LOW (range 24.6-37.2
mlxkg™' xmin~") was a VO,;ax < 30th percentile [32].

Statistical treatment

One-way repeated measures variance (ANOVA) was used
to analyze exercise-induced responses in the larger cohort.
After the ANOVA analysis controlled the overall error rate
and following a significant F ratio, a Fisher’s LSD was used
to identify where ANOVA identified changes occurred.
Linear regression and Stepwise Forward linear regression
(p <0.05 to enter and to stay in the model) were performed
to investigate relationships between variables. Student’s ¢
test was used to analyze aerobic exercise-induced differences
in muscle enzyme activity between LOW and NORM. Sig-
nificance was established at p <0.05 for all statistical sets
and data reported are mean + SE.

Results

Subject characteristics are in Table 2. In several measures
(VO,max» FPG, HOMA-IR, and TC) there was a wide range
of values such that some sedentary individuals demonstrated
values considered outside healthy ranges. Linear regression
revealed significant relationships between subject char-
acteristics (VO,max» BMI, HOMA-IR) and fasting blood
metabolic parameters (FPG, TC) (Table 3). Among these,
VO,max Was significantly related to BMI (r=—0.76), FPG
(r=-0.80), HOMA-IR (r=-0.57), and TC (r=-0.62).
Forward stepwise linear regression between FPG and
VO,max> BMI, and HOMA-IR revealed that VO,ax
explained 64% of the variance in FPG and after control-
ling for BMI, VO, ax still explained 56% of the variance
in FPG.

To identify if the mode, duration, and intensity of acute
exercise employed were able to activate metabolically rel-
evant pathways, phosphorylation of ACC was measured
(Fig. 2). When expressed relative to total tubulin, phospho-
rylation of ACC tended (p =0.06) to be increased following
AEX and was significantly increased by A + REx compared
to PRE. When expressed relative to total ACC, there was a
trend toward an increase with exercise (p =0.07).
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Table 2 Participant characteristics

Mean +SE Range
Age, years 223+1.7 18-30
Height, m 1.80+0.02 1.73-1.85
Mass, kg 75.5+4.4 57.7-90.9
BMI, kg/m? 233+14 17.3-29.7
VO,max, 1 X min™! 2.93+0.20 1.88-3.68
VO,max> mlx kg™ xmin~! 39.0+4.0 24.36-54.8
KE, kg 35.6+3.1 27.3-50.0
KE, kg x kg™ 0.47+0.04 0.36-0.68
Fasting glucose, mg/dl 88.9+3.6 75-99
Fasting insulin, pIU/ml 10.6£2.0 6-18
HOMA-IR 2.4+0.5 1244
HOMA-p 1542+26.4 72.2-271.7
Total cholesterol, mg/dl 169.3+9.3 140-211
HDL, mg/dl 46.1+4.4 33-63
LDL, mg/dl 105.5+9.5 67-149
Triglycerides, mg/dl 88.1+16.9 50-168

N=12

BMI body mass index, VO,,,, maximal oxygen consumption, KE
maximal knee extensor strength, HOMA-IR homeostasis model
assessment-insulin  resistance, HOMA-f homeostasis model
assessment-f cell function, HDL high density lipoprotein, LDL low
density lipoprotein

Table 3 Correlation matrix for subject characteristics

VO,max ~ BMI FPG HOMA-IR
BMI -0.76%
FPG ~0.80% 0.50
HOMA-IR -0.57* -0.53 0.59*
TC ~0.64% 0.42 0.70% 0.26

VO, maximal oxygen consumption (mlx kg™ xmin~"'), BMI body
mass index, FPG fasting plasma glucose, HOMA-IR homeostatic
model assessment-insulin resistance, TC total cholesterol

p<0.05

In contrast to our hypothesis, no muscle enzyme activity
was uniformly altered by acute exercise (AEx or A +REx)
(Fig. 3). To gain a broader understanding of the response
to acute exercise, mRNA and protein were also measured
for PFK, CS, B-HAD, or SDH/mitochondrial complex I-V.
There were no differences in mRNA or protein for any of the
measured enzymes with acute exercise.

We next investigated if muscle enzyme activity was related
to VO,max» BMI, and HOMA-IR (Table 4). Resting skeletal
muscle enzyme activity was not related to VO,max, BMI,
or HOMA-IR. However, VO,yax Was related to skeletal
muscle PFK, p-HAD, CS, and SDH after AEx and CS after
A+ REx; BMI was related to skeletal muscle PFK, CS, and
SDH after AEx and CS after A+REx; and HOMA-IR was

PRE AEx A+REx
8 pacc

A 3 p=0.07 W% W = pan-ACC
D e s tubulin
O
(&)
< —~ 21 |
=
Sw
o
O &
O ~— 14 I
<
o
0
PRE AEXx A+REXx
3 *
B p <0.05
c #
S~ 2- [
L
=R
o8&
=1 —
o
0

PRE AEX A+REX

Fig.2 Skeletal muscle responses to acute aerobic (AEx) and aero-
bic +resistance (A +REXx) exercise for acetyl coA carboxylase (ACC)
phosphorylation to pan-ACC (a) and tubulin (b). Mean+SE. N=12.
*Significantly different than PRE (p<0.05). *Trend versus PRE
(»p=0.06)

related to SDH after AEx and CS after A+ REx. There was a
relationship following AEx between p-ACC and SDH activity
(r=0.65; p=0.02).

After separation into groups by VO,max (16
mlxkg‘1 xmin~! difference between NORM and LOW),
LOW demonstrated higher fasting glucose and trends toward
greater total cholesterol and triglycerides than NORM
(Table 5). NORM had greater AEx-induced changes in skel-
etal muscle PFK, B-HAD, CS, and SDH compared to LOW
(Fig. 4). There was no difference in AEx-induced changes
in p-ACC between groups. Characteristics for participants
grouped by VO, ax are in Table 5.
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Fig.3 Skeletal muscle mRNA, protein, and enzyme activity
responses to acute aerobic (AEx) and aerobic +resistance (A +REx)
exercise for phosphofructokinase (PFK) (a—c), 3-L-hydroxyacyl CoA
dehydrogenase (f-HAD) (d-f), citrate synthase (CS) (g-i), and suc-

Discussion

In the current report, we investigated if acute, moderate
intensity, cycle exercise increases skeletal muscle PFK,
B-HAD, CS, and SDH activity and if the addition of fatigu-
ing acute knee extension resistance exercise alters the
response in sedentary men. While as a group we did not
observe any changes in muscle enzyme activity from rest
to acute exercise in sedentary men, individuals with nor-
mal VO,max had greater aerobic exercise-induced changes
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cinate dehydrogenase (SDH) (j-1). There was no effect of AEx or
A+REx on any mRNA, protein, or enzyme activity. Mean=+ SE.
N=12

(50-100% increase) in PFK, B-HAD, CS, and SDH activ-
ity versus those with low VO,ax. These findings provide
potential links between skeletal muscle and the metabolic
health benefits associated with a higher VO,ax [331].

Skeletal muscle enzyme activity and exercise

Increases in enzyme activity are routinely used to quantify
skeletal muscle responses to exercise training [1]. Previ-
ous work in men demonstrated increases in CS activity
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Table 4 Correlation matrix between subject characteristics and skel- —
etal muscle metabolic enzyme activity n 37 23 NORM
VO,max BMI HOMA-IR u = LOW *
PFK PRE ~0.10 0.19 0.07 < I I
PFK AEx 0.74* ~0.68* -047 >24 * * *
PFK A +REx 0.45 ~036 ~0.06 = I T
B-HAD PRE ~025 0.05 -029 S
B-HAD AEx 0.62* —-0.52 —0.56 T
B-HAD A +REx ~0.08 ~0.10 ~0.06 S 't
CS PRE 0.22 -0.12 —0.46 -g
CS AEx 0.71% —0.62%* —-0.48 g
CS A+REx 0.66* —0.61% —0.72% o
SDH PRE 0.31 —0.12 —0.43 < PFK BHAD CS SDH pACC
SDH AEx 0.62% —0.66* —0.60%
SDH A +REx 0.52 —-0.40 -0.48

VO,,,.. maximal oxygen consumption (mlxkg~!x min~!), BMI body
mass index, HOMA-IR homeostatic model assessment-insulin resist-
ance, PFK phosphofructokinase, f-HAD 3-L-hydroxyacyl CoA dehy-
drogenase, CS citrate synthase, SDH succinate dehydrogenase, PRE
prior to exercise, AEx aerobic exercise, A + REx aerobic + resistance
exercise

p<0.05

Table 5 .Participant characteristics for normal (NORM) and low
(LOW) VOymax

NORM (N=5) LOW (N=7) p Value

Age, years 21.6+1.8 227+1.5 0.64
Height, m 1.79+£0.01 1.81+0.02  0.51
Mass, kg 66.7+3.2 81.8+2.1 <0.01
BMI, kg/m? 20.8+1.0 25.1+09 <0.01
VO,max, 1Xmin~! 3.18+£0.06 275+020  0.11
VO,max, mlxkg™! xmin~!  48.0+1.9 325+15 <001
1-RM, kg 35.5+3.9 357423 0.95
1-RM, kg xkg™! 0.53+0.04 0.44+0.02  0.07
Fasting glucose, mg/dl 822429 93.7+19 <0.01
Fasting insulin, uIU/ml 9.2+2.0 11.6+1.8 0.40
HOMA-IR 1.9+0.5 27+04 0.28
Total cholesterol, mg/dl 156.0+4.8 178.9+8.2 0.06
HDL, mg/dl 46.6+5.1 45.7+3.7 0.88
LDL, mg/dl 96.0+9.7 1123+74 0.20
Triglycerides, mg/dl 66.8+7.1 103.3+16.0  0.10

Mean + SE

BMI body mass index, VO,,,, maximal oxygen consumption, KE
maximal knee extensor strength, HOMA-IR homeostasis model
assessment-insulin resistance

*Significantly different than LOW (p <0.05)

following acute aerobic knee extensor [5] and cycle exer-
cise to fatigue [6], but not following lower intensity (60%
of VOzpmk) cycle exercise for 90 min [34]. We chose

Fig.4 Skeletal muscle responses to acute aerobic (AEx) exercise-
induced for phosphofructokinase (PFK), 3-L-hydroxyacyl CoA dehy-
drogenase (BHAD), citrate synthase (CS), succinate dehydrogenase
(SDH), and phosphorylation of acetyl coA carboxylase to tubulin
ratio (pACC) in normal (NORM) and low (LOW) VO,mnax. The
change with acute aerobic exercise was greater in NORM than LOW
for PFK, BHAD, CS, and SDH enzyme activities. There was no dif-
ference in pACC. Mean+ SE. N=>5-7/group. *Significantly different
than LOW

acute aerobic exercise for 45 min at 55% of VO,yax as
the uniqueness of previous designs (aerobic knee exten-
sor, exercise to fatigue, or exercise of 90 min) make them
difficult to translate to current exercise recommendations
[6]. Finally, we chose to sample 1 h after the completion of
exercise as this time post-exercise demonstrated the largest
increase in CS activity following exercise in humans [5].
Considerable variation in the enzyme response to acute
exercise does occur where women, but not men (trained
or untrained), increased CS activity 8% immediately fol-
lowing a 90-min cycle bout at 60% of VO2peak [34]. In the
current report, variability in the muscle enzyme response
to acute AEx was explained in part by the variability in
VO,max- The current results suggest there are individuals
with exercise-induced increases in muscle enzyme activ-
ity at 1 h post-exercise. Additional time points of muscle
sampling or different intensities of exercise might provide
results that a response to acute exercise does occur for
those lacking such a response in the current report.
During exercise, skeletal muscle ATP turnover increases
more than 100-fold [35] and there is direct (Ca>*, AMP/
ATP ratio, inorganic phosphate, etc.) regulation of meta-
bolic flux related to increases in contractile and metabolic
activity [36]. Phosphorylation is an important post-trans-
lational mechanism to regulate protein activity. Global
phosphoproteomic analysis revealed phosphorylation of
CS (Ser190), SDH (Tyr119), and PFK (15 sites of Ser,
Thr, Tyr) after a single bout of high-intensity (85-92%
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of VO,max) exercise in human skeletal muscle [37]. To
address this, we attempted to measure phosphorylated Ser/
Thr on PFK, f-HAD, CS, and SDH in our samples, hoping
to link changes in muscle enzyme activities with exercise-
induced allosteric modifications of the enzymes. However,
we were unable to produce reliable results perhaps due to
the detection limit of immunoprecipitation/Western blot-
ting compared to phosphoproteomic analysis.

Exercise activates several kinase signaling pathways
that in turn regulate mitochondrial activity including p38
MAPK, CaMK, and AMPK [38]. To investigate AMPK
activation in response to exercise and the possible role of
AMPK in enzyme activity regulation, ACC phosphoryla-
tion was measured as an indicator of AMPK as AMPK is
the primary kinase phosphorylating ACC [39]. As a group,
the increase in ACC phosphorylation by acute exercise sug-
gests that the exercise bouts employed here did produce dis-
cernable responses. Combined with the lack of increases in
muscle enzyme activity, the results suggest AMPK likely is
not responsible for exercise-induced PFK, B-HAD, CS, and
SDH activity changes. Consistent with this, there was no dif-
ference in ACC phosphorylation between NORM and LOW
suggesting that exercise-induced changes in muscle enzyme
activity are not due to activation by AMPK.

VO,max and health

In the experimental design, we had questioned the physi-
ological relevance of post-exercise enzyme activity. It is
possible that greater skeletal muscle metabolic enzyme
activities following exercise could contribute in part to
higher VO, ax in otherwise untrained individuals. Limits
in VO,max are multifactorial and can occur at many steps
along the oxygen delivery and use cascade [40, 41]. In the
current study, VO,max Was related to skeletal muscle PFK,
B-HAD, CS, and SDH activities following AEx, but not at
rest suggesting that exercise activation may be an important
determinant of aerobic capacity. This is in contrast to previ-
ous work where acute-exercise-induced increases in muscle
CS activity were not related to VO,max [6]. A critical dif-
ference between the current work and Tonkongi et al. (mean
VO,max: 52.1 ml O, xkg™' x min~'; range 35.8-68.9) is the
unresponsive low VO,yax that suggests there may be an
aerobic capacity threshold below which metabolic enzymes
are unresponsive to acute exercise. Conversely, it is possible
that exercise-related metabolic enzyme activities are aerobic
capacity dependent.

Current recommendations on physical activity include
performing both aerobic and resistance exercise [11]. Ini-
tial work on concurrent exercise questioned if the per-
formance of both aerobic and resistance exercise training

@ Springer

limited the benefits observed with either exercise modality
performed alone [42, 43]. These reports identified reduced
strength gains, but no interference in the increases in
VO,max- Interestingly, the relationships between exercise
muscle activity and VO, ax are no longer significant with
the addition of resistance exercise suggesting some level
of resistance exercise interference in the current study.
Acute exercise is a metabolic stress requiring flex-
ibility in substrate utilization and metabolic flexibility
during sub-maximal exercise is impaired in obesity [21,
22]. In the current report, lower VO, ax Was related to
higher blood glucose, higher HOMA-IR, and lower exer-
cise-induced changes in muscle enzyme activity. In addi-
tion, lower SDH activity after AEx was related to higher
HOMA-IR possibly providing a mechanism connecting
muscle electron transport chain flexibility, aerobic capac-
ity, and insulin sensitivity. Lower VO,ax and higher
HOMA-IR are linked to increased risk of chronic disease
[44-46], while increases in VO, ax in response to exercise
training are linked with beneficial changes in insulin sen-
sitivity both in normoglycemic and T2D individuals [47].
A lack of changes in skeletal muscle enzyme activity in
response to exercise as occurred in the low VO,max group
may be a predictor of increased risk of chronic disease.

Conclusion

The current report found changes in enzyme activity in
response to acute exercise are dependent upon aerobic
capacity; though as a group moderate intensity and dura-
tion acute, systemic, aerobic exercise did not increase skel-
etal muscle enzyme activity. There were positive linear
relationships between aerobic exercise PFK, -HAD, CS,
and SDH activity and VO, ,x suggesting higher aerobic
capacity is linked to exercise-induced muscle enzyme
responsiveness. However, whether this is a causal rela-
tionship or the direction (greater enzyme activity supports
greater VO,ax OF Vice versa) of a causal relationship
requires further investigation.
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