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Abstract

This investigation examined the influence of the number of repetitions per set on power output and muscle metabolism dur
press exercise. Six trained men (age 34+6 yr) randomly performed either 5 sets of 10 repetitions (10REP), or 10 sets of 5

repetitions (S5REP) of bilateral leg press exercise, with the same initial load and rest intervals between sets. Muscle biopsie
lateralis) were taken before the first set, and after the first and the final sets. Compared with 5REP, 10REP resulted in a me
greater decrease (P<0.05) of the power output, muscle PCr and ATP content, and markedly higher (P<0.05) levels of musc
lactate and IMP. Significant correlations (P<0201) were observed between changes in muscle PCr and muscle lactate (R“=
between changes in rguscle PCr and IMP (R"=0.44) as well as between changes in power output and changes in muscle
=0.59) and lactate (R“=0.64) levels. Reducing the number of repetitions per set by 50% causes a lower disruption to the e
balance in the muscle. The correlations suggest that the changes in PCr and muscle lactate mainly occur simultaneously d
exercise, whereas IMP only accumulates when PCr levels are low. The decrease in ATP stores may contribute to fatigue.
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Introduction

Regular resistance exercise is an essential component of effective intervention programs designed to improve strength in ¢
and adults with chronic diseases and disabilities [1], [2]. The response to resistance training program depends ultimately ol
pronounced metabolic and morphological adaptations of multiple cellular functions which depend to great extent on change
complex signaling network that is involved during each training session in response to contractile activity [3], [4].

Whilst changes in muscle metabolites and power output during exhausting and non exhausting heavy intermittent cycling [!
running [7] or isometric knee extension [8] exercises are well characterized, little is known on substrate utilization and mete
demand during consecutive sets of exhausting compared with non exhausting high-intensity dynamic resistance exercise.
adaptive response to strength training may be different when training leads to failure is compared to when it does not lead

as different degrees of fatigue and muscle metabolite accumulation are elicited by the training [9]. The purpose of this stud
therefore, to investigate the influence of the number of repetitions per set (leading to failure or not) on changes in muscle a
metabolites and power output during high-intensity bilateral leg press exercise performed with the same initial load (~83%

young trained men, while simultaneously examining the power output and fatigue developed throughout the exercise. Thes
exercise sessions are traditionally used for reaching specific training goals. Thus, the “leading to failure” exercise is charac
by a progressively decrease in load and power throughout the repeated sets and is primarily used for increasing muscular

and hypertrophy [10], [11]. The “not leading to failure” exercise is characterized by the maintenance of load and average pc
throughout the sets and is used primarily for optimizing muscle power development [12]. To the author’s knowledge, no stu
analyzed the changes in muscle and blood metabolites during high-intensity dynamic exercise characterized by the mainte
power output throughout the sets. Analyzing different conditions related to changes in power output may provide some clue
understanding of the mechanisms by which the process of muscle contraction try to maintain an adequate function during ¢
resistance exercise [13]. A second purpose of the study was to examine the relationship between the metabolic status of m
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and changes in power output. This kind of examination may enhance the understanding of factors that limit fatigue during I
exercise, and thus give an indication of the regulation of the metabolic pathways and of how the anaerobic mechanisms ar:
interrelated during dynamic resistance exercise in man.

Materials and Methods
Subjects

Six healthy male volunteers participated in the study. Their mean (+SD) age, height, body mass, body mass index, estimat:
maximal oxygen uptake (VOomax) in cycle erg_%'neter and maxim_all streggth (1RM) during bilateral leg press exercise were
years, 17915 cm, 74.5£7.2 kg, 23.3+1.7 Kg-m “, 57.1£+4.9 ml-kg -min ~ and 199+43 kg, respectively. All were trained atl
mainly in endurance events, but none trained for competition. The mean percentage of slow twitch (ST) fibers for these sut
was 65+12%. The subjects were thoroughly informed of the purpose, nature, practical details and possible risks associatec
experiment, as well as the right to terminate participation at will, before they gave their voluntary written informed consent t
participate. A medical examination was also completed by a physician. The present study is part of a project that has exam
metabolic, neural and training effects of leg press exercise and has been approved by the Institutional Review Committee ¢
Instituto Navarro del Deporte, according to the Declaration of Helsinki.

Experimental Protocol and Design

This study was designed to examine the influence of the number of repetitions per set (leading vs not leading to repetition 1
changes in muscle metabolites and power output during high-intensity bilateral leg press exercise. To eliminate any possibl
of confounding factors, several variables such as initial load and total number of repetitions were controlled by equating the
between both exercise sessions. Each subject participated in two experiments on separate days, on which they performed
repetitions with the same initial load. This initial load (i.e., 154+31 Kg or 83% 1RM, the heaviest load that could be correctly
only once using the correct technique) was the greatest weight which it was possible to complete 10 repetitions to failure (1
leg press exercise. Failure was indicated by the inability to complete the next repetition. On one experimental day (“leading
failure protocol”) the subjects performed 5 sets of 10 repetitions to failure (10REP), separated by 2 min of rest between eac
On this experimental day the subjects were able to finish all 10 repetitions at the initial load during the first set. Sometimes,
however, the subjects could not lift the initial load during the following sets due to fatigue. Whenever subjects could not lift 1
it was decreased by 15 Kg, thus allowing them to complete the experiment (50 repetitions). On the other experimental day
leading to failure protocol”), the subjects performed 10 sets of 5 repetitions not to failure (5REP) with the same initial load
(10REP), separated by 2 min of rest between each set. Five repetitions per set were chosen during this non failure experin
day because this is the maximal number of repetitions at which maximal power production can be maintained or slightly (1(
decreased during a set of 10 repetitions to failure in leg extension exercise [14]. In 5REP all subjects were able to finish the
protocol with the initial load and to maintain the average power production throughout the repeated sets. In 10 REP, howev
subjects decreased the average power production throughout the sets.

Intervention Period

All subjects participated in the two experiments in random order. Experiments were carried out at the same time of the day
two months apart. No changes were observed in the subjects in maximal leg press strength (1RM) between the first (194+:
and the second (185132 Kg) experimental day. To avoid disturbance of the subjects, they were instructed to record their nc
for 48 hours prior the first experimental day and to repeat the same diet prior the second experimental day.

Preliminary Tests

Several pre-test sessions took place during the 3 weeks preceding the experiments. First, the subjects were familiarized wi
experimental testing procedures about 2 weeks beforehand. Second, two weeks before the first experiment the subjects
participated in a control testing day where resistance-load verifications for 1RM were determined in the leg press exercise |
Then, after at least 10 min rest, the subjects performed a maximal repetitive set until failure with the load that theoretically :
produce 10 repetitions to fatigue (~85% of 1RM). If the number of repetitions until failure was equal to 10, the load was det
a 10RM and used during the experimental main tests. If the number of repetitions until failure was different from 10, severa
a maximal repetitive set until failure were performed on different days with lower or higher loads during subsequent test se:
order to determine the load leading to failure in exactly 10 repetitions. Third, the maximum oxygen uptake (VOgmax) of eac
subject was estimated [15] on a separate day by using a continuous incremental test until exhaustion on a friction-loaded ¢
ergometer (Monark Ergomedic 818E, Varberg, Sweden). The first work load (60 W) was high enough to ensure that exhau:
would occur within 8-14 min, the load being increased by 30 W at the end of every min. Heart rate was continuously monit
throughout the test (15 s) with a cardiotachometer (Sportester Polar, Kempele, Finland). Average power output at exhaustic
347127 W.

Main Tests

On the morning of the experiment, the subject arrived after a light breakfast and a 2 h fast period. On arrival at the laboratc
subjects rested on a bed for 20 minutes so that small incisions could be made under local anesthesia (2 ml, 1% lidocaine)

skin and fascia over the vastus lateralis muscle of one leg. The subjects then completed a warm-up period consisting of a ¢
repetitions at 50%, three to four repetitions at 75% and 1 repetition at 90% of maximal bilateral leg press strength (1RM). T
four subsequent attempts were made to determine the 1RM. The resting period between maximal attempts was always 2 r
10 min rest, a muscle biopsy (initial biopsy) was taken from the middle region of the muscle vastus lateralis (15 cm above t
patella and approximately 3 cm below entry through the fascia) and after an arterialized blood sample was drawn from the

previously hyperemized with Finalgon® (Boehringer Ingelheim, Germany). Then they performed either 5 sets of 10 repetitic
failure (10REP) or 10 set of 5 repetitions not to failure (5REP) with the maximum load possible to achieve 10 repetitions du
first set (10RM). Subjects were instructed to always try to displace the weight as fast as possible. The duration of each rep:
decomposed in its concentric and eccentric components was recorded. Repetitions were interspaced by ~1-s pauses to pr
stretch-shortening cycle enhancement of performance. The power output of each repetition was monitored continuously an
measured during the concentric phase of leg press action. Immediately (within 5—10 s) after the last repetition of the first se
immediately after the last repetition of the last set muscle biopsies were taken in all subjects. Additional arterialized blood s
were drawn after 16 and 45 min of recovery to determine the post-exercise uric acid blood concentration. All participants w
highly motivated and strong verbal encouragement was given to all subjects to motivate them to perform each repetition m:
and as rapidly as possible. Subjects remained fasted throughout the tests.
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Equipment

The study was performed on a horizontal bilateral leg extension variable resistance machine (i.e. leg press action in a sittin
position; Technogym, Gambettola, Italy). The sitting position was individually adjusted to minimize displacement between tt
back and backrest during muscular force exertion and, therefore, to avoid posture changes. Subjects were instructed to pu
feet in the same position on the force platform. The exercise machine incorporated four force transducers on a foot platforr
below the subject’s feet. The strain gauges recorded the applied force (N) to an accuracy of 1 Newton at 1000 Hz. The forc
platform and leg press plate all remained stationary throughout the lift, while the body moved away from the feet. In additio
rotational encoder (Computer Optical Products Inc, California, USA) was attached to the weight plates to record the positio
direction of the displacement to an accuracy of 0.2 mm at 1000 Hz. Customized software was used to calculate power (imr
product of displacement velocity and applied force) per repetition. After the end of the exercise, results were integrated ove
intervals. The maximum 10-ms integral of applied force and displacement velocity during each repetition is referred to as “
power output”. The average 10-ms integral of applied force and displacement velocity over the total concentric contraction
each repetition is referred to as “mean power output”.

Muscle Samples

Muscle biopsies were taken as described by Bergstrom [16] from the right leg on each occasion. Muscle samples were imr
frozen (in 5—10 s) in liquid nitrogen and stored at —80°C for subsequent metabolite assay and histochemical analysis, after
freed from visible fat and connective tissue. [16].

Analysis

Muscle Phosphocreatine (PCr), creatine (Cr) and lactate, were analyzed by fluorometric analysis [17]. Skeletal muscle ade
nucleotides and inosine monophosphate (IMP) were a_ntalyzed by high-performance liquid chromatography (HPLC) [18]. All
metabolite concentrations are expressed as mmol-Kg ~ wet muscle. In addition, a piece of the biopsy taken before the firs
frozen separately, later used for serial cross-sectioning (10 um) and stained for myofibrillar ATPase after alkaline and acid
preincubation [19] for fiber classification into slow-twitch (ST) and fast-twitch (FT) fibers.

Calculations

Cellular energy charge, a measure of the extent to which the total adenine nucleotide pool of the cell (ATP, ADP and AMP)
phosphorylated, was estimated using the following equation:

Energy charge = (JATP]+0.5[ADP])
/(IATP]+[ADP]+ [AMP)).

Blood Samples

Capillary blood samples for determination of uric acid concentrations were obtained from a hyperemized earlobe at rest an
45 min after the end of the exercise protocol. According to the manufacturer’s instructions, after cleaning and puncturing a
28.5-31.5-KL capillary sample was taken and placed over the strip (Reflotron uric acid) for an automatic reflectance photor
analysis (Reflotron; Boehringer Mannheim, Mannheim, Germany) within the first 2-3 min after obtaining the sample. The a
was calibrated (Reflotron Check) before every subject’s capillary samples analysis.

Statistics

Standard statistical methods were used for the calculation of mean and standard deviation (SD). Student’s paired t-test wa
for comparisons of analytic values during the two different experimental conditions in this study, whereas one-way analysis
variance for repeated measures was used to examine the differences in performance indexes and metabolite concentratior
time. When a significant F-value was achieved (P<0.05), the means were compared using a LSD post-hoc test. For the pui
comparison the ppwer output for the second 5 repetitions of each set was compared with that of the first 5 repetitions. Coe’
determination (R”) was used to determine associations among variables taking both exercise conditions as a whole. Linea
linear regressions were determined using either a linear or a second-degree polynomial form. A second-degree polynomial
was accepted if it resulted in a significant reduction in error variance as compared with the linear solution. Statistical signifi
was accepted at the P<0.05 level.

Results
Power and Force Production

During S5REP all the subjects were able to complete all the repetitions with the initially load assigned (154+31 Kg; 83+8% o
During 10REP, however, most of the participants were unable to complete all the repetitions with this starting load, due to f:
The load had to be reduced by 7.2+3.8% after 27116 repetitions and was progressively reduced, reaching 85+12% (P<0.0!
initial load at the last repetition. Average load during the 50 repetitions of T0REP was 6.1+6.3% lower (P<0.05) than during

Average peak power during the first 5 repetitions of the first set was similar in both experimental conditions (Fig. 1). During
of 5REP the highest value of average peak power was reached during the second or third repetition and thereafter average
power decreased progressively (7—20%, P<0.05) between the second and the fifth repetition along each set. During each ¢
10REP the highest value of average peak power was also reached during the second or third repetition and thereafter avel
peak power sharply decreased (35-45%, P<0.01) between the second and the tenth repetition along each set. During 10R
magnitude of the decline in average peak power production between the first 5 repetitions of the first set and the last 5 rep¢
the last set was 33£19% (from 821+209 to 569+159 W; P<0.05). In contrast, during SREP average peak power outputin gi
5 repetitions was maintained betweer}ﬁ,ets. When both types of exercise were compared in groups of 5 repetitions, the ave
peak power from repetitions 6th to 50~ was 28+12% lower (P<0.01) during 10REP than during 5REP. In both experimenta
conditions, average mean power output changes paralleled those of peak power output.
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Figure 1. Peak power output profiles (average for n=6 subjects) for each exercise during the two experimental
conditions: when exercise was 5 sets of 10 repetitions to failure (10REP; open circles), and when exercise was
sets of 5 repetitions not to failure (5REP; filled circles).

Boxes represent mean of the peak power output throughout 50 repetitions for 10REP and 5REP. *significant difference
(P<0.05) between 10REP and 5REP (pooled from 5 to 5 repetitions). Values are means + SD.
https://doi.org/10.1371/journal.pone.0040621.g001

Muscle Metabolites

Table 1 shows muscle metabolite concentrations before the first set (initial biopsy) and immediately after the first and last s
both experimental days. Initial metabolite concentrations were within the normal range for human skeletal muscle. At the el
10REP exercise PCr stores were almost depleted (85% fall, P<0.05), whilst ATP (21%), energy charge (4%), and the total :
of adenine nucleotides pool (ATP + ADP + AMP) (20%) where reduced (P<0.05). Concomitantly, IMP and lactate where inc
In contrast to 10REP, 5REP resulted in markedly lower decrease of the muscle PCr (~15% fall, P<0.05) and unchanged m
ATP, IMP, energy charge and the total amount of adenine nucleotide pool concentrations, whereas muscle lactate was only
elevated above the initial levels. The changes observed in muscle ATP, total adenine nucleotide pool, IMP, PCr and lactate
the end of exercise were significantly higher (P<0.01-0.05) during 10REP compared with S5REP.

Table 1. Effects of leg press exercise on muscle adenine nucleotides, IMP, PCr, Cr, lactate and energy charge at
before the first set, after the last repetition of the first set and after the last repetition of the last set, during 10RI
and 5 REP exercise.

https://doi.org/10.1371/journal.pone.0040621.t001

Compared with initial values, at the end of exercise the calculated ATP/ADP ratios decreased by 9% (P<0.05) in SREP and
(P<0.01) in 10REP (Table 2). The decrease of the ATP/ADP ratio in 10 REP was higher than the corresponding decrease ¢
in SREP. The ATP/AMP ratio did not change at the end of 5SREP but decreased (P<0.05) by 34% at the end of 10REP. Simi
ATP/IMP ratio did not change after 5REP but showed a pronounced decrease from 1049 to 13.4 (P<0.05) at the end of 10Ff
change occurred in the ADP/AMP ratio throughout exercises.

Table 2. Effects of leg press exercise on nucleotide metabolite ratios before the first set and during 10REP and :

exercise protocols.
https://doi.org/10.1371/journal.pone.0040621.t002

Blood Uric Acid

Peak blood uric acid concentration during recovery after the last set of 10REP (35196 ymol-| 1)was 19% higher (P<0.05
initial values (276+£52 pmol-l ). In 5REP the p_e?k blood uric acid concentration after exercise (292+74 ymol-l ) remainec
unchanged from initial values (2861701 pmol-l ). The postexercise blood uric acid concentration value during 10REP was
(P<0.05) than during 5REP.

Relationships between Muscle Metabolites

To examine the relationships between variables, both exercise conditions were taken as a whole. A significant curvilinear n
relationship was observed betw%en muscle lactate content after the first and the last set and the corresponding levels of m
PCr (in % of the initial levels) (R“=0.46, P<0.05) (Eigure 2A). Similarly, a significant curvilinear relatignship was observed t
the relative decrease in muscle PCr levels (in % of the initial levels) and the levels of muscle IMP (R==0.44, P<0.01) (Eigu
From these curvilinear relationships it can be estimated that a 60% decrease in PCr below rest values is required to elicit n
IMP accumulation.

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0040621 4/9


https://doi.org/10.1371/journal.pone.0040621.g001
https://doi.org/10.1371/journal.pone.0040621.t001
https://doi.org/10.1371/journal.pone.0040621.t002
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0040621.g001
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0040621.t001
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0040621.t002

17/7/2019 Energy Metabolism during Repeated Sets of Leg Press Exercise Leading to Failure or Not

.

R =045
p <001

PCr (% of initial value)

[} [ 10 % 20 %5 an 36

Muscle lactate (mmol kg’ w)

Figure 2. Individual relationship between muscle lactate concentrations and PCr concentrations (expressed in
percent of initial value) (2A) and between PCr decreases (expressed in percent of initial value) and muscle IMP
concentrations (2B), during 10REP (open circles), and 5REP (filled circles).
https://doi.org/10.1371/journal.pone.0040621.g002

Relationships between Muscle Metabolites and Changes in Power Output

A significant linear negative correlation was observed between the average changes in peak power output observed during
two repetitions fexpressed in percent of the initial two repetition values) and the decreases in ATP levels (expressed in pert
initial value) (R™=0.59, P<0.01) (Eigure 3). Furthermore, a significant curvilinear negative correlation was observed betwee
average peak power output changes observed during the last two repetitions gf the first and last sets (expressed in percen
initial two repetition values) and the corresponding levels of muscle lactate (R"=0.64, P<0.01) (Eigure 4). The gurvilinear n
the curve seems to indicate that when muscle lactate levels do not exceed the upper limit of 10-15 mmol-Kg = wet muscle
output changes little from maximum values. However, when muscle lactate values exceed this upper level, the power outpt
decreases sharply.

= 0.50
p<001

Peak power (% of initial value)

5 [i] 5 ] 15 20 25 30

ATP decrease (% of initial value)

Figure 3. Individual relationships between the relative average peak power output changes (expressed in perce!
initial value) between the first and the last two repetitions, and ATP decreases (expressed in percent of initial ve
during 10REP exercise (open circles), and 5REP exercise (filled circles).
https://doi.org/10.1371/journal.pone.0040621.g003

Peak power (% of initial valug)

5 10 15 20 25 0 35

Muscle lactate (mmoal kg w)

Figure 4. Individual relationships between the relative average peak power output changes (expressed in perce!
initial value) between the first and the last two repetitions of the first set and between the first and last two
repetitions of the exercise, and muscle lactate concentrations, during 10REP (open circles), and 5REP (filled cir
https://doi.org/10.1371/journal.pone.0040621.9g004

Discussion
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Muscle Metabolism

The 10REP leg press exercise demanded a maximal effort from the subjects, as reflected by the marked decrease in powe
that took place during the last 5 repetitions of each set. The use of this model of 10REP caused a state of energy deficienc
decline in the phosphate potential resulting in a near-complete depletion of PCr stores, a significant reduction in ATP (21%
size of muscle total adenine nucleotide pool (TAN), and in marked increases in lactate and IMP accumulation in the muscle
as high levels of uric acid in the blood. The elevated levels of muscle lactate indicate that anaerobic glycolysis is extensivel
activated during this type of exercise. The increased muscle IMP originates from degradation of ATP and appears to reflect
failure of ATP resynthesis to match ATP hydrolysis rates [13]. The elevated plasma accumulation of uric acid after 10RP su
that IMP was not reaminated back to AMP after exercise, and that there instead was a dephosphorylation of IMP to inosine
consequently hypoxanthine and uric acid [20]. The net result would have been a wasteful loss of purines from muscle [20]-
would require replacement by either the purine nucleotide cycle or the novo synthesis [4]. The extent of anaerobic energy
production and the fall in peak power output with 10REP is higher than the changes found previously in anabolic steroids u
body-builders following an exercise regimen comprising 5 sets of 10RM each of front squats, back squats, leg presses anc
extensions [21]. However, it is qualitatively and quantitatively similar to what has been reported previously by others during
after high intensity intermittent cycling [5], [6], knee isometric [8], or isokinetic [22] exercises leading to exhaustion between
60s. These changes have been also associated with large reductions in muscle glycogen [6] and ATP [6], [22], particularly
fibers [23], with the most pronounced changes being located in type lIx fibers [24], whereas blood and muscle pH can reac
as low as 7.1 [5] and 6.6 [25] respectively. However, the experimental protocol in previous studies was not the same as in t
present study in which repetitive isoinertial contractions using leg press actions were used. Thus, it appears that 10REP ca
marked disruption to the energy balance in the muscle.

In contrast to 10 repetitions with a 10RM load (10REP), the energy balance was maintained during 5 repetitions with a 10F
(5REP), despite the accumulation of sets. Thus, compared with 10REP, 5REP resulted in a markedly lower decrease in mt
content (~15% vs 80% fall) with only modest increases in muscle lactate and no measurable changes in muscle levels of £
IMP and in blood levels of uric acid. These minor metabolite changes observed in 5REP, despite a high ATP turnover rate,
that ATP synthesis matched ATP utilization and that cellular homeostasis was maintained, thereby demonstrating that the r
AMP deamination was low [13]. Consequently, peak power output was maintained only during the 5REP exercise. The abs
blood uric acid increase during 5REP is in line with the finding of unchanged ATP levels. These results indicate that reducir
number of repetitions per set by 50% maintains power output and energy balance in the muscle throughout sets.

The changes in the ATP/ADP and ATP/AMP ratios during the contraction process have been widely studied because the re
levels of the adenine nucleotides are more important metabolic regulators for maintenance of adequate cellular functions tt
absolute concentration of ATP [13]. At the end of 5REP the calculated ATP/ADP ratio was decreased by 9% compared with
values, and was coincidental with no changes in the calculated energy charge, AMP, ATP/AMP and ATP/IMP ratios, with a
decrease in the average peak power between the second and the fifth repetition of each set, and with moderate decreases
PCr levels. The dichotomy between changes in the ATP/ADP ratio and changes in the ATP/AMP ratio during exercise is no
precedent. Thus, increases in the estimated muscle-free ADP content, without any changes in estimated free AMP, have b¢
observed during 15 s sprint isokinetic cycling exercise [26] or after 10 minutes of cycling at 65% of maximal oxygen uptake
indicating that an slight initial increase in ADP availability does not displace the adenylaye kinase favouring the formation o
(ADP + ADP «— AMP + ATP), when the decrease in power production and the changes in muscle PCr or Pj levels are mode
The activity of adenylate kinase was still low after 5SREP, probably because the dephosphorylation of ADP to AMP is buffere
PCr [23]. In this situation the AMP-activated protein kinase (AMPK) may be only slightly activated by the increased ADP av
[28]. At the end of 10REP, however, a further decrease (30%) in the ATP/ADP ratio, higher to that seen after 5 REP, was
accompanied by decreases in the ATP/AMP and ATP/IMP ratios, in parallel with further decreases (33%) in power producti
with almost depleted PCr levels. The decreased ATP/AMP and ATP/IMP ratios indicate that, as opposed to 5REP, during 1!
adenylate kinase and the AMP deaminase were significantly activated. The very low levels of PCr and the activation of ade
kinase could amplify the activation of AMPK, that acts as a fuel-sensing enzyme monitoring cellular energy levels to prever
catastrophic consequences of larger decreases in energy state [29]-[31]. This dual mechanism (initial decreases in ATP/AI
followed by later decreases in ATP/AMP and ATP/IMP ratio) would allow AMPK to sense energy deficit progressively over ¢
range of energy availability [28].

The described repetition-related differences in acute metabolic response to repeated sets of leg press exercise should refle
different stimuli for training-induced adaptations occurring after heavy-resistance training. Thus, some studies have shown
high-intensity resistance training not to failure of the knee extensor muscles enables a favorable environment for achieving
enhancements in maximal strength and power output compared with training to failure [12], [32], [33]. Taken together, the r
these studies and the present one suggest that a program of dynamic knee extension resistance exercise characterized by
metabolite accumulation and maintenance of cellular homeostasis and energy balance may be a more effective, efficient a
option compared with training to failure designed to maximize fatigue/metabolite accumulation. Under this assumption, it w
time to replace the classical “no pain, no gain” training philosophy to a more rational and ecologically based “no pain, more
one.

Relationships between Muscle Metabolites

Previous studies have shown that during fatiguing and not fatiguing isometric knee extension and cycling exercise average
absolute PCr content changed curvilinearly and negatively with respect to the absolute muscle lactate content [34]. In the
study a significant curvilinear negative relationship was observed throughout the exercises between the percent decrease «
muscle PCr and the corresponding muscle lactate content. This agrees with the findings of Karlsson and co-workers [35] d
maximal and submaximal cycling exercise and with the close relationship between the logarithm of mass-action ratio of the
kinase reaction and muscle pH reported in men after isometric knee extension exercise [36]. Furthermore, it indicates that
changes between the PCr and lactate mainly occur simultaneously during exercise, supporting the observations of others t
anaerobic glycolysis is initiated in the muscle at the onset of heavy exercise [37]. In agreement with our results, accumulati
IMP matched quantitatively by a decline in intramuscular ATP has been reported during submaximal and maximal cycling €
when PCr levels drop below 40% of the resting levels [13], [35], [38], [39].

What Causes Fatigue during Consecutive Sets of Leg Press Exercise?
Several authors have suggested that the capacity to regenerate ATP at the required rates and thus decrease force and pov
production during short duration maximal exercise may by related to an inability to maintain the required rate of anaerobic /

production from PCr and glycogen dg‘g_radation, mainly ip type Il fibers [4_0],#1], a corresponding increase in inorganic phc
(Pi) and its diprotonated form, HoPO™ , increases in [H '], alterations in Ca“ " transport [42], K™ efflux from the muscle [43]
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impaired neuromuscular transmission or failure of membrane excitation [44]. In the present study the fall in power productic
both exercises as a whole was strongly correlated to the fall in ATP stores and to the lactate levels in mixed muscle homog
The association between changes in power output and changes in muscle lactate accumulation are in agreement with the
mentioned studies. The association observed between the loss of ATP stores and the relative decline in power output supp
idea that ATP depletion in a small percentage of fibers may lead to their failure to power production L411_]. This idea is in agr
with some studies reporting post-exercise ATP levels in individual fibers as low as 1 to 2.4 mmol-Kg ~ wet muscle followiny
maximal knee extension [22], or isokinetic cycling [41] exercise. Hence, it is not unreasonable tg suggest that some bioche
changes, such as a decrease in ATP stores and increases in lactate and by-products of ATP (H ", Pj, ADP) of individual mu
fibers may contribute to fatigue during successive sets of leg press exercise.

Study Limitations

This study had some limitations. First, it was characterized by a low number of experimental subjects. However, the strong
statistically significant differences observed in muscle metabolites and power between the two exercises indicates that it is
these differences occurred by chance. Future longitudinal biopsy studies should seek to recruit larger numbers of experime
subjects in order to reduce the potential risk of type Il errors. Second, it may also be argued that the experimental setup co
been strengthened by matching the same load throughout sets and the total rest period between protocols (e.g. 1-min rest
sets in 5REP and 2-min rest between sets in 10REP). This would enable comparisons between two types of equivolumic e
It is obvious that, in this case, the magnitude of the differences between exercises would be lower than that observed in the
study. However, it has to be emphasized that the main goal was to compare metabolic and power changes during two type
resistance exercises traditionally used for reaching specific training outcomes (“hypertrophy” versus “optimal strength
improvement”), but not to compare two equivolumic exercises. Finally, this study was performed in endurance trained men
high proportion (65%) of type | fibers. Care should be taken when generalizing the results of this study to other populations
power athletes with high proportion of type Il fibers). Despite these limitations, the findings do provide important and new
information about the metabolic characteristics of two of the most popular high-intensity resistance exercises designed to it
muscular strength, power and hypertrophy in athletes and adults with chronic diseases and disabilities.

In summary, the main results of this study were, first, that reducing the number of repetitions during sets from ten to five wt
maintaining the same initial load and recovery periods in between induced markedly smaller demands on the high-energy
phosphates system and on glycolytic energy supply, allowed ATP synthesis to match ATP utilization, to maintain power out,
energy balance along the sets and to experience much less fatigue and discomfort during bilateral leg press exercise. Sec:
mixed muscle homogenates the changes in muscle PCr during both exercises were correlated with muscle lactate and IMF
These correlations suggest that the changes between the PCr and muscle lactate mainly occur simultaneously during exer
whereas IMP only accumulates when PCr levels are low. Finally, the fall in power production was strongly correlated to the
ATP stores and to the muscle lactate levels. This suggest that a decrease in ATP stores and increases in lactate and by-pr
ATP (H ", P;, ADP) of individual muscle fibers may contribute to fatigue during successive sets of leg press exercise.

Author Contributions

Conceived and designed the experiments: EG INA JC MGI JI MI. Performed the experiments: EG INA JC YH RC MG CG I
MI. Analyzed the data: EG INA JC YH RC MG CG MGI JI MI. Contributed reagents/materials/analysis tools: EG INA JC YH
CG MGI JI MI. Wrote the paper: EG INA JC YH RC MG CG MGI JI ML.

References

1. Colberg SR, Sigal RJ, Fernhall B, Regensteiner JG, Blissmer BJ, et al. (2010) Exercise and type 2 diabetes: the Am
College of Sports Medicine and the American Diabetes Association: joint position statement. Diabetes Care 33: e14’
33/12/e147 [pii];10.2337/dc10-9990 [doi].

2. Kraemer WJ, Adams K, Cafarelli E, Dudley GA, Dooly C, et al. (2002) American College of Sports Medicine position
Progression models in resistance training for healthy adults. Med Sci Sports Exerc 34: 364—380.
View Article « Google Scholar

3. Hancock CR, Janssen E, Terjung RL (2006) Contraction-mediated phosphorylation of AMPK is lower in skeletal mus
adenylate kinase-deficient mice. J Appl Physiol 100: 406—413. 00885.2005 [pii];10.1152/japplphysiol.00885.2005 [dc

4. Winder WW, Hardie DG (1999) AMP-activated protein kinase, a metabolic master switch: possible roles in type 2 dic
Am J Physiol 277: E1-10.
View Article « Google Scholar

5. McCartney N, Spriet LL, Heigenhauser GJ, Kowalchuk JM, Sutton JR, et al. (1986) Muscle power and metabolism ir
maximal intermittent exercise. J Appl Physiol 60: 1164—1169.
View Article « Google Scholar

6. Saltin B, Essén B (1971) Muscle glycongen, lactate, ATP, and CP in intermittent exercise. In: Pernow B, Saltin B, edi
419-424. New York: Plenum.

7. Cheetham ME, Boobis LH, Brooks S, Williams C (1986) Human muscle metabolism during sprint running. J Appl Ph
54-60.
View Article « Google Scholar

8. Edwards RH, Harris RC, Hultman E, Kaijser L, Koh D, et al. (1972) Effect of temperature on muscle energy metaboli
endurance during successive isometric contractions, sustained to fatigue, of the quadriceps muscle in man. J Physic
335-352.

View Article « Google Scholar

9. Spriet LL, Lindinger MI, McKelvie RS, Heigenhauser GJ, Jones NL (1989) Muscle glycogenolysis and H+ concentrat
during maximal intermittent cycling. J Appl Physiol 66: 8—13.

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0040621 719


http://scholar.google.com/scholar?q=American+College+of+Sports+Medicine+position+stand.+Progression+models+in+resistance+training+for+healthy+adults.+Kraemer+2002
http://scholar.google.com/scholar?q=AMP-activated+protein+kinase%2C+a+metabolic+master+switch%3A+possible+roles+in+type+2+diabetes.+Winder+1999
http://scholar.google.com/scholar?q=Muscle+power+and+metabolism+in+maximal+intermittent+exercise.+McCartney+1986
http://scholar.google.com/scholar?q=Human+muscle+metabolism+during+sprint+running.+Cheetham+1986
http://scholar.google.com/scholar?q=Effect+of+temperature+on+muscle+energy+metabolism+and+endurance+during+successive+isometric+contractions%2C+sustained+to+fatigue%2C+of+the+quadriceps+muscle+in+man.+Edwards+1972
http://scholar.google.com/scholar?q=Muscle+glycogenolysis+and+H%2B+concentration+during+maximal+intermittent+cycling.+Spriet+1989

17/7/12019

10.

1.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Energy Metabolism during Repeated Sets of Leg Press Exercise Leading to Failure or Not

View Article « Google Scholar

Burd NA, Andrews RJ, West DW, Little JP, Cochran AJ, et al. (2012) Muscle time under tension during resistance ex
stimulates differential muscle protein sub-fractional synthetic responses in men. J Physiol 590: 351-362.
jphysiol.2011.221200 [pii];10.1113/jphysiol.2011.221200 [doi].

Kraemer WJ, Nobel BJ, Clarck MJ, Culver BW (1987) Physiological responses to heavy-resistance exercise with ver
rest period. Int J Sports Med 8: 247-252.
View Article « Google Scholar

Izquierdo M, Ibanez J, Gonzalez-Badillo JJ, Hakkinen K, Ratamess NA, et al. (2006) Differential effects of strength ti
leading to failure versus not to failure on hormonal responses, strength, and muscle power gains. J Appl Physiol 100
1656.

View Article « Google Scholar

Sahlin K, Broberg S (1990) Adenine nucleotide depletion in human muscle during exercise: causality and significanc
AMP deamination. Int J Sports Med 11: S62-S67.
View Article « Google Scholar

Izquierdo M, Gonzalez-Badillo JJ, Hakkinen K, Ibanez J, Kraemer WJ, et al. (2006) Effect of loading on unintentiona
velocity declines during single sets of repetitions to failure during upper and lower extremity muscle actions. Int J Spi
27:718-724.

View Article « Google Scholar

Storer TW, Davis JA, Caiozzo VJ (1990) Accurate prediction of VO2max in cycle ergometry. Med Sci Sports Exerc 2
712.
View Article « Google Scholar

Bergstrom J (1975) Percutaneous needle biopsy of skeletal muscle in physiological and clinical research. Scand J C
Invest 35: 609-616.
View Article « Google Scholar

Lowry OH, Passonneau JV (1971) Some recent refinements of quantitative histochemical analysis. Curr Probl Clin E
3: 63-84.
View Article « Google Scholar

Norman B, Heden P, Jansson E (1991) Small accumulation of inosine monophosphate (IMP) despite high lactate lev
latissimus dorsi during transplantation. Clin Physiol 11: 375-384.
View Article « Google Scholar

Brooke MH, Kaiser KK (1969) Some comments on the histochemical characterization of muscle adenosine triphospt
Histochem Cytochem 17: 431-432.
View Article « Google Scholar

Hellsten Y, Sjodin B, Richter EA, Bangsbo J (1998) Urate uptake and lowered ATP levels in human muscle after higt
intensity intermittent exercise. Am J Physiol 274: E600—-E606.
View Article « Google Scholar

Tesch PA, Colliander EB, Kaiser P (1986) Muscle metabolism during intense, heavy-resistance exercise. Eur J Appl
Occup Physiol 55: 362—-366.
View Article « Google Scholar

Jansson E, Dudley GA, Norman B, Tesch PA (1987) ATP and IMP in single human muscle fibres after high intensity
Clin Physiol 7: 337-345.
View Article « Google Scholar

Casey A, Constantin-Teodosiu D, Howell S, Hultman E, Greenhaff PL (1996) Metabolic response of type | and Il mu
fibers during repeated bouts of maximal exercise in humans. Am J Physiol 271: E38—E43.
View Article « Google Scholar

Koopman R, Manders RJ, Jonkers RA, Hul GB, Kuipers H, et al. (2006) Intramyocellular lipid and glycogen content ¢
reduced following resistance exercise in untrained healthy males. Eur J Appl Physiol 96: 525-534.
View Article « Google Scholar

Bogdanis GC, Nevill ME, Boobis LH, Lakomy HK (1996) Contribution of phosphocreatine and aerobic metabolism to
supply during repeated sprint exercise. J Appl Physiol 80: 876-884.
View Article « Google Scholar

Parolin ML, Chesley A, Matsos MP, Spriet LL, Jones NL, et al. (1999) Regulation of skeletal muscle glycogen phospl
and PDH during maximal intermittent exercise. Am J Physiol 277: E890-E900.
View Article « Google Scholar

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0040621

8/9


http://scholar.google.com/scholar?q=Muscle+glycogenolysis+and+H%2B+concentration+during+maximal+intermittent+cycling.+Spriet+1989
http://scholar.google.com/scholar?q=Physiological+responses+to+heavy-resistance+exercise+with+very+short+rest+period.+Kraemer+1987
http://scholar.google.com/scholar?q=Differential+effects+of+strength+training+leading+to+failure+versus+not+to+failure+on+hormonal+responses%2C+strength%2C+and+muscle+power+gains.+Izquierdo+2006
http://scholar.google.com/scholar?q=Adenine+nucleotide+depletion+in+human+muscle+during+exercise%3A+causality+and+significance+of+AMP+deamination.+Sahlin+1990
http://scholar.google.com/scholar?q=Effect+of+loading+on+unintentional+lifting+velocity+declines+during+single+sets+of+repetitions+to+failure+during+upper+and+lower+extremity+muscle+actions.+Izquierdo+2006
http://scholar.google.com/scholar?q=Accurate+prediction+of+VO2max+in+cycle+ergometry.+Storer+1990
http://scholar.google.com/scholar?q=Percutaneous+needle+biopsy+of+skeletal+muscle+in+physiological+and+clinical+research.+Bergstrom+1975
http://scholar.google.com/scholar?q=Some+recent+refinements+of+quantitative+histochemical+analysis.+Lowry+1971
http://scholar.google.com/scholar?q=Small+accumulation+of+inosine+monophosphate+%28IMP%29+despite+high+lactate+levels+in+latissimus+dorsi+during+transplantation.+Norman+1991
http://scholar.google.com/scholar?q=Some+comments+on+the+histochemical+characterization+of+muscle+adenosine+triphosphatase.+Brooke+1969
http://scholar.google.com/scholar?q=Urate+uptake+and+lowered+ATP+levels+in+human+muscle+after+high-intensity+intermittent+exercise.+Hellsten+1998
http://scholar.google.com/scholar?q=Muscle+metabolism+during+intense%2C+heavy-resistance+exercise.+Tesch+1986
http://scholar.google.com/scholar?q=ATP+and+IMP+in+single+human+muscle+fibres+after+high+intensity+exercise.+Jansson+1987
http://scholar.google.com/scholar?q=Metabolic+response+of+type+I+and+II+muscle+fibers+during+repeated+bouts+of+maximal+exercise+in+humans.+Casey+1996
http://scholar.google.com/scholar?q=Intramyocellular+lipid+and+glycogen+content+are+reduced+following+resistance+exercise+in+untrained+healthy+males.+Koopman+2006
http://scholar.google.com/scholar?q=Contribution+of+phosphocreatine+and+aerobic+metabolism+to+energy+supply+during+repeated+sprint+exercise.+Bogdanis+1996
http://scholar.google.com/scholar?q=Regulation+of+skeletal+muscle+glycogen+phosphorylase+and+PDH+during+maximal+intermittent+exercise.+Parolin+1999

17/7/12019

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43,

44,

Energy Metabolism during Repeated Sets of Leg Press Exercise Leading to Failure or Not

Howlett RA, Parolin ML, Dyck DJ, Hultman E, Jones NL, et al. (1998) Regulation of skeletal muscle glycogen phospl
and PDH at varying exercise power outputs. Am J Physiol 275: R418-R425.
View Article « Google Scholar

Xiao B, Sanders MJ, Underwood E, Heath R, Mayer FV, et al. (2011) Structure of mammalian AMPK and its regulatic
ADP. Nature 472: 230-233. nature09932 [pii];10.1038/nature09932 [doi].

Hancock CR, Brault JJ, Terjung RL (2006) Protecting the cellular energy state during contractions: role of AMP dean
Physiol Pharmacol 57: 17-29.
View Article « Google Scholar

Hardie DG, Carling D (1997) The AMP-activated protein kinase—fuel gauge of the mammalian cell? Eur J Biochem 2
273.
View Article « Google Scholar

Tullson PC, Terjung RL (1991) Adenine nucleotide metabolism in contracting skeletal muscle. Exerc Sport Sci Rev 1
537.
View Article « Google Scholar

Kraemer WJ, Stone MH, O’Bryant HS, Conley MS, Johnson RL, et al. (1997) Effects of single vs. multiple sets of we
training: Impact of volume, intensity, and variation. J Strength Cond Res 11: 143—-147.
View Article « Google Scholar

Sanborn K, Boros R, Hruby J, Schilling B, O’'Bryant HS, et al. (2000) Short-term performance effects of weight trainir
multiple sets not to failure vs. a single set to failure in women. J Strength Cond Res 14: 328-331.
View Article « Google Scholar

Harris RC, Sahlin K, Hultman E (1977) Phosphagen and lactate contents of m. quadriceps femoris of man after exer
Appl Physiol 43: 852—-857.
View Article « Google Scholar

Karlsson J, Diamant B, Saltin B (1970) Muscle metabolites during submaximal and maximal exercise in man. Scand
Lab Invest 26: 385-394.
View Article « Google Scholar

Sahlin K, Harris RC, Hultman E (1975) Creatine kinase equilibrium and lactate content compared with muscle pH in
samples obtained after isometric exercise. Biochem J 152: 173-180.
View Article « Google Scholar

Gollnick PD, Hermansen L (1973) Biochemical adaptations to exercise: anaerobic metabolism. Exerc Sport Sci Rev
View Article « Google Scholar

Hultman E (1967) Studies on muscle metabolism of glycogen and active phosphate in man with special reference to
and diet. Scand J Clin Lab Invest. pp. 1-63.

Spriet LL, Soderlund K, Bergstrom M, Hultman E (1987) Anaerobic energy release in skeletal muscle during electric:
stimulation in men. J Appl Physiol 62: 611-615.
View Article « Google Scholar

Hultman E, Greenhaff PL (1991) Skeletal muscle energy metabolism and fatigue during intense exercise in man. Sci
75: 361-370.
View Article « Google Scholar

Karatzaferi C, de HA, Ferguson RA, van MW, Sargeant AJ (2001) Phosphocreatine and ATP content in human singl
fibres before and after maximum dynamic exercise. Pflugers Arch 442: 467—-474.
View Article « Google Scholar

Nakamaru Y, Schwartz A (1972) The influence of hydrogen ion concentration on calcium binding and release by ske
muscle sarcoplasmic reticulum. J Gen Physiol 59: 22—-32.
View Article « Google Scholar

Juel C (1988) Muscle action potential propagation velocity changes during activity. Muscle Nerve 11: 714-719.
10.1002/mus.880110707 [doi].

Edwards RHT (1981) Human muscle function and fatigue. In: Human Muscle Fatigue: Physiological mechanisms. Lc
Pitman. pp. 1-18.

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0040621

9/9


http://scholar.google.com/scholar?q=Regulation+of+skeletal+muscle+glycogen+phosphorylase+and+PDH+at+varying+exercise+power+outputs.+Howlett+1998
http://scholar.google.com/scholar?q=Protecting+the+cellular+energy+state+during+contractions%3A+role+of+AMP+deaminase.+Hancock+2006
http://scholar.google.com/scholar?q=The+AMP-activated+protein+kinase%E2%80%93fuel+gauge+of+the+mammalian+cell%3F+Hardie+1997
http://scholar.google.com/scholar?q=Adenine+nucleotide+metabolism+in+contracting+skeletal+muscle.+Tullson+1991
http://scholar.google.com/scholar?q=Effects+of+single+vs.+multiple+sets+of+weight+training%3A+Impact+of+volume%2C+intensity%2C+and+variation.+Kraemer+1997
http://scholar.google.com/scholar?q=Short-term+performance+effects+of+weight+training+with+multiple+sets+not+to+failure+vs.+a+single+set+to+failure+in+women.+Sanborn+2000
http://scholar.google.com/scholar?q=Phosphagen+and+lactate+contents+of+m.+quadriceps+femoris+of+man+after+exercise.+Harris+1977
http://scholar.google.com/scholar?q=Muscle+metabolites+during+submaximal+and+maximal+exercise+in+man.+Karlsson+1970
http://scholar.google.com/scholar?q=Creatine+kinase+equilibrium+and+lactate+content+compared+with+muscle+pH+in+tissue+samples+obtained+after+isometric+exercise.+Sahlin+1975
http://scholar.google.com/scholar?q=Biochemical+adaptations+to+exercise%3A+anaerobic+metabolism.+Gollnick+1973
http://scholar.google.com/scholar?q=Anaerobic+energy+release+in+skeletal+muscle+during+electrical+stimulation+in+men.+Spriet+1987
http://scholar.google.com/scholar?q=Skeletal+muscle+energy+metabolism+and+fatigue+during+intense+exercise+in+man.+Hultman+1991
http://scholar.google.com/scholar?q=Phosphocreatine+and+ATP+content+in+human+single+muscle+fibres+before+and+after+maximum+dynamic+exercise.+Karatzaferi+2001
http://scholar.google.com/scholar?q=The+influence+of+hydrogen+ion+concentration+on+calcium+binding+and+release+by+skeletal+muscle+sarcoplasmic+reticulum.+Nakamaru+1972

