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Figueiredo RC, Tourneur Y, Kuang J, Lima-Silva AE, Bishop DJ.
Twice-a-day training improves mitochondrial efficiency, but not mi-
tochondrial biogenesis, compared with once-daily training. J Appl
Physiol 127: 713–725, 2019. First published June 27, 2019; doi:
10.1152/japplphysiol.00060.2019.—Exercise training performed with
lowered muscle glycogen stores can amplify adaptations related to
oxidative metabolism, but it is not known if this is affected by the
“train-low” strategy used (i.e., once-daily versus twice-a-day train-
ing). Fifteen healthy men performed 3 wk of an endurance exercise
(100-min) followed by a high-intensity interval exercise 2 (twice-a-
day group, n � 8) or 14 h (once-daily group, n � 7) later; therefore,
the second training session always started with low muscle glycogen
in both groups. Mitochondrial efficiency (state 4 respiration) was
improved only for the twice-a-day group (group � training interac-
tion, P � 0.05). However, muscle citrate synthase activity, mitochon-
dria, and lipid area in intermyofibrillar and subsarcolemmal regions,
and PGC1�, PPAR�, and electron transport chain relative protein
abundance were not altered with training in either group (P � 0.05).
Markers of aerobic fitness (e.g., peak oxygen uptake) were increased,
and plasma lactate, O2 cost, and rating of perceived exertion during a
100-min exercise task were reduced in both groups, although the
reduction in rating of perceived exertion was larger in the twice-a-day
group (group � time � training interaction, P � 0.05). These findings
suggest similar training adaptations with both training low approach-
es; however, improvements in mitochondrial efficiency and perceived
effort seem to be more pronounced with twice-a-day training.

NEW & NOTEWORTHY We assessed, for the first time, the
differences between two “train-low” strategies (once-daily and twice-
a-day) in terms of training-induced molecular, functional, and mor-
phological adaptations. We found that both strategies had similar
molecular and morphological adaptations; however, only the twice-

a-day strategy increased mitochondrial efficiency and had a superior
reduction in the rating of perceived exertion during a constant-load
exercise compared with once-daily training. Our findings provide
novel insights into skeletal muscle adaptations using the “train-low”
strategy.

carbohydrate; exercise training; glycogen; mitochondria; transmission
electron microscopy

INTRODUCTION

Since the pioneering work of John Holloszy in the 1960s
(23), it has been known that exercise is a potent stimulus to
promote mitochondrial biogenesis (i.e., the generation of new
mitochondrial components leading to increased mitochondrial
content and function) (16). Although the exercise stimulus
appears to be the most important determinant of these changes
in mitochondrial content and function (17, 18, 40), recent
studies have suggested that initiating some training sessions
with reduced muscle glycogen stores, known as the train-low
strategy, can better improve training-induced adaptations in
markers of oxidative metabolism when compared with starting
all training sessions with normal muscle glycogen stores (for
review, see 21, 27). In support of this, it has been reported that
3 wk of continuous cycle exercise [90 to 100 min at ~70% of
peak oxygen uptake (V̇O2peak)] followed 1 to 2 h later with a
high-intensity interval training (HIIT) session, in which the
second training session (i.e., HIIT) always starts with reduced
muscle glycogen, leads to greater increases in citrate synthase
(CS) activity, when compared with traditional training (25, 58).
However, although CS activity is commonly used as an indi-
rect marker of mitochondrial content (35), there is no consen-
sus on its validity when compared with the “gold-standard”
method of transmission electron microscopy (TEM) (40).
Therefore, although increased CS activity following 3 wk of
using the “train-low” approach suggests the potential for this
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kind of training to induce greater increases in mitochondrial
content, this assumption requires confirmation with the more
precise technique of TEM. Furthermore, no study has investi-
gated changes in mitochondrial respiratory function when us-
ing a “train-low” approach; therefore, whether the train-low
strategy produces greater increases in mitochondrial content
and/or respiratory function remains underexplored.

Another issue is that different approaches to reduce pre-
exercise muscle glycogen have been used, and it has not been
determined which train-low model is better to promote mito-
chondria biogenesis [for review, see Impey et al., (27]. One
train-low model is based on performing a first exercise session
to reduce muscle glycogen stores, which is then followed by a
second exercise session 1–3 h later: the so-called “twice-a-day”
approach (9, 20, 25, 41, 58). Another often-used train-low
model is the “sleep-low” or “once-daily” training model (33,
37). In this approach, a first exercise session to reduce muscle
glycogen content is performed in the evening, followed by
either a low carbohydrate (CHO) meal or an overnight fast and
a second training session the next day (~11- to 14-h interval
between the two training sessions).

Although both train-low approaches involve starting the
second exercise session with reduced muscle glycogen stores,
an important difference between the two strategies is the close
proximity of the two training sessions with the twice-a-day
approach. This could potentiate the exercise-induced increase
in genes related to mitochondrial biogenesis in the second
session, which suggests that better training adaptations with
this strategy might not only be linked to starting the second
exercise session with reduced muscle glycogen but could also
be influenced by the proximity of the previous exercise session.
In support of this assumption, we have recently observed
greater exercise-induced increases in the mRNA expression for
the isoforms related to mitochondrial biogenesis (e.g., PGC1�,
PGC1�1, PGC1�4, PPAR�, and PPAR�/� mRNAs) during a
second exercise session with the twice-a-day compared with
the once-daily approach even though starting muscle glycogen
levels were the same (1). As training-induced adaptations have
been proposed to be associated with cumulative, transient
increases in mRNA expression (47), it could be hypothesized
that performing two training sessions in close proximity may
result in greater mitochondrial adaptations than when the same
two training sessions are performed on separate days. How-
ever, to date, this hypothesis has not been tested. Therefore, the
aim of present study was to assess whether the magnitude of
the molecular, functional, and morphological adaptations
linked to mitochondrial biogenesis differ between these two
types of train-low strategies.

MATERIAL AND METHODS

Participants

Fifteen healthy men (26.2 	 5.3 yr, 179 	 7 cm, and 75.8 	 10.6
kg) volunteered to participate in this study, after they had been
informed about the possible risks involved in the procedures. None of
the participants were tobacco smokers or used dietary supplements.
Participants were advised to avoid any other physical activity from 48
h before the initial test and throughout the study. The Ethics Com-
mittee of the Federal University of Pernambuco approved all proce-
dures for this study, which were conducted according to the principles
expressed in the Declaration of Helsinki. All participants provided

written informed consent to participate in the study on their first
testing day.

Study Design

An overview of the experimental design is shown in Fig. 1. The
study was divided into three phases: 1) pretraining, 2) training, and 3)
posttraining.

Phase 1: pretraining. During the first visit, anthropometric mea-
sures were performed to determine body mass, height, and percentage
body fat. The body fat percentage was calculated using the skinfolds
at the chest, abdomen, and thigh (28). A biopsy of the vastus lateralis
muscle was then performed, with local anesthesia under the skin and
fascia (Lidocaine 2%), using the percutaneous Bergström biopsy
needle technique adapted for manual suction (13). The biopsy samples
were quickly separated into three portions. The first portion (~4 mg)
was immediately immersed in fixative for later structural analysis of
mitochondria and lipids by TEM. The second portion (~50 mg) was
immediately (within 10 to 15 s) snap-frozen in liquid nitrogen for
subsequent analysis of relative protein abundance, CS and �-HAD
activity. The third portion (~15 mg) was immediately immersed in
ice-cold preservation solution (BIOPS) for mitochondrial respiration
analysis. The pre- and posttraining biopsies were performed at the
same time of day (	 1 h) and with similar pretest nutrition (see
Nutritional control before tests). Participants then rested for 10 min
and performed a graded exercise test (GXT) until exhaustion on a
cycle ergometer (Ergo Fit 167, Pirmansens, Germany) for determina-
tion of V̇O2peak, peak power output (PPO), and the first (LT1) and
second (LT2) lactate threshold. After the GXT, participants rested for
30 min and were familiarized with the 48-kJ cycling time-trial (48-kJ
TT) procedures. The familiarization with the TT was performed 3
times, on the same cycle ergometer, with a 20-min interval between
each trial. Forty-eight hours later, participants returned to the labora-
tory and performed a 100-min constant-load exercise at the intensity
corresponding to 50% of the difference between LT1 and LT2 (
50),
followed by a 5-min rest and then a 48-kJ TT.

Phase 2: training. Participants were matched for physical fitness
(PPO, V̇O2peak, and LT1 and LT2) and allocated to one of two
experimental groups. One group (n � 8) trained twice-a-day, three
times a week, whereas another group (n � 7) trained once-daily, six
days a week. Both groups trained for 3 wk, based on previous research
that has reported this duration is sufficient to observe significant
changes in CS activity, cytochrome c oxidase subunit IV content, and
exercise performance (25, 58). The training protocol consisted of a
combination of two types of training. The first training session was an
endurance exercise to reduce muscle glycogen stores. The second
training session involved HIIT. The group training twice-a-day per-
formed the two training sessions on the same day, with 2 h between
each session. The group training once-daily performed the first train-
ing session (endurance exercise) in the evening and the second
training session (HIIT) on the morning of the next day (14 h between
each session). We have previously observed that both types of training
result in a similar reduction in muscle glycogen stores (1). Participants
only performed the prescribed training and followed a strict dietary
plan throughout the study (see Endurance HIIT Sessions and Nutri-
tional Control During the Training).

Phase 3: posttraining. Posttraining measurements were performed
in an identical manner as pretraining. To minimize any acute exercise
effect on the skeletal muscle responses (12, 39), the posttraining
muscle biopsy was performed 48 h after the last training session. As
the posttraining muscle biopsy was performed 3 wk after the pretrain-
ing muscle biopsy, which provides sufficient time to recover from any
disturbances to myocellular signaling pathways provoked by muscle
biopsy per se (19, 54, 55), the posttraining muscle biopsy was
performed on the same leg of the pretraining muscle biopsy 2 to 3 cm
above the first incision. Thus, a potential effect of comparing molec-
ular adaptations from different legs was avoided. Ten minutes after
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the biopsy participants performed a GXT, and 48 h later the 100-min
constant-load exercise at the same absolute pretraining intensity
followed by the 48-kJ TT. All experimental tests and training sessions
were performed in a thermoneutral environment (21.3 	 1.3°C,
40.5 	 5.1% relative humidity; Fig. 1).

Nutritional Control Before Tests

Participants completed a food record describing time, food prepa-
ration, and quantity of each meal consumed during the 24 h before
both the first and second pretraining test days. They were instructed to
repeat the same food consumption (breakfast, lunch, and dinner)
during the 24 h before both posttraining test days. The pre- and
posttraining tests and muscle biopsy were performed in the afternoon,
	 3 h after the last meal. Participants were instructed to refrain from
alcohol and caffeine consumption for 24 h preceding each test.

GXT

The test began at a work rate of 50 watts (W), followed by 25 W
increments every 4 min, with a 1-min recovery between stages. Partici-
pants maintained a pedal frequency between 70 and 80 rev/min through-
out the test. The test was stopped when participants failed to maintain the
pedal frequency within the requested range. Participants wore a face-
mask, and O2 uptake (V̇O2), CO2 production (V̇CO2), and ventilation (V̇E)
were recorded breath-by-breath with an automatic gas analyzer (Cortex
Metalyzer 3B, Cortex Biophysik, Leipzig, Germany). The O2 and CO2

concentrations were analyzed using electrochemical cell and infrared
analyzers, respectively, which were calibrated with gases of known
concentration before each test. The volume transducer was calibrated
using a 3-L syringe. The heart rate (HR) was recorded using an HR

monitor (Polar T 31/34, Kempele, Finland). A capillary blood sample (40
�L) was also collected from the ear lobe at the end of each 4-min bout
for subsequent lactate determination.

The blood samples were transferred to microtubes containing 10
�L of EDTA and centrifuged at 1,500 g for 10-min at 4°C (Hermle
Labortechnik GmbH, Germany) for plasma separation from red and
white cells. The plasma lactate concentration was analyzed in dupli-
cate in a Spectrophotometer (Biospectro, SP-22, Curitiba, Brazil)
using a commercial kit (Labtest, Lagoa Santa, Brazil).

Breath-by-breath V̇O2 values were converted to 30-s averages, and
V̇O2peak was determined when two or more of the following criteria
were met: an increase in V̇O2 of less than 2.1 mL·kg�1·min�1 on two
consecutive stages, a respiratory exchange ratio (RER) greater than
1.1, a blood lactate concentration higher than 8.0 mmol/L, and an
HR 	 10 beats/min of the maximal age-predicted HR (24). The peak
HR was defined as the highest value obtained at the end of the test.
The PPO was calculated from the last stage of work completed, added
to the fractional time of the last incomplete stage multiplied by the
increment (25 W) (32). To determine the LT1, the power output
preceding the first increase in lactate concentration above the resting
level was visually identified. Two independent investigators deter-
mined LT1; in the case of disagreement, a third investigator was
consulted. The LT2 was determined by the modified Dmax method.
The curve of the lactate-power was adjusted with a third-order
polynomial regression curve, and the first and last points (i.e., LT1
and final lactate point) were connected with a straight line. The
LT2 was determined by the point on the polynomial regression
curve that produced the maximal perpendicular distance to the
straight line (3, 4).

Fig. 1. Overview of the study design. The posttraining 
50 test was performed at the same absolute pretraining workload. 
50 � 50% of the difference between
the first and second lactate threshold; BC, body composition; F, familiarization; GXT, graded exercise test; HR, heart rate; R, rest; RER, respiratory exchange
ratio; RPE, rating of perceived exertion; TT, 48-kJ time-trial; V̇E, ventilation; V̇O2, oxygen uptake.
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100-Min Constant-Load Endurance Test and 48-kJ TT

Participants warmed up at 90% of LT1 for 5 min and then started
a 100-min constant-load endurance test at 
50 (the intensity corre-
sponding to 50% of the difference between LT1 and LT2), maintain-
ing a pedal revolution between 70 and 80 rev/min throughout the test.
The rating of perceived exertion (RPE) was assessed at 15, 25, 75, and
100 min of exercise. Gas exchange was measured for 5 min at 15, 25,
75, and 100 min of exercise. The same absolute power was used pre-
and posttraining.

After the test, participants rested for 5 min and were then required
to complete a 48-kJ TT as quickly as possible. Participants were
blinded to elapsed time but were able to see their accumulated work
and instantaneous power.

The HR, RPE, V̇O2, V̇E, V̇CO2, and RER at rest and during the
constant-load exercise (10, 25, 50, 75 and 100 min) were calcu-
lated using the mean values of the last 5 min. Oxygen cost was
calculated by dividing the mean V̇O2 (mL/min) during the entire
test by the work rate measured in watts (W) and expressed as
mL·min�1·W�1 (57). The fat and CHO oxidation rates (g/min)
were calculated using standardized equations (29).

Endurance Training Session

After a standardized, 5-min warm-up at 90% of LT1 (twice-a-day:
79 	 11 W and once-daily: 86 	 16 W, P � 0.05), participants cycled
at 
50 (twice-a-day: 128 	 22 W and once-daily: 131 	 15 W, P �
0.05) for 100 min. After a 5-min rest, to reduce the muscle glycogen
content of type II muscle fibers further, 6 � 1-min intermittent
exercise bouts, interspersed with 1 min of passive rest, were per-
formed at 125% of PPO (twice-a-day: 296 	 45 W and once-daily:
295 	 27 W, P � 0.05). Participants maintained a pedaling frequency
between 70 and 80 rev/min during the entire session. The same power
was maintained for every training session. This protocol has been
observed to reduce muscle glycogen content by ~45% (1).

HIIT Session

The HIIT consisted of a 5-min warm-up at 90% of LT1, followed
by 10 � 2-min at an intensity corresponding to 20% of the difference
between LT2 and PPO (twice-a-day: 182 	 34 W and once-daily:
179 	 19 W, P � 0.05), with a 1-min passive recovery between the
bouts (11). Participants maintained a pedaling frequency between 70
and 80 rev/min during each bout. The same power was maintained for
every training session.

Nutritional Control During the Training

Participants received a list of all meals to be followed during the
training period and were asked to send photographs of key meals to a
nutritionist. For the once-daily group, the meals before the endurance
exercise session (breakfast, lunch, and snack) were set up respecting
each individual’s habitual diet (45%–65% CHO, 10%–35% protein,
and 20%–35% lipids) (53). Participants consumed a standardized,
low-CHO meal (7% CHO, 60% lipids, and 33% protein) 2 h before each
endurance exercise session (~5 PM). The endurance training session
occurred on Mondays, Wednesdays, and Fridays (starting at 7 PM and
ending at 9 PM). After training, participants consumed an amount of
water equivalent to 150% of the body mass lost to prevent dehydration
(52) and then fasted until the following morning (Tuesday, Thursday, and
Saturday mornings). They ate a standardized, low-CHO breakfast (7%
CHO, 60% lipids, and 33% proteins) at ~5 AM to avoid muscle (1) and
hepatic glycogen resynthesis (45). Participants started the HIIT session
(~11 AM) after an additional ~6 h fast (Fig. 1).

The twice-a-day group followed the same dietary pattern as the
once-daily group, conserving the same composition and meal sched-
ule in the day before the training (low-CHO meal ~5 PM). On the
training day, after a 12-h fast, a standardized breakfast was provided
(~5 AM) with a low-CHO content (7% CHO, 60% lipids, and 33%

protein); participants fasted for a further ~2 h and then performed the
endurance training session (~7 AM). They consumed an amount of
water equivalent to 150% of the body mass lost, rested for further 2
h, and then performed the HIIT session (~11 AM). Both the endurance
and HIIT training sessions were performed on Tuesdays, Thursdays,
and Saturdays.

To accelerate muscle glycogen recovery, participants in both
groups drank a beverage containing 1.2 g/kg body mass of CHO  0.4
g/kg of protein immediately after completing the HIIT (~12 PM) (Fig.
1) (2, 56). They also consumed high CHO meals at 12:30 PM, 3 PM,
and 6 PM (75% CHO, 10% lipids, and 15% proteins).

Mitochondria Respiration

Mitochondrial oxygen consumption was measured using a Clark
oxygen electrode (Hansatech Instruments, Pentney King’s Lynn, UK) (6,
22, 51). The muscle fibers (4.19 	 0.18 mg wet wt) were immersed in a
biopsy preservation solution (BIOPS: 2.77 mmol/L CaK2EGTA, 7.23
mmol/L K2EGTA, 5.77 mmol/L Na2ATP, 6.56 mmol/L MgCl2·6H2O,
20 mmol/L taurine, 50 mol/L 2-(N-morpholino)ethanesulfonic acid hy-
drate (MES), 15 mmol/L Na2phosphocreatine, 20 mmol/L imidazole, and
0.5 mmol/L dithiothreitol (DTT), pH 7.1) (48) and mechanically dis-
sected using forceps. Saponin (50 �g/mL, Sigma) was used to perme-
abilize the plasma membrane by gentle shaking for 30 min in BIOPS at
4°C. The saponin was then removed by rinsing the fibers for three 10-min
intervals at 4°C in 5 mL MiR05 medium (0.5 mmol/L EGTA, 3 mmol/L
Cl2.6H2O, 60 mmol/L potassium lactobionate, 20 mmol/L taurine, 10
mmol/L KH2PO4, 20 mmol/L HEPES, 110 mmol/L sucrose, and 1 g/L
bovine serum albumin, pH 7.1) (6, 48). Mitochondrial respiration was
measured in duplicate in MiR05 at 37°C based on previously described
methods (6). Cytochrome c was added to confirm mitochondrial integrity
as a quality control measure. A low oxygen consumption rate (state 2)
was left over a 5-min period by using 5 mM pyruvate plus 2 mM malate.
Then, 5 mM ADP was injected into the chamber, resulting in an increase
in respiration (state 3). After 5 min of state 3 respiration, respiration was
inhibited using 70 �M atractyloside (inhibitor of mitochondrial inner
membrane ATP/ADP exchange) as an estimate of state 4 respiration. The
respiratory control ratio (RCR) was calculated as the ratio between state
3 (with ADP in excess) and state 4 (respiration inhibited). State 4
respiration and RCR were used as indicators of mitochondrial efficiency
(7, 30).

TEM

Muscle samples were fixed overnight in a solution containing 2.5%
glutaraldehyde and 4% paraformaldehyde in 0.1 mol/L cacodylate buffer.
After fixation, the samples were washed twice in the same buffer,
postfixed in a solution containing 1% OsO4, 5 mmol/L CaCl2 and 0.8%
(K4Fe(CN)6 in 0.1 mol/L cacodylate buffer, pH 7.2, dehydrated in
acetone, and embedded in Embed 812 (Electron Microscopy Science,
Washington, PA). Polymerization was carried out at 60°C for 3 days (50).
Ultrathin sections were collected on 300 mesh nickel grids, counter-
stained with 5% uranyl acetate and lead citrate and examined with a FEI
Tecnai G2 Spirit Biotwin (North America 361 NanoPort, Hillsboro, OR)
TEM. All the longitudinally oriented fibers were photographed by an
independent observer who was blind to training status and group at
�20,000 magnification in a randomized systematic order, including 12
images from the subsarcolemmal region and 12 images from the myofi-
brillar region [6 central intermyofibrillar (IMF) and 6 superficial IMF].
This blinded investigator also analyzed the lipid droplets and mitochon-
drial fragments using ImageJ software to calculate total mitochondria and
lipid droplet area. The mitochondria and lipid area from IMF and
subsarcolemmal (SS) region were expressed relative to the myofibrillar
area and the surface area of the fibers (43, 44). The reference for SS space
quantification was the cytoplasmic space between the sarcolemma and
the first layer of myofibrils (43, 44).
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CS Activity

CS activity was determined according to a previous report (17). CS
activity was determined spectrophotometrically at 30°C by measuring
the appearance of the CoA-SH [acetyl-CoA  oxaloacetate  H2O
↔ citrate  CoA-SH  H (side reaction: CoA-SH  5,5=-dithiobis-
(2-nitrobenzoic acid) ¡ mercaptide ion)]. The diluted muscle homog-
enates were used for the assay. Homogenates for CS activity were
prepared (40 �L of 3 mM acetyl-CoA, and 25 �L of 1 mM 5,59-
dithiobis (2-nitrobenzoic acid) and added to 165 �L 100 mM Tris
buffer (pH 8.3) kept at 30°C. CS activity was determined in triplicate
on a microtiter plate by adding 5 �L of 8 mg/mL muscle homogenate.
After addition of 15 �L of 10 mM oxaloacetic acid, the plate was
immediately placed in an xMark-Microplate Spectrophotometer (Bio-
Rad Laboratories, Hercules, CA) at 30°C, and after 30 s of linear
agitation, absorbance at 412 nm was recorded every 15 s for 3 min. CS
activity were expressed as moles per hour per kilogram protein.

�-Hydroxyacyl-CoA Dehydrogenase Activity

�-Hydroxyacyl-CoA dehydrogenase (�-HAD) activity was deter-
mined spectrophotometrically at 30°C by measuring the disappear-
ance of NADH (AcAcCoA  NADH¡NAD  alcohol �-HAD).
Homogenates for �-HAD activity were prepared in a buffer [HEPES
5 mM (pH 8.7), EGTA 1 mM, DTT 1 mM, and 0.1% Triton X-100
(pH 8.3)] kept at 30°C. �-HAD activity was determined in triplicate
on a microtiter plate by adding 25 �L of muscle homogenate. After
addition of 5 �L AcAcCoA, the plate was immediately placed in an
xMark-Microplate Spectrophotometer (Bio-Rad) at 30°C, and after 30
s of linear agitation, absorbance at 340 nm was recorded every 15 s for
3 min. �-HAD activity was expressed as mmoles per hour per
kilogram protein.

Quantitative Western Blot Analysis

Approximately 20 mg of frozen muscle tissue was homogenized
using a TissueLyser II (Qiagen, Valencia, CA) in a 1:20 dilution of
ice-cold radioimmunoprecipitation assay (RIPA) buffer (pH 7.4) con-
taining: 0.15 mol/L NaCl, 1% Triton-X100, 0.5% sodium deoxy-
cholate, 0.05 mol/L Tris, 0.1% SDS, 0.1 mol/L EDTA, 1% protease
inhibitor cocktail (cat. no. P-8340, Sigma-Aldrich, St. Louis, MI), and
phosphatase inhibitor cocktail (cat. no. P-5726, Sigma-Aldrich). Ho-
mogenates were rotated end-over-end for 60-min at 4°C, and the
supernatant (i.e., crude cytosolic) was then collected and the pellet
discarded. Protein content of muscle homogenates was measured in
triplicate using a Bradford assay (Bio-Rad protein assay dye reagent
concentrate, Bio-Rad) against bovine serum albumin standards (cat.
no. A-9647, Sigma-Aldrich). The coefficient of variation for the
protein assay was lower than 5%.

RIPA-buffered homogenate was diluted in 4X Laemmli buffer
(0.25 mol/L Tris, 8% SDS, 40% glycerol, 0.04% bromophenol blue,
20% 2-mercaptoethanol) and equal amounts of total protein (10–20
�g) were loaded on Criterion 4%–20% TGX Stain-Free Precast Gels

or 12% TGX Stain-Free gels casted using a FastCast Acrylamide kit
(Bio-Rad). All samples for a participant were loaded in adjacent lanes
on the same gel. Four to six different dilutions of a mixed-homogenate
internal standard were also loaded on each gel and a calibration curve
plotted of density against protein content. From the subsequent linear
regression equation protein abundance was calculated from the mea-
sured band intensity for each sample on the gel (42). Gel electropho-
resis ran for 90 min at 80 to 150 V. Proteins were turbo-transferred to
a 0.2-�m PVDF membrane at 25 V for 10 min. Membranes were
blocked for 60 min at room temperature in 5% nonfat dry milk diluted
in Tris-buffered saline with 0.1% Tween-20 (TBST). Membranes
were then washed in TBST and incubated overnight at 4°C with the
appropriate primary antibody: monoclonal anti-PGC-1 (Cell Signaling
Technology catalog no. 2178), rabbit polyclonal anti-PPAR� (cat. no.
ab-24509), antibody cocktail anti-OXPHOS Complex I-V (ab110411)
diluted (1:1,000) in 5% BSA, and 0.02% sodium azide in TBST.
Following TBST washes the membranes were incubated in the rele-
vant secondary antibody, goat anti-rabbit IgG (Perkin Elmer/
NEF812001EA), diluted (1:10,000) in 5% nonfat dry milk in TBST
for 60 min at room temperature. After further washes, membranes were
incubated in chemiluminescent solution (1.25 mmol/L 294 luminol, 0.2
mmol/L �-coumaric acid, 100 mmol/L Tris pH 8.5, 0.009% H2O2) for 2
min, and images were taken with a ChemiDoc Imaging System fitted
(Bio-Rad). Densitometry was performed with Image Laboratory 5.0
software (Bio-Rad). See Supplemental Fig. S1 for representative Western
blots (https://doi.org/10.6084/m9.figshare.8251343.v1).

Table 1. Nutritional analysis for the main meals during the training period for both the twice-a-day and once-daily groups

Energy, Kcal CHO, % Protein, % Lipid, %

Twice-a-day
Normal CHO meals 1,998.6 	 289.3 54.1 	 3.1 19.8 	 3.1 26.1 	 3.0
Low CHO meals 1,666.9 	 255.6 7.0 	 0.0 33.0 	 0.0 60.0 	 0.0
High CHO meals 3,068.1 	 340.9 75.0 	 0.0 16.7 	 0.2 8.4 	 0.2

Once-daily
Normal CHO meals 1,697.7 	 503.9 60.4 	 6.2 16.0 	 3.7 23.6 	 6.6
Low CHO meals 1,582.9 	 60.5 7.0 	 0.0 33.0 	 0.0 60.0 	 0.0
High CHO meals 2,992.0 	 565.8 75.0 	 0.0 16.6 	 0.3 8.4 	 0.3

Values are means 	 SD. Macronutrient composition is presented as % of total calorie intake. Normal CHO meals (breakfast  lunch of day 1); low-CHO
meals (dinner of day 1  breakfast of day 2); high CHO meals (drink  lunch  dinner of day 2). There were no significant differences between groups (P �
0.05). CHO, carbohydrate.

Table 2. Body composition and aerobic fitness parameters
before and after the three weeks exercise training program
in both experimental groups

Twice-a-day Once-daily

Pretraining Posttraining Pretraining Posttraining

Body mass, kg* 78.8 	 12.8 77.8 	 12.9 72.5 	 7.0 71.7 	 8.0
Body fat, %* 14 	 4 12 	 3 13 	 5 12 	 3
Fat mass, kg* 11.1 	 5.1 9.3 	 3.2 9.6 	 3.6 9.0 	 4.5
Fat-free mass, kg 67.6 	 8.6 67.3 	 10.0 62.9 	 7.2 62.7 	 6.8
PPO, W* 237 	 36 270 	 42 235 	 22 265 	 24
V̇O2peak, mL·kg�1·

min�1* 36.1 	 4.3 39.2 	 5.5 37.9 	 7.8 40.2 	 6.5
V̇O2peak, L/min 2.8 	 0.4 3.0 	 0.5 2.7 	 0.6 2.9 	 0.6
[Lac]peak, mmol/L* 9.5 	 2.4 11.3 	 3.0 10.5 	 1.3 11.0 	 1.5
LT1, W* 88 	 13 138 	 33 96 	 17 132 	 12
LT1, L/min* 1.4 	 0.2 1.8 	 0.4 1.4 	 0.3 1.6 	 0.3
LT2, W* 167 	 34 201 	 41 164 	 19 201 	 18
LT1, L/min* 2.1 	 0.4 2.5 	 0.5 2.0 	 0.5 2.4 	 0.5

Values are means 	 SD. [Lac]peak, peak of plasma lactate concentration;
LT1, first lactate threshold; LT2, xecond lactate threshold; PPO, peak power
output; V̇O2peak, peak oxygen uptake. *Main effect of training, P � 0.05.
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Statistical Analysis

Statistical analysis was performed using the GraphPad Prism soft-
ware version 7.0a. All data were checked for normality by the
Kolmogorov-Smirnov test. To investigate the effect of training and
group on all dependent variables, a two-way mixed-model ANOVA

was used [factors: training (pre- and posttraining) and group (twice-
a-day and once-daily)]. Changes in parameters measured during the
100-min constant-load endurance test were assessed using three-way
mixed-model ANOVA [factors: time (rest, 15, 25, 50, 75, 100 min),
training (pre- and posttraining), and group (twice-a-day and once-
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Fig. 2. Physiological responses during the 100-min endur-
ance test pre- and posttraining for the twice-a-day and the
once-daily groups. HR (A), V̇CO2 (B), V̇E (C), RER (D),
V̇O2 (E), RPE (F), fat oxidation (G), CHO oxidation (H),
O2 cost (I), 
Lactate (J). Values are mean 	 SD *Signif-
icant main effect of training (P � 0.05) for V̇E, V̇O2, V̇CO2,
HR, RPE, fat and CHO oxidation rates, O2 cost, and

Lactate. #Significant group � training � time interaction
(P � 0.05) for RPE. 
Lactate, lactate accumulated above
rest; CHO, carbohydrate; HR, heart rate; RPE, rating of
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ventilation; V̇O2, oxygen uptake.
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daily)]. The post hoc analysis was performed using Bonferroni test.
Significance was set at P � 0.05. Values are expressed as mean 	 SD.

RESULTS

Dietary Control

Participants adhered to the prescribed dietary protocols, and
there was a similar mean energy intake and macronutrient
distribution (all P � 0.05) between the groups (Table 1).

Body Composition

The baseline parameters of body composition were similar
between the groups at pretraining (all P � 0.05, Table 2).
There was a significant but similar reduction in body mass and
fat mass in both groups posttraining (main effect of training,
P � 0.04 and P � 0.05, respectively). No significant alteration
in fat-free mass was observed with training in either group
(main effect of training, P � 0.37).

GXT

The baseline parameters obtained in the GXT test were
similar between groups at pretraining (all P � 0.05, Table 2).
There was a main effect of training for PPO (P � 0.01),
V̇O2peak (P � 0.05), peak blood lactate concentration (P �
0.01), and power at LT1 (P � 0.01) and LT2 (P � 0.01) but
without an effect of group (all P � 0.05) or a training � group
interaction (all P � 0.05).

100-Min Constant-Load Endurance Test and Time Trial

Pretraining V̇E, V̇O2, V̇CO2, HR, fat and CHO oxidation rates,
oxygen cost, and plasma lactate were similar between groups
(all P � 0.05, Fig. 2), and all were reduced with training (main
effect of training, all P � 0.05), without an effect of group (all
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Fig. 3. Average power during the 48-kJ time-trial for both the twice-a-day and
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P � 0.05) or a training � group interaction (all P � 0.05).
There was no training (P � 0.09), group (P � 0.58), or a
training � group interaction effect (P � 0.56) for RER (Fig.
2). However, there was a group � time � training interaction
for RPE (P � 0.01); the RPE responses over time were more
attenuated with training in the twice-a-day than in the once-
daily group (Fig. 2).

Average power during the pretraining 48-kJ TT was similar
between groups (212.3 	 29.8 W vs. 191.5 	 78.1 W, P �
0.05, Fig. 3) and increased similarly with training in both the
once-daily (280.7 	 21.9 W, 34 	 17%) and the twice-a-day
(273.6 	 64.9 W, 51 	 30%) groups (main effect of training,
P � 0.01), without an effect of group (P � 0.61) or a
training � group interaction (P � 0.43).

TEM, CS Activity and �-HAD Activity

An example of TEM images illustrating differences between
the IMF and SS regions is provided in Fig. 4, A and B. There was
no difference between groups at pretraining for the mean total area
of mitochondria and lipid droplets in both the SS and IMF regions
(all P � 0.05, Fig. 4, C–F), and 3 wk of exercise training did not
change any of these measures (main effect of training, all P �
0.05). Consistent with the TEM findings, there were no pretrain-
ing differences between the groups for CS activity (P � 0.05, Fig.
5A) and no significant changes with training (main effect of
training, P � 0.61). There was no main effect of training (P �
0.22) or a training � group interaction (P � 0.87) for �-HAD
activity; however, there was a main effect of group (P � 0.01)

with higher values for once-daily compared with twice-a-day
(Fig. 5B).

PGC1�, PPAR�, and Electron Transport Chain Proteins

There were no pretraining differences between the groups
for PGC1�, PPAR�, and electron transport chain protein
content (all P � 0.05, Fig. 6). Three weeks of training was not
sufficient to increase PGC1� or PPAR� relative protein abun-
dance (main effect of training, P � 0.52 and P � 0.20,
respectively). Similarly, there was no training, group, or train-
ing � group interaction (all P � 0.05) for subunits of the
electron transport chain proteins (complex I to IV).

Mitochondrial Respiration

There were no pretraining differences between the groups
for parameters of mitochondrial respiration (all P � 0.05, Fig.
7). Training had no effect on state 2 (Malate/Pyruvate) or state
3 (ADP) respiration in both groups (P � 0.59 and P � 0.74,
respectively). However, state 4 respiration decreased in the
twice-a-day group (pre: 4.5 	 0.8 nmolO2·mL�1·min�1·mg
wet wt�1 and post: 2.6 	 0.9 nmolO2·mL�1·min�1·mg wet
wt�1), with no effect in the once-daily group (pre: 3.4 	 1.3
nmolO2·mL�1·min�1·mg wet wt�1 and post: 3.9 	 1.0
nmolO2·mL�1·min�1·mg wet wt�1) (group � training interac-
tion, P � 0.01). A similar pattern was observed for the
RCR � state 3/state 4), in which the RCR increased with
twice-a-day training (pre: 5.1 	 1.1 and post: 10.8 	 3.7), but
there was no effect with once-daily training (pre: 7.7 	 2.4 and
post: 5.8 	 1.7) (group � training interaction, P � 0.01).
When the respiration was expressed relative to CS activity, a
marker of mitochondrial content (35), state 4 respiration was
significantly reduced in the twice-a-day group (pre: 1.5 	 0.4
nmolO2·mL�1·min�1·mg wet wt�1 and post: 0.8 	 0.3
nmolO2·mL�1·min�1·mg wet wt�1), with no effect in the
once-daily group (pre: 1.0 	 0.3 nmolO2·mL�1·min�1·mg wet
wt�1 and post: 1.3 	 0.6 nmolO2·mL�1·min�1·mg wet wt�1)
(group � training interaction, P � 0.01). There were no
differences for state 2 or state 3 respiration normalized to CS
activity (P � 0.68 and P � 0.90, respectively).

DISCUSSION

For the first time, to our knowledge, we have investigated
the effect of two different train-low models on training-induced
changes in mitochondria content, using the gold-standard TEM
technique, and on mitochondria respiration. In addition, we
also explored whether body composition, parameters of aero-
bic fitness, exercise-induced physiological responses, exercise
performance, and relative protein abundance changes with
training were dependent of the train-low model used. Three
weeks of twice-a-day or once-daily training led to 1) similar
reductions in body mass and body fat, and similar increases in
markers of aerobic fitness; 2) similar attenuation of physiolog-
ical responses during a submaximal, constant-load exercise and
similar increases in subsequent time trial performance; and 3)
no changes in mitochondrial and lipid droplet content, CS
activity, or relative protein abundance of PGC1�, PPAR�, and
the electron transport chain components (complex I-V). How-
ever, a reduction in state 4 respiration, which is indicative of
improved mitochondrial efficiency (7, 30, 34), and a conse-
quent increase in the RCR, was only found in the twice-a-day
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group. In addition, the RPE during a submaximal, constant-
load exercise task was reduced to a greater extent in the
twice-a-day group.

In the present study, both groups performed the same train-
ing volume and had a similar energy intake and macronutrient
distribution during the training period (Table 1). Furthermore,
our previous findings with an identical diet and exercise regi-
men indicate that the first endurance training session was
successful to reduce muscle glycogen and that the second
training session starts with similar reduced levels of muscle
glycogen in both train-low models (~260 mmol/kg wet mass
(1). It has recently been proposed that for the train-low ap-
proach to be effective and to induce greater molecular adapta-

tions, the second training session should start with muscle
glycogen values lower than 300 mmol/kg wet mass (26).
Therefore, our approach allowed us to isolate the effects of
reduced muscle glycogen levels from the proximity of the two
exercise sessions on training-induced adaptations.

Our results indicate that regardless of the training model, a
3-wk train-low program is sufficient to reduce body mass and
body fat and to increase markers of aerobic fitness (V̇O2peak and
lactate thresholds) (Table 2). The improvement in these endur-
ance-related parameters was accompanied by a significant
attenuation in cardiorespiratory responses (V̇E, V̇O2, V̇CO2, HR,
and O2 cost) to a submaximal, constant-load exercise (Fig. 2),
with a subsequent improvement in time trial performance (Fig.
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3). These results indicate that anthropometric, cardiorespira-
tory, metabolic, and performance improvements were similar
between the twice-a-day and once-daily training models. Al-
though it is not possible to compare these findings with
previous studies directly, as no other study has directly com-
pared different train-low models, it has been reported that body
fat is reduced after either twice-a-day (15) or once-daily (37)
training. Additionally, time trial performance has been ob-
served to increase following either twice-a-day (9) or once-
daily (37) training. In response to a submaximal exercise task,
both HR and blood lactate have been reported to decrease after
twice-a-day training (15); although no decrease in HR or blood
lactate was reported after once-daily training, there was a
reduction in O2 cost (37). Therefore, our results indicate that
both twice-a-day and once-daily approaches are similarly ef-
fective to promote anthropometric, cardiorespiratory, and met-
abolic adaptations, with a subsequent similar improvement in
exercise performance.

An interesting and unexpected result was that the twice-a-
day training resulted in a greater decrease in the RPE during
the constant-load exercise, when compared with once-daily
training (Fig. 2). Based on our data, it is difficult to explain the
reason for this greater reduction in the perception of exertion
for the twice-a-day group. However, one difference between
the two approaches is that the once-daily group had 14 h to

recover between the endurance exercise (first training session)
and the HIIT (second training session) during the training
period, whereas the twice-a-day group had only 2 h for recov-
ery between these two training sessions. It is likely, therefore,
that the twice-a-day group performed every second training
session (HIIT) with greater central and/or peripheral fatigue
and ultimately with increased perceived effort (49). This
greater “overall stress” for the participants of the twice-a-
day group may have improved their ability to tolerate
discomfort, leading to a greater reduction in perceived
exertion for the same absolute load after training. Reduced
central fatigue development and perceived effort during
exercise seems to be an important adaptation to a 6-wk HIIT
program and might contribute to the improved posttraining
endurance performance (46).

To our knowledge, this is the first study using TEM, con-
sidered the gold standard to measure mitochondrial content, to
address the effects of different train-low approaches on mito-
chondrial and lipid content and localization. As 2–3 wk of the
train-low strategy has been associated with increased CS ac-
tivity (20, 58), considered an indirect marker of mitochondrial
biogenesis (35), we hypothesized that there would be an
increase in mitochondrial content as measured by TEM in our
study. Contrary to our hypothesis, 3 wk of train-low training
did not alter mitochondria or lipid content (Fig. 4). There were
also no significant changes in CS activity (Fig. 5). It is unclear
why we did not observe an increase in mitochondrial content or
CS activity. However, previous studies reporting significant
increases in CS activity following similar train-low training
programs have used much greater volumes of HIIT (20, 58),
and it has previously been reported that changes in CS activity
are correlated with training volume (5, 16). Thus, it may be that
our HIIT volume was not sufficient to promote a significant
increase in mitochondrial content.

Consistent with the TEM and CS activity data, we observed
no effect of training on PGC1�, complex I-V, �-HAD activity,
or PPAR� protein content (Fig. 6). Previous studies investi-
gating the effect of different train-low strategies on PGC1�
protein content have produced contradictory observations, with
studies showing no effect (58) or increased content (41).
Similarly, the effect of different train-low strategies on com-
plex I-V protein content is controversial, with studies reporting
no effect (25) or an increase (41, 58). Two studies, however,
observed that the train-low strategy increases �-HAD activity
(20, 58). This inconsistency may be explained, at least in part,
by training duration because an increase in protein content has
been reported when training is longer than 3 wk (41). As we
observed an improved aerobic fitness and exercise perfor-
mance, despite no increase in mitochondrial area or the content
of PGC1� and complexes I-V, our data are in accordance with
the hypothesis that functional alterations may precede molec-
ular changes (5); our data also indicate that this occurs inde-
pendent of the train-low regime adopted.

Although PPAR� activates the transcription of genes in-
volved in fatty acid uptake and oxidation (14), no study has
examined the effect of different train-low strategies on PPAR�
expression. In the present study, PPAR� expression was unal-
tered from pre- to posttraining; however, we found an unex-
pected reduction in fat oxidation rate for both groups. The
effect of train-low strategies on fat oxidation during submaxi-
mal exercise is controversial, with one study showing an
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increase after 3 wk of training (25), whereas another reported
no effect after 4 wk of training (15). The reasons for a
reduction in fat oxidation rate after training are unclear but may
be related to the training-induced reduction of O2 cost; there-
fore, improved exercise efficiency after training may reduce
oxidation of both CHO and fat substrates. It should be high-
lighted, however, that we measured postprandial fat and CHO
oxidation rates (~3 h after the last meal). Although meals were
replicated from pre- to posttraining tests, it is possible this
influenced the observed changes in substrate metabolism (8).

There was no alteration in the mitochondrial area or the
expression of several proteins; however, we found that the state
4 of mitochondrial respiration was increased in the twice-a-day
but not the once-daily group (Fig. 7). Although not significant,
state 3 respiration increased by 13% in the twice-a-day group
and was reduced 7% in the once-daily group. To our knowl-
edge, this is the first study evaluating mitochondrial respiration
after any train-low strategy. The oxidation of substrates pro-
vides electrons to the electron transport chain and the move-
ment of these electrons promotes the extrusion of protons
toward the intermembrane space, generating an electrochemi-
cal gradient (36). The energy provided by reentry of protons
through complex V is then used to regenerate ATP (36).
However, oxidation is not 100% coupled to the production of
ATP, and the mitochondrial membrane potential can be par-
tially dissipated (36). This “leakage/slippage” can be measured
by state 4 mitochondrial respiration, when the ADP to ATP
conversion is blunted (36). The reduction in our estimate of
state 4 mitochondrial respiration, therefore, suggests an im-
provement in mitochondrial efficiency, perhaps via a reduction
in the leakage/slippage of protons through the inner mitochon-
drial membrane. This is line with earlier studies comparing
sedentary and trained individuals that indicate increased cou-
pling between the electron transport chain and phosphorylation
(improvement of mitochondrial efficiency) in trained individ-
uals (10, 59). This reduction in state 4 mitochondrial respira-
tion after twice-a-day training remained when respiration was
expressed relative to CS activity (Fig. 7), suggesting that the
improvement in mitochondrial efficiency was related to func-
tional changes in the mitochondria and not to changes in
mitochondrial content.

Another important issue is that adequate training recovery
has a potential impact on training adaptations, in particular to
prevent overtraining (38). Although training volume and exer-
cise intensity were the same in both groups, the recovery
between the second training session (HIIT) and the next train-
ing session (endurance training) was 31 h for the once-daily
group and 43 h for the twice-a-day group, which means the
twice-a-day group had a 28% longer recovery period after each
HIIT session. It is plausible that this longer recovery for the
twice-a-day group may have influenced some of the training-
induced adaptations. It is important to note, however, that the
recovery for the once-daily group does not seem to be insuf-
ficient as there was no sign of overtraining, such as elevated
resting HR, irritability, or lack of appetite (31). In addition,
following the classical recommendation to accelerate muscle
repair and glycogen recovery, participants ingested a CHO-
protein beverage immediately after completing the second
training session, which may have attenuated the potential for
different recovery times between experimental groups to affect
training-induced adaptations.

In conclusion, this is the first study to compare two different
train-low models (twice-a-day vs. once-daily approaches) and
to investigate their effects on mitochondrial biogenesis using
TEM and respirometry. Despite significant improvements in
aerobic fitness and endurance performance, our results indicate
little influence of the train-low strategy used. However, there
was evidence of higher mitochondrial efficiency when using
the twice-a-day strategy. In addition, twice-a-day training in-
duced a larger reduction in perceived exertion, which indicates
a potential advantage of this strategy. As observed previously
(25, 41, 58), these differences between groups did not translate
to greater improvements in exercise performance.
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