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Abstract

Aim: To investigate how delayed post-exercise carbohydrate intake affects mus-
cle glycogen, metabolic- and mitochondrial-related molecular responses, and
subsequent high-intensity interval exercise (HIIE) capacity.

Methods: In a double-blind cross-over design, nine recreationally active men per-
formed HIIE (10 X 2-min cycling, ~94% Wpeak) in the fed state, on two occasions.
During 0-3h post-HIIE, participants drank either carbohydrates (“Immediate
Carbohydrate” [IC], providing 2.4 g/kg) or water (“Delayed Carbohydrate” [DC]);
total carbohydrate intake over 24 h post-HIIE was matched (~7 g/kg/d). Skeletal
muscle (sampled pre-HIIE, post-HIIE, +3 h, +8 h, +24 h) was analyzed for whole-
muscle glycogen and mRNA content, plus signaling proteins in cytoplasmic- and
nuclear-enriched fractions. After 24 h, participants repeated the HIIE protocol
until failure, to test subsequent HIIE capacity; blood lactate, heart rate, and rat-
ings of perceived effort (RPE) were measured throughout.

Results: Muscle glycogen concentrations, and relative changes, were similar
between conditions throughout (p>0.05). Muscle glycogen was reduced from
baseline (mean +SD mmol/kgdm; IC: 409 +166; DC: 352 +76) at post-HIIE (IC:
253+96; DC: 214 +82), +3h (IC: 276+ 62; DC: 269 +116) and +8h (IC: 321 + 56;
DC: 269+116), returning to near-baseline by +24h. Several genes (PGC-Ia,
p53) and proteins (p-ACCS7°, p-P38 MAPK ™ 189/Ty182) alicited typical exercise-
induced changes irrespective of condition. Delaying carbohydrate intake reduced
next-day HIIE capacity (5+3 intervals) and increased RPE (~2 ratings), despite
similar physiological responses between conditions.

Conclusion: Molecular responses to HIIE (performed in the fed state) were not
enhanced by delayed post-exercise carbohydrate intake. Our findings support im-
mediate post-exercise refueling if the goal is to maximize next-day HIIE capacity
and recovery time is <24 h.
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1 | INTRODUCTION

In recent decades, manipulating nutrient provision—
particularly carbohydrates—with the goal of enhancing
the post-exercise molecular responses that underpin
skeletal muscle training adaptations, has gained signif-
icant interest.! Experiments in cell culture and rodent
skeletal muscle have shown that nutrient deprivation
causes transcription factors to translocate from the cy-
toplasm into the nucleus to regulate mitochondrial bio-
genesis,”™ a hallmark adaptation to cardiorespiratory
exercise.’ In contrast, subsequent nutrient provision in
these models causes these transcription factors to trans-
locate out of the nucleus, reducing the transcriptional
activity of their target genes.>* These experiments may
be considered analogous to human exercise studies in
which restricting carbohydrate intake during recovery
augmented exercise-induced increases in the mRNA
content of metabolic- and mitochondrial-related genes,
compared with a high-carbohydrate diet.>” However,
studies involving prolonged low-carbohydrate intakes
during recovery have also demonstrated reduced mus-
cle glycogen resynthesis,® which could negatively af-
fect performance in subsequent training sessions (e.g.,
through a reduction in self-selected power output® and
exercise capacity®).

One post-exercise nutrition strategy that has been sel-
dom researched involves a brief, but deliberate, delay in
post-exercise carbohydrate intake. This approach might
offer the “best of both worlds”; restricting exogenous car-
bohydrate availability for a few hours post-exercise may
provide an opportunity to enhance adaptive molecular
responses, while subsequent carbohydrate intake could
promote muscle glycogen resynthesis to support recovery
for future exercise sessions. Indeed, it seems the potential
negative effects of low carbohydrate intake on muscle gly-
cogen resynthesis® can be negated if enough carbohydrate
is consumed later in the recovery period (i.e., from 8 to
24h after exerciselo). However, while some studies that
investigated acute carbohydrate restriction (3-4h post-
exercise) did not report greater exercise-induced content
of various metabolic and mitochondrial genes during
1recovery,11’13 none assessed mRNA content between 4
and 12h post-exercise—a time period in which we have
shown post-exercise changes in several metabolic and
mitochondrial-related genes to peak,'* and the most sig-
nificant effects of carbohydrate restriction on mRNA con-
tent were reported by Pilegaard et al.°

We, and others, have also demonstrated that exercise
increases the phosphorylation and accumulation of signal-
ing kinases in nuclear-enriched fractions (e.g., AMPK'*'¢
and p38 MAPK'"), where they may directly interact with
transcription factors and coactivators (reviewed recently
in'®) to increase their stability and/or transcriptional ac-
tivity. However, the effects of manipulating carbohydrate
intake around exercise on the subcellular localization of
these proteins—particularly AMPK—have yielded con-
trasting findings.'>'*?° Furthermore, despite the suggested
effects of nutrient availability on transcription factor lo-
cation and activity in cell culture and rodent models,*™
acute “recover low” studies have primarily used whole-
muscle lysate, with either limited'' or no analyses'® of
subsequent protein abundance or the phosphorylation of
key signaling kinases and transcription factors in different
cellular subfractions. Thus, whether acute post-exercise
carbohydrate restriction alters the exercise-induced ac-
tivity and cellular localization of key molecular markers
of mitochondrial biogenesis in human skeletal muscle re-
quires further investigation.

Much of the literature on this topic has involved pro-
longed, moderate-intensity aerobic exercise alone®”'"*!
or in combination with repeated maximal sprintsn; how-
ever, both recreational exercisers and athletic populations
also incorporate high-intensity interval exercise (HIIE)
into their workout routines. For the former group, HIIE
offers a time-efficient training method to achieve many of
the benefits of traditional aerobic exercise.”* Meanwhile,
integrating HIIE into the periodized training programs of
athletes can improve performance via enhanced adapta-
tions of cardiopulmonary, metabolic, and skeletal muscle
characteristics.”? Accordingly, the aim of this study was
to explore how a short (3-h) delay in carbohydrate intake
after HIIE affects adaptive responses (i.e., protein and
mRNA content associated with mitochondrial biogen-
esis) and recovery (i.e., muscle glycogen restoration and
subsequent HIIE capacity). Based on literature involving
prolonged, submaximal exercise, we hypothesized that
compared with immediate post-exercise carbohydrate
consumption, delaying carbohydrate intake would aug-
ment protein signaling (e.g., AMPKa, ACC, p38MAPK
signaling) and mRNA content (e.g., PGC-1a, PDK4, UCP3,
CD36, CPT1) associated with metabolism and mitochon-
drial biogenesis, during 3-8 h post-exercise. However, we
hypothesized that delaying carbohydrate intake would
have limited influence on muscle glycogen concentrations
and subsequent exercise capacity.
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2 | RESULTS

2.1 | Muscle glycogen concentration
There were no main effects of condition (p=0.179) or
condition X time interaction (p=0.987) for absolute
muscle glycogen concentrations; there was a main effect
of time (p <0.001, Figure 1A). Compared to pre-HIIE,
muscle glycogen was reduced immediately post-HIIE
(p<0.001; immediate carbohydrate [IC]: —36%, de-
layed carbohydrate [DC]: —36%), and at +3h (p <0.001;
IC: —27%, DC: —22%) and+8h (p=0.026; IC: —11%,
DC: —14%). By +24h, muscle glycogen concentra-
tions were not different from pre-HIIE (p=0.160; IC:
—3%, DC: —6%). There were differences between post-
HIIE and +3h (p=0.026), +8h (p<0.001), and +24h
(p<0.001), and between +3h and +24h (p<0.014).
The relative changes in muscle glycogen over the
24-h period were also similar between conditions
(p>0.05), as were resynthesis rates estimated between
biopsy timepoints (0-3h post-HIIE: IC=8 +15mmol/
kgdm/h, DC=19+18mmol/kgdm/h; +3-8h post-
HIIE: IC=9+12mmol/kgdm/h, DC=3+16mmol/
kgdm/h; +8-24h post-HIIE: IC =2+ 3 mmol/kgdm/h,
DC=1+5mmol/kgdm/h).

2.2 | Plasma glucose and lactate

There was a main effect of time for both plasma glucose
(p<0.001, Figure 1B) and lactate (p < 0.001, Figure 1C)
measured during the 24-h recovery period. Plasma glu-
cose increased significantly immediately post-HIIE
and was greater than all other timepoints (p <0.006),
before returning to pre-HIIE levels at 3h. Plasma lac-
tate also increased significantly immediately post-HITE
(p<0.001 vs. all timepoints). There was also a signifi-
cant difference between plasma lactate at +8 h and pre-
HIIE (p<0.001), +3h (p=0.044) and +24 h (p <0.001),
and between +3h and+24h (p=0.014). However,
there were no main effects of condition or condition x
time interactions for either variable (p > 0.05).

2.3 | Protein abundance and
phosphorylation status

Fold-changes within each condition are displayed in
Figure 2 and are available in the Supplementary Data
files. The relative abundance of phosphorylated proteins
was normalized to their respective total target protein
content.
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FIGURE 1 Absolute skeletal muscle glycogen (A), plasma
glucose (B), and plasma lactate (C) concentrations over the 24-h
measurement period. Data are mean +standard deviation, plus
individual data points (n=9, all timepoints). HIIE, high-intensity
interval exercise. p <0.05: *versus pre; #versus post; fversus +3h;
fversus+8h; §versus +24h. Lines indicate the same participant
between conditions.
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FIGURE 2 Changes in protein content over the 24-h measurement period for (A) cytoplasmic p-AMPKa
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ACC®™). Data are mean +standard deviation, plus individual data points, and representative western blot images. All targets are n=9 per
group per timepoint, except in the Immediate Carbohydrate trial at +8h, which is n =8 (due to insufficient muscle lysate). We could not
adequately detect p-AMPKa in our nuclear fractions. Thus, excluding nuclear AMPKa, all other data were derived by calculating the ratio

of phosphorylated to corresponding total target protein (in arbitrary units), then each time point was divided by its resting value to provide
a fold-change from pre-HIIE (high-intensity interval exercise). p <0.05: *versus pre; #versus post; fversus +3h; fversus +8h; §versus +24 h.

Lines indicate same participant between conditions.

2.3.1 | Cytoplasmic-enriched fraction

There were main effects of time (p<0.001) for both
cytoplasmic p-P38 MAPK™8¥Ty182 ahundance and

p-ACC*™  abundance (Figure 2C,E). Cytoplasmic
p-ACC*™ abundance (relative to total ACC) was
higher immediately post-HIIE than all other time-
points (p<0.001). Likewise, cytoplasmic p-P38
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MAPK ™ 180/Tyr 182y hyindance (relative to total P38 MAPK)
was higher immediately post-HIIE (p<0.001) and+8h
post-HIIE (p<0.001) than pre-HIIE, and with all other
timepoints (p<0.048). There was no effect of time for
p-AMPKa™"72 abundance (p =0.890; Figure 2A). There
were no main effects of condition, nor condition X time
interactions, for any variable (p > 0.05).

2.3.2 | Nuclear-enriched fraction

We were unable to detect p-AMPKocThr172 in our nu-
clear fractions; however, there was a main effect of time
(p=0.008) for the nuclear abundance of total AMPKa,
which was lower than pre-HIIE at +3h (p=0.050), +8h
(p=0.026), and+24h (p=0.005; Figure 2B). There was
also a difference between post and+24h (p=0.050).
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There was a main effect of time (p <0.001) for nuclear p-
P38 MAPK ™ 180/Tyr182 g hundance; immediately post-HIIE,
p-P38 MAPK ™ 80/T182 yhundance (relative to total P38
MAPK) was higher than all other timepoints (p<0.001;
Figure 2D). There were no main effects of condition, nor
condition X time interactions, for any variable (p > 0.05).

2.4 | Whole-muscle mRNA content

Fold-changes within each condition are displayed in
Figures 3 and 4 and are available in the supplementary
data files. There were several genes that did not respond
to either the exercise or nutrition intervention, including
p-HAD (Figure 4D), CHCHD4, COXI1V, citrate synthase,
cytochrome C, PFK, SDH, TFam, TFEB, and GLUT4 (data
not shown but are available via the link in the appendices).
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FIGURE 3 Changesin whole-muscle mRNA content over the 24-h measurement period, for (A) PGC-1Ia, (B) PGC-1al, (C) PGC-1a4,
(D) PPARa, (E) PPARp, (F) PPARYy, (G) p53, and (H) UCP3 mRNA. Data are mean + standard deviation, plus individual data points (n=9 all
timepoints). For each participant, data were derived by dividing the arbitrary unit of mRNA content at each time point by its resting value,
to provide a fold-change from pre-HIIE (high-intensity interval exercise). p <0.05: *versus pre; #versus post; Tversus +3 h; fversus +8h;

§versus +24h. Lines indicate the same participant between conditions.
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B-HAD, (E) CD36, and (F) CPT1a mRNA. Data are mean +standard deviation, plus individual data points (n=9 all timepoints). For each
participant, data were derived by dividing the arbitrary unit of mRNA content at each time point by its resting value, to provide a fold-
change from pre-HIIE (high-intensity interval exercise). p <0.05: *versus pre; #versus post; fversus +3h; fversus +8h; §versus +24 h. Lines

indicate the same participant between conditions.

2.4.1 | Mitochondria-related genes,
transcription factors, and coactivators

Main effects for time were evident for the mRNA con-
tent of PGC-1a, PGC-1al, and PGC-1a4 (all p<0.001),
as well as PPARa (p=0.007), PPARfS (p=0.001), PPARy
(p<0.001), P53 (p<0.001), and UCP3 (p<0.001).
Immediately post-HIIE, P53 mRNA was reduced
(p<0.001). At +3h, the mRNA content of all three
PGC-1a isoforms (all p<0.001), and PPARy (p<0.001)

were elevated from pre-HIIE. At +8h, P53 (p=0.003),
all PGC-1a isoforms (p<0.039), and PPARy (p=0.002)
remained higher than pre-HIIE, while PPARS (p =0.003)
and UCP3 mRNA (p <0.001) were lower than pre-HIIE.
At +24h, P53 mRNA remained elevated from pre-HIIE
(p<0.001), while all three isoforms of PGC-1a were lower
than pre-HIIE (all p<0.001). Other significant compari-
sons between timepoints are displayed in Figure 3. There
were no main effects of condition, nor condition X time
interactions, for any variable (p > 0.05).
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2.4.2 | Metabolic genes

Main effects for time were observed for mRNA content
of HKII (p<0.001), PDK4 (p<0.001), LPL (p=0.003),
CD36 (p=0.010), and CPT1a (p=0.048). At +3h mRNA
content of HKII (p<0.001), LPL (p=0.005) and PDK4
(p=0.001) were elevated from pre-HIIE. At +8h, PDK4
mRNA (p=0.010) and HKII (p<0.001) were elevated
from pre-HIIE. At +24h, PDK4 (p<0.003) and HKII
mRNA (p<0.001) remained elevated, while CD36 mRNA
content was lower than pre-HIIE (p=0.013). Other sig-
nificant comparisons between timepoints are displayed
in Figure 4. Despite a main effect of time, there were no
significant pairwise comparisons between timepoints for
CPT1Ia. There were no main effects of condition, nor con-
dition x time interactions, for any variable (p>0.05).

2.5 | HIIE to task failure (HIIE-TF):
Exercise capacity and physiological
measures

Participants performed more intervals to task failure in
the IC condition than in the DC condition (p=0.001)
(Figure 5A). For ratings of perceived effort (RPE), there
were main effects for condition (p<0.001) and time
(p<0.001), and a conditionxtime interaction (p=0.011)
(Figure 5B). Throughout both trials, RPE increased from
the 1st interval, at each timepoint (all p<0.001); RPE
was also ~2units higher in the DC condition than the IC
condition, after both the 5th (p=0.004) and 10th inter-
vals (p <0.001). Heart rate (Figure 5C) and blood lactate
(Figure 5D) both elicited main effects for time (p < 0.001),
increasing similarly throughout the HIIE-TF in both tri-
als; for both variables, there were no main effects for
condition (heart rate: p=0.298; lactate: p=0.724) or con-
dition X time interactions (heart rate: p=0.379; lactate:
p=0.219).

3 | DISCUSSION

Our HIIE protocol reduced muscle glycogen concentra-
tions and altered the mRNA and protein content of sev-
eral genes associated with mitochondrial biogenesis and
metabolism over the 24-h recovery period. However, de-
laying post-exercise carbohydrate intake by 3h did not
augment these exercise-induced molecular responses,
nor did it alter muscle glycogen resynthesis compared to
immediate refueling. Contrary to our hypothesis, delay-
ing post-exercise carbohydrate intake compromised HIIE
capacity and increased the perception of effort during an
HIIE session performed 24 h later.

ACTA PHYSIOLOGICA Mikakd

Like Cochran et al.”*—who used a similar HIIE pro-
tocol and an identical carbohydrate refueling strategy to
ours—muscle glycogen concentrations, and resynthesis
rates over 3 h post-HIIE were similar between conditions,
despite participants consuming 2.4 g/kg of carbohydrate
in the IC feeding trial. Muscle glycogen resynthesis rates
were below those previously reported when 1.2 g of car-
bohydrate/kg/h is consumed post-exercise (i.e., ~20-
40 mmol/kgdm/h), which is proposed to be sufficient
to maximize resynthesis rates.’* However, as discussed
by Cochran et al.”® muscle glycogen resynthesis rates
early in recovery are inversely related to pre-exercise car-
bohydrate availability*> and the magnitude of glycogen
depletion®; glycogen synthase activity and its affinity
to glucose are also inversely related to muscle glycogen
content.?®*” Our participants commenced exercise ~1 h
after a high-carbohydrate breakfast, and the glycogen
depletion post-HIIE (~36%, in both conditions) is mod-
est compared to other glycogen-depleting protocols or
prolonged, exhaustive exercise models, which are often
performed in the fasted state (see?*). These factors may
have prevented differences in post-exercise muscle glyco-
gen content and resynthesis between conditions during
recovery (and in the previous study by Cochran et al.*).
In both conditions in the present study, muscle glycogen
had returned to near-basal levels by +24 h (Figure 1A). By
using an HIIE protocol, our study extends previous work
involving prolonged, moderate-intensity exercise''—an-
other common training approach. Together, these stud-
ies suggest that if cardiorespiratory exercise is conducted
in the fed-state, restricting carbohydrate intake for 3-4h
post-exercise does not compromise muscle glycogen re-
synthesis over extended recovery durations (i.e., 24 h) if
sufficient carbohydrate is subsequently consumed.

Exercise-induced changes in cytoplasmic p-ACC7”’
and p-P38 MAPK™8UD™82 and in nuclear p-P38
MAPK ™89/ Tyr182 4 0 4 total AMPKa, were similar between
conditions (Figure 2B-E). Other studies that acutely
delayed post-exercise carbohydrate intake did not also
measure these targets; however, studies investigating car-
bohydrate availability during exercise suggest signaling re-
sponses may only be affected by exogenous carbohydrate
availability if muscle glycogen utilization differs between
conditions.?®° Furthermore, recent studies involving ex-
haustive’ and non-exhaustive HIIE'>'? have shown signal-
ing responses are not augmented if post-exercise muscle
glycogen concentrations are similar between conditions,
regardless of differences in pre-exercise muscle glycogen.
Thus, the similar muscle glycogen utilization and concen-
trations between conditions may have contributed to the
lack of differences in cell signaling proteins.

Many genes associated with mitochondrial biogene-
sis (PGC-1a, P53, UCP3, PPARs a/f3/y) and metabolism
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FIGURE 5 Exercise capacity, physiological, and subjective measures taken during the HIIE session to task failure (HIIE-TF). This was
performed 24 h after the initial high-intensity interval exercise (HIIE) session. Data are mean +standard deviation, plus individual data
points (n=38). (A) Number of 2-min HIIE intervals completed until task failure, (B) rating of perceived exertion, (C) heart rate during the 1st,
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participant between conditions.

(HKII, PDK4, LPL, CD36, CPTl1a) also elicited exercise-
induced changes that were not significantly different be-
tween conditions (Figures 3 and 4). While our data align
with other studies that did not observe greater PGC-1a
mRNA 2 to 5h after cardiorespiratory exercise when car-
bohydrate intake was restricted,>”'"™** we acknowledge
that individual variability may have prevented the detec-
tion of statistically significant effects in PGC-1a mRNA
(Figure 3A) and other targets (see PDK4 mRNA at +3h,

Figure 4B; DC: ~16-fold increase vs. IC: ~4-fold increase).
Despite our initial sample size estimation (calculated for
differences in PGC-1a mRNA between conditions), each
target gene (and protein) may have necessitated a unique
sample size, and the varied individual responses may con-
found our interpretation of potentially meaningful effects
that were not statistically significant.

One notable difference to the earlier studies that re-
ported greater exercise-induced mRNA content after
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delayed post-exercise carbohydrate intake is that partici-
pants in those studies exercised after an overnight fast.®”’
In our study, and others that did not observe greater
changes in exercise-induced mRNA content,'’ partici-
pants were provided a pre-exercise meal. Thus, it is pos-
sible the greater, and more sustained duration of nutrient
deprivation experienced in the earlier studies (i.e., pre-,
during, and post-exercise®’) may have provided a more
potent stimulus to enhance mRNA transcription events
(like previous findings in cell culture and rodent skeletal
muscle’™); however, more research in humans is needed
to explore this hypothesis.

Throughout recovery, muscle glycogen was maintained
between ~200 and 350mmol/kgdm in both conditions
(Figure 1A). These values correspond with a proposed
“slycogen threshold,” within which post-exercise molecu-
lar responses are hypothesized to be enhanced.! As such,
this may also have contributed to the similar post-exercise
molecular responses between conditions (i.e., restricting
exogenous carbohydrate availability does not further en-
hance molecular responses to exercise, if post-exercise
muscle glycogen concentrations already fall within this
threshold). This has been observed elsewhere'**'; how-
ever, more research is needed to explore the notion of a
‘glycogen threshold’, particularly with acute post-exercise
carbohydrate restriction models like the present study, as
there are other studies that do not fit this hypothesis."
However, the present results do support other evidence
that suggests post-exercise muscle glycogen depletion and
content may dictate the potential for observing enhanced
molecular responses to exercise.”'>* It is also important
to consider that exercise-induced changes in mRNA and
protein levels may not follow a linear temporal relation-
ship,* and that “snapshot” measurements of transient
molecular pathways at distinct post-exercise timepoints
may not predict subsequent training adaptations.** As
such, training interventions involving acute “recover low”
paradigms are also warranted to better understand their
effect on training outcomes.

High-intensity interval exercise is popular among rec-
reational exercisers and athletes alike, as a time-efficient
way to enhance many performance- and health-related
outcomes.??> Therefore, we included an extra HIIE ses-
sion, performed 24h later, to investigate how delayed
carbohydrate intake affects next-day HIIE capacity. A
novel finding was that delaying carbohydrate intake after
the initial HIIE session reduced the time to task failure
(by ~30%, or ~10min) and increased perceptions of ef-
fort during the subsequent session; this occurred despite
participants consuming the same total carbohydrate in-
take over the 24h recovery period in each condition.
Heart rate and blood lactate were similar between condi-
tions, suggesting a similar physiological response to the
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exercise. Before commencing the HIIE-TF session there
was a small, non-significant difference in mean muscle
glycogen concentrations between conditions (~46 mmol/
kgdm, Figure 1A). This may have been sufficient to com-
promise subsequent exercise capacity, as others have
reported that graded reductions in pre-exercise muscle
glycogen (~100mmol/kgdm) impaired subsequent HIIE
capacity (1-min intervals until exhaustion, at 80% Wpeak)
by ~20-50% (~8-26 min).” However, although 5/8 individ-
uals exhibited greater muscle glycogen content before the
HIIE-TF in their IC trial, muscle glycogen concentrations
at +24h did not correlate with the number of HIIE-TF
intervals completed (Figure 5E). An important consider-
ation is that muscle glycogen was determined in mixed
muscle samples and that differential glycogen utilization
within specific sub-cellular locations could have affected
contractile function and capacity between trials. Indeed,
intramyofibrillar glycogen depletion is correlated with
impaired sarcoplasmic Ca’' release rate* and endur-
ance capacity,36 and glycogen utilization rates among
different subcellular locations (i.e., intramyofibrillar, in-
termyofibrillar, and subsarcolemmal) may differ during
exercise.’® However, our existing design limits our abil-
ity to further explore this, and the significant effect on
next-day HIIE capacity and RPE, as our primary focus
was to study the adaptive molecular responses within the
24-h recovery period. Others reported higher RPE scores
during prolonged (3 h) fasted cycling, and that exercise-
induced hypoglycaemia attenuated CNS activation and
reduced voluntary force production, compared to in-
gesting carbohydrate during exercise.”’ However, in our
study, plasma glucose was similar between trials through-
out and unchanged from pre-HIIE between +3 and +24h
post-HIIE. Furthermore, given the 24-h recovery period,
plus the short duration and high intensity of our HIIE cy-
cling protocol, central fatigue mechanisms may not have
been limiting factors.**** Future studies would benefit
from incorporating additional measures to elucidate po-
tential factors affecting subsequent exercise capacity (e.g.,
substrate oxidation, plasma insulin and free fatty acid
concentrations, liver glycogen concentrations) and addi-
tional markers of fatigue (e.g., non-subjective measures of
central and peripheral fatigue). Nonetheless, our results
show a clear reduction in next-day HIIE capacity, and in-
creased perception of effort, when post-exercise carbohy-
drate intake was delayed by 3h the day before. This has
important implications for highly active populations who
may routinely undergo periods of low carbohydrate avail-
ability throughout a training day and be required to train
and perform at high intensities after limited recovery du-
rations (<24 h).

We acknowledge this study has some limitations. First,
variation is evident both between and within participants
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for pre-HIIE muscle glycogen concentrations (and in
other molecular targets at other time points). This may
have been improved by implementing a muscle glycogen-
depleting protocol before a longer pre-trial dietary control
period (e.g., 48h), as demonstrated in other studies that
manipulated carbohydrate intake around exercise,”>
to induce more similar pre-trial muscle glycogen concen-
trations. Second, while we adhered to the manufacturer's
guidelines for the fractionation protocol, these fractions
are crude cytoplasmic- and nuclear-enriched fractions,
and we cannot discount potential effects of between-
sample variability in fraction purity and/or contamination
(as highlighted in a previous study*’). We also acknowl-
edge that only immunoblotting subcellular fractions
may not identify dynamic protein translocation events
between cellular compartments.*' Thirdly, we could not
sample additional muscle between 8 and 24h post-HIIE;
however, our recent work suggests that our chosen biopsy
time points were appropriate to capture the peak changes
in most of our target genes.'* Finally, while we did not
systematically record the efficiency of our participant
blinding, conversations with participants after the study
revealed they could not detect differences between the
two beverages (Diaz-Lara, written communication, 2022).
Thus, it is unlikely their knowledge of the trial conditions
provided a placebo/nocebo effect on subsequent HIIE

capacity.

4 | MATERIALS AND METHODS

4.1 | Ethical approval

This study was approved by the Victoria University Human
Research Ethics Committee (HRE19-011) and con-
ducted in the Exercise Physiology Laboratory at Victoria
University, Footscray Park Campus, in accordance with
the Declaration of Helsinki (except pre-registration before
recruitment). All participants were given comprehensive
written and verbal information about the study, before
providing written consent to participate.

4.2 | Participants

Participants were healthy (i.e., non-smokers, with no pre-
existing medical conditions or musculoskeletal injuries) and
recreationally active (i.e., exercising >150 min/week, not fol-
lowing a prescribed training program; “Tier 1”—see Mackay
et al.*?). Using published data of PGC-1a mRNA content in
response to low carbohydrate availability,® an effect size
was estimated for an anticipated difference between our
conditions (Cohen's d=0.79). A priori sample size was then

estimated in G*Power (v3.1.9.2, Heinrich-Heine-University
Diisseldorf, Germany), based on performing ANOVA analy-
ses with five repeated measurements, and an assumed o of
0.05, and 1-f of 0.8. The estimated sample size (n=8) was
consistent with other studies that detected significant effects
of carbohydrate restriction on mRNA content.®’ To account
for attrition, 10 participants were recruited. Nine partici-
pants completed all procedures in both conditions (Table 1);
one was unable to perform the HITE-TF in both conditions;
as such, data for this test is n=38.

4.3 | Experimental design

In a repeated-measures, double-blind, cross-over design,
participants completed two trials in a randomized and
counterbalanced order. Each trial was separated by a 2-
week washout period. During each trial, participants per-
formed a high-intensity interval exercise (HIIE) session on
acycle ergometer. In the 12h preceding each trial, and dur-
ing the 24-h recovery period post-HIIE, participants con-
sumed a standardized, high-carbohydrate diet (Table 2).
However, during the initial 3h post-HIIE, participants
consumed either a carbohydrate drink (IC, providing 2.4 g/
kg) or a taste-matched, non-energetic placebo, thereby de-
laying post-exercise carbohydrate intake (DC). Both drinks
were consumed as small boluses every 20 min (IC provided
0.4g/kg/bolus CHO). Skeletal muscle was sampled from
the vastus lateralis immediately before and after HIIE,
plus 3, 8, and 24h post-HIIE. After the +24-h biopsy, par-
ticipants repeated as many HIIE intervals as possible, to
task failure (HIIE-TF), to assess HIIE capacity. The muscle
samples were analyzed for glycogen concentration, whole-
muscle mRNA content, plus protein phosphorylation and
abundance in cytoplasmic- and nuclear-enriched fractions
(Figure 6).

TABLE 1 Characteristics of the participants who completed
this study (n=9); data are mean + standard deviation.

Age (years) 24+2
Body mass (kg) 75+11
Height (m) 1.80+0.06
BMI (kg/m?) 231426
Peak oxygen uptake, Vomak (mL/kg/min) 46.0+6.2
Peak oxygen uptake, Vozpeak (L/min) 3.46+0.55
Lactate threshold, WLT (watts) 164 +49
Peak aerobic power, Wpeak (watts) 240+38
HIIE and HIIE-TF, intensity (watts) 225+39
HIIE and HIIE-TF, intensity (% Wpeak) 94+3

Abbreviations: HIIE, high intensity interval exercise; HIIE-TF, HIIE to task
failure.
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4.4 | Experimental procedures

Two weeks before their first trial, participants visited the
lab on three occasions, each separated by 48-72h. In the
first visit, participants performed a graded exercise test
(GXT). On the second and third visits, they were familiar-
ized with the HIIE protocol. For at least 48 h before each
visit, participants were instructed to avoid alcohol and caf-
feine consumption, and strenuous physical activity; this
was confirmed verbally before each visit.

4.4.1 | Graded exercise test (GXT)

The GXT was performed on an electronically braked
cycle ergometer (Excalibur, V2.0; Lode, Groningen, The
Netherlands), to determine peak oxygen uptake (\'/ozpeak),
peak aerobic power (W), and the power at the second
lactate threshold (Wyr; modified D,,,**). Antecubital blood
(~1mL) was sampled via intravenous cannulation at rest
and in the last 15seconds of each stage, then immediately
analyzed in duplicate for lactate (YSI 2300 STAT Plus; YSI
Inc., Yellow Springs, OH, USA). The W was determined
using https://shiny.fmattioni.me/lactate/. After a stand-
ardized warm-up (5min cycling at 30 W), the test began at
50W, and increased by 25W every 4 min, until participants
either reached task failure or could not maintain a cadence
>60rpm. Heart rate (Polar, Kempele, Finland) and ratings
of perceived exertion (RPE,*) were recorded throughout.
A metabolic analyzer (Quark Cardiopulmonary Exercise
Testing, Cosmed, Italy) was calibrated immediately before
each test as per the manufacturer's instructions. Breath-by-
breath \'/O2 data were interpolated on a second-by-second
basis, averaged into 5-second bins; Vozpeak was determined
by as the highest 20-s rolling average.*’ Wpeakwas defined
using the below formula:

Wpeak = Weom + ((£/240) X 25)

where W, is the last completed stage, and ¢ is the time
spent in the next stage in which task failure was reached.*’

4.4.2 | High-intensity interval exercise and
task failure sessions

HIIE

On an electromagnetically braked cycle ergometer
(Velotron, Racer-Mate, Seattle, WA, USA), partici-
pants completed 10 X 2-min intervals (separated by 1-
min rest periods), at 80% of the difference between W
and W ., (mean=+SD, 225+39W, 294+3% W ),
and a cadence of 90-100rpm. Heart rate and RPE
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were recorded at the end of each interval. Intravenous
blood was sampled at rest, and after the 1st, 5th, and
10th intervals, then analyzed immediately for lactate,
as described. This acute HIIE protocol has previously
been shown to reduce muscle glycogen by ~23%-50%
post-HIIE (*****7) and increase mRNA and/or pro-
tein content of some metabolic and mitochondrial-
related genes and proteins, in whole-muscle,*” and
subcellular fractions.'” When implemented in various
training interventions, we have shown this type of
training improves cardiorespiratory fitness (VOzpeak,
Wip, and W, ****), endurance performance (20km
time tria1,48), and mitochondrial characteristics (e.g.,
mitochondrial content and respiratory function®).
Both Wy and W ., were used as anchors to prescribe
exercise intensity, with the aim of inducing more
consistent metabolic and physiological responses be-
tween participants (discussed in*’). We also increased
the relative exercise intensity from our previous stud-
ies “**, with the aim of inducing greater muscle gly-
cogen utilization.

HIIE-TF

After the +24h muscle biopsy, participants were in-
structed to complete as many HIIE intervals as possible
(separated by 1-min rest periods) until task failure. The
prescribed HIIE intensity was the same as in the first HIIE
session. Blood lactate, heart rate, and RPE were recorded
as described, with an additional measurement taken after
each participant's final interval.

4.4.3 | Dietintervention

The diet (Table 2) was based on existing guidelines for en-
durance athletes® and provided ~7g of carbohydrate (CHO)
per kg of body mass per day (g/kg/d), ~2g/kg/d of protein,
and~1g/kg/d of fat. The diet consisted of pre-prepared
meals, beverages, and snacks, provided by the research-
ers. One hour before each muscle biopsy, the participants
did not consume any food or fluids. During the first 2-h
post-HIIE, the participants immediately consumed either
a commercially available CHO drink (Lucozade Original,
UK) to provide 2.4g/kg CHO, or a taste-matched, non-
energetic placebo; both drinks were consumed as smaller
boluses every 20min (IC: 0.4g/kg/bolus CHO). After the
+3h biopsy, all participants consumed the same standard-
ized lunch. After the +8h biopsy, all participants consumed
the alternate beverage, as per their trial order (thereby bal-
ancing total daily CHO intake), plus an additional bolus
of protein and fat. Participants were also given dinner and
breakfast to consume at home (~11.5 and ~22.5h post-HIIE,
respectively; Figure 6; Table 2). All participants verbally
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confirmed they had consumed all food and drink provided
to them to consume at home.

4.4.4 | Blood collection and plasma analyses
At each biopsy timepoint, intravenous blood (~10mL)
was also sampled into vacutainers containing EDTA and
serum separation gel (BD vacutainer, USA). Samples were
centrifuged (1500g for 15min at 4°C), then serum and
plasma aliquots were stored at —80°C for later analysis.
Plasma glucose and lactate were determined using an au-
tomated analyzer as described. The researchers analyzing
the blood (and muscle) samples were blind to the tissue
sample conditions until all samples had been analyzed.

4.4.5 | Muscle biopsies

Participants were asked to avoid exercise, plus alcohol
and caffeine consumption, for 48 h before all resting bi-
opsies. Vastus lateralis muscle was sampled under local
anesthesia (Xylocaine, 1%) and sterile conditions, using a
suction-modified Bergstrom needle. New incisions were
made for each timepoint (~1cm below the previous site),
and muscle was sampled from alternating legs between
trials (i.e., Trial A =left, Trial B=right). All samples were
immediately frozen in liquid nitrogen and stored at —80°C
until analysis.

4.4.6 | Muscle glycogen assay

Frozen muscle samples (~10-15mg) were freeze-dried
for 24h (Heto PowerDry LL1500 Freeze Dryer, Thermo
Electron Corporation), dissected of non-muscle tissue and
weighed, then homogenized in 250pL of 2M HCI for 2h
at 100°C (agitated gently every 20min), then neutralized
in 750pL of 0.66M NaOH. Muscle glycogen content was
subsequently determined using an enzymatic assay with
fluorometric detection®® modified for a microplate reader.>
Muscle glycogen values are expressed as mmol/kgdm (dry
mass). All samples from the same participant were analyzed
in duplicate on the same plate; intra-assay typical error of
measurement (TEM) between duplicates was 12mmol/
kgdm, and the coefficient of variation (CV%) was 3.9%.

4.47 | Quantitative RT-PCR

Frozen muscle (~20mg) was homogenized in TRIzol™
reagent (Life Technologies) and using an automated ho-
mogenizer (Tissue Lyser II, Qiagen). RNA extraction,

quantification, sample integrity analysis, and reverse
transcription (iScript™ Reverse transcription supermix,
BioRad) were performed using our previously described
methods.> The relative mRNA content of g-HAD, CD36,
CHCHD4, CPT1a, citrate synthase, cytochrome ¢, GLUT4,
HKII, LPL, p53, PDK4, PFK, PGC-1a, PGC-1al, PGC-1a4,
PPARa, PPARf, PPARy, SDH, Tfam, TFEB, and UCP3, as
well as reference genes 18S, 2M, Cyclophilin, GAPDH,
ACTB, and TBP, were measured via qPCR (QuantStudio
7 Flex, Applied Biosystems, Foster City, CA). The primer
sequences were previously published.'®*! All reactions
were performed in duplicate, on 384-well MicroAmp
optical plates (Applied Biosystems™, ThermoFisher
Scientific) using an epMotion M5073 automated pipet-
ting system (Eppendorf AG, Hamburg, Germany). The
relative content of target genes were quantified using the
2744CT method™; values were normalized to the geomet-
ric mean® of the three most stable housekeeping genes
(ACTB, cyclophilin and 18S), which were determined
using both BestKeeper’” and NormFinder software.

4.4.8 | Western blotting

Subcellular fractionation

Fractionation into cytoplasmic- and nuclear-enriched
fractions was achieved using a commercially available
kit (NE-PER™, ThermoFisher Scientific) according to
the manufacturer's instructions. Briefly, frozen muscle
(~40mg) was washed in 250 uL of phosphate-buffered sa-
line (PBS) containing a protease-phosphatase inhibitor
cocktail diluted 1:600 (#5872, Cell Signaling Technology
[CST], Danvers, MA, USA), and manually minced into
small portions, then centrifuged for 10min at 500g and
4°C. The supernatant was discarded; using a hand-held
homogenizer and vortex, the was pellet resuspended in
ice-cold cytoplasmic extraction reagent (CER1) with added
inhibitors (diluted 1:100), then placed on ice for 10min.
The CER2 buffer then was added to the sample, vortexed,
and centrifuged for 10min at 10000g and 4°C. The super-
natant was collected as the crude cytoplasmic-enriched
fraction. The pellet was washed five times in 250 pL of PBS
(with inhibitors) and centrifuged for 1min at 16000g be-
tween washes, to minimize cytoplasmic contamination.
The nuclear proteins were extracted by manually resus-
pending the pellet in the nuclear extraction reagent (NER,
with inhibitors [1:100]). Each sample was then vortexed
for 15s, every 10 min, four times, before being centrifuged
for 20min at 21100g and 4°C. The supernatant was col-
lected as the nuclear-enriched fraction. The protein con-
centration of the fractionated lysates was then determined
in triplicate using a commercial colorimetric Bradford
assay (Protein Assay Kkit-II; Bio-Rad, Gladesville, NSW,
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FIGURE 6 Schematic overview of (A) the experimental design and (

B) muscle analyses. Muscle samples for protein content analysis

were separated into cytoplasmic- (CYT) and nuclear-enriched (NUC) subfractions, lactate dehydrogenase A (LDHA), and Histone 3 (H3)

were used as indicators of cytoplasmic “C” and nuclear “N” enrichment, respectively. D, dinner; B, breakfast; L, lunch; g/kg, grams per kg of

body mass; W, peak aerobic power; Wy, power at the lactate threshold. Created in BioRender. Bishop, D. (2024) BioRender.com/i88n308

[Correction added on September 18, 2024, after first online publication: Acknowledgment for BioRender has been added.]

Australia). The fractionation process was confirmed by
blotting both nuclear and cytoplasmic lysates in antibod-
ies for predominantly nuclear (Histone 3, #4499, CST) and
cytoplasmic proteins (LDHA, #2012, CST) (Figure 6).

Immunoblotting

The fractionated lysates were diluted to the same con-
centration (2pg/pL) in 4x Laemmli buffer plus either
NER or CER1 buffers. Samples were loaded in equal
quantities of total protein (20-30pg, target-dependant)

into pre-cast 4-20% Criterion™ TGX Stain-Free™ gels
(Bio-Rad). All samples per participant were loaded into
the same gel, in adjacent wells. Every gel also contained
at least three internal standards (comprised of equal
quantities of every sample collected), loaded in increas-
ing protein volumes. These standards were used to
form a calibration curve of density versus total protein
loaded. Proteins were separated via SDS-PAGE, then
transferred onto polyvinylidene fluoride membranes
(Bio-Rad) using a commercially available, semi-dry
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transfer system (Trans-Blot® Turbo™ Transfer System,
Bio-Rad). Membranes were then blocked with either 5%
BSA for phospho-proteins (Sigma-Aldrich) or skimmed
milk powder, diluted in Tris-buffered saline with 0.1%
Tween-20 (TBST). Membranes were then washed in
TBST (4 x 5min vigorous rocking) and incubated over-
night in primary antibodies at 4°C with gentle rock-
ing. Primary antibodies (purchased from Cell Signaling
Technology, Danvers, MA, USA), include p-ACC*7’
(#3661), ACC (#3662), p-AMPKa (#2535), AMPKa
(#2532), p-P38 MAPK™8U/DII82 (49511) and P38
MAPK (#9212). The membranes were washed in TBST
and incubated in horseradish peroxidase-conjugated sec-
ondary antibody (#7074, CST) diluted in either 5% BSA
or skimmed milk powder. Membranes were then washed
in TBST before being treated with a chemiluminescent
solution (either Clarity™ Western ECL Substrate [Bio-
Rad], or SuperSignal™ West Femto Maximum Sensitivity
Substrate [ThermoFisher Scientific]). Images were taken
using ChemiDoc™ MP imaging system (Bio-Rad), and
proteins were quantified via densitometry (Image Lab
5.0 software, Bio-Rad). Total protein content from stain-
free images was used for sample normalization.

4.5 | Statistical analyses

Raw data were checked for outliers, defined as +3 SD out-
side the mean at each timepoint; all data fit within this
threshold. Residuals were assessed for normality using
the Shapiro-Wilk test. Analyses were conducted on log-
transformed (logl0) data (excluding HIIE-TF intervals,
which were normally distributed, and RPE which is on
a fixed scale). HIIE-TF intervals were analyzed using a
paired t-test, and other HITE-TF variables (i.e., heart rate,
RPE, whole-blood lactate) were analyzed using a two-way
repeated measures ANOVA, where the within factors were
condition (two levels: immediate vs. delayed carbohydrate)
and time (four levels: Rest/1st, 5th, 10th, and final inter-
val). Where appropriate, a Greenhouse-Geisser correction
was used to adjust for sphericity. Variables measured in
recovery from HIIE (i.e., muscle glycogen, plasma glu-
cose and lactate concentrations, mRNA content, protein
phosphorylation, and abundance) were analyzed using
a linear mixed model (fixed effects: condition [immediate
vs. delayed carbohydrate] and time [pre, post, +3h, +8h,
+24h], random effects: participant identity). Western blot
data contained one missing datapoint, due to insufficient
muscle lysate for one participant, at +8h in the IC con-
dition (tissue sample sizes for each variable are noted in
figure legends). Due to the number of statistical tests on
HIIE recovery variables, P values of all main effects of con-
dition, time, and interactions, were, respectively, collated

ACTA PHYSIOLOGICA Mk

and adjusted for multiple comparisons using the False
Discover Rate (FDR) method. For all variables, where
significant main effects of condition, time, or interactions
remained evident after correction, post-hoc pairwise com-
parisons were conducted, and FDR correction was applied.
Pearson's correlation was used to assess the association
between +24h muscle glycogen and HIIE-TF interval
number. Exact P values are presented unless p<0.001 or
>0.999. T-tests and ANOVA were conducted in SPSS (v.
29), linear mixed models were conducted using R (R v4.4.0
and RStudio v2024.04.1), and Pearson's correlation and fig-
ures were generated in GraphPad Prism 10 (v. 10.2.3).

5 | CONCLUSION

We have shown that our HIIE session provided a sufficient
exercise “dose” to increase the content of select proteins and
mRNA related to mitochondrial biogenesis and metabolism
over 24h of recovery. Contrary to our hypotheses, delay-
ing carbohydrate intake for 3h post-exercise did not in-
duce clear differences throughout recovery in post-exercise
mRNA content, nor the phosphorylation or abundance of
signaling proteins in different subcellular fractions, com-
pared to immediately refueling with carbohydrates post-
exercise. However, if post-exercise carbohydrate intake was
delayed, the capacity to perform, and the perception of ef-
fort during HIIE 24 h later was significantly compromised.
As such, for individuals required to perform repeated HIIE
sessions after <24 h of recovery, our results support the no-
tion to commence refueling immediately after exercise.
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