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Abstract

The effects of nutrition on exercise metabolism and performance remains an important topic among
sports scientists, clinical, and athletic populations. Recently, fasted exercise has garnered interest as
a beneficial stimulus which induces superior metabolic adaptations to fed exercise in key peripheral
tissues. Conversely, pre-exercise feeding augments exercise performance compared with fasting
conditions. Given these seemingly divergent effects on performance and metabolism, an appraisal of
the literature is warranted. This review determined the effects of fasting vs. pre-exercise feeding on
continuous aerobic and anaerobic or intermittent exercise performance, and post-exercise
metabolic adaptations. A search was performed using the MEDLINE and Pubmed search engines. The
literature search identified 46 studies meeting the relevant inclusion criteria. The Delphi list was
used to assess study quality. A meta-analysis and meta-regression were performed where
appropriate. Findings indicated that pre-exercise feeding enhanced prolonged (P = 0.012), but not
shorter duration aerobic exercise performance (P = 0.687). Fasted exercise increased post-exercise
circulating FFAs (P = 0.023) compared to fed exercise. It is evidenced that pre-exercise feeding
blunted signalling in skeletal muscle and adipose tissue implicated in regulating components of
metabolism, including mitochondrial adaptation and substrate utilisation. This review’s findings
support the hypothesis that the fasted and fed conditions can divergently influence exercise
metabolism and performance. Pre-exercise feeding bolsters prolonged aerobic performance, while
seminal evidence highlights potential beneficial metabolic adaptations that fasted exercise may
induce in peripheral tissues. However, further research is required to fully elucidate the acute and

chronic physiological adaptations to fasted vs. fed exercise.
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1. Introduction

The relationship between exercise, nutrition and metabolism is complex, and the molecular
mechanisms by which they interact are not fully characterised. Investigating novel diet-exercise
interactions holds relevance for the sports nutrition sphere, as optimising metabolic and training
adaptations to exercise is a critical determinant of athletic performance®?. Moreover, current
literature has assessed the efficacy of combining nutritional and exercise interventions to improve

metabolic health biomarkers including insulin sensitivity, glucose and lipid metabolism®*.

Recently, fasting-based interventions such as intermittent fasting have garnered interest as
alternatives to conventional dietary strategies for improving metabolic biomarkers in both healthy
and clinical populations™®. This is based on the hypothesis that such interventions act on similar
biological pathways to conventional methods, while potentially being a more feasible long-term
approach. Fasting is characterised by the absence of energy intake for sustained time periods,
ranging from several hours to days’. Most individuals spend time fasting overnight while sleeping
(~8-10h), but the duration of this period may vary depending on habitual eating patterns and time
spent sleeping. As the fasted period continues past the first few hours, substrate utilisation
predominantly shifts from glycogenolysis to utilising lipids for energy?, and expression of genes

involved in lipolysis and fatty acid oxidation in various peripheral tissues are upregulated’.
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Regular aerobic exercise improves metabolism in different peripheral tissues, including skeletal

1012 1 skeletal muscle, exercising in the fasted state promotes

muscle, liver and adipose tissue
utilisation of fatty acids and intramuscular triglycerides as primary fuel sources while suppressing
glucose metabolism compared with fed conditions, both after acute exercise and in response to a

31> This proposedly occurs via altered gene and protein expression of

chronic training intervention
various downstream targets including pyruvate dehydrogenase kinase isozyme 4 (PDK4), AMP-
activated protein kinase (AMPK), glucose transporter type 4 (GLUT4), uncoupling protein-3 (UCP3)
and fatty acid translocase (CD36) *****. Moreover, long-term fasted exercise is evidenced to
upregulate activity of mitochondrial enzymes such as citrate synthase (CS) and B —hydroxyacyl
coenzyme A dehydrogenase (B-HAD) compared with the carbohydrate-fed state®. These findings
support the rationale that training in a glucose-deprived state induces adaptations, which improve
fuel efficiency and utilisation during exercise. However, regarding studies investigating potential
divergent responses to exercise in fasted or fed conditions, changes in acute exercise studies may

not necessarily be directly applicable to studies investigating chronic training adaptations and the

responses to feeding vs. fasting.

Interestingly, a recent fasted vs. fed exercise trial found that pre-exercise feeding blunted the
expression of several key genes involved in adipose tissue metabolism"’. These findings again
indicate that acute nutritional status can profoundly affect the magnitude of post-exercise
physiological adaptations in important endocrine tissues. Given that these cellular adaptations are a
critical determinant of exercise performance, understanding these mechanisms and the potential
role of nutrition in optimising these adaptations is imperative. Pre-exercise carbohydrate feeding
benefits continuous aerobic exercise performance'®, but research has recently focused on
alternative nutritional strategies that can simultaneously enhance both metabolism and

performance, such as training in a protein fed, but carbohydrate-depleted state®. Clearly, an
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appraisal of the current literature in the inter-related areas of fasting, metabolism and exercise
performance is warranted. The effects of fasted vs. fed state exercise on substrate utilisation during
exercise have been summarised elsewhere®, and are beyond the scope of this review. However,
gaps in the literature remain regarding an appraisal of post-exercise metabolic and performance
responses to exercise in fasted and fed conditions. This systematic review and meta-analysis
summarised current findings regarding the effects of fasting vs. fed pre-exercise conditions on post-
exercise metabolic and performance adaptations to continuous aerobic, anaerobic and intermittent
exercise. For the purposes of this review, aerobic and anaerobic exercise are defined by the
metabolic pathways which primarily contribute to energy provision during these types of exercise.
Intermittent exercise is characterised as exercise comprising periods of high intensity exercise

interspersed with lower intensity exercise.

2. Methods

This systematic review was conducted according to the Preferred Reporting ltems for Systematic

Reviews and Meta-Analyses (PRISMA) **.

2.1 Study selection

This review evaluated randomised and non-randomised control trials (parallel and crossover designs,
blinded and non-blinded), Latin square designs and case studies. Continuous aerobic, anaerobic and
intermittent exercise were established as protocols of interest, with acute and chronic interventions
being included. Studies had to compare the same exercise intervention in both fasted and fed
conditions. To be included in final analyses papers had to assess performance or post-exercise
metabolism. Human adults (aged 218 years) were selected as the target population in this review.

Healthy and clinical, as well as trained and untrained study populations were included.
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In order to specifically assess the effects of pre-exercise nutritional status on metabolism and
exercise performance, studies where feeding occurred during exercise were excluded. The fasting
condition was required to be that of an overnight fast (minimum 8 hours) or longer. Studies where
ergogenic aids, such as caffeine, were consumed pre-exercise were excluded. Similarly, studies using
intravenous infusions of nutrients or corresponding tracer infusions during exercise were also
excluded from final analyses. Studies assessing only substrate metabolism changes during exercise in
fasted and fed conditions were excluded as this has previously been comprehensively reviewed by
Vieira et al.”°. Ramadan fasting may have potential confounding effects on exercise performance or

22,23

metabolism such as sleep deprivation or reduced caloric intake™ “*, thus studies comparing the

effects of Ramadan fasting vs. fed state exercise were also excluded.

2.2 Literature search

The electronic databases MEDLINE (via the EBSCO platform) and Pubmed were searched from
inception until April 2017, and updated on June 28th 2017. The specific search criteria used for this
systematic review was as follows: ((((("exercise"[MeSH Terms]) OR "aerobic") OR "intermittent") OR
"interval")) AND ((("fasting"[MeSH Terms]) OR (“fast” OR “fasting” OR “time-restricted feeding” OR
“fasted state” OR “energy restriction” OR “fed” OR “carbohydrate loading” OR “low carbohydrate”
OR “glucose deprived” OR “glucose depleted" OR “diet restriction” OR "low glucose” OR "fasted"))).
Articles were limited to human studies in adult populations. Additionally, hand searching of

reference lists was also completed on studies included in this review and other relevant papers.
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2.3 Data extraction and quality assessment

A step by step overview of data extraction and study selection processes involved in this review are
included below (figure 1). Data extracted from selected papers included author, year of publication,
journal publication, study design, population type, number of participants, sex, age, training status,
fasting condition, feeding condition, intervention frequency and duration, exercise type, exercise
duration and intensity, statistical tests used, performance measures, metabolic measures and
statistical outcomes of each study. The methodological quality of studies included for review were
assessed using the Delphi list, a criteria list developed by Delphi consensus between international

experts in the field of quality assessment of randomised clinical trials*.

2.4 Data Analysis

Effect size (Hedges g [g]) were calculated for each trial (fed vs. fasted [k]) using a pooled standard
deviation, and mean difference between the fasted and fed groups or conditions groups®. The
obtained effect is interpreted according to Cohen®® (0.2 = ‘small’; 0.5 = ‘medium’; 0.8 = ‘large’).
Heterogeneity was assessed by Cochran’s Q (Q) and I°. Heterogeneity was observed between study
effect sizes (ES) (Performance [Q = 61.1, P = 0.068, I’ = 25 %]; circulating glucose and free fatty acids
[FFA] [Q < K-1]), and as methodology differed between studies (e.g. performance measure,
population [i.e. sex, training status], feed type, dose, and timing) a random effects model was used
to calculate the pooled ES for exercise-performance, and post-exercise circulating glucose and FFA,
with a [lower : upper] 95 % confidence interval® ?’ (R Studio 1.1.383) . A meta-regression was used
to determine moderator effects for fitness level (VO,max), feed type (carbohydrate or mixed meal,
fat), feed proximity to exercise (outside of or within 60 minutes) and performance type measure

(long duration exercise [> 60 minutes] vs. short-duration exercise [< 60 minutes]) (SPSS 24). Four

This article is protected by copyright. All rights reserved.



moderators were selected a priori based on theoretical relation, supporting empirical evidence, and

25, 28,29
k .

3. Results

In total, 13138 studies were identified from database searching in Pubmed and Medline, which were
screened by title and abstract after removal of duplicates. Of these, 99 were included for full text
review, with a further 75 papers excluded due to not meeting the relevant inclusion/exclusion
criteria. The remaining 24 papers were included in final analyses. A further 22 studies were identified
for inclusion through manually searching references lists of other relevant papers. Table 1 shows the
summary characteristics of included studies which assessed the effects of fasted vs. fed state

exercise on metabolic or performance adaptations.

3.1 Quality assessment

The results for quality assessment using the Delphi list are summarised in table 1. Studies were
ranked based on a maximum possible score of 9 criteria which evaluate different indicators of study
quality. Rankings were defined as excellent (>8), very good (6-7), moderate (4-5), and low (<3)
quality study design. There were certain issues with specific aspects of quality in several studies. No
studies reported whether or not treatment allocation was used, while 18 studies did not implement
intention-to-treat analyses. Blinding of participants was a challenge in some studies given the nature
of their design, for example if a study was investigating the effects of a pre-exercise meal vs. fasting
condition on exercise performance. Consequently only 16 studies included a blinding measure for

participants.

This article is protected by copyright. All rights reserved.



3.2 Exercise performance

Collectively, 23 studies assessed performance during acute exercise. Of these, 20 evaluated
responses to continuous aerobic exercise, while 3 determined performance changes in fasted vs. fed
conditions during anaerobic or intermittent exercise. One study investigated the effects of a 6 week
intervention on anaerobic exercise performance markers. Summary outcomes of these studies are
presented in table 2. A small feeding ES was observed for continuous aerobic exercise performance
(k=47,9g=0.2[0:0.3]; Z=1.77; P=0.076). ES varied by exercise performance duration only (8 =
0.326, P = 0.011). A difference in overall ES was observed for sub-group analysis between short and
long duration exercise performance (Z = 2.150; P = 0.032). A small feeding ES was observed for long
duration exercise performance (k=25; g=0.3[0.1:0.5]; Z=2.51; P=0.012), whereas, no feeding
effect was observed for short duration exercise performance (k=22; g=01[-0.3:0.2]; Z=0.40; P =

0.687).

Aerobic exercise

Most studies in this review evaluated the effects of fasted vs. fed exercise on performance during

continuous long-duration aerobic exercise (> 60 minutes). Of these, 54% found that pre-exercise

31,47,54,55,61,67,72

feeding improved performance , while the remainder evidenced no difference

30, 35,37, 58, 59, 62

between fasted and fed groups . Regarding studies showing a beneficial effect of acute

pre-exercise feeding on aerobic exercise performance, 1 provided a mixed meal®, 1 implemented a

high carbohydrate meal®’, and 5 provided predominantly carbohydrate as an energy source®"*’>*>*

72 A further 7 studies evaluated markers of shorter duration (< 60 minutes) aerobic performance®

36,60,63,64,69,70 Of these, 57% found no differences in performance between fasted and fed

53, 56, 63, 64

conditions . The remaining studies determined that pre-exercise feeding bolstered time trial
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60, 69, 70 69, 70

performance . Of these, 2 provided carbohydrates™ **, while the other provided carbohydrate-

based meals® as pre-exercise feeding condition.

Anaerobic and intermittent exercise

Four studies in this review assessed anaerobic and intermittent exercise performance. Galloway et
al.** found that pre-exercise carbohydrate ingestion improved time to exhaustion during anaerobic
exercise compared with fasted conditions. Regarding intermittent exercise, 3 studies found that
performing high intensity interval training (HIIT) in fasted or fed conditions did not affect

performance measures over a single exercise bout or following a chronic intervention®®>” .

[Insert table 2 around here]

3.3 Metabolism

Forty-five studies in this review assessed post-exercise changes in metabolic biomarkers between
fasted and fed conditions. Fuel metabolism responses were evaluated in 42 studies, while 14 papers
determined changes in endocrine signalling in fasted and fed exercise states. Additionally, 4 trials
assessed metabolic signalling in peripheral tissues between fasted and fed conditions. Summary

outcomes for these studies are presented in table 2.

Glucose

Forty-two studies assessed changes in circulating glucose and/or insulin in response to exercise in

fasted or fed conditions, with 10 identifying significant changes in post-exercise glucose levels
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between fasted and fed conditions. Six trials determined that glucose was increased in fed

|17, 40 30, 47,70,72

conditions following submaxima or prolonged aerobic exercise . The remaining studies

45, 49, 50

indicated glucose was greater in fasted conditions following acute anaerobic or submaximal

exercise®. Feeding conditions eliciting increases in glucose following exercise compared with fasted

1394 3 glycerol bolus®, a carbohydrate based meal®’, an oral

conditions included a mixed mea
carbohydrate solution’ and low/high glycaemic index (Gl) carbohydrates’. Conversely, feeding
interventions which resulted in lower blood glucose compared with fasting included an oral

4959 3nd a mixed meal®®. Gillen et al.* observed no

carbohydrate solution®, a glucose bolus
differences in oral glucose tolerance responses to 6 weeks of fasted vs. fed state HIIT. No overall
pooled effect was observed post-exercise for circulating glucose (k =35; g=0.1[-0.2:0.4]; Z=0.83;

P =0.406). No moderator effects were observed for any variable within the meta-regression (P 2

470).

Eight studies demonstrated significant changes in post-exercise insulin concentrations between
acute nutritional conditions. Of these, 88% indicated increased insulin in fed conditions®” % 4% 493057,
’® while another study indicated insulin was raised post-exercise in fasted conditions>*. However,
while a statistically significant post-exercise increase in insulin was observed by Isacco et al.>” in
fasted compared with fed conditions, a difference of ~6 pmol-L™* may be quite small in biological
terms. Feeding conditions in these studies included a mixed meal®’, a carbohydrate-based meal*” **

49, 50

>’ a glucose bolus and an oral carbohydrate solution’. Two studies assessed metabolic

%950 while a third evaluated responses to acute intermittent

responses to anaerobic exercise
exercise”’. Gillen et al.*® found no differences in insulin sensitivity between groups following 6 weeks

of fasted or fed state HIIT.
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Free fatty acids

FFA concentrations were elevated in 38% of studies where it was measured in the fasted vs. fed

ey 17, 40, 47,57, 63, 64,70, 72
condition

. A large fasting effect was observed for post-exercise circulating FFA (k =
36;g=0.7[0.1:1.2]; Z=2.27; P=0.023). No moderator effects were observed for any variable (P 2

0.351).

Metabolic hormone signalling

Fourteen studies included in analyses evaluated changes in metabolic hormone signalling in fasted
and fed exercise conditions, with 35% finding significant differences between groups®® *% 43>761,
Cappon et al.*® evidenced that performing anaerobic exercise after high-fat diet feeding reduces
growth hormone secretion while elevating somatostatin levels, compared with fasted conditions.
Another 3 studies identified altered endocrine signalling between fasted and fed conditions during

continuous aerobic exercise®® > ¢!

. Two studies found that exercising after consuming a mixed meal
induced lower adrenaline levels in healthy subjects*® and diabetic patients®. A third study
demonstrated that fasted exercise raised noradrenaline levels compared with fed conditions
following consumption of a mixed meal®. Finally, an acute HIIT study found post-exercise

catecholamine concentrations were elevated following a high Gl meal compared with exercise in the

fasted state®’.

Skeletal muscle metabolism

49, 50 and

Metabolic signalling changes in skeletal muscle were assessed in response to both anaerobic
intermittent exercise*®, however no studies meeting our inclusion criteria evaluated such changes in

response to continuous aerobic exercise. Gillen et al.*® implemented a chronic HIIT intervention
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where untrained overweight/obese women exercised in fasted conditions or after consuming a
carbohydrate-based meal. Although HIIT exerted significant effects on various skeletal muscle
biomarkers, no differences were observed between fasted and fed conditions in mitochondrial
markers of enzymatic activity such as CS or -HAD. Conversely, 2 studies assessing responses to
acute anaerobic exercise following glucose feeding vs. fasting demonstrated differences between
these conditions in a number of signalling markers. Guerra et al.>® found that glucose ingestion
significantly blunted the phosphorylation of signal transducer and activator of transcription 3
(STAT3), extracellular signal-regulated kinase (ERK1/2) and suppressor of cytokine signalling 3
(SOCS3) when compared with fasting conditions during recovery. A similar investigation®
determined that glucose ingestion prior to anaerobic sprint exercise blunted the elevation of
Thr172-AMPKa phosphorylation seen in the fasting group while the relative change in Ser485-
AMPKa1/Ser491-AMPKa?2 activation was significantly raised by glucose ingestion. Ser473-Akt
phosphorylation was also increased immediately post-exercise in the glucose group compared with
fasting conditions. Moreover, protein expression of sirtuin 1 (SIRT1) was elevated 120 minutes after

fasted exercise, but glucose feeding blunted this response.

Adipose tissue metabolism

Little evidence exists on the effects of exercising in fasted and fed conditions on metabolic signalling
in adipose tissue. A recent seminal paper determined the effects of exercising in fasted vs. fed
conditions on adipose tissue messenger RNA (mRNA) and protein expression of key enzymes
involved in lipid metabolism®’. This study demonstrated that ingestion of a carbohydrate-based meal
before prolonged aerobic exercise blunted the mRNA expression of PDK4, adipose triglyceride lipase
(ATGL), hormone-sensitive lipase (HSL), CD36, GLUT4 and insulin receptor substrate 2 (IRS2).
Furthermore, IRS2 protein expression was elevated under fasting conditions compared with pre-

exercise feeding.
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4. Discussion

4.1 Exercise performance

For continuous aerobic exercise, several studies found no changes between fasted and fed
conditions, although pre-exercise feeding bolstered prolonged (> 60 minutes) aerobic capacity
compared with fasted conditions. The similar performance responses between fasted and fed
conditions in individual studies may be attributed to different factors. These may include using an

|59, 62

alternative fuel source to carbohydrates or a carbohydrate-based mea , a reduced magnitude of

performance responses in trained vs. untrained study populations®® 3" *®

, or a large study population
heterogeneity in terms of aerobic capacity®. Findings on shorter duration exercise (< 60 minutes)
demonstrated no overall performance effect for either fasted or fed exercise. The effects of pre-
exercise feeding on anaerobic and intermittent exercise performance also indicate no differences

between short or long-term fasted vs. fed state HIIT**>" %

, while one study evidenced improved
anaerobic performance after pre-exercise feeding®. These equivocal findings may reflect the fact
that each study used different exercise protocols, or that pre-exercise feeding simply does not
bolster intermittent exercise performance. Whilst differences were observed between short and
long-duration exercise performance, given the small amount of studies evaluating performance

responses to anaerobic and intermittent exercise it remains difficult to make definitive inferences

from results pertaining to this specific mode of exercise.

Overall results indicated that performance was not affected by pre-exercise feed timing.
Interestingly, in the 4 studies where feeding occurred 3-4 hours pre-exercise, performance was
categorically improved®® "% This could reflect increases in muscle/liver glycogen stores which
are not attained when feeding is timed in the 60 minutes before exercise’®, thus enhancing

performance. Only 2 studies in this review assessed the effects of nutrient ingestion at multiple time
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% pritchett et al.* found no differences in intermittent exercise performance when feeding

points
occurred 15 or 60 minutes pre-exercise. Conversely, Galloway et al.* demonstrated that
carbohydrate ingestion 30 minutes before anaerobic exercise bolstered performance compared with

fasted conditions. Given the lack of available evidence, further research is required to determine if

pre-exercise feed timing influences anaerobic or intermittent exercise performance.

Meal composition and Gl remain topics of debate in sports nutrition’®, and its effects on

31:55:37.72 0f these studies, 75% determined that ingesting

performance were compared in 4 studies
low/moderate Gl carbohydrates pre-exercise improved prolonged aerobic capacity compared with
fasting conditions, while high Gl carbohydrates did not enhance performance. Endurance
performance may improve as a result of enhanced fat oxidation and slower glucose release observed
following low Gl carbohydrate ingestion’®, thus preserving glycogen stores for higher intensity
exercise. Thomas et al.”* had similar findings, with low Gl food consumption inducing lower
carbohydrate oxidation rates during prolonged exercise compared with high Gl ingestion. While not
all studies report performance enhancements from low Gl compared with high Gl carbohydrate
ingestion, no studies report performance decrements in response to low Gl food consumption™.

While of interest, these limited findings make it difficult to ascertain if Gl truly influences exercise

performance.

4.2 Metabolism

Several acute studies evidenced post-exercise circulating glucose increases in fed vs. fasted
conditions following continuous aerobic exercise. This may reflect increased glucose availability for
fuel utilisation, or potential increases in glycogenolysis observed during prolonged exercise”’.

Conversely, glucose increased, while insulin was decreased during acute fasted vs. fed anaerobic
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#4930 Similar findings are observed elsewhere’® and potentially indicate greater

exercise in 3 studies
demands for glucose utilisation during high intensity exercise. The comparable results observed in
some studies in terms of post-exercise circulating substrates may potentially be explained by the
sample population characteristics. Metabolic flexibility is a key determinant of the ability to shift
from glucose to fat oxidation during different physiological conditions, such as the fasted vs. fed
state’®. Moreover, metabolic flexibility is purportedly influenced by environmental factors, including
training status and fat mass®. Interestingly, of the 8 studies using sedentary and/or
overweight/obese sample populations, 75% evidenced no changes in post-exercise glucose, insulin

or FFAs between fasted and fed conditions. This may potentially explain the lack of change in these

measures observed in these trials.

The effect of fasted vs. fed state exercise on skeletal muscle metabolic signalling was also
evaluated®® **°. Regarding long-term fasted vs. fed state exercise responses, Gillen et al.*®
suggested that adaptations to intermittent exercise are similar irrespective of pre-exercise
nutritional condition. However, other evidence has not investigated if chronic adaptations to
intermittent exercise differ between fasted and fed conditions. Conversely, differences in metabolic
signalling were detected between acute fasted and fed conditions following sprint exercise®” *°.
Fasted Wingate exercise increased SIRT1 expression and phosphorylated AMPK*, whereas pre-
exercise glucose ingestion abated these effects. AMPK has myriad downstream effects on gene
expression and is implicated in regulating mitochondrial biogenesis, substrate utilisation and
autophagy®. SIRT1 is purportedly implicated in regulating metabolic processes primarily concerning

mitochondrial adaptation'®®

, and its increased nuclear abundance has been previously observed
following HIIT®. Moreover, evidence indicates anaerobic exercise acts as a leptin signalling

mimetic™. Similar to SIRT1 and AMPK, pre-exercise glucose ingestion partially or wholly blunted

leptin signalling responses, similarly suggesting that fasted conditions may optimise metabolic
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signalling adaptations. AMPK is a critical regulator of peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a), the so-called “master regulator” of mitochondrial biogenesis,
and its activation upon energy depletion in muscle phosphorylates PGC-1aq, resulting in increased
mitochondrial gene expression®’. SIRT1 also proposedly plays a role in mediating PGC-1a in
peripheral tissues®. While no differences in PGC-1a expression were observed between acute
nutritional conditions here, fasted sprint exercise may induce superior molecular signalling
responses to fed conditions over a prolonged timeframe, potentially translating to improved chronic

adaptations. However, these hypotheses have not been conclusively answered in the literature.

Circulating FFA concentration was greater following fasted vs. fed exercise. These findings were
evidenced during prolonged exercise, suggesting that triglyceride mobilisation from adipose tissue is
increased, in turn elevating circulating FFA concentrations for potential use as fuel®®. Interestingly,
Chen et al."” presented seminal evidence concerning the mechanisms by which lipid mobilisation
from adipose tissue occurs in response to fasted exercise. Specifically, mRNA expression of key
lipolytic enzymes such as ATGL and HSL®” were upregulated during fasted, but not fed exercise.
Moreover, studies which evidenced endocrine signalling changes during fasted exercise bolstered

40,43 noradrenaline®* and growth hormone*® were

these findings. Circulating levels of adrenaline
increased in fasting conditions. Catecholamines are critical in the activation of fasting-induced
lipolysis®, while growth hormone also stimulates this process®. Collectively, these findings outline

potential mechanisms by which fasted exercise promotes lipid utilisation compared with fed

conditions.
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4.3 Perspectives

The review’s findings indicate that fasted vs. fed exercise conditions differentially affect
performance and post-exercise metabolism. Pre-exercise feeding enhances performance during
prolonged (> 60 minutes) aerobic exercise, whereas performance did not differ during shorter
duration aerobic exercise between fasted and fed conditions. Several individual studies suggest
nutrient timing and meal composition influence exercise performance, and these factors should be
tailored based on exercise type. Additionally, consuming lower Gl compared with high-Gl
carbohydrates may augment prolonged aerobic performance. Regarding metabolism, fasted exercise
mobilises and promotes FFA utilisation, with seminal evidence outlining potential mechanisms by
which this occurs in adipose tissue. Fasted training activates signalling pathways which beneficially
regulate metabolic adaptations in skeletal muscle, whereas pre-exercise feeding abrogates such
effects. However, significant literature gaps remain regarding this topic. Further research is
imperative to elucidate the effects of fasted vs. fed exercise on skeletal muscle and adipose tissue
metabolism, particularly following a chronic intervention. Similarly, unconventional feeding
conditions such as the low-carbohydrate or protein-fed state, have not been thoroughly investigated
regarding their effects on metabolism and performance. Future studies are required to establish

nutritional strategies which optimise metabolic and performance adaptations to exercise.
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AMPK; AMP-activated protein kinase

ATGL; adipose triglyceride lipase

CD36; fatty acid translocase
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ERK1/2; extracellular signal-regulated kinase
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GLUT4; glucose transporter type 4

HIIT; high intensity interval training
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SOCS3; suppressor of cytokine signalling 3

STAT3; signal transducer and activator of transcription 3

UCP3; uncoupling protein-3

B-HAD; beta—hydroxyacyl coenzyme A dehydrogenase

Competing interests

None declared.

Funding

T.P. Aird and B.P. Carson are supported by an industry funded partnership with Carbery Food
Ingredients Ltd. B.P. Carson and R.W. Davies are supported by funding from the Food for Health

Ireland (FHI) research centre.

Authors' contributions

T.P. Aird and B.P. Carson were responsible for review conceptualisation and systematic searching.
T.P. Aird, R.W. Davies and B.P. Carson completed the meta-analysis writing and final revisions of this

manuscript.

This article is protected by copyright. All rights reserved.



Acknowledgements

The authors wish to acknowledge the assistance provided by Liz Dore (UL Glucksman Library) in

helping to design the search strategy used in this review.

References

1. Hetlelid KJ, Plews DJ, Herold E, Laursen PB, Seiler S. Rethinking the role of fat oxidation: substrate
utilisation during high-intensity interval training in well-trained and recreationally trained runners.

BMJ Open Sport Exerc Med. 2015 Aug 21;1(1):e000047.

2. Camera DM, Smiles WJ, Hawley JA. Exercise-induced skeletal muscle signalling pathways and

human athletic performance. Free Radic Biol Med. 2016 Sep;98:131-43.

3. Kim J, Park J, Lim K. Nutrition Supplements to Stimulate Lipolysis: A Review in Relation to

Endurance Exercise Capacity. J Nutr Sci Vitaminol (Tokyo). 2016;62(3):141-61.

4. Richter EA, Hargreaves M. Exercise, GLUT4, and skeletal muscle glucose uptake. Physiol Rev. 2013

Jul;93(3):993-1017.

5. Carter S, Clifton PM, Keogh JB. The effects of intermittent compared to continuous energy
restriction on glycaemic control in type 2 diabetes; a pragmatic pilot trial. Diabetes Res Clin Pract.

2016 Dec;122:106-112.

6. Wegman MP, Guo MH, Bennion DM, Shankar MN, Chrzanowski SM, Goldberg LA, Xu J, Williams
TA, Lu X, Hsu SI, Anton SD, Leeuwenburgh C, Brantly ML. Practicality of intermittent fasting in
humans and its effect on oxidative stress and genes related to aging and metabolism. Rejuvenation

Res. 2015 Apr;18(2):162-72.

This article is protected by copyright. All rights reserved.



7. Maughan RJ, Fallah J, Coyle EF. The effects of fasting on metabolism and performance. Br J Sports

Med. 2010 Jun;44(7):490-4.

8. Goldstein |, Hager GL. Transcriptional and chromatin regulation during fasting — The genomic era.

Trends Endocrinol Metab. 2015 Dec; 26(12): 699-710.

9. Hong SH, Ahmadian M, Yu RT, Atkins AR, Downes M, Evans RM. Nuclear receptors and

metabolism: from feast to famine. Diabetologia. 2014 May;57(5):860-7.

10. Egan B, Zierath JR. Exercise metabolism and the molecular regulation of skeletal muscle

adaptation. Cell Metab. 2013 Feb 5;17(2):162-84.

11. Thompson D, Karpe F, Lafontan M, Frayn K. Physical activity and exercise in the regulation of

human adipose tissue physiology. Physiol Rev. 2012 Jan;92(1):157-91.

12. Trefts E, Williams AS, Wasserman DH. Exercise and the Regulation of Hepatic Metabolism. Prog

Mol Biol Transl Sci. 2015;135:203-25.

13. De Bock K, Richter EA, Russell AP, Eijnde BO, Derave W, Ramaekers M, Koninckx E, Léger B,
Verhaeghe J, Hespel P. Exercise in the fasted state facilitates fibre type-specific intramyocellular lipid

breakdown and stimulates glycogen resynthesis in humans. J Physiol. 2005 Apr 15;564(Pt 2):649-60.

14. Civitarese AE, Hesselink MK, Russell AP, Ravussin E, Schrauwen P. Glucose ingestion during
exercise blunts exercise-induced gene expression of skeletal muscle fat oxidative genes. Am J Physiol

Endocrinol Metab. 2005 Dec;289(6):E1023-9.

15. Van Proeyen K, Szlufcik K, Nielens H, Ramaekers M, Hespel P. Beneficial metabolic adaptations

due to endurance exercise training in the fasted state. J Appl Physiol (1985). 2011 Jan;110(1):236-45.

16. Cluberton LJ, McGee SL, Murphy RM, Hargreaves M. Effect of carbohydrate ingestion on
exercise-induced alterations in metabolic gene expression. J Appl Physiol (1985). 2005

Oct;99(4):1359-63.

This article is protected by copyright. All rights reserved.



17. Chen YC, Travers RL, Walhin JP, Gonzalez JT, Koumanov F, Betts JA, Thompson D. FEEDING
INFLUENCES ADIPOSE TISSUE RESPONSES TO EXERCISE IN OVERWEIGHT MEN. Am J Physiol

Endocrinol Metab. 2017 Mar 14:ajpendo.00006.2017.

18. Ormsbee MJ, Bach CW, Baur DA. Pre-exercise nutrition: the role of macronutrients, modified
starches and supplements on metabolism and endurance performance. Nutrients. 2014 Apr

29;6(5):1782-808.

19. Rowlands DS, Hopkins WG. Effect of high-fat, high-carbohydrate, and high-protein meals on
metabolism and performance during endurance cycling. Int J Sport Nutr Exerc Metab. 2002

Sep;12(3):318-35.

20. Vieira AF, Costa RR, Macedo RC, Coconcelli L, Kruel LF. Effects of aerobic exercise performed in
fasted v. fed state on fat and carbohydrate metabolism in adults: a systematic review and meta-

analysis. Br J Nutr. 2016 Oct;116(7):1153-1164.

21. Moher D, Liberati A, Tetzlaff J, Altman DG; PRISMA Group. Preferred Reporting Items for

Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097.

22. Chennaoui M, Desgorces F, Drogou C, Boudjemaa B, Tomaszewski A, Depiesse F, Burnat P,
Chalabi H, Gomez-Merino D. Effects of Ramadan fasting on physical performance and metabolic,
hormonal, and inflammatory parameters in middle-distance runners. Appl Physiol Nutr Metab. 2009

Aug;34(4):587-94.

23. Bouhlel E, Zaouali M, Miled A, Tabka Z, Bigard X, Shephard R. Ramadan fasting and the GH/IGF-1

axis of trained men during submaximal exercise. Ann Nutr Metab. 2008;52(4):261-6.

24. Verhagen AP, de Vet HC, de Bie RA, Kessels AG, Boers M, Bouter LM, Knipschild PG. The Delphi
list: a criteria list for quality assessment of randomized clinical trials for conducting systematic

reviews developed by Delphi consensus. J Clin Epidemiol. 1998 Dec;51(12):1235-41.

This article is protected by copyright. All rights reserved.



25. Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. Introduction to Meta-Analysis. Hoboken

New Jersey: John Wiley & Sons Inc (2009).

26. Cohen J. A power primer. Psychological bulletin, 1992. 112(1), p.155.

27. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. BMJ:

British Medical Journal. 2003 327(7414), p.557.

28. Hawley JA. Adaptations of skeletal muscle to prolonged, intense endurance training. Clinical and

experimental pharmacology and physiology. 2002 29(3), pp.218-222.

29. Stellingwerff T and Cox GR. Systematic review: Carbohydrate supplementation on exercise
performance or capacity of varying durations. Applied Physiology, Nutrition, and Metabolism. 2014

39(9), pp.998-1011.

30. Alberici JC, Farrell PA, Kris-Etherton PM, Shively CA. Effects of preexercise candy bar ingestion on

glycemic response, substrate utilization, and performance. Int J Sport Nutr. 1993 Sep;3(3):323-33

31. Anderson M, Bergman EA, Nethery VM. Preexercise meal affects ride time to fatigue in trained

cyclists. J Am Diet Assoc. 1994 Oct;94(10):1152-3.

32. Bennard P, Doucet E. Acute effects of exercise timing and breakfast meal glycemic index on

exercise-induced fat oxidation. Appl Physiol Nutr Metab. 2006 Oct;31(5):502-11.

33. Bergman BC, Brooks GA. Respiratory gas-exchange ratios during graded exercise in fed and

fasted trained and untrained men. J Appl Physiol (1985). 1999 Feb;86(2):479-87.

34. Boone WT, Boone T. Influence of a 36-h fast on the central and peripheral components of VO2

during submaximal exercise and peak oxygen uptake. J Sports Sci. 1995 Aug;13(4):279-82.

This article is protected by copyright. All rights reserved.



35. Calles-Escandén J, Devlin JT, Whitcomb W, Horton ES. Pre-exercise feeding does not affect
endurance cycle exercise but attenuates post-exercise starvation-like response. Med Sci Sports

Exerc. 1991 Jul;23(7):818-24.

36. Cappon JP, Ipp E, Brasel JA, Cooper DM. Acute effects of high fat and high glucose meals on the

growth hormone response to exercise. J Clin Endocrinol Metab. 1993 Jun;76(6):1418-22.

37. Chryssanthopoulos C, Hennessy LC, Williams C. The influence of pre-exercise glucose ingestion

on endurance running capacity. Br J Sports Med. 1994 Jun; 28(2): 105-109.

38. Coyle EF, Coggan AR, Hemmert MK, Lowe RC, Walters TJ. Substrate usage during prolonged

exercise following a preexercise meal. J Appl Physiol (1985). 1985 Aug;59(2):429-33.

39. Crowe L, Caulfield B. Towards creating a superstimulus to normalise glucose metabolism in the
prediabetic: a case-study in the feast-famine and activity-rest cycle. BMJ Case Rep. 2012 Mar

27;2012.

40. Enevoldsen LH, Simonsen L, Macdonald IA, Biilow J.. The combined effects of exercise and food

intake on adipose tissue and splanchnic metabolism. J Physiol. 2004 Dec 15;561(Pt 3):871-82.

41. Erdmann J, Tholl S, Schusdziarra V. Effect of carbohydrate- and protein-rich meals on exercise-

induced activation of lipolysis in obese subjects. Horm Metab Res. 2010 Apr;42(4):290-4.

42. Ferland A, Brassard P, Croteau S, Lemieux S, Bergeron J, Lacroix S, Fournier L, Poirier P. Impact of
beta-blocker treatment and nutritional status on glycemic response during exercise in patients with

type 2 diabetes. Clin Invest Med. 2007;30(6):E257-61.

43. Ferland A, Brassard P, Lemieux S, Bergeron J, Bogaty P, Bertrand F, Simard S, Poirier P. Impact of
high-fat /low-carbohydrate, high-, low-glycaemic index or low-caloric meals on glucose regulation

during aerobic exercise in Type 2 diabetes. Diabet Med. 2009 Jun;26(6):589-95.

This article is protected by copyright. All rights reserved.



44, Fielding RA, Costill DL, Fink W), King DS, Kovaleski JE, Kirwan JP. Effects of pre-exercise
carbohydrate feedings on muscle glycogen use during exercise in well-trained runners. Eur J Appl

Physiol Occup Physiol. 1987;56(2):225-9.

45. Galloway SD, Lott MJ, Toulouse LC. Preexercise carbohydrate feeding and high-intensity exercise
capacity: effects of timing of intake and carbohydrate concentration. Int J Sport Nutr Exerc Metab.

2014 Jun;24(3):258-66.

46. Gillen JB, Percival ME, Ludzki A, Tarnopolsky MA, Gibala MJ. Interval training in the fed or fasted
state improves body composition and muscle oxidative capacity in overweight women. Obesity

(Silver Spring). 2013 Nov;21(11):2249-55.

47. Gleeson M, Maughan RJ, Greenhaff PL. Comparison of the effects of pre-exercise feeding of
glucose, glycerol and placebo on endurance and fuel homeostasis in man. Eur J Appl Physiol Occup

Physiol. 1986;55(6):645-53.

48. Gonzalez JT, Veasey RC, Rumbold PL, Stevenson EJ. Breakfast and exercise contingently affect
postprandial metabolism and energy balance in physically active males. Br J Nutr. 2013

Aug;110(4):721-32.

49. Guerra B, Guadalupe-Grau A, Fuentes T, Ponce-Gonzalez JG, Morales-Alamo D, Olmedillas H,
Guillén-Salgado J, Santana A, Calbet JA. SIRT1, AMP-activated protein kinase phosphorylation and
downstream kinases in response to a single bout of sprint exercise: influence of glucose ingestion.

Eur J Appl Physiol. 2010 Jul;109(4):731-43.

50. Guerra B, Olmedillas H, Guadalupe-Grau A, Ponce-Gonzalez JG, Morales-Alamo D, Fuentes T,
Chapinal E, Ferndndez-Pérez L, De Pablos-Velasco P, Santana A, Calbet JA. Is sprint exercise a leptin

signaling mimetic in human skeletal muscle? J Appl Physiol (1985). 2011 Sep;111(3):715-25.

This article is protected by copyright. All rights reserved.



51. Hargreaves M, Costill DL, Katz A, Fink WJ. Effect of fructose ingestion on muscle glycogen usage

during exercise. Med Sci Sports Exerc. 1985 Jun;17(3):360-3.

52. Isacco L, Thivel D, Pelle AM, Zouhal H, Duclos M, Duche P, Boisseau N. Oral contraception and
energy intake in women: impact on substrate oxidation during exercise. Appl Physiol Nutr Metab.

2012 Aug;37(4):646-56.

53. Jentjens RL, Cale C, Gutch C, Jeukendrup AE. Effects of pre-exercise ingestion of differing
amounts of carbohydrate on subsequent metabolism and cycling performance. Eur J Appl Physiol.

2003 Jan;88(4-5):444-52.

54. Kirwan JP, Cyr-Campbell D, Campbell WW, Scheiber J, Evans WJ. Effects of moderate and high

glycemic index meals on metabolism and exercise performance. Metabolism. 2001 Jul;50(7):849-55.

55. Kirwan JP, O'Gorman D, Evans WJ. A moderate glycemic meal before endurance exercise can

enhance performance. J Appl Physiol (1985). 1998 Jan;84(1):53-9.

56. Koivisto VA, Karonen SL, Nikkila EA. Carbohydrate ingestion before exercise: comparison of
glucose, fructose, and sweet placebo. J Appl Physiol Respir Environ Exerc Physiol. 1981

Oct;51(4):783-7.

57. Little JP, Chilibeck PD, Ciona D, Forbes S, Rees H, Vandenberg A, Zello GA. Effect of low- and high-
glycemic-index meals on metabolism and performance during high-intensity, intermittent exercise.

Int J Sport Nutr Exerc Metab. 2010 Dec;20(6):447-56.

58. McMurray RG, Wilson JR, Kitchell BS. The Effects of Fructose and Glucose on High Intensity

Endurance Performance. Res Quart for Exerc and Sport. 1983, 54: 156-162.

59. Miller JM, Coyle EF, Sherman WM, Hagberg JM, Costill DL, Fink WJ, Terblanche SE, Holloszy JO.
Effect of glycerol feeding on endurance and metabolism during prolonged exercise in man. Med Sci

Sports Exerc. 1983;15(3):237-42.

This article is protected by copyright. All rights reserved.



60. Neufer PD, Costill DL, Flynn MG, Kirwan JP, Mitchell JB, Houmard J. Improvements in exercise

performance: effects of carbohydrate feedings and diet. J Appl Physiol (1985). 1987 Mar;62(3):983-8.

61. Nieman DC, Carlson KA, Brandstater ME, Naegele RT, Blankenship JW. Running endurance in 27-

h-fasted humans. J Appl Physiol (1985). 1987 Dec;63(6):2502-9.

62. Nieman DC, Gillitt ND, Meaney MP, Dew DA. No positive influence of ingesting chia seed oil on

human running performance. Nutrients. 2015 May 15;7(5):3666-76.

63. Paul GL, Rokusek JT, Dykstra GL, Boileau RA, Layman DK. Oat, wheat or corn cereal ingestion

before exercise alters metabolism in humans. J Nutr. 1996 May;126(5):1372-81.

64. Paul GL, Rokusek JT, Dykstra GL, Boileau RA, Layman DK. Preexercise meal composition alters
plasma large neutral amino acid responses during exercise and recovery. Am J Clin Nutr. 1996

Nov;64(5):778-86.

65. Poirier P, Mawhinney S, Grondin L, Tremblay A, Broderick T, Cléroux J, Catellier C, Tancrede G,
Nadeau A. Prior meal enhances the plasma glucose lowering effect of exercise in type 2 diabetes.

Med Sci Sports Exerc. 2001 Aug;33(8):1259-64.

66. Pritchett K, Bishop P, Pritchett R, Kovacs M, Davis JK, Casaru C, Green M. Effects of timing of pre-
exercise nutrient intake on glucose responses and intermittent cycling performance. S Afr J Sports

Med. 2008;20:86-90.

67. Schabort EJ, Bosch AN, Weltan SM, Noakes TD. The effect of a preexercise meal on time to

fatigue during prolonged cycling exercise. Med Sci Sports Exerc. 1999 Mar;31(3):464-71.

68. Scott JP, Sale C, Greeves JP, Casey A, Dutton J, Fraser WD. Effect of fasting versus feeding on the

bone metabolic response to running. Bone. 2012 Dec;51(6):990-9.

This article is protected by copyright. All rights reserved.



69. Sherman WM, Brodowicz G, Wright DA, Allen WK, Simonsen J, Dernbach A. Effects of 4 h
preexercise carbohydrate feedings on cycling performance. Med Sci Sports Exerc. 1989

Oct;21(5):598-604.

70. Sherman WM, Peden MC, Wright DA. Carbohydrate feedings 1 h before exercise improves

cycling performance. Am J Clin Nutr. 1991 Nov;54(5):866-70.

71. Terada T, Wilson BJ, Myette-Coté E, Kuzik N, Bell GJ, McCargar LJ, Boulé NG. Targeting specific
interstitial glycemic parameters with high-intensity interval exercise and fasted-state exercise in type

2 diabetes. Metabolism. 2016 May;65(5):599-608.

72. Thomas DE, Brotherhood JR, Brand JC. Carbohydrate feeding before exercise: effect of glycemic

index. Int J Sports Med. 1991 Apr;12(2):180-6.

73. Ziogas G, Thomas TR. Dietary preparation before rest and exercise testing. Nutrition. 1998

Jan;14(1):11-6.

74. Zoladz JA, Konturek SJ, Duda K. Effect of Moderate Incremental Exercise, Performed in Fed and
Fasted State on Cardio-Respiratory Variables and Leptin and Ghrelin Concentrations in Young

Healthy Men. ) Physiol Pharmacol 56 (1), 63-85. 3 2005.

75. Hargreaves M, Hawley JA, Jeukendrup A. Pre-exercise carbohydrate and fat ingestion: effects on

metabolism and performance. J Sports Sci. 2004 Jan;22(1):31-8.

76. O'Reilly J, Wong SH, Chen Y. Glycaemic index, glycaemic load and exercise performance. Sports

Med. 2010 Jan 1;40(1):27-39.

77. Goodwin ML. Blood Glucose Regulation during Prolonged, Submaximal, Continuous Exercise: A

Guide for Clinicians. J Diabetes Sci Technol. 2010 May; 4(3): 694—705.

78. Chan-Dewar F, Kong Z, Shi Q, Nie J. Short sprints (30s) attenuate post-prandial blood glucose in

young healthy males. Prim Care Diabetes. 2015 Dec;9(6):446-50.

This article is protected by copyright. All rights reserved.



79. Goodpaster BH, Sparks LM. Metabolic Flexibility in Health and Disease. Cell Metab. 2017 May

2;25(5):1027-1036.

80. Rynders CA, Blanc S, DeJong N, Bessesen DH, Bergouignan A. Sedentary behaviour is a key

determinant of metabolic inflexibility. J Physiol. 2017 May 24.

81. Mihaylova MM, Shaw RJ. The AMP-activated protein kinase (AMPK) signalling pathway

coordinates cell growth, autophagy, & metabolism. Nat Cell Biol. 2011 Sep 2; 13(9): 1016—-1023.

82. Canto C, Menzies KJ, Auwerx J. NAD+ Metabolism and the Control of Energy Homeostasis: A

Balancing Act between Mitochondria and the Nucleus. Cell Metab. 22:1, 7 Jul 2015, pp 31-53.

83. Edgett BA, Foster WS, Hankinson PB, Simpson CA, Little JP, Graham RB, Gurd BJ. Dissociation of
increases in PGC-1a and its regulators from exercise intensity and muscle activation following acute

exercise. PLoS One. 2013 Aug 12;8(8):e71623.

84. Scarpulla RC. Metabolic control of mitochondrial biogenesis through the PGC-1 family regulatory

network. Biochim Biophys Acta. 2011 Jul;1813(7):1269-78.

85. Cantd C, Auwerx J. PGC-1alpha, SIRT1 and AMPK, an energy sensing network that controls energy

expenditure. Curr Opin Lipidol. 2009 Apr; 20(2): 98-105.

86. Maughan RJ, Fallah J, Coyle EF. The effects of fasting on metabolism and performance. Br

Sports Med. 2010 Jun;44(7):490-4.

87. Lampidonis AD, Rogdakis E, Voutsinas GE, Stravopodis DJ. The resurgence of Hormone-Sensitive

Lipase (HSL) in mammalian lipolysis. Gene. 2011 May 15;477(1-2):1-11.

88. Duncan RE, Ahmadian M, Jaworski K, Sarkadi-Nagy E, Sul HS. Regulation of lipolysis in adipocytes.

Annu Rev Nutr. 2007;27:79-101.

This article is protected by copyright. All rights reserved.



89. Chaves VE, Junior FM, Bertolini GL. The metabolic effects of growth hormone in adipose tissue.

Endocrine. 2013 Oct;44(2):293-302.

This article is protected by copyright. All rights reserved.



Table 1: Summary characteristics of studies included in systematic review

Author Quality N N Age Training Fasting Feeding condition Pre-exercise Exercise Type Performance Post-exercise Post-exercise
score female  male range status condition feed timing measures metabolic measurement
measures period
Alberici et al. (1993) 5 0 8 Not Trained Overnight One (440kcal, 46g CHO, 24g FAT) or Two 30 mins Aerobic Cycling time Glucose + FFA  0-20 mins
(30) reported fast (12h) (880kcal, 92g CHO, 48g FAT) large candy bars exercise to exhaustion  metabolism post
Anderson et al. 5 0 9 Not Trained Overnight 70g oatmeal or glucose 60 mins Aerobic Cycling time - -
(1994) (31) reported fast (12h) exercise to exhaustion
Bennard & Doucet 4 0 8 21-27 Trained Overnight Low Gl (400kcal, 80g CHO, GI ~48) or high GI 45 mins Aerobic - Glucose 0-2 hours
(2006) (32) fast (400kcal, 80g CHO, GI ~103) meal exercise metabolism post
Bergman & Brooks 5 0 14 19-32 Trained & Overnight CHO based meal (550kcal, 87% CHO, 2% FAT,  3h Aerobic - - Oh post
(1999) (33) Untrained fast 11% PRO) exercise
Boone et al. (1995) 5 0 20 Not Not 36h fast 3 pre-prepared meals per day Not reported Aerobic V02 max - -
(34) reported reported exercise
Calles-Escandon et 4 0 8 Not Not Overnight 65g fructose or isocaloric mixed snack meal 30 mins Aerobic Cycling time Glucose + FFA  0-60 mins
al. (1991) (35) reported reported fast (260kcal, 43g CHO, 9g FAT, 3g PRO) exercise to exhaustion  metabolism post
Cappon et al. (1993) 6 1 10 22-35 Trained Overnight Liquid high-fat (115ml double cream) or 45 mins Anaerobic - Glucose 0-90 mins
(36) fast glucose (136.8g) drink exercise metabolism +  post
metabolic
hormone
signalling
Chen et al. (2017) 4 0 10 18-35 Untrained Overnight CHO based meal (648kcal, 120.1g CHO, 2h Aerobic - Glucose + FFA  0-60 mins
(17) fast (12h) 12.7g FAT, 20.9g PRO) exercise metabolism +  post
adipose tissue
metabolism
Chryssanthopoulus 7 4 5 Not Trained Overnight 75g glucose 30 mins Aerobic Running time Glucose Oh post
et al. (1994) (37) reported fast exercise to exhaustion  metabolism
Coyle et al. (1985) 4 0 7 Not Trained Overnight CHO based meal (2g/kg CHO, 0.3g/kg PRO) 4h Aerobic - Glucose + FFA  Oh post
(38) reported fast (16h) exercise metabolism
Crowe & Caulfield 3 0 1 40 Trained 44h fast Non-fasting (not specified) Not reported Aerobic - CHO 0-10 mins
(2012) (39) exercise oxidation post
Enevoldsen et al. 5 0 7 21-31 Not Overnight Mixed meal (3.5 MJ, 60% CHO, 20% PRO, 60 mins Aerobic - Glucose + FFA  0-3 hours
(2004) (40) reported fast (12h) 20% FAT) exercise metabolism +  post

metabolic
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Erdmann et al.
(2010) (41)

Ferland et al. (2007)
(42)

Ferland et al. (2009)
(43)

Fielding et al. (1987)
(44)

Galloway et al.
(2014) (45)

Gillen et al. (2013)
(46)

Gleeson et al. (1986)
(47)

Gonzalez et al.

(2013) (48)

Guerra et al. (2011)
(49)

Guerra et al. (2010)
(50)

12

16

10

10

17

12

15

15

Not
reported

36-64

34-71

Not
reported

Not
reported

Not
reported

Not
reported

Not

reported

Not
reported

Not
reported

Not

reported

Untrained

Untrained

Trained

Trained

Untrained

Not
reported

Untrained

Not
reported

Not
reported

Overnight
fast (12h)

Overnight
fast (12h)

Overnight
fast

Overnight
fast (12h)

Overnight
fast (>10h)

Overnight
fast (>10h)

Overnight
fast

Overnight
fast
(10-14h)

Overnight
fast

Overnight
fast

CHO based meal (290kcal, 47g CHO, 4.6g
PRO, 9g FAT), or PRO based meal (160kcal,
0g CHO, 33.3g PRO, 3g FAT)

Mixed meal (60% CHO, 17% PRO, 30% FAT)

High Gl (452kcal, 67g CHO, 16g PRO, 14g
FAT, GI ~80) or low Gl (453kcal, 68g CHO,
16g PRO, 14g FAT, GI ~49) meal, low calorie
meal (358kcal, 44g CHO, 16g PRO, 14g FAT,
Gl ~65), high-fat low CHO meal (30g CHO,
17g PRO, 31g FAT, Gl ~65)

75g glucose or fructose

6.4% CHO drink (32g CHO)

CHO based meal (74% CHO, 12% PRO, 14%
FAT)

1g/kg glucose or glycerol

Porridge meal (60% CHO, 17% PRO, 23%
FAT)

75g glucose

75g glucose

30 mins or 2h

2h

2h 15 mins

30 mins

30 mins or 2h

60 mins

45 mins

2h

63 mins

63 mins

Aerobic
exercise

Aerobic
exercise

Aerobic
exercise

Aerobic
exercise

Anaerobic
exercise

Intermittent
exercise

Aerobic
exercise

Aerobic

exercise

Anaerobic
exercise

Anaerobic
exercise

Cycling time
to exhaustion

Wingate
exercise
performance

Cycling time
to exhaustion

hormone
signalling

Glucose
metabolism +
metabolic
hormone
signalling

Glucose
metabolism

Glucose + FFA
metabolism +
metabolic
hormone
signalling

Glucose
metabolism

Glucose
metabolism

Glucose +
skeletal
muscle
metabolism

Glucose + FFA
metabolism

Glucose + FFA
metabolism

Glucose +
skeletal
muscle
metabolism

Glucose +
skeletal
muscle
metabolism

0-60 mins
post

0-30 mins
post

0-30 mins
post

Oh post

0-3 mins post

Baseline, 6
weeks post

0-15 mins
post

0-90 mins

post

0-4 hours
post

0-4 hours
post
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Hargreaves et al.
(1985) (51)

Isacco et al. (2012)
(52)

Jentjens et al. (2003)
(53)

Kirwan et al. (1998)
(54)

Kirwan et al. (2001)
(55)

Koivisto et al. (1981)
(56)

Little et al. (2010)
(57)

McMurray et al.
(1983) (58)

Miller et al. (1983)
(59)

21

16

Not
reported

18-30

Not
reported

Not
reported

Not
reported

Not
reported

Not
reported

Not
reported

Not
reported

Not
reported

Trained

Trained

Trained

Trained

Trained

Trained

Trained

Trained

Overnight
fast

Overnight
fast (>14h)

Overnight
fast
(10-12h)

Overnight
fast

Overnight
fast

Overnight
fast
(10-12h)

Overnight
fast
(min 10h)

Overnight
fast

Overnight
fast

50g glucose or fructose

Mixed meal (50% CHO, 15% PRO, 35% FAT)

25g, 75g or 200g glucose

75g rolled oats or oat flour

75g mod (rolled oats; GI ~61) or high Gl
(puffed rice; GI ~82) CHO

75g glucose or fructose

1.5 g/kg BM low (lentils; GI 26) or high Gl
meal (potato and egg white; Gl 76);

100g glucose or fructose

1g/kg BM glycerol

45 mins

3h

45 mins

45 mins

45 mins

45 mins

2h

45 mins

30 mins

Aerobic
exercise

Aerobic
exercise

Aerobic
exercise

Aerobic
exercise

Aerobic
exercise

Aerobic
exercise

Intermittent
exercise

Aerobic
exercise

Aerobic
exercise

Fixed work
time trial
performance

Cycling time
to exhaustion

Cycling time
to exhaustion

Cycling time
to exhaustion

Total distance
completed
during
intermittent
exercise test

Fixed work
time trial
performance

Glucose
metabolism

Glucose + FFA
metabolism +
metabolic
hormone
signalling

Glucose
metabolism

Glucose + FFA
metabolism +
metabolic
hormone
signalling

Glucose + FFA
metabolism +
metabolic
hormone
signalling

Glucose + FFA
metabolism +
metabolic
hormone
signalling

Glucose + FFA
metabolism +
metabolic
hormone
signalling

Glucose + FFA
metabolism

Glucose + FFA
metabolism

Oh post

0-90 mins
post

Oh post

Oh post

Oh post

0-30 mins
post

Oh post

Oh post

0-30 mins
post
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Neufer et al. (1987)
(60)

Nieman et al. (1987)
(61)

Nieman et al. (2015)
(62)

Paul et al. (1996a)
(63)

Paul et al. (1996b)
(64)

Poirier et al. (2001)
(65)

Pritchett et al.

(2008) (66)

Schabort et al.

(1999) (67)

Scott et al. (2012)
(68)

10

16

10

10

10

Not
reported

Not
reported

24-55

Not
reported

Not
reported

43-60

Not
reported

Not

reported

Not
reported

Trained

Trained

Trained

Trained

Trained

Untrained

Trained

Trained

Trained

Overnight
fast

27h fast

Overnight
fast
(>9h)

Overnight
fast

Overnight
fast

Overnight
fast

Overnight
fast (>8h)

Overnight
fast

Overnight
fast

Liquid CHO (45g glucose/fructose) or
confectionary bar (45g CHO, 9g FAT, 3g PRO)
or meal + confectionary bar (200g CHO +
confectionary bar)

7kcal/kg BM liquid mixed meal (52.8% CHO,
15.2% PRO, 32% FAT)

7kcal/kg BM chia seed oil

Wheat, corn or oat-based cereal (368kcal for
male, 281kcal for female; with 4g sucrose &
skimmed milk; 95ml for female & 125ml for
male)

Wheat, corn or oat-based cereal (368kcal for
male, 281kcal for female; with 4g sucrose &
skimmed milk; 95ml for female & 125ml for
male)

Mixed meal (495kcal, 49% CHO, 34% FAT,
17% PRO)

Low Gl nutritional bar (160kcal, 20g CHO, 4g

FAT, 11g PRO)

CHO based meal (468kcal, 98g CHO, 17.2g

PRO, 0.87g FAT)

Mixed meal (2.3MJ, 60% CHO, 8% PRO, 32%
FAT)

5 mins or 4h

3h

30 mins

90 mins

90 mins

2h

15 or 60 mins

3h

2h 15 mins

Aerobic
exercise

Aerobic
exercise

Aerobic
exercise

Aerobic
exercise

Aerobic
exercise

Aerobic
exercise

Intermittent

exercise

Aerobic

exercise

Aerobic
exercise

Fixed work
time trial
performance

Running time
to exhaustion

Running time
to exhaustion

Fixed distance
time trial
performance

Fixed distance
time trial
performance

Wingate
exercise
performance

Cycling time
to exhaustion

Glucose
metabolism

Glucose + FFA
metabolism +
metabolic
hormone
signalling

Glucose
metabolism +
metabolic
hormone
signalling

Glucose + FFA
metabolism

Glucose + FFA
metabolism

Glucose + FFA
metabolism +
metabolic
hormone
signalling

Glucose
metabolism

Glucose + FFA
metabolism +
metabolic
hormone
signalling

Glucose
metabolism +
metabolic

Oh post

Oh post

0-4h post

0-60 mins
post

0-60 mins
post

0-30 mins
post

Oh post

Oh post

0-3 hours
post
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Sherman et al.
(1989) (69)

Sherman et al.
(1991) (70)

Terada et al. (2016)
(71)

Thomas et al. (1991)
(72)

Ziogas et al. (1998)
(73)

Zoladz et al. (2005)
(74)

Not
reported

Not
reported

47-69

20-40

Not

reported

Not
reported

Trained

Trained

Untrained

Trained

Trained

Not
reported

Overnight
fast (10h)

Overnight
fast (10h)

Overnight
fast (12h)

Overnight
fast (12h)

Overnight
fast

Overnight
fast

Low (733kcal, 45g CHO), medium (733kcal,
156g CHO) or high CHO (1248kcal, 312g
CHO) liquid meals

1.1g/kg BM or 2.2g/kg BM CHO drink

Mixed meal (600kcal, 50% CHO, 30% FAT,
20% PRO)

1g/kg BM CHO (Lentils; Gl 29, baked potato;
Gl 98, or glucose; Gl 100)

Mixed meal (756kcal, 59% CHO, 29% FAT,
12% PRO)

Mixed meal (870kcal, 120g CHO, 30g PRO,
30g FAT)

4h

60 mins

60 mins

60 mins

3h

2h

Intermittent +
aerobic
exercise

Aerobic
exercise
Intermittent

exercise

Aerobic
exercise

Aerobic
exercise

Aerobic
exercise

Fixed work
time trial
performance

Fixed work
time trial
performance

Cycling time
to exhaustion

hormone
signalling

Glucose + FFA
metabolism

Glucose + FFA
metabolism

Glucose
metabolism

Glucose + FFA
metabolism

Glucose
metabolism

Glucose
metabolism +
metabolic
hormone
signalling

Oh post

Oh post

0-24 hours
post
Oh post

0-5 mins post

Oh post
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Table 2: Exercise performance and post-exercise metabolic outcomes of studies included in

systematic review

Author Performance results Performance Post-exercise metabolic outcomes
outcomes
Alberici et al. (1993) (30) No difference between groups <> N glucose in fed vs. fasted
Anderson et al. (1994) (31) Oats (84) vs. fasted (66) mins M -
Bennard & Doucet (2006) (32) - - No difference between groups
Bergman & Brooks (1999) (33) - - No difference between groups
Boone et al. (1995) (34) No difference between groups 4> -
Calles-Escandon et al. (1991) (35) No difference between groups > No difference between groups
Cappon et al. (1993) (36) - - W growth hormone in high-fat
feeding vs. fasted
N somatostatin in high-fat feeding
vs. fasted
Chen et al. (2017) (17) - - N glucose/insulin in fed vs. fasted
J FFAs in fed vs. fasted
J PDK4, ATGL, HSL, CD36, GLUT4,
IRS mMRNA expression in fed vs.
fasted
J/ IRS2 protein expression in fed
vs. fasted
Chryssanthopoulus et al. (1994) No difference between groups 4> No difference between groups

(37)
Coyle et al. (1985) (38)

Crowe & Caulfield (2012) (39)

Enevoldsen et al. (2004) (40)

Erdmann et al. (2010) (41)

No difference between groups

N carbohydrate oxidation in fed vs.
fasted

J FFAs in fed vs. fasted

N glucose in fed vs. fasted

A insulin in fed vs. fasted

\ adrenaline in fed vs. fasted

N insulin in CHO-fed vs. fasted
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Ferland et al. (2007) (42)
Ferland et al. (2009) (43)
Fielding et al. (1987) (44)
Galloway et al. (2014) (45)
Gillen et al. (2013) (46)

Gleeson et al. (1986) (47)

Gonzalez et al. (2013) (48)

Guerra et al. (2011) (49)

Guerra et al. (2010) (50)

Hargreaves et al. (1985) (51)
Isacco et al. (2012) (52)
Jentjens et al. (2003) (53)

Kirwan et al. (1998) (54)

Kirwan et al. (2001) (55)

Koivisto et al. (1981) (56)

CHO30 vs. all other groups
No difference between groups

Glucose (108.6) vs. fasted
(95.9) mins

No difference between groups

Rolled oats (266) vs. fasted
(225) mins

Mod Gl (165) vs. fasted (141)
mins

No difference between groups

A insulin in PRO-fed vs. fasted

No difference between groups

A adrenaline in fed vs. fasted

No difference between groups

W glucose in fed vs. fasted

No difference between groups

\ FFAs in fed vs. fasted

N glucose in glycerol-fed vs. fasted
No difference between groups

A insulin in fed vs. fasted

V glucose in fed vs. fasted

W ERK1/2, STAT3 & SOCS3
expression in fed vs. fasted

N insulin in fed vs. fasted

W glucose in fed vs. fasted

W Thr172-AMPKa in fed vs. fasted

N Ser485-AMPK 1/Ser491-AMPK 2
in fed vs. fasted

N Serd73-Akt in fed vs. fasted
W SIRT1 protein in fed vs. fasted
No difference between groups
W insulin in fed vs. fasted

No difference between groups

No difference between groups

No difference between groups

No difference between groups
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Little et al. (2010) (57)

McMurray et al. (1983) (58)
Miller et al. (1983) (59)

Neufer et al. (1987) (60)

Nieman et al. (1987) (61)

Nieman et al. (2015) (62)
Paul et al. (1996a) (63)
Paul et al. (1996b) (64)
Poirier et al. (2001) (65)
Pritchett et al. (2008) (66)

Schabort et al. (1999) (67)

Scott et al. (2012) (68)

Sherman et al. (1989) (69)

Sherman et al. (1991) (70)

Terada et al. (2016) (71)

Thomas et al. (1991) (72)

Ziogas et al. (1998) (73)

No difference between groups

No difference between groups
No difference between groups

Meal + CHO, glucose +
fructose, snack bar vs. fasted

Meal + CHO vs. all other trials

CHO fed performance 44.7%
greater than vs. fasted

No difference between groups
No difference between groups

No difference between groups

No difference between groups

CHO (135.7) vs. fasted (109)
mins

High CHO (47.9) vs. fasted
(56.2) mins

Both fed conditions 12.5%
improved vs. fasted

Lentils vs. all other trials

<

->

(N

N insulin in fed vs. fasted
\ FFAs in fed vs. fasted

N catecholamines in high-Gl fed
vs. fasted

No difference between groups
No difference between groups

No difference between groups

W noradrenaline in fed vs. fasted

No difference between groups
\ FFAs in wheat meal vs. fasted
\ FFAs in wheat meal vs. fasted
No difference between groups
No difference between groups

No difference between groups

W glucose in fed vs. fasted

No difference between groups

N glucose in high-CHO vs. fasted
N insulin in high-CHO vs. fasted

W FFAs in high-CHO vs. fasted

No difference between groups

N glucose in low/high Gl vs. fasted
\ FFAs in fed vs. fasted

No difference between groups
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Zoladz et al. (2005) (74) - - No difference between groups

Note: <> indicates values remain unchanged in fed vs. fasted conditions; 7 indicates values increase in fed vs. fasted
conditions; , indicates values decrease in fed vs. fasted conditions.
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Figure 1: Study selection and flow diagram of articles included in systematic review and meta-
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