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Abstract

Aims/hypothesis We determined whether the time of day of exercise training (morning vs evening) would modulate the effects of
consumption of a high-fat diet (HFD) on glycaemic control, whole-body health markers and serum metabolomics.

Methods In this three-armed parallel-group randomised trial undertaken at a university in Melbourne, Australia, overweight/
obese men consumed an HFD (65% of energy from fat) for 11 consecutive days. Participants were recruited via social media and
community advertisements. Eligibility criteria for participation were male sex, age 30-45 years, BMI 27.0-35.0 kg/m* and
sedentary lifestyle. The main exclusion criteria were known CVD or type 2 diabetes, taking prescription medications, and shift-
work. After 5 days, participants were allocated using a computer random generator to either exercise in the morning (06:30
hours), exercise in the evening (18:30 hours) or no exercise for the subsequent 5 days. Participants and researchers were not
blinded to group assignment. Changes in serum metabolites, circulating lipids, cardiorespiratory fitness, BP, and glycaemic
control (from continuous glucose monitoring) were compared between groups.

Results Twenty-five participants were randomised (morning exercise n =9; evening exercise #n = 8; no exercise n = 8) and 24
participants completed the study and were included in analyses (n = 8 per group). Five days of HFD induced marked perturba-
tions in serum metabolites related to lipid and amino acid metabolism. Exercise training had a smaller impact than the HFD on
changes in circulating metabolites, and only exercise undertaken in the evening was able to partly reverse some of the HFD-
induced changes in metabolomic profiles. Twenty-four-hour glucose concentrations were lower after 5 days of HFD compared
with the participants’ habitual diet (5.3 £0.4 vs 5.6 = 0.4 mmol/l, p = 0.001). There were no significant changes in 24 h glucose
concentrations for either exercise group but lower nocturnal glucose levels were observed in participants who trained in the
evening, compared with when they consumed the HFD alone (4.9 £ 0.4 vs 5.3 +£0.3 mmol/l, p = 0.04). Compared with the no-
exercise group, peak oxygen uptake improved after both morning (estimated effect 1.3 ml min™' kg_1 [95% C1 0.5, 2.0], p=

0.003) and evening exercise (estimated effect 1.4 ml min~' kg ™' [95% CI 0.6, 2.2], p=0.001). Fasting blood glucose, insulin,
cholesterol, triacylglycerol and LDL-cholesterol concentrations decreased only in participants allocated to evening exercise
training. There were no unintended or adverse effects.

Conclusions/interpretation A short-term HFD in overweight/obese men induced substantial alterations in lipid- and amino acid-
related serum metabolites. Improvements in cardiorespiratory fitness were similar regardless of the time of day of exercise
training. However, improvements in glycaemic control and partial reversal of HFD-induced changes in metabolic profiles were
only observed when participants exercise trained in the evening.

Trial registration anzctr.org.au registration no. ACTRN12617000304336.
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\rch 1n context

What is already known about this subject?

e Short-term (5 days) consumption of a high-fat diet (HFD) does not alter whole-body glucose tolerance or

insulin sensitivity in healthy humans

e Exercise training has a beneficial effect on cardiorespiratory fitness, glycaemic control and body

composition in overweight/obese individuals

What is the key question?

e Does the time of day of exercise training (morning vs evening) modify the HFD-induced changes in
glycaemic control and serum metabolite profiles in overweight/obese men?

What are the new findings?

e Five days of HFD improved 24 h and daytime interstitial glucose levels and induced substantial changes in

serum metabolic signatures

e Only evening exercise training partly reversed the HFD-induced changes in serum metabolites and induced

further improvements in glycaemic control

e Cardiorespiratory fitness was improved by 5 days of exercise independent of the time of day of training

How might this impact on clinical practice in the foreseeable future?

e  Our data highlight the importance of the time of day at which exercise training is performed in order to
maximise the potency of exercise as a therapeutic tool for the treatment of selected clinical conditions

Keywords Blood glucose level - Circadian rhythm - High-fat diet - High-intensity interval training - Serum metabolomics

Abbreviations

BCAA Branch-chained amino acid
CGM Continuous glucose monitor
CON Control group (no exercise)
DXA Dual-energy x-ray absorptiometry
EXam Morning exercise

EXpm Evening exercise

HFD High-fat diet

HIT High-intensity interval training
MET Metabolic equivalent of task
3OHB [3-Hydroxybutyrate

PCA Principal component analysis
PPO Peak power output
UPLC-MS/MS  Ultra-HPLC—tandem MS
VOzpeak Peak oxygen uptake
Introduction

Several metabolic conditions, including obesity, impaired
glucose tolerance and type 2 diabetes mellitus, stem from
the adoption of a sedentary lifestyle and excess energy intake,
with health guidelines advocating diet modification and exer-
cise training as the first line of attack for the management of
these disorders [1]. Diet recommendations emphasise food-
based goals and a decrease in energy intake [2] while exercise
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guidelines encompass a range of activities to attain a
prescribed ‘volume threshold’ to confer health benefits [3].
However, the time of day to exercise for optimal health bene-
fits is currently unknown.

Recent investigations in rodents utilising gain-of-function/
loss-of-function models and in humans employing omics
technologies, have identified pathways that are differentially
activated by exercise in a daytime-dependent manner [4]. In
mice, the molecular circadian clock in peripheral tissues
responds to the time of day of exercise, suggesting that skel-
etal muscle contraction relays important information for
synchronisation of circadian clocks throughout the body [5].
Exercise also elicits distinct daytime muscle transcriptomic
and metabolic signatures in mice and humans [4]. Indeed,
timing is critical in amplifying the beneficial impact of exer-
cise on metabolic pathways within muscle and systemic ener-
gy homeostasis [6]. Research exploring the effects of the
timing of exercise on metabolic health outcomes in humans
is sparse [7]. Savikj et al. [8] reported that 2 weeks of high-
intensity training (HIT) performed three times weekly in the
afternoon was more efficacious than morning HIT at improv-
ing glucose profiles in men with type 2 diabetes, while exer-
cise training in the afternoon led to more pronounced meta-
bolic adaptations compared with training in the morning in
metabolically compromised adults [9]. In contrast, Teo et al.
[10] reported similar benefits for a range of glycaemic
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measures after 12 weeks of either morning or evening exercise
in individuals with and without type 2 diabetes. However, in
these studies [8—10] neither the timing nor composition of
meals was controlled, making it difficult to determine whether
exercise timing or other factors underpinned the improve-
ments in glucose profiles. Here we measured whole-body
and blood biomarkers and used high-throughput serum meta-
bolomics to determine the interactive effects of the consump-
tion of a standardised high-fat diet (HFD) and daily exercise
training undertaken either in the morning or evening on
markers of cardiometabolic health and profiles of circulating
metabolites in overweight/obese men. We explored how an
HFD might induce specific metabolomic ‘signatures’ and
whether these were altered according to the time of day at
which exercise was undertaken. We also determined the
modulating effect of short-term exercise training on HFD-
induced changes in glycaemic control and selected markers
of metabolic health.

Methods
Trial design and participants

We completed a parallel-groups randomised trial with partic-
ipants allocated (1:1:1) to one of three groups: two groups
who performed exercise training either in the morning (morn-
ing exercise [EXam] group) or in the evening (evening exer-
cise [EXpm] group); and a third group who did not undertake
any exercise training (control group [CON]) but consumed the
same diet throughout the intervention as participants who
exercised. Participants were recruited via social media and
community advertisements. Eligibility criteria were as
follows: male sex; aged 3045 years; BMI 27.0-35.0 kg/mz;
and sedentary lifestyle (<150 min/week moderate-intensity
exercise for >3 months and sitting for >5 h each day).
Potential participants were excluded if they met any of the
following criteria: known CVD or type 2 diabetes; major
chronic illness that impairs mobility or eating/digestion;
taking prescription medications (i.e. [3-blockers, anti-
arrhythmic drugs, statins or insulin sensitising drugs); previ-
ous bariatric surgery; shift-work; smoking; strict dietary intake
regimes (i.e. vegan, avoidances of principal study foods, not
regularly consuming a breakfast meal, not regularly consum-
ing three meals per day, actively trying to lose weight); or not
being weight stable (+£5 kg) for the last 3 months. Data were
collected at the St Patrick’s (Fitzroy, VIC) campus of
Australian Catholic University. The trial was approved by
the Human Research Ethics Committee of the Australian
Catholic University (2016-254H) and was registered with
the Australian New Zealand Clinical Trials Registry (registra-
tion no. ACTRN12617000304336). Eligible participants
received written information and provided informed consent

before participation. The allocation sequence for participant
randomisation was generated using a computer random
number generator developed and administrated at the Unit
for Applied Clinical Research at the Norwegian University
of Science and Technology. The randomisation had varying
block sizes, with the first, the smallest and the largest block
defined by the computer technician. The researcher enrolling
the participants (TM) received the allocation results onscreen
and by email after registration of each new participant into the
study and was unaware of the size of the blocks.

Experimental protocol and interventions

Before commencement of dietary or exercise interventions,
participants recorded their habitual intake of food and liquid
in a food diary for three weekdays and one weekend day to
allow for comparison with the macronutrient composition and
energy intake of the study diet. Habitual dietary intake in the
pre-intervention period was analysed using FoodWorks
(Version 8; Xyris, QLD, Australia). The first 5 days of the
investigation were the same for all participants and consisted
of the introduction of an HFD while they remained sedentary
(Fig. 1). For each of the 11 days of the HFD, participants
received three pre-packed meals (breakfast, lunch and dinner),
each containing 33.3% of the total daily energy intake. The
macronutrient content of meals was 65% of energy from fat,
15% from carbohydrate and 20% from protein, with
individualised total energy intake based on measurements of
resting metabolic rate (detailed below). Participants were
instructed to consume meals at prescribed times (07:30,
13:00 and 19:30 hours) and to abstain from alcohol. Water
and coffee/tea (without sugar and milk) could be consumed ad
libitum.

After the 5-day dietary harmonisation period, all partici-
pants consumed the HFD for a further 6 days at the prescribed
times and with the same restrictions on liquids. On days 6-10,
participants allocated to an exercise group performed once-
daily exercise training at either 06:30 hours (EXam group)
or 18:30 hours (EXpm group). Participants allocated to the
control group (CON) did not perform any exercise but main-
tained their normal activities of daily living while remaining
on the HFD (Fig. 1). Exercise training was performed on an
electronically braked cycle ergometer (Lode Excalibur Sport,
Lode, Groningen, the Netherlands). On days 6, 8 and 10,
participants performed HIT (10 x 1 min work-bouts at 95—
120% of individual peak power output (PPO), separated
by 1 min low-intensity cycling). On days 7 and 9,
participants in the exercise groups undertook a continu-
ous bout of moderate-intensity cycling (60-65% of
PPO) for 40 and 60 min, respectively. Participants allo-
cated to an exercise training group received an extra
419 kJ snack (65% fat, 15% carbohydrate, 20% protein)
following each exercise session.
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Assessments and outcomes

Prior to intervention, participants underwent the following
procedures: (1) a dual-energy x-ray absorptiometry (DXA)
(GE Lunar [USA] iDXA Pro, encore software Version 16)
scan to estimate body composition; (2) measurement of rest-
ing energy expenditure (TrueOneRMR; Parvo Medic, Sandy,
UT, USA) to estimate daily energy requirements; (3) girth
measurements of waist and hip; (4) measurement of seated
systolic and diastolic BP and resting heart rate using an auto-
mated oscillometric blood pressure monitor (Welch Allyn,
NY, USA); and (5) a maximal cycling test with measurement
of expired gases (Parvo Medic, Sandy, UT, USA) to deter-

mine peak oxygen uptake (VOzpeak) and PPO. Apart from
resting energy expenditure, all assessments were repeated

after the intervention period, with the VOzpeak test and the
DXA scan undertaken 48—72 h after participants had complet-
ed the 11 days of the HFD.

Blood samples (18 ml) were drawn using a single forearm
venepuncture before breakfast and after dinner, at baseline
(day 0), after 5 days on the HFD (day 5) and after a further
5 days of the HFD, either with daily exercise or no exercise
(day 11). None of the participants exercised on day 11 (Fig. 1).
Participants were fitted with a continuous glucose monitor
(CGM) system (iPro2 with Enlite sensor; Medtronic, Dublin,
Ireland) placed on the lower back adipose site, and worn
throughout the study. We calculated hourly values and
defined daytime glucose as the mean glucose concentration
from 06:00 hours to 22:00 hours and nocturnal glucose as the
mean glucose concentration from 22:00 hours to 06:00 hours.

Participants wore an activPAL inclinometer
(activPAL3™4tri-axial physical activity monitor; PAL-tech-
nologies, Glasgow, UK) on the thigh and an ActiGraph accel-
erometer (ActiGraph GTX3+; Pensacola, FL, USA; during
waking hours only) around the waist to estimate physical
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activity and movement patterns. Additionally, a SenseWear
armband (Bodymedia, Pittsburgh, PA, USA) was worn on
the upper arm for estimates of energy expenditure.

Biochemical analyses

Total cholesterol, HDL-cholesterol, LDL-cholesterol and
triacylglycerol concentrations were analysed in whole blood
using Cobas b 101 (Roche Diagnostics, Basel, Switzerland)
and plasma glucose concentration using the hexokinase
methods with a YSI 2900 STAT Plus (YSI Life Sciences,
Yellow Springs, OH, USA). Serum insulin concentrations
were determined in duplicate using ELISA (ALPCO, Salem,
NH, USA). HOMA-IR was calculated according to the
following formula: fasting serum insulin (pU/ml) x fasting
plasma glucose (mmol/l) / 22.5 [11].

Serum metabolomics

Metabolomics analysis was undertaken by Metabolon
(Durham, NC, USA) [12]. Thawed serum was methanol
extracted and analysed using ultra-HPLC—tandem MS
(UPLC-MS/MS) positive mode, UPLC-MS/MS negative
mode and GC-MS. The UPLC-MS/MS platform used a
Waters Acquity UPLC with Waters UPLC BEH C18-2.1x
100 mm, 1.7 mm columns and a ThermoFisher LTQ MS,
including an electrospray ionisation source and a linear ion-
trap mass analyser. Samples for GC-MS analysis were dried
under vacuum desiccation for a minimum of 18 h prior to
being derivatised using bis(trimethylsilyl) trifluoroacetamide.
Using helium as carrier gas and at a temperature ramp from
60 °C to 340 °C within a 17 min period, derivatised samples
were separated on a 5% phenyldimethyl silicone column.
Samples were analysed on a Thermo-Finnigan Trace DSQ
fast-scanning single-quadrupole MS operated at unit mass
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resolving power with electron impact ionisation and a 50e750
atomic mass unit scan range. Metabolites were identified by
automated comparison of the ion features in the experimental
samples to a reference library of chemical standard entries.
The reference library included retention time, molecular mass
(m/z), preferred adducts and in-source fragments, as well as
associated MS spectra, and were curated by visual inspection
for quality control using software developed at Metabolon
[13].

Statistical methods

A formal sample size calculation was not undertaken due to
the exploratory nature of the research question. Data are
expressed as means (£SD) and estimates with 95% Cls. We
used paired ¢ tests to assess differences in traditional
biomarkers of cardiometabolic health between baseline and
after 5 days of HFD, for the entire cohort. To determine
between-group differences in traditional biomarkers we used
mixed models with participant as random effect, and with two
dummy variables to uniquely identify the two exercise groups
(EXam and EXpm) and their interactions with time
(categorical) as fixed effects. We assumed no systematic
differences between groups at baseline or after 5 days of
HFD. The analyses were repeated to test for differences
between the EXam and EXpm groups. We adjusted for base-
line values for each outcome variable as recommended by
Twisk et al. [14]. For the traditional clinical biomarkers, p-
values <0.05 were considered statistically significant (without
any adjustment for multiple comparisons).

Metabolomics analysis The raw metabolomic data consisted
of 897 quantified metabolites. For the data analysis, the orig-
inal scale was used, with values normalised in terms of raw
area counts by Metabolon. Metabolites with >30% missing
values (n = 105, of which 93 were xenobiotics) were removed
prior to analysis, as was lidocaine, resulting in 791 metabo-
lites. Values below the limit of quantification were imputed
with a value equal to half of the lowest detected value of the
corresponding metabolite. Principal component analysis
(PCA) was undertaken on serum metabolites to assess the
presence of a systematic trend in the change of the metabolic
profiles of the participants during the harmonisation period
(habitual diet vs HFD), and to assess differences in metabolic
profiles induced by exercise training. PCA was performed
using PLS Toolbox 8.7.2 (Eigenvector Research,
Wenatchee, WA, USA) in Matlab R2017b. Percentage chang-
es of the metabolite concentrations as induced by the HFD
were calculated. The significance of the change between
habitual diet and HFD was determined by paired ¢ tests.
Mixed models were used to test between-group differences
while adjusting for baseline values (metabolite values at day
5, prior to the exercise intervention), with participant as

random effect, time and time X group interactions as fixed
effects, and metabolite concentration as the dependent vari-
able. Separate models were built for comparison of EXam vs
CON, EXpm vs CON, and EXam vs EXpm. The p values
were adjusted using the Benjamini-Hochberg procedure [15]
and significance was considered for ¢ values <0.05. Analyses
were performed on the morning and evening samples
separately.

Heatmaps within each class of metabolites (lipids, amino
acids, carbohydrates, peptides, co-factors and vitamins, ener-
gy, nucleotides, and xenobiotics) were ordered by hierarchical
clustering using Spearman correlation as a similarity measure
and average linkage as a distance measure. Clustering was
performed on morning samples, and the same metabolite order
was used for evening samples.

Results
Participants

Twenty-five participants were randomised and 24 completed
the full protocol (Fig. 2). Table 1 shows the baseline charac-
teristics of participants. Recruitment commenced in
March 2017, with the last follow-up in August 2017. The
interventions produced no unintended or adverse effects.

Habitual diet, physical activity and sleep

The contribution to total energy intake in the participants’ habit-
ual diet was as follows: fat 36 +4%; carbohydrates 45 + 9% and
protein 18 + 3%; the diet also contained alcohol (1%) and dietary
fibre (2%). Before the trial, participants were physically active for
182 + 66 min/day of light intensity (1.5-2.9 metabolic equivalent
of task [MET]), 96 +42 min/day of moderate-intensity (3.0-5.9
MET) and 1 £ 2 min/day of vigorous intensity (>6.0 MET) exer-
cise, taking 7547 3253 steps/day. Levels of physical activity
did not change during the first 5 days, when all participants
consumed the HFD, nor did the time spent in bed (estimated
from ActivPAL inclinometer data) when compared with the
subsequent 5 days of HFD with or without exercise (electronic
supplementary material [ESM] Table 1). Seven participants in
EXam shifted their wake-up times (by 1-2 h) and six of these
compensated by going to bed 1-2 h earlier.

Effects of 5 days of HFD

Fasting triacylglycerol decreased from 1.54+0.7 to 1.25+
0.6 mmol/l (p=0.03) and fasting LDL-cholesterol increased
from 3.0£0.7 to 3.2+0.7 mmol/l (p =0.049) after 5 days of
HFD (Fig. 3). Measures of insulin sensitivity (fasting and
postprandial plasma glucose, fasting and postprandial serum
insulin and HOMA-IR) were unchanged during this period,
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Fig. 2 Consolidated Standards of
Reporting Trials (CONSORT)
flow diagram

[

Assessed for eligibility (n=346) ]

Did not meet inclusion
criteria or chose not to
participate (n=321)

A 4

A 4

[ Randomised (n=25) ]

!

¥

A 4

aY4

4 N\
Allocated to morning exercise Allocated to evening exercise Allocated to no exercise
(EXam, n=9) JU (EXpm, n=8) ) (CON, n=8)
( + aYa + ~N +
Discontinued intervention Discontinued intervention [ Discontinued intervention ]
(n=1) (n=0) (n=0)
(. VAN J
v § ¥ \ ¥
Included in analysis Included in analysis Included in analysis
L (n=8) Il (n=8) ) (n=8)

nor were there any changes in total cholesterol, HDL-choles-
terol, or BP (ESM Table 2). The HFD decreased CGM-based
24 h glucose concentrations (from 5.6 + 0.4 to 5.3 + 0.4 mmol/
1, p=10.001), mainly due to lower daytime glucose concentra-
tions (Fig. 3).

Serum metabolites PCA of serum metabolites revealed system-
atic changes in metabolism between the habitual diet and the
HDF. Of 792 metabolites, 303 were altered in the morning
samples and 361 were altered in the evening samples (Fig. 4).
There were significant changes in all classes of metabolites. We
highlight some of the prominent changes in the morning (fasting)

Table 1 Baseline characteristics of participants included in analyses
Characteristic EXam EXpm CON
(n=8) (n=8) (n=8)
Age (years) 35+4 36+5 36 +4
Body mass (kg) 103.1 £16.1 993 +81 945+104
BMI (kg/m?) 319+19  31.0+£28 307+23
Fat mass (kg) 36.1+7.0 329+53 313+30
Fat mass (%) 36.0 3.1 341+34 336+36
Fat-free mass (kg) 672 +10.1 66.7+39 654+9.0
Visceral fat mass (g) 2013 £ 1424 1480 = 573 1969 + 495
Systolic BP (mmHg) 126 = 10 131 +£9 129 + 8.6
Diastolic BP (mmHg) 815 84 +7 85+ 8.6
VOnpeak ml kg ' min)  285+6.1  312+44 200 +43
PPO (W) 209 + 63 208 + 26 193 + 33
Glucose (mmol/l) 49+0.5 48+0.5 50£04
Insulin (pmol/l) 69 + 44 46 + 35 63 + 35
HOMA-IR 26+1.8 1.7+13 24+15
Cholesterol (mmol/l) 50+0.8 43 +0.6 49+08
HDL-cholesterol (mmol/l)  1.01 = 0.2 1.10+02 099 +0.2
LDL-cholesterol (mmol/l) 33+0.6 2.7+0.5 3.1+£038
Triacylglycerol (mmol/l) 1.63 £0.7 123+£06 1.78+0.8

Data are means = SD
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samples only, which are reported with adjusted p values (g
values). The HFD induced several distinct changes in fatty acid
metabolism, with 155 of 381 lipid metabolites altered (Fig. 4).
There were diet-induced increases in NEFA, including long-
chain fatty acids (e.g. 10-nonadecenoate [19:1n9], +42%, ¢ =
0.015 and oleate/vaccenate [18:1], +34%, ¢=0.014) and
dicarboxylate fatty acids (e.g. heptenedioate [C7:1-DC],
+206%, ¢ =0.0003). There were increases in circulating
acetylcarnitine (+54%, g <0.0001) and several carnitine-
conjugated fatty acids, and substantial elevations in the ketone
bodies {3-hydroxybutyrate (3OHB) (+224%, ¢ =0.0001) and
acetoacetate (+ 340%, g = 0.0004). Sphingolipids as a class were
significantly increased following the HFD (e.g. sphingomyelin
[d18:0/18:0. D19:0/17:0], +98%, g =<0.0001) (ESM Table 3).
The HFD altered 78 out of 185 amino acid metabolites in the
morning samples, including elevations in metabolites related to
branched-chain amino acid (BCAA) metabolism (e.g. 3-
hydroxy-2-ethylpropionate,+63%, ¢ <0.0001; and 3-
hydroxyisobutyrate,+60%, ¢ =0.001) (Fig. 5). Valine, leucine,
and isoleucine all increased (¢ <0.05). ESM Table 3 and ESM
Table 4 show metabolites that changed in the moring and
evening samples, respectively, following 5 days of HFD.

Effects of exercise training

Figure 6 displays measures for Vngeak, body composition
and BP at baseline and post-intervention. Participants
randomised to either EXam or EXpm completed all prescribed
sessions. During HIT, the mean power output was 106 + 5%
of PPO (92 +4% of maximum heart rate). During the contin-
uous exercise sessions, power output was 65 +2% and 60 +
1% of PPO for the 40 min and 60 min session, respectively.

VOzpeak and PPO increased for both exercise groups (Fig. 6
and ESM Table 5). Compared with CON, VOzpeak improved
in the EXam group by 1.3 ml min' kg™' (95% CI 0.5, 2.0,
p=0.003) and in the EXpm group by 1.4 ml min "' kg ' (95%
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CI 0.6, 2.2, p=0.001). There were no between-group differ-
ences for BP or body composition (Fig. 6 and ESM Table 5).

There were between-group differences for changes in
fasted circulating markers of metabolic health after the exer-
cise intervention compared with after 5 days of HFD (Fig. 6
and ESM Tables 6, 7). Blood glucose, cholesterol and LDL-
cholesterol decreased by a greater magnitude in the EXpm
group compared with either CON or the EXam group, while
insulin and triacylglycerols fell more in EXpm vs CON. In the
evening samples (i.e. postprandial), circulating insulin
decreased after both EXam and EXpm compared with no
exercise, whereas cholesterol, triacylglycerol, and LDL-
cholesterol only decreased after EXpm (ESM Tables 6, 7).
Neither exercise group showed a decrease in their CGM-
based 24 h glucose concentrations but individuals in the
EXpm group had lower nocturnal glucose concentrations on
the days they exercised (day 6-10) when compared with
concentrations after the HFD only (4.9+0.4 vs 5.3+
0.3 mmol/l, p =0.04, Fig. 6).

Serum metabolites Changes in serum metabolites from pre- to
post-exercise training are displayed in Figs 7, 8. The changes
in metabolites after the exercise interventions were less
pronounced than those seen after 5 days of the HFD. PCA
revealed smaller variation in metabolites between time points
in CON compared with either of the exercise groups, although

no differences for individual metabolites were observed
between EXam and CON. For the EXpm group, we detected
between-group differences for 56 metabolites in the morning
samples and seven metabolites in the evening samples when
compared with CON (ESM Tables 8, 9). The most profound
differences between groups were for adrenal steroid metabo-
lism, in which a reversal of the effect of the HFD was evident
after exercise training. A total of 33 lipid metabolites were
differentially altered after EXpm vs CON. Of the metabolites
altered by the HFD, some changed differently between the
EXpm group and CON. These were metabolites involved in
fatty acid and amino acid metabolism, including ketone
bodies, metabolites implicated in tryptophan metabolism,
BCAA metabolism, tyrosine metabolism and glutathione
metabolism (Fig. 8). Evening exercise partly reversed the
effect of HFD-induced increase in sphingolipid synthesis, as
evident by significant decreases in sphingomyelin (d17:1/
14:0, d16:1/15:0) and myristoyl dihydrosphingomyelin
(d18:0/14:0) in EXpm vs CON (Fig. 8, ESM Table 8).

Discussion
In this parallel-groups randomised trial, we measured whole-

body and blood biomarkers of metabolic health and used high-
throughput metabolomics to explore the responses of
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overweight/obese men to a standardised nutritional challenge ~ with a sedentary control group, men who exercised in the
and time of day of exercise training. We report that compared ~ evening but not the morning improved their fasting circulating
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<« Fig. 4 Serum metabolites before and after 5 days of high-fat diet (HFD).
(a, b) PCA of serum metabolites measured in morning (a) and evening
(b) samples. (¢, d) Heatmaps of changes in metabolites in response to
HFD in morning (¢) and evening (d) samples, with the same clustering
order of metabolites in both samples. For improved visualisation, the
colour bars are limited to —100% to +100%. (e, f) Number of
metabolites that changed in morning (e) and evening (f) samples,
categorised according to metabolic class. The Venn diagram shows the
overlap between morning and evening samples. PC, principal component

glucose and insulin concentrations as well as LDL-cholesterol
and triacylglycerol profiles. Furthermore, nocturnal glucose
profiles were only improved in men who exercised in the
evening. Notwithstanding time of day effects of exercise on
traditional biomarkers of health, both morning and evening
exercise improved cardiorespiratory fitness and systemic
circulating insulin levels after standardised meals. The HFD
induced substantial perturbations in circulating metabolites,
while daily exercise had a smaller effect on serum metabolic
profiles. Only the evening exercise group showed differential
responses in metabolites compared with the no-exercise
control group, with no significant differences between the
morning and evening exercise groups.

We have previously reported that in overweight/obese men
consumption of an HFD compared with a carbohydrate-rich
diet robustly increased the number of metabolites related to
lipid metabolism, independent of the time of day (i.e. morning
vs evening) [16]. In the present study, short-term consumption
of an HFD increased levels of circulating fatty acids, particu-
larly circulating acetylcarnitine and carnitine-conjugated fatty
acids. These findings suggest alterations in fat handling,
specifically fatty acid (3-oxidation, as conjugation of fatty
acids with carnitine is required for transport across mitochon-
drial membranes and subsequent 3-oxidation [17]. However,
circulating metabolites are often intermediary or end products
of different metabolic pathways and do not provide informa-
tion regarding the turnover of molecules through a metabo-
lism pathway.

Sphingolipid metabolism was substantially altered after
just 5 days of an HFD, consistent with previous observations
in rodents [18]. In addition to their roles in maintaining
membrane structure and integrity, sphingolipids are bioactive
lipids that promote arteriosclerosis and CVD [19]. Indeed,
HFD-stimulated sphingolipid generation contributes to
systemic insulin resistance, dysregulated lipid accumulation,
and cytokine expression and secretion in skeletal muscle and
adipose tissues, thus exacerbating pre-existing obesity-related
disorders [20]. We show that exercise in the evening mitigated
the HFD-induced increase in sphingolipid metabolism by
lowering the levels of selected sphingomyelins, ceramides
and myristoyl dihydrosphingomyelin. Ceramides are the
precursor for sphingolipids and a major contributing factor
in insulin resistance and CVD [21]. Previous work

demonstrates that peak levels of glycerophospholipids and
sphingolipids correlate with peak BMALI (also known as
ARNTL) expression, and that skeletal muscle taken from
healthy humans exhibits a day—night rhythm in lipid metabo-
lism [22]. These results suggest a potential role for exercise
timing and skeletal muscle clocks in the regulation of lipid
metabolism [23].

Ketone bodies are small lipid-derived molecules that serve
as a circulating energy source for bioenergetic tissues in times
of fasting and/or low carbohydrate availability [24] as well as
signalling intermediates linking the outside environment to
epigenetic gene regulation and cellular function [25].
Elevated blood ketone concentrations occur within 2—4 days
of an HFD [24, 25]. Indeed, we observed rapid HFD-induced
increases in ketone metabolism (Fig. 5), with the levels of
acetoacetate and FOHB further augmented by evening exer-
cise. Smaller changes were seen after exercise undertaken in
the morning, but these were not different from those induced
by the HFD alone. A growing area of scientific interest is the
anabolic and anticatabolic properties of ketone bodies in skel-
etal muscle provided by therapeutic ketosis, as well as the
effects of acetoacetate and FOHB on metabolic processes
such as attenuation of glycolysis, hepatic glucose output and
adipose tissue lipolysis [26]. Accordingly, identifying the
mechanisms underlying diet- and/or exercise-induced changes
in circulating metabolites such as acetoacetate and FOHB
may provide targets that help regulate insulin sensitivity and/
or discovery of novel roles for known metabolites.

Elevated levels of several serum amino acids are associated
with obesity and insulin resistance [27]. Specifically,
increases in leucine, isoleucine and valine have been linked
to a number of chronic disorders including obesity, insulin
resistance and type 2 diabetes (see [28]). Increased levels of
BCAAs may serve as a biomarker for the early detection of
insulin resistance and related conditions [29]. Despite the
brevity of our HFD intervention, we observed increases in
the levels of leucine, isoleucine and valine, with a concomitant
reduction in circulating glycine and glutamine, the latter being
inversely associated with type 2 diabetes risk [30]. Short-term
exercise training was unable to reverse the HFD-induced
changes in the profile of these amino acids. However, after
evening exercise there were differential changes in the levels
of circulating «-hydroxyisovalerate and 2-hydroxy-3-
methylvalerate, metabolites involved in leucine, isoleucine,
and valine metabolism, as well as in N-acetylglycine.

Studies in animals show that the time of day of physical
activity can amplify the beneficial impact of exercise on meta-
bolic pathways within skeletal muscle and on systemic energy
homeostasis [6], although caution should be taken when
extrapolating the results from investigations undertaken in
mice to human clinical populations [31]. Our findings of
exercise-induced improvements in glycaemic control in
participants who exercised in the evening rather than the
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Fig.5 Top ten lipid and amino acid metabolites that changed significant-
ly (all ¢ < 0.05) in the morning samples after 5 days of high-fat diet (HFD)
compared with the participant’s habitual diet. (a—j) Relative change (%)
in the lipid metabolites 12,13 DiHOME (a), pristanate (b), 3-
hydroxybutyrylcarnitine (1) (¢), N-stearoyl-sphingadienine (d18:2/18:0)
(d), acetoacetate (e), 4-methylhexanoylglutamine (f), 3-hydroxysebacate
(g), POHB (h), suberoylcarnitine (C8-DC) (i) and glyco-f3-muricholate
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Evening samples

(j). (k—t) Relative change (%) in the amino acid metabolites S-
methylmethionine (k), methylcysteine sulfoxide (1), a-ketobutyrate (m),
S-methylcysteine (n), 2-hydroxybutyrate/2-hydroxyisobutyrate (0), 2-
aminobutyrate (p), N-acetylglycine (q), 3-hydroxy-2-ethylpropionate
(r), 3-hydroxyisobutyrate (s) and 4-methoxyphenol sulfate (t). The plots
depict means = SD with individual data points
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Fig. 6 (a—f) Biomarkers measured in the fasted state in participants after
5 days of high-fat diet (HFD) (visit 2) and after exercise in the morning
(EXam), exercise in the evening (EXpm) or no exercise (CON) after the
intervention period (visit 3): plasma glucose (a); serum insulin (b);
HOMA-IR (¢); and blood cholesterol (d), LDL-cholesterol (e) and triac-
ylglycerol (f). The plots depict means + SD with individual data points.
Comparison between groups are changes at visit 3, adjusted for visit 2
values. *p <0.05 and ***p <0.001 vs CON; Tp <0.05 vs EXam . (g—i)
CGM-based glucose concentrations for 24 h, daytime and nocturnal
glucose in the EXam (g), EXpm (h) and no exercise (i) groups. The plots

morning extend previous observations in individuals with
type 2 diabetes [8] and people at risk of, or diagnosed with,
type 2 diabetes [9]. Savikj et al. [8] reported that HIT under-
taken in the morning increased glucose concentration acutely
as well as on a subsequent rest day during a 2 week training
intervention. Mancilla et al. [9] found that compared with

depict means + SD with individual data points. Changes are within
groups. *p <0.05. (j-1) Hourly glucose concentrations in the EXam (j),
EXpm (k) and no exercise (I) groups. Data are mean + SD and changes
are within group. *p < 0.05 and **p <0.01. (m-r) VOzpcak (m), PPO (n),
body mass (0), visceral fat mass (p) and BP (q, r) at baseline (visit 1) and
after the intervention (visit 3), according to group. The plots depict means
+ SD with individual data points. Comparison between groups are chang-
es at visit 3, adjusted for visit 1 values. *p <0.05 and ***p <0.001 vs
CON

participants who trained in the morning (a combination of
aerobic and resistance-based exercises), participants who
undertook the same training in the afternoon had better periph-
eral insulin sensitivity, insulin-mediated suppression of
adipose tissue lipolysis, and fasting plasma glucose levels.
However, glycaemic control and postprandial responses were
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Fig.7 Serum metabolites before (visit 2) and after (visit 3) exercise in the
morning (EXam), exercise in the evening (EXpm) or no exercise (CON).
(a) PCA of serum metabolites measured in morning samples, according
to group. (b) PCA of serum metabolites measured in evening samples,
according to group. (¢) Heatmaps of changes in metabolites in response to
exercise in EXam, EXpm or CON groups, in morning samples. (d)

similarly improved after 12 weeks of combined endurance and
resistance exercise training undertaken in the morning vs
evening in men and women with and without type 2 diabetes
[10]. Long-term training studies incorporating early vs late
training interventions are urgently needed to interrogate the
effects of time of day specific exercise on metabolism and
health outcomes.

In contrast to previous short-term training studies reporting
no increase in cardiorespiratory fitness [32-34], we observed
significant improvements in VOzpeak in both exercise groups
after only 5 days of training, suggesting that the time of day of
exercise did not influence gains in aerobic fitness. Human
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skeletal muscle mitochondrial oxidative capacity is highest
towards the end of the day [35], coinciding with the timing
of peak physical performance [36], with afternoon exercise
being more efficacious than morning exercise at improving
glucose profiles in both the current study and previous reports
[8, 9]. Synchrony between skeletal muscle and other insulin-
sensitive tissues is critical to maintain whole-body glucose
homeostasis, with insulin secretion and sensitivity under
circadian regulation, peaking early in the day and declining
in the late afternoon/evening in healthy individuals [37]. The
evening decrease in glucose tolerance is due to a decrease in
both insulin sensitivity and beta cell function [38]. In
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Fig. 8 Relative change in lipid and amino acid metabolites that were
significantly changed from habitual diet to high-fat diet (HFD) and that
showed differential change in morning samples from the evening exercise
(EXpm) group compared with no exercise (CON) (all ¢ <0.05), using
mixed linear models. (a—m) Relative change (%) in the lipid metabolites
sphingomyelin (d17:1/14:0, d16:1/15:0) (a), myristoyl
dihydrosphingomyelin (d18:0/14:0) (b), 1-myristoyl-2-arachidonoyl-
GPC (14:0/20:4) (c), hexanoylglycine (d), propionylcarnitine (C3) (e),

3-hydroxybutyrylcarnitine (1) (f), 3-hydroxybutyroylglycine (g), 3-
hydroxysebacate (h), acetoacetate (i), FOHB (j), 1-palmitoleoyl-2-
linolenoyl-GPC (16:1/18:3) (k), S5x-androstan-3(3,173-diol monosulfate
(2) (I) and androstenediol (33,17f3) disulfate (1) (m). (n—t) Relative
change (%) in the amino acid metabolites tryptophan (m), «-
hydroxyisovalerate (0), 2-hydroxy-3-methylvalerate (p), 2-
hydroxybutyrate/2-hydroxyisobutyrate (q), tyrosine (r), N-acetylglycine
(s) and creatine (t). Values are means = SD
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individuals with type 2 diabetes, however, this circadian
pattern in glycaemic control is blunted [38]. It should be noted
that many of the studies examining the variability of glucose
metabolism have been performed in the absence of an exercise
challenge [37] and therefore our finding that nocturnal glucose
profiles were only improved in men who trained in the
evening has important implications for exercise prescription
in individuals who are metabolically challenged.

Strengths of the current study include its randomised
design, with a sedentary control group, and adequate statistical
power to permit inferences regarding the effects of morning or
evening exercise in overweight/obese men consuming an
HFD. Our rigorous dietary control in which participants were
provided with all meals and prescribed times for eating
allowed us to investigate the biological outcomes of our diet
and exercise protocols with little uncontrolled environmental
stimuli. In addition to traditional biomarkers of health status,
we undertook comprehensive metabolic profiling of serum
samples to identify metabolomic signatures resulting from
our interventions. Differences in the timing of biological
sampling since the last training session (12 vs 24 h) is a limi-
tation in our study. This discrepancy is inherent in any inves-
tigation of the time of day of exercise, with no clear solution
other than comprehensive time course studies involving multi-
ple tissue sampling [39]. Exercising early in the morning
could induce sleep-loss-related insulin resistance [40], and
our study participants had to wake up early to train. Despite
the fact that we observed no difference in the estimated time
spent in bed for either group between the HFD-only period
and the days participants exercised, circadian misalignment
may be a confounding factor when interpreting our results,
although exercise mitigates sleep-loss-induced changes in
glucose tolerance [41]. Another limitation is the inclusion of
men only, meaning that our findings cannot be generalised to
women.

In conclusion, a short-term HFD in overweight/obese men
induced marked alterations in serum metabolite profiles,
including changes in the circulating levels of several lipid
and amino acid metabolites. Exercising in the morning or
evening induced similar improvements in cardiorespiratory
fitness but nocturnal glycaemic control only improved in the
evening exercise group. The HFD-induced changes in meta-
bolic profiles were only partly reversed by evening exercise.
Our findings, and those of others [8, 9], suggest that
performing exercise in the afternoon or early evening may
confer the greatest metabolic health benefits. Optimising both
the timing of exercise [7, 8] and meals [31, 42] may have
additive effects on the circadian clock and circulating metab-
olite profiles [39] to further improve metabolic health. The
identification of metabolomics ‘signatures’ in response to
such challenges is of clinical importance to guide the discov-
ery of diagnostic and mechanistic biochemical biomarkers
that monitor perturbations in an individual’s metabolic
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homeostasis. Applying circadian or time of day principles to
exercise training may augment the potency of exercise as a
therapeutic tool for patient populations.
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