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A B S T R A C T   

Aims/hypothesis: Metabolic effects of exercise may partly depend on the time-of-day when exercise is performed. 
We tested the hypothesis that exercise timing affects the adaptations in multi-tissue metabolome and skeletal 
muscle proteome profiles in men with type 2 diabetes. 
Methods: Men fitting the inclusion (type 2 diabetes, age 45–68 years and body mass index 23–33 kg/m2) and 
exclusion criteria (insulin treatment, smoking, concurrent systemic disease, and regular exercise training) were 
included in a randomized crossover trial (n = 15). Participants included in this metabolomics and proteomics 
analysis fully completed all exercise sessions (n = 8). The trial consisted of two weeks of high-intensity interval 
training (HIT) (three sessions/week) either in the morning (08:00, n = 5) or afternoon (16:45, n = 3), a two-week 
wash-out period, and an additional two weeks of HIT at the opposing time. Participants and researchers were not 
blinded to group allocation. Blood, skeletal muscle and subcutaneous adipose tissue were obtained before the 
first, and after each training period. Broad-spectrum, untargeted proteomic analysis was performed on skeletal 
muscle, and metabolomic analysis was performed on all biosamples. Differential content was assessed by linear 
regression and pathway set enrichment analyses were performed. Coordinated metabolic changes across tissues 
were identified by Spearman correlation analysis. 
Results: Metabolic and proteomic profiles remained stable after two weeks of HIT, and individual metabolites and 
proteins were not altered, irrespective of the time of day at which the training was performed. However, co-
ordinated changes in relevant metabolic pathways and protein categories were identified. Morning and afternoon 
HIT similarly increased plasma diacylglycerols, skeletal muscle acyl-carnitines, and subcutaneous adipose tissue 
sphingomyelins and lysophospholipids. Acyl-carnitines were central to training-induced metabolic cross-talk 
across tissues. Plasma carbohydrates, via the penthose phosphate pathway, were increased and skeletal mus-
cle lipids were decreased after morning compared to afternoon HIT. Skeletal muscle lipoproteins were higher, 
and mitochondrial complex III abundance was lower after morning compared to afternoon HIT. 
Conclusions/interpretation: We provide a comprehensive analysis of a multi-tissue metabolomic and skeletal 
muscle proteomic responses to training at different times of the day in men with type 2 diabetes. Increased 
circulating lipids and changes in adipose tissue lipid composition were common between morning and afternoon 
HIT. However, afternoon HIT increased skeletal muscle lipids and mitochondrial content to a greater degree than 
morning training. Thus, there is a diurnal component in the metabolomic and proteomic response to exercise in 
men with type 2 diabetes. The clinical relevance of this response warrants further investigation.   

Abbreviations: AC, acyl-carnitine; AM, morning (08:00); BCAA, branched-chain amino acid; CV, coefficient of variation; DAG, diacylglycerol; FA, fatty acid; FDR, 
false discovery rate; GO, gene ontology; 2-HB, 2-hydroxybutyrate; HCER, hexosylceramides; HIT, high-intensity interval training; HOMA2-IR, homeostatic model of 
assessment of insulin resistance; LPC, lysophospholipid; MUFA, monounsaturated fatty acid; PC, phosphatidylcholine; PCA, principal component analysis; PE, 
phosphatidylethanolamine; PUFA, polyunsaturated fatty acid; PM, afternoon (16:45); SAT, subcutaneous adipose tissue; SD, standard deviation; SFA, saturated fatty 
acid; SkM, skeletal muscle; SM, sphingomyelin; TCA, tricarboxylic acid; TAG, triacylglycerol. 
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1. Introduction 

Physical activity and exercise training improve glycemic manage-
ment and reduce cardiovascular disease risk in people with type 2 dia-
betes [1]. Acute exercise increases glucose uptake, and leads to 
numerous transcriptomic changes in skeletal muscle via insulin- 
independent mechanisms, even in severely insulin resistant states 
[2–4]. In addition to peripheral tissue insulin resistance, individuals 
with type 2 diabetes have a lower capacity to oxidize circulating fatty 
acids during exercise [5]. However, short-term exercise training im-
proves glycemic control and insulin sensitivity, as well as mitochondrial 
biogenesis in this population [6–11]. Thus, physical activity and exer-
cise training are commonly prescribed interventions for individuals with 
type 2 diabetes to combat metabolic disease and improve glucose 
homeostasis. 

The influence of circadian rhythms on metabolism and the potential 
to synchronize therapeutic interventions with daily rhythms has become 
apparent. Peripheral tissues have an extensive network of clock- 
controlled genes, of which many are involved in metabolic regulation 
[12]. Exercise and food restriction are energetic stressors that represent 
major challenges to metabolic homeostasis [13]. Thus, intimate links 
between peripheral circadian clocks and pathways responding to ener-
getic stress are likely to contribute to peripheral organ plasticity and the 
maintenance of glucose and energy homeostasis throughout the day. In 
humans, skeletal muscle and whole-body oxidative capacity is lower in 
the morning and peaks late in the day [14]. Furthermore, adipose tissue 
releases free fatty acids in a bimodal manner, with peaks in the night and 
morning [15]. In older men with obesity and impaired glucose tolerance 
and insulin sensitivity, the diurnal rhythmicity of mitochondrial 
oxidative capacity is attenuated, and parallels the alterations in 24-hour 
energy and substrate metabolism [16]. In individuals with type 2 dia-
betes, insulin resistance is greatest in the morning, which is linked to 
diurnal changes in hepatic glucose production [15]. Exercise perfor-
mance and glucose metabolism also oscillate throughout the day 
[17–19]. Thus, exercise timing may impact adaptations in mitochon-
drial function, insulin sensitivity and glycemia in obesity or type 2 
diabetes. 

Time of day is a critical factor that influences the effect of exercise on 
skeletal muscle metabolic pathways and whole-body energy homeosta-
sis [17,18,20]. High-intensity interval training (HIT) in men with type 2 
diabetes performed in the afternoon improved glycemic management, 
whereas morning sessions worsened blood glucose control [20]. Simi-
larly, individuals with obesity, non-alcoholic fatty liver disease, or type 
2 diabetes have greater improvements in insulin sensitivity after 12 
weeks of training performed in the afternoon as compared to morning 
[21]. Additionally, afternoon exercise protects metabolically healthy 
men with obesity from high-fat diet-induced changes in plasma meta-
bolic profiles more robustly than morning exercise [22]. While these 
reports indicate that afternoon exercise may have unique benefits for 
health, whole-body and tissue-specific metabolic adaptations to training 
at different times-of-day in humans remain unexplored. 

Here we tested the hypothesis that exercise timing influences tissue- 
specific metabolomic and skeletal muscle proteomic profiles. We studied 
a cohort of men with type 2 diabetes, who underwent a randomized 
crossover trial of two weeks morning versus afternoon HIT [20], and 
performed a comprehensive interrogation of the time-of-day-dependent 
effects of exercise training on metabolite and protein levels across 
different tissues and skeletal muscle, respectively. We show how exer-
cise rewires systemic, skeletal muscle, and adipose tissue-specific 
metabolism, providing physiological context to the adaptive response 
to short-term training at different times of the day. 

2. Methods 

2.1. Study design and participants 

This randomized crossover trial was a pilot to a larger-scale study 
(ClinicalTrials.gov number NCT03553524) and was approved by the 
regional ethics board at the Karolinska Institutet, Stockholm, Sweden 
(2016/1421-31/1). Participants gave their informed consent. Inclusion 
criteria were diagnosed type 2 diabetes, age 45–68 years, and body mass 
index 23–33 kg/m2. Exclusion criteria were insulin treatment, smoking, 
concurrent systemic disease, and participation in a regular exercise 
training regimen. To assess cardiovascular health, a cardiac stress test 
was performed at baseline on a cycle ergometer and maximal power 
output was recorded (Table 1). Participants were randomized, by an 
unblinded recruiter with computer generated blocks of size = 4 or 5, into 
morning (AM; 08:00) or afternoon (PM, 16:45) training groups. From 
the 15 randomized participants, n = 2 dropped out and n = 4 partially 
completed the training intervention. From the remaining participants (n 
= 9), one participant was excluded due to a five-day delay in sample 
collection. The final analysis was performed on n = 8 participants 
(Fig. 1). The trial began with two weeks of HIT either in the AM (n = 5) 
or PM (n = 3), followed by a two-week washout period, and an addi-
tional two weeks of HIT were performed at the opposite time (Fig. 2a). 
Participants maintained their prescribed treatment (n = 1 dietary; n = 7 
metformin; daily dose 500–3000 mg; frequency 1/day n = 2, 2/day n =

Table 1 
Participant anthropometric characteristics and clinical chemistry.  

Parameter Timepoint 

Anthropometry Baseline 
Age (years) 62 ± 8 
Time since diagnosis (years) 9.5 (6.3–10.8) 
Weight (kg) 87.8 ± 11.0 
BMI (kg/m2) 27.4 ± 1.9 
Waist (cm) 97 ± 7 
Hip (cm) 96 ± 7 
Fat Mass (%) 26.7 (24.6–27.8) 
Maximal Power (W) 166 ± 55 
Maximal Heart Rate (beats/min) 143 ± 31   

Clinical chemistry Baseline AM PM 

Glucose (mmol/l) 7.5 ± 1.1 7.7 ± 0.9 7.6 ± 1.0 
Insulin (pmol/l)* 48.3 

(42.0–64.6) 
58.3 
(46.5–90.3) 

64.6 
(56.6–79.9) 

HOMA2-IR** 1.0 (0.9–1.3) 1.2 (1.0–1.8) 1.3 (1.2–1.7) 
HbA1c (mmol/mol) 47 ± 5 46 ± 5 46 ± 5 
HbA1c (%) 6.4 ± 0.5 6.3 ± 0.4 6.3 ± 0.4 
C-peptide (nmol/l) 0.85 

(0.71–0.89) 
0.82 
(0.78–1.07) 

0.95 
(0.75–1.07) 

Total Cholesterol 
(mmol/l) 

4.0 ± 1.0 4.2 ± 1.0 4.2 ± 1.2 

HDL Cholesterol 
(mmol/l) 

1.2 ± 0.3 1.3 ± 0.4 1.2 ± 0.4 

LDL Cholesterol 
(mmol/l) 

2.1 ± 0.9 2.1 ± 0.9 2.2 ± 1.0 

Triacylglycerol (mmol/ 
l)** 

1.2 (0.9–1.6) 1.7 (1.0–2.3) 1.6 (1.1–2.1) 

TSH (mIU/l) 1.5 (1.0–2.1) 1.4 (1.2–2.2) 1.7 (1.5–2.1) 
Triiodothyronine 

(pmol/l) 
5.0 ± 0.7 4.8 ± 0.7 5.0 ± 0.5 

Thyroxine (pmol/l) 16 ± 1 16 ± 2 16 ± 2 
PTH (pmol/l) 3.7 ± 0.8 4.0 ± 0.5 4.1 ± 1.0 

Data are mean ± standard deviation, or median (interquartile range, 
25th–75th percentile) when not normally distributed (Shapiro-Wilk test, p 
< 0.05), n = 8 participants. Friedman’s test *p < 0.05 and **p < 0.1. 
BMI – body mass index; HbA1c – glycated hemoglobin; HDL – high-density 
lipoprotein; HOMA2-IR – homeostatic model of assessment of insulin 
resistance; LDL – low-density lipoprotein; PTH – parathyroid hormone; TSH 
– thyroid stimulating hormone. 
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2, 3/day n = 3) and were instructed to maintain their regular diet and 
physical activity patterns, but refrain from any formal exercise training 
throughout the study period. Participants are a subset of a larger cohort 
who completed all exercise sessions [20]. Participant recruitment star-
ted 01/02/2017 and data collection finished 29/11/2017. 

2.2. Low-volume High-Intensity Interval Training (HIT) 

Training consisted of six supervised HIT bouts (three/week) at the 
allotted times (08:00 or 16:45), performed at a gym in central Stockholm 
on a cycle ergometer, as described [20]. Sessions began with a seven- 
minute warm-up, followed by six one-minute pulses at individual 
maximal load (above 220 W [range 180–350 W]) and 75 rpm, inter-
spersed by one-minute recovery at minimal load and 75 rpm, and 
concluded with a three-minute cool-down. Participants were instructed 
to have a light breakfast 1 h before the morning sessions, and a snack 
(sandwich and juice) was offered ad libitum after exercise. Otherwise, 
participants were instructed to maintain their usual diet. 

2.3. Sample collection 

Biospecimens were collected at the onset of the study and three days 

after the last bout of each HIT regimen. A recall food diary was collected 
at baseline, and participants were instructed to repeat their diet on each 
day before sampling. Samples were obtained in the morning 
(08:00–11:00) after an overnight fast. Blood samples were collected 
from the median cubital vein. Sample collection and blood chemistry 
was performed at the Karolinska University Hospital, Stockholm, Swe-
den. Skeletal muscle biopsies were obtained from the mid-portion of the 
vastus lateralis, under local analgesia (Xylocaine 5 mg/ml), using a Weil- 
Bakesley conchotome. Subcutaneous adipose tissue was obtained using 
the same incision. 

2.4. Metabolomics analyses 

Plasma, skeletal muscle (median [range], 51 [35–73] mg), and adi-
pose tissue (36 [12–42] mg) were used for broad-spectrum metab-
olomics analysis. Due to low sample weight, n = 7 subcutaneous adipose 
tissue samples were analyzed (n = 8 for other tissues). The metabolomics 
analysis was performed by Metabolon Inc. (Durham, NC) as described 
[23,24]. The detected peaks were identified by comparison to the 
Metabolon internal library of authenticated standards [25]. 

Fig. 1. Participant Flow Diagram. Only participants who fully completed the randomized crossover trial were analyzed. Participants were excluded from analysis due 
to drop-out, failure to complete the full intervention, or a delay in sample collection. An additional participant was excluded from analyses of subcutaneous adipose 
tissue due to low sample weight. 
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Fig. 2. Stable Resting Metabolic Profile of Plasma and Tissues after Short-Term HIT Training at Different Times of the Day. (a) Schematic of the study design (Created 
with BioRender.com). (b) Number of analyzed metabolites and proteins for each tissue, and distribution of metabolites according to their super pathway definition. 
Partially characterized and xenobiotics were excluded from analyses. (c–g) A principal component analysis (PCA) based on levels of all measured analytes, or each 
metabolomic and proteomic data-set per tissue. Shape represents timepoint (circle for baseline, triangle for AM, and square for PM training) and colors are individual 
participants. For SAT, the baseline sample from individual 5 was omitted for clarity, and [PC1, PC2] coordinates are presented instead. (h-j) Coefficient of variation 
(CV) for all analytes, or metabolites and proteins by tissue. CV was calculated for analyte levels measured on each occasion (baseline or after AM and PM training) 
and for analyte fold changes after training compared to baseline. Boxes are median and interquartile range (IQR, 25th–75th percentile) and individual values are 
shown. Data from n = 8 individuals (n = 7 for adipose tissue). 
AM – morning training (08:00); PM – afternoon training (16:45); SkM – skeletal muscle; SAT – subcutaneous adipose tissue; PC – principal component; Ind – in-
dividual participant; CV – coefficient of variation. 
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2.5. Proteomics analysis 

An aliquot of skeletal muscle (median [range], 26 [18–38] mg) was 
homogenized in 750 μl of buffer (containing 0.1 M TrisHCl and 4 % 
sodium dodecyl sulfate), boiled at 95 ◦C for 10 min and debris was 
removed by centrifugation (16,000 g for 10 min). Lysates were sonicated 
prior to reduction and alkylation (by addition of 0.1 M dithiothreitol and 
40 mM iodoacetamide, and processed via acetone-precipitation (protein 
pellets were resuspended in 1 % sodium-deoxycholate) and in-solution 
digestion using LysC and trypsin (1:100 enzyme to protein). An equal 
amount (10 μg) of resulting peptide digests were purified on 2 x C18 
StageTips. Peptides were measured via liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) using an Easy nano-flow HPLC 
coupled via a nanoelectrospray ion source to a Q Exactive mass spec-
trometer (Thermo Fisher Scientific, Bremen, Germany) using data- 
independent acquisition (DIA), as described [26]. Raw MS files and 
experimental DIA runs were analyzed using Spectronaut version 13 [27] 
and an in-house generated spectral library of human skeletal muscle 
[26]. 

2.6. Metabolomic and proteomic data processing 

Downstream analyses were performed in R Studio and R v4.1.0 (R 
Foundation for Statistical Computing, Vienna, Austria). Raw metab-
olomic signal intensities were normalized to tissue weight loaded for 
UPLC-MS analysis. Metabolites and proteins with <50 % detected values 
were excluded, and missing values for analytes detected in ≥50 % 
samples were imputed using k-nearest neighbor method and impute 
v1.66 package. Partially characterized and xenobiotics were excluded 
from analyses. Raw and processed data-sets (Suppl. Data 1) and pro-
cessing (Suppl. Fig. 1a–e) are detailed. 

2.7. Differential metabolite and protein content 

Data were log2 transformed and a principal component analysis 
(PCA) was performed by prcomp in base R on scaled (root mean square) 
values. Data variability was assessed by CV for each analyte as CV [%] =

sX/X*100, where SX is the standard deviation and X‾ is the mean. Dif-
ferential metabolite and protein content was examined using lme4 v1.1 
and lmerTest v3.1 packages. A linear model containing timepoint 
(Baseline, AM or PM training), study arm (AM or PM training first), and 
individual pairing was fitted. Contrast for between conditions was 
assessed using the least-square means comparisons and p values were 
corrected using the Benjamini and Hochberg adjustment method (FDR). 
Results of the differential analysis are reported (Suppl. Data 2). 

2.8. Metabolite and protein set enrichment analysis 

Individual log2 fold changes were calculated for each metabolite or 
protein versus baseline. Median log2 fold changes were computed and 
pathway enrichment analysis was conducted using fgsea v1.18.0 on 
ranked fold changes, with 100,000 permutations. Pathways with ≥5 
members were examined, and p values were corrected for multiple 
comparisons (FDR). Skeletal muscle protein UniProt identifiers were 
mapped to Gene Ontology (GO) terms with org.Hs.eg.db v3.13.0, and the 
protein set enrichment analysis was performed on cellular component 
(CC), molecular function (MF), and biological process (BP) subdomains. 
Metabolite set enrichment analysis was performed using the super- and 
sub-pathway definitions provided by the Metabolon internal library, 
which are presented for each metabolite (Suppl. Data 1). Pathway 
enrichment results are reported (Suppl. Data 3). 

2.9. Metabolite correlation and clustering analysis 

Individual log2 fold changes versus baseline were correlated 

(Spearman) to fold changes of all other metabolites within the same 
contrast (AM or PM) using the Hmisc v4.5. p values were adjusted for 
multiple comparison (FDR) and correlations networks were analyzed 
with igraph v1.2.6 to identify the three largest isolated clusters. Central 
metabolites in each cluster were defined by respective betweenness 
values (number of shortest paths passing through each node). 

2.10. Pathway Over Representation Analysis (ORA) within metabolite 
clusters 

Pathway ORA was performed by a hypergeometric test, using the 
phyper base R function. Successful draw probability was p(x) =
( m

x
) ( n

k− x
)/( m+n

k
)
, where the parameters were: x – pathway metabolites 

within the cluster, m – total metabolites in the pathway, n – metabolites 
not in the pathway, k – cluster size, and all () are binomial coefficients. 
The upper probability tail was calculated (P[X > x]), and p values were 
adjusted for multiple comparison (FDR). Cluster membership for each 
metabolite and ORA results are reported (Suppl. Data 4). 

2.11. Statistical analysis 

Normality of other parameters was examined using the Shapiro-Wilk 
test. Normally distributed data are presented as mean ± standard de-
viation (SD), and were compared by a 1-way ANOVA and a paired 
Student t-test. Otherwise, data are presented as median and interquartile 
range (IQR), and were compared by Friedman and Wilcoxon signed rank 
tests. Homeostatic model of assessment of insulin resistance (HOMA2- 
IR) was determined from fasting glucose and insulin with the HOMA2 
Calculator (www.dtu.ox.ac.uk). 

2.12. Data availability 

Spectral metabolomic data are not available. The raw and processed 
metabolomic data are presented in Supplementary Data 1. Code used for 
data analysis is available on request. 

3. Results 

3.1. Participant characteristics and clinical chemistry 

Participants (Table 1) are a subset of previously examined cohort 
[20], who completed all training bouts (Fig. 1). In this randomized 
crossover trail, participants completed six bouts of HIT over a two-week 
period either in the morning (AM; 08:00) or afternoon (PM, 16:45), and 
after a two-week washout completed the opposing training time 
(Fig. 2a). While most blood chemistry parameters remained stable 
(Table 1), fasting insulin levels varied between sampling occasions, 
although post-hoc pairwise comparisons were not significant. 

3.2. Stable metabolic profile of plasma and tissues after HIT 

After processing (Suppl. Fig. 1a–e), we analyzed plasma, skeletal 
muscle, and adipose tissue metabolites, as well as skeletal muscle pro-
teins (Fig. 2b). The most abundant metabolites were lipids and amino 
acids (Fig. 2b). A principal component analysis (PCA) revealed that 
variations in total analyte profiles were mainly accounted for by indi-
vidual differences, with no clear separation along timepoints (Fig. 2c). 
This individual specificity was most evident for plasma metabolites and 
skeletal muscle proteins, and less pronounced in skeletal muscle and 
adipose tissue metabolite profiles (Fig. 2d–g). Within-condition coeffi-
cient of variation (CV) for all analytes was relatively similar between 
sampling occasions and comparable for post-training fold changes 
compared to baseline (Fig. 2h). Adipose tissue metabolites were the 
most variable (Fig. 2i–j and Suppl. Fig. 1f–i). The lowest CV was detected 
in plasma and post-training fold changes over baseline (Fig. 2i–j), 
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suggesting that despite the individuality in plasma metabolites, ho-
meostasis is tightly regulated. Finally, the differential metabolite anal-
ysis did not reveal significant changes in individual metabolites (Suppl. 
Fig. 2a), suggesting a stable metabolic profile after short-term HIT. 

3.3. AM training increases plasma carbohydrates and decreases skeletal 
muscle lipids more robustly than PM training 

A Spearman correlation analysis was performed to assess time- 

Fig. 3. AM Training Increases Plasma Carbohydrates and Decreases Skeletal Muscle Lipids more Robustly than PM Training. (a–c) Median log2 fold changes for all 
metabolites, by tissue, after morning (AM, 08:00) or afternoon (PM, 16:45) training compared to baseline, and the Spearman Rho coefficient between the two. (d–f) 
Metabolite super pathway enrichment after AM or PM training compared to baseline, and AM compared to PM training. Bars are normalized enrichment scores and 
color corresponds to FDR values. Grey bars represent FDR ≥ 0.05. (g–i) Individual and median log2 fold changes for leading-edge metabolites for significantly 
enriched pathways. Values are scaled (x / [x]max) log2 fold changes for each metabolite (row). Top 10 lipid, and all leading-edge metabolite for other pathways are 
shown. Data from n = 8 individuals (n = 7 for adipose tissue). 
AM – morning training (08:00); PM – afternoon training (16:45); SkM – skeletal muscle; SAT – subcutaneous adipose tissue; NS – not significant; FDR – false discovery 
rate; FC – fold change. 
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specific differences or commonalities in the general metabolite training 
response. Fold changes showed a moderate correlation between training 
times (Fig. 3a–c), indicating a similar training response. The impact of 
each training time on general metabolite classes (super pathways) was 
assessed for post-training compared to baseline (Suppl. Fig. 2b–e). AM 
HIT increased plasma lipids (Fig. 3d and g) and skeletal muscle energy 
(TCA cycle) metabolites (Fig. 3e and h). PM HIT reduced plasma co-
factors and vitamins (Fig. 3d and g), and increased adipose tissue lipids 
(Fig. 3f and i). While these pathways were enriched irrespective of 
training time compared to baseline, a similar enrichment direction 
suggests a common training response, which included increased circu-
lating and adipose tissue lipids, and skeletal muscle TCA cycle 
metabolites. 

An additional pathway analysis was performed using fold changes 
after AM compared PM HIT (Suppl. Fig. 2b-e). Plasma carbohydrate 
metabolites were higher after AM compared to PM HIT (Fig. 3d), led by 
higher levels of monosaccharides from the pentose-phosphate pathway 
(xylose, sedoheptulose, fructose and ribonulate; Fig. 3g). Similarly, 
skeletal muscle cofactors and vitamins were higher, and lipids were 
lower after AM versus PM HIT (Fig. 3e and h). Thus, AM training 
increased plasma carbohydrate and skeletal muscle antioxidants and 
decreased skeletal muscle lipid metabolites more robustly than PM 
training. 

3.4. Plasma diacylglycerols, skeletal muscle acyl-carnitines, and adipose 
tissue sphingomyelins and lysophospholipids are increased after HIT 

A metabolite set enrichment analysis was performed to assess the 
impact on specific metabolic pathways (sub pathways) (Fig. 4a and 
Suppl. Fig. 3a). Plasma primary bile acid metabolites increased after PM 
HIT, while both training times increased diacylglycerols (DAGs) 
(Fig. 4a–b). AM HIT impacted skeletal muscle metabolites, increasing 
TCA cycle metabolites and monounsaturated fatty acid acyl-carnitines, 
and reducing phosphatidylcholines (PCs) (Fig. 4a and c). PM HIT 
increased adipose tissue sphingomyelins (SMs) and lysophospholipids, 
and decreased metabolites in the glycolysis pathway (Fig. 4a and d). 
Direct comparison of the training times did not produce significantly 
enriched metabolic pathways, suggesting a similar response. The PC: 
phosphatidylethanolamine (PE) ratio was not altered with training 
(Fig. 4e and Suppl. Fig. 3b). Conversely, the SM-to-Ceramide ratio ten-
ded to change with training (p = 0.14; Fig. 4f and Suppl. Fig. 3c). 

3.5. Skeletal muscle lipoproteins are higher, and mitochondrial complex 
III abundance is lower after AM versus PM training 

The differential analysis did not reveal significant changes in indi-
vidual protein levels after HIT (Suppl. Fig. 4a). To delineate coordinated 
changes in functionally connected protein groups, an enrichment anal-
ysis was performed using gene ontology (GO) definitions and changes 
for post-training versus baseline (Fig. 5a and Suppl. Fig. 4b). Cell surface 
proteins were positively enriched after AM HIT, while extracellular 
matrix organization and collagen binding were increased after PM HIT 
versus baseline (Fig. 5a and b). Thus, timed exercise differentially 
induced adaptations to skeletal muscle structure. 

To determine ontologies differentially regulated by training time, we 
examined changes after AM versus PM training. AM HIT led to higher 
levels of proteins involved in bicarbonate transport, extracellular space, 
collagen and exosomes (Fig. 5a and c), indicating a greater impact of AM 
versus PM training on skeletal muscle structure and lactate-independent 
pH regulation. Lipoprotein content was higher after AM versus PM HIT, 
which was accompanied by lower levels of mitochondrial complex III 
structural proteins (Fig. 5a and d). These differences indicate time-of- 
day-specific training adaptations to increased lipid availability in skel-
etal muscle after training. 

3.6. AM training coregulates peripheral tissue, while PM training 
coregulates plasma-to-peripheral tissue response 

We aimed to identify coregulated metabolite networks that may 
reveal time-of-day specific adaptations to training coordinated across 
tissues (Fig. 6a and b, and Suppl. Fig. 5a–c). The most coordinated 
changes after AM training were within adipose tissue, as evidenced by 
the greatest number of intra-tissue correlations of metabolite log2 fold 
changes. This was followed by skeletal muscle and plasma, respectively 
(Fig. 6c). Adipose tissue also showed the most coordinated changes after 
PM training. However, more correlations within plasma were induced 
by PM versus AM HIT (Fig. 6d). PM training resulted in more plasma to 
adipose tissue correlations, and fewer adipose tissue to skeletal muscle 
correlations (Fig. 6c and d). Correlation networks formed several large 
clusters after either AM or PM HIT (Fig. 6e and f). The predominance of 
inverse correlations between plasma and tissues suggest tissue produc-
tion and consumption of metabolites. Overall, AM training induced a 
coordinated response at the tissue level, while PM training coordinated 
circulating metabolites more readily. 

3.7. Coregulated metabolite clusters in response to morning or afternoon 
HIT 

To identify metabolic pathways coregulated across tissues we 
examined the three largest clusters of correlated metabolites after 
training (Fig. 7a–b and Suppl. Fig. 5d–e). AM metabolite clusters were 
predominantly enriched for acyl-carnitines, driven by peripheral tissues 
in Clusters 1 and 2, and by plasma in Cluster 3 (Fig. 7c). Acyl-carnitines 
were correlated to skeletal muscle and plasma antioxidants in Cluster 1 
(Fig. 7c and d), branched-chain amino acids (BCAA) in Cluster 2 (Fig. 7c 
and e), and dopamine and tryptophan metabolites in Cluster 3 (Fig. 7c 
and f). PM metabolite clusters were enriched for acyl-carnitines, driven 
by plasma in Cluster 1, adipose tissue in Cluster 2, and skeletal muscle in 
Cluster 3 (Fig. 7c). After PM training, acyl-carnitines were correlated to 
FAs and glutathione metabolites (2-hydroxybutyrate [2-HB]) in Cluster 
1 (Fig. 7c and g), lipid species (PCs, SMs and hexosylceramides [HCERs]) 
in Cluster 2 (Fig. 7c and h), and antioxidants and methionine metabo-
lites in Cluster 3 (Fig. 7c and i). Thus, acyl-carnitines were central in the 
metabolic coregulation in the post-training period, regardless of training 
time. 

4. Discussion 

To gain molecular insights into the time-of-day-specific effects of 
exercise training, we examined the multi-tissue metabolome and skel-
etal muscle proteome in men with type 2 diabetes. Although the 
metabolomic and proteomic response to training was predominately 
similar, we found several time-specific distinctions in training adapta-
tions (Fig. 8). Two weeks of AM training increased plasma carbohydrate 
metabolites as well as skeletal muscle lipoproteins and bicarbonate 
transport versus PM training. Conversely, PM training increased skeletal 
muscle lipids and mitochondrial proteins compared to AM training. 

Training increased plasma lipid metabolite classes, including acyl- 
carnitines, FAs, DAGs and primary bile acids. Furthermore, acyl- 
carnitines were central to metabolic cross-talk following HIT, irre-
spective of training time. Acyl-carnitines increase acutely after exercise, 
while treatment of primary human skeletal muscle cells with acyl- 
carnitines increases mitochondrial oxidation [28–30]. Both AM and 
PM training induced a connection between skeletal muscle acyl- 
carnitines and antioxidant metabolite levels. Acyl-carnitines produce 
more reactive oxygen species compared to pyruvate during mitochon-
drial oxidation, and this can promote skeletal muscle insulin resistance 
[31,32]. This elevation in fatty acid metabolites may be related to the 
reduced capacity for lipid oxidation during exercise in individuals with 
type 2 diabetes [5]. Conversely, the increase in acyl-carnitines may drive 
a beneficial increase in antioxidant capacity after exercise training. The 

M. Savikj et al.                                                                                                                                                                                                                                  



Metabolism 135 (2022) 155268

8

Fig. 4. Exercise Training Differently Affects Plasma Diacylglycerols, Skeletal Muscle Acyl-Carnitines, and Subcutaneous Adipose Tissue Sphingomyelins and Lyso-
phospholipids. (a) Metabolite sub pathway enrichment based on ranked log2 fold changes after two weeks of AM or PM training compared to baseline. Bars are 
normalized enrichment scores and color corresponds to FDR values. Grey bars are FDR ≥ 0.05. (b–d) Individual and median log2 fold changes for all leading-edge 
metabolites for significantly enriched pathways by tissue. Values are scaled (x / [x]max) log2 fold changes for each metabolite (row). (e) Sum of all identified SkM 
Phosphatidylcholines (PC) and Phosphatidylethanolamines (PE) and the ratio between the two for each participant at baseline, or after AM and PM training. (f) Sum 
of all identified SAT Sphingomyelins (SM) and Ceramides (Cer) and the ratio between the two for each participant at baseline, or after AM and PM training. Boxes are 
median and interquartile range (IQR, 25th–75th percentile), and individual data points are overlaid. Data from n = 8 individuals (n = 7 for adipose tissue). 
AM – morning training (08:00); PM – afternoon training (16:45); SkM – skeletal muscle; SAT – subcutaneous adipose tissue; FDR – false discovery rate; FC – fold 
change; AC – acyl-carnitine; LPC – lysophospholipid; PC – phosphatidylcholine; PE – phospatidylethanolamine; SM – sphingomyelin; TCA – tricarboxylic acid. 
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increase in acyl-carnitines and TCA cycle metabolites in our cohort, 
followed by a general increase in lipid metabolites across tissues, sug-
gests increased lipid mobilization and mitochondrial substrate shuttling 
post-training in men with type 2 diabetes. 

We detected an increase in circulating DAGs three days after HIT. 
Skeletal muscle DAG biosynthesis increases with insulin or fatty acid 

availability [33,34], both of which were present post-training in our 
cohort. Peripheral tissue DAG accumulation is associated with insulin 
resistance, but the impact of circulating DAGs may depend on the fatty 
acid composition, with linoleic acid-DAGs increasing risk of metabolic 
disease [35–37]. The increased DAGs in our study, including oleic, 
linoleic and arachidonic acid, may represent a dysregulated lipid 

Fig. 5. Skeletal Muscle Lipoproteins are Higher, and Mitochondrial Complex III Abundance is Lower in AM vs PM Training. (a) Skeletal muscle protein gene ontology 
set enrichment based on ranked log2 fold changes after two weeks of AM or PM training compared to baseline, and AM compared to PM training. Bars are normalized 
enrichment scores and color corresponds to FDR values. Grey bars are FDR ≥ 0.05. (b) Individual and median log2 fold changes for the first 10 leading-edge proteins 
for significantly enriched pathways after training compared to baseline and (c–d) after AM compared to PM training. Values are scaled (x / [x]max) log2 fold changes 
for each protein (row). Data from n = 8 individuals. 
AM – morning training (08:00); PM – afternoon training (16:45); FDR – false discovery rate; FC – fold change; BP – Biological Process; MF – Molecular Function; CC – 
Cellular Component. 
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Fig. 6. AM Training Coregulates Peripheral Tissue, while PM Training Coregulates Plasma-to-Peripheral Tissue Response. (a–b) Chord diagrams representing sig-
nificant Spearman correlations (FDR < 0.05) between metabolite log2 fold changes after AM or PM training compared to baseline. Outer rings correspond to tissue, 
and inner rings represent metabolite super pathway definition. Link color corresponds to Spearman Rho coefficient direction (positive or negative) and link width is 
proportional to the number of significant correlations. (c–d) Upset diagrams representing the number of significant metabolite correlations within each and between 
pairs of tissues. Bars are number of correlations, and the color corresponds to Spearman Rho coefficient direction (positive or negative). (e–f) Correlation networks for 
AM and PM training, where vertices represent metabolites and edges significant Spearman correlations. Vertex color corresponds to metabolite tissue of origin, and 
edge color to Spearman Rho coefficient direction (positive or negative). Inset bars represent the number of metabolites in 10 largest isolated clusters and color 
corresponds to metabolite tissue of origin. Data from n = 8 individuals (n = 7 for adipose tissue). 
AM – morning training (08:00); PM – afternoon training (16:45); SkM – skeletal muscle; SAT – subcutaneous adipose tissue. 
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Fig. 7. Coregulated Metabolite Clusters in Response to Two Weeks of Either AM or PM training. (a–b) Three largest isolated clusters in a metabolite network created 
by significantly correlated log2 fold changes after either AM or PM training compared to baseline. Vertex color corresponds to metabolite tissue of origin, and edge 
color to Spearman Rho coefficient direction (positive or negative). (c) Pathway over-representation analysis for three largest network clusters after either AM or PM 
training. Five largest pathways per cluster are shown, dot size represents the metabolite ratio (cluster / total pathway metabolites) and color represents false dis-
covery rate (FDR) adjusted p values from a hypergeometric test. Bars are the number of cluster metabolites in the pathway and color represents tissue. (d–i) In-
dividual network plots for three largest isolated clusters after either AM or PM training. Inset bars are scaled (x / xmax) vertex centrality within network and three 
most central metabolites are shown. Central and metabolites from significantly enriched pathways are presented as squares and labelled. Vertex color corresponds to 
scaled (x / [x]max) median log2 fold change after training versus baseline and label color corresponds to biospecimens. Edges represent significant (FDR < 0.05) 
Spearman correlations. 
AM – morning training (08:00); PM – afternoon training (16:45); SkM – skeletal muscle; SAT – subcutaneous adipose tissue; Clust – cluster; MR – metabolite ratio; 
FDR – false discovery ratio; FC – fold change; AC – acyl-carnitine; BCAA – branched chain amino acid; FA – fatty acid; HCER – hexosylceramide; MUFA – mono-
unsaturated fatty acid; PC – phosphatidylcholine; PUFA – polyunsaturated fatty acid; SFA – saturated fatty acid; SM – sphingomyelin. 
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response to exercise. Individuals with insulin resistance have a dysre-
gulated triacylglycerol (TAG) exercise response, while DAGs are among 
the most variable lipids (CV~50 %) [29]. Hence, the increase in circu-
lating DAGs and TAGs may be specific to shorter training and insulin 
resistance. 

In subcutaneous adipose tissue, HIT increased sphingomyelins and 
lysophospholipids and decreased glycolysis metabolites. A decrease in 
glycolysis is somewhat puzzling, since the process provides glycerol-3- 
phosphate necessary for TAG synthesis [38]. Increased lipid metabo-
lites in adipose tissue and plasma suggest enhanced lipid mobilization, 
which would allow for an expansion of lipid stores independent of 
glycolysis. Sphingomyelins have beneficial effects for mitochondrial 
function, but a deleterious effect on insulin sensitivity in subcutaneous 
adipose tissue [39,40]. They are also associated with reduced levels of 
inflammation, depending on the sphingomyelin to ceramide intercon-
version [41]. Circulating lysophospholipids are lower in individuals 
with obesity and are inversely correlated to inflammation [42]. More-
over, lysophospholipid treatment increases adipocyte and whole-body 
glucose uptake [43,44]. Thus, the increased lysophospholipids in 
response to HIT indicates beneficial adaptations of the adipose tissue 
lipid profile, whereas the increase in sphingomyelins might counteract 
the effect of exercise on insulin sensitivity. 

The beneficial effects of physical exercise on glycemic control and 
insulin sensitivity in people with type 2 diabetes or metabolic dysfunc-
tion may be partly dependent on circadian rhythms [20,21]. Here we 
show that exercise timing affects the metabolic response to training in 
men with type 2 diabetes, including changes in the metabolome and 
proteome. Plasma carbohydrate metabolites were elevated to a greater 
degree after AM versus PM training. Conversely, skeletal muscle lipids 
and mitochondrial content (complex III) increased to a greater extent in 
PM versus AM training. Mitochondrial complex III is tightly connected 
to the oxidative phosphorylation capacity of the cell [45]. However, 
people with type 2 diabetes have a lower oxidative mitochondrial 
function as compared to matched controls [46], which can be normal-
ized with exercise training [8]. While the diurnal rhythm of mitochon-
drial oxidative capacity is attenuated in older men with obesity [16], our 
data indicate that PM HIT has a greater effect on the oxidative capacity 
than AM HIT. This may result in a more efficient utilization of energy 
substrates by skeletal muscle such as glucose and lipids, during the 
actual training session and at rest, respectively. Thus, the greater 
oxidative capacity in the afternoon may allow for a larger proportion of 
the energetic demand of HIT to be met by oxidative, rather than 
anaerobic metabolism during exercise, which may promote mitochon-
drial adaptations. 

The increase in plasma carbohydrates following AM training was 
driven by pentose-phosphate monosaccharides. The pentose-phosphate 
pathway does not require ATP, thus this pathway can function under 

anaerobic conditions producing NADPH. The role of the pentose- 
phosphate pathway in HIT adaptations is unexplored. Inactivation of 
the non-oxidative phase of the pathway in subcutaneous adipose tissue 
promotes lipolysis and mitochondrial content, and whole-body energy 
expenditure and glucose tolerance [47]. Thus, the increase of pentose- 
phosphate metabolites during AM HIT indicates an energy deficiency 
due to a shift in flux from aerobic to non-oxidative metabolism. 

We utilized an unbiased approach to explore coordinated metabolite 
changes across tissues, which identified multiple lipid classes and acyl- 
carnitines as central to the exercise training-induced metabolic cross- 
talk. Our approach is complementary to a previous report identifying 
similar features in rodents [18]. Notably, 2-hydroxybutyrate has 
emerged as an exercise-responsive metabolite, central in metabolic 
coregulation alongside lipid- and amino acid-derived metabolites [18]. 
Furthermore, 2-hydroxybutyrate is an early biomarker of insulin resis-
tance [48]. Here we implicate skeletal muscle and circulating 2-hydrox-
ybutyrate among central metabolites coregulated by PM training. Thus, 
2-hydroxybutyrate and other metabolites identified in the correlation 
networks may represent important mediators of cross-tissue metabolic 
adaptations to exercise training unique to different times of day. 

Our study is limited by the low number of participants, which leaves 
the analysis underpowered to detect subtle differences in the metabolic 
profile, as well as the influence of chronotype. Additionally, we did not 
collect plasma and tissue samples after the two weeks of wash-out period 
right before the second round of HIT, thus are unable to ascertain 
whether the results at baseline after the wash-out time are comparable 
to the baseline before the first round of HIT. These issues are partially 
mitigated by the crossover study design. Our study examined the 
metabolomic and proteomic response to a short-term HIT, and we 
cannot exclude the possibility that longer duration training regimens 
may induce more substantial changes, such as those observed between 
the metabolome of trained and untrained individuals [49,50], or the 
skeletal muscle proteome after a longer training regimen [51]. Although 
meals were not provided, and general physical activity was not 
controlled for, we used a cross-over study design where the participants 
were instructed to maintain their normal diet and replicate food intake, 
and maintain regular physical activity over the day prior to testing days. 
However, meal timing and composition, and changes in daily physical 
activity of the study participants, may influence the reprograming of the 
metabolome and proteome [52]. 

In conclusion, we provide a comprehensive analysis of the multi- 
tissue metabolomic and skeletal muscle proteomic responses to a 
short-term training regimen at different times of the day in men with 
type 2 diabetes. Changes in lipid composition of adipose tissue, skeletal 
muscle, and plasma were common between AM and PM HIT. However, 
circulating carbohydrates were higher after AM versus PM HIT. Strik-
ingly this metabolic change was evident several days after completion of 

Fig. 8. Summary of main findings. The schematic 
summarizes the results of the pathway enrichment 
and across-tissue correlation analyses. The strongest 
between-tissue link (most significant correlations) is 
shown in bold, and main metabolic pathways corre-
lated in the largest clusters are shown on the right. 
Changes above and below were time-specific, while 
those in the middle represent the common training 
response. 
AM – morning training (08:00); PM – afternoon 
training (16:45); SkM – skeletal muscle; SAT – sub-
cutaneous adipose tissue; AC – acyl-carnitine; BCAA – 
branched chain amino acid; DAG – diacylglycerol; FA 
– fatty acid; GSH – glutathione; LPC – lysophospho-
lipids; PC – phosphatidylcholine; PPP – pentose 
phosphate pathway; SM – sphingomyelin; TCA - 
tricarboxylic acid.   
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training. Conversely, PM HIT increased skeletal muscle lipids and 
mitochondrial content to a greater degree than AM HIT. Thus, oxidative 
capacity may represent a diurnal component of the metabolic adapta-
tions to training in men with type 2 diabetes. Future studies are war-
ranted to assess the full potential of these findings and translate these 
data into relevant and concrete recommendations to “fine-tune” training 
regimens for maximal metabolic benefit in individuals with metabolic 
disease. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.metabol.2022.155268. 
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