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Abstract
Exercise under fasting conditions induces a switch to lipid metabolism, eliciting ben-
eficial metabolic effects. Knowledge of signaling responses underlying metabolic 
adjustments in such conditions may help to identify therapeutic strategies. Therefore, 
we studied the effect of mild exercise on rats submitted to food withdrawal at thermo-
neutrality (28°C) for 3 days. Animals were housed at thermoneutrality rather than the 
standard housing temperature (22°C) to avoid beta-adrenergic signaling responses 
that themselves affect metabolism and well-being. Quantitative analysis of multi-
organ mRNA levels, myofibers, and serum metabolites shows that this protocol (a) 
boosts fat oxidation in muscle and liver, (b) reduces lipogenesis and increases gluco-
neogenesis in liver, (c) increases serum acylcarnitines (especially C4OH) and ketone 
bodies and the use of the latter as fuel in muscle, (d) increases Type I myofibers, 
and (e) is associated with an increased thyroid hormone uptake and metabolism in 
muscle. In addition, stool microbiome DNA analysis revealed that food withdrawal 
dramatically alters the presence of bacterial genera associated with ketone metabo-
lism. Taken together, this protocol induces a drastic switch toward increased lipid 
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1  |   INTRODUCTION

Fasting/food withdrawal elicits rapid metabolic adaptations 
in skeletal muscle as well as in other organs, and this is ob-
served both in rodents and humans (De Lange et al., 2007). 
Because of carbohydrate unavailability, fasting/food with-
drawal causes a metabolic switch versus the use of fatty acids 
as fuel, with features that are reminiscent of endurance exer-
cise (De Lange et al., 2007). Indeed, the potential beneficial 
effects of exercise, alone or in combination with fasting/food 
withdrawal on metabolic parameters, have extensively been 
studied both in animal models and in humans (Jaspers et al., 
2017). A 6-week protocol of exercise under fasting condi-
tions has been shown to have beneficial metabolic effects 
in humans (Van Proeyen, Szlufcik, Nielens, Ramaekers, & 
Hespel, 1985). Rodent models are often used for in-depth 
metabolic studies that are not feasible in humans, with the 
aim to translate the outcome to the human situation, but 
the influence on metabolic rates of one critical factor, en-
vironmental temperature (Fischer, Cannon, & Nedergaard, 
2019), often has not been considered. Basal metabolic rates 
are ideally measured in the thermoneutral “comfort zone,” 
and data obtained from experiments in rodents performed at 
thermoneutrality have been argued to be most reminiscent 
to similar data obtained in humans (Fischer et al., 2019). 
However, up to now, studies on metabolic effects of fast-
ing/food withdrawal and exercise in rodents, either includ-
ing single exercise bouts (Zheng et al., 2015) or long-term 
protocols based on caloric restriction/intermittent fasting 
and exercise (Marosi et al., 2018), are performed at tem-
peratures inducing cold-stress (20°C–22°C). Importantly, 
recent studies on mice showed that several metabolic effects 
of exercise are altered when animals are housed at thermo-
neutrality compared to room temperature (22°C), including 
markers of mitochondrial biogenesis and adipose browning 
(Aldiss et al., 2019; McKie et al., 2019), insulin sensitivity, 
and microbiome adaptation (Raun et al., 2019). The meta-
bolic responses to food withdrawal at thermoneutrality were 
previously studied by our group in rats, both at 48  hr by 
transcriptional profiling (De lange et al., 2004), and over a 
period spanning 0 to 48 hr, with the responses resulting to 
be rapid and at times transient (De Lange et al., 2006). The 
acute metabolic response in gastrocnemius muscle involves 
phosphorylation of AMP-activated protein kinase (AMPK) 

at Thr172 and increased transcription of peroxisome prolif-
erator-activated receptor γ coactivator-1α(PGC-1α), with a 
subsequent transcriptional increase in carnitine palmitoyl 
transferase 1b (CPT1b), known to induce mitochondrial 
fatty acid oxidation, and a delayed, sustained transcriptional 
response of uncoupling protein 3 (UCP3) (De Lange et al., 
2006). In rodents, the metabolic effects of exercise during 
food withdrawal at thermoneutrality have not yet been es-
tablished. We thus studied the metabolic outcome of 66 hr-
food withdrawal in male Wistar rats at thermoneutrality 
subjected to mild exercise (five treadmill runs for 30 min 
each at 15  m/min, 0° inclination). We assessed the meta-
bolic responses of skeletal muscle and liver by determining 
the expression of key genes involved in energy metabolism 
and metabolic serum parameters including acylcarnitines, 
ketone bodies, and glycemia. We also assessed the effect 
of the above protocol on (a) serum levels of thyroid hor-
mone, the action of which is known to partially mimic the 
response to exercise (Aldiss et al., 2019) and (b) composi-
tional changes in the stool microbiome, reflecting the gut's 
impact on metabolism.

2  |   MATERIALS AND METHODS

2.1  |  Animal treatments, metabolic 
measurements, and tissue handling

Male Wistar rats (aged 3 months, weighs approximately 300 g) 
were housed separately at 28°C having ad libitum access to 
water and chow (content: fatty acids (mg/kg): palmitate (16:0) 
4,387; palmitoleate (16:1) 202; stearate (18:0) 675; oleate 
(18:1) 5,046; linoleate (18:2) 12,335; linolenate (18:3) 1,169. 
Metabolizable energy (%): carbohydrates 60.4; proteins 29; 
fat 10.6 J/J; 15.88 KJ gross energy/g (Muscedola s.r.l., Milan, 
Italy). The animals were acclimated to the 28°C housing tem-
perature for 3  weeks, being familiarized with the treadmill 
(Panlab, Harvard Apparatus). For each of a total of four experi-
ments, four groups of animals were used. Each rat per group 
represented one separate experimental condition: the first was 
chow-fed, the second was chow-fed and submitted to exercise, 
the third was submitted to food withdrawal, and the fourth was 
submitted to food withdrawal and to exercise. All animals con-
tinued to have ad libitum access to water. Food was withdrawn 

and ketone metabolism compared to exercise or food withdrawal alone, which may 
prove beneficial and may involve local thyroid hormones, which may be regarded as 
exercise mimetics.
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for a period of 66 hr. The exercise program consisted of five 
low-intensity treadmill runs (twice daily for 30 min at 15 m/min 
with 0° inclination, initial environmental temperature was set at 
25°C and constantly monitored, temperatures inside the plexi-
glass cover did not exceed 28°C during the exercise sessions). 
After each exercise bout, the animals rested on the treadmill for 
15 min and were then placed back in their cages at 28°C. Body 
weight and food intake were monitored during the experiment. 
Fresh stool from each animal was collected before the start of 
the experiment and on the last day, and frozen at −80°C. The 
duration of the experiment was 3 days, 66 hr from the start of 
food withdrawal to sacrifice; on the third day, the exercising an-
imals were submitted to only one exercise bout. Subsequently, 
oxygen consumption (VO2) and carbon dioxide production 
(VCO2) were measured using a four-chamber, indirect open-
circuit calorimeter (Columbus Instruments), with one rat per 
chamber at thermoneutrality (28°C) to ensure measurement of 
basal metabolic parameters. Measurements were performed be-
tween 1,100 and 1,400 hr. Rats were placed in separate 12.7-L 
calorimetry chamber with ad libitum access to water. In order 
to detect metabolic rates at rest, rats were allowed to adapt to 
the chamber for 1 hr and the measurement of VO2 and VCO2 
started when the rats were immobile for at least 10 min. The 
system was set at a flow rate of 1.0 L/min, a sample line-purge 
time of 2 min, and a measurement period of 30 s every 12 min, 
for 2 hr. VO2 and CO2 values, used to calculate respiratory ex-
change ratio (RER), were calculated by dividing the respective 
rates of VCO2 by the corresponding rates of VO2 were the mean 
of three consecutive measurements during which rats were not 
moving. Thereafter, the animals were sacrificed, serum was 
collected, and tissues were weighed.

The time span from the finish of the last exercise bout to 
sacrifice was 4 hr (see, for time span, Figure 1a). For immu-
nohistochemistry, part of the gastrocnemius muscle and vas-
tus lateralis muscle was fixed in 4% paraformaldehyde at 4°C 
for 24 hr, washed with 0.1 M PBS, incubated for 24 hr in 30% 
sucrose in 0.1 M PBS, then embedded in Tissue Tec (Varini 
Sr.L, Naples, Italy), frozen in liquid nitrogen, and stored at 
−80°C. The remaining tissue and the other tissues were im-
mediately frozen in liquid nitrogen and stored at −80°C.

This study followed the European Commission's guide-
lines for laboratory animal studies, and was approved by 
the Ethics Committee for Animal Studies, University of 
Campania “Luigi Vanvitelli”, and the Ministry of Health of 
Italy with Project Authorization Protocol 704/2016 PR in 
conformance to article 31, Legislative Decree 26/2014.

2.2  |  Serum measurements

Glycemia was measured using the One Touch Verio system 
(Lifescan Inc). Serum-free (f) 3,5,3′,5′-tetraiodo-L-thyro-
nine (T4) levels were measured using the ELISA kit from 

Diametra s.r.l., Perugia, Italy. All measurements were per-
formed following the manufacturers’ description.

2.3  |  Serum acylcarnitine determination 
by liquid chromatography tandem mass 
chromatography (LC-MS/MS)

Serum (10 µl) of each sample was transferred on a filter paper 
card and dried overnight to obtain a dried blood spot (DBS) 
at room temperature (Ruoppolo et al., 2018). The metabolites 
were extracted from DBS and esterified as previously described 
(Ruoppolo et al., 2015). Finally, the metabolite mixtures were 
resuspended in 300 μl of acetonitrile/water (70:30) containing 
0.1% formic acid. The subsequent LC-MS/MS analysis was 
carried out using an 1,100 series Agilent high-performance liq-
uid chromatograph (Agilent Technologies) and API 4000 triple 
quadrupole mass spectrometer (Applied Biosystems-Sciex), by 
Precursor Ion Scan of 85 Da fragments. Quantitative analysis 
was performed by ChemoView v1.2 software (Ruoppolo et al., 
2014; Scolamiero et al., 2014).

2.4  |  Serum ketone body determination by 
gas chromatography–mass spectrometry (GC-
MS)

Hundred microliter of each serum sample was dissolved 
in 500 µl of acetonitrile and centrifuged at 13,000  rpm for 
30 min. Precipitated debris were discarded and supernatant 
was dissolved in 1.5 ml of water. The obtained solution was 
treated using NaOH 30% w/v to adjust pH to 14. The me-
tabolites were oximated by adding 0.5 ml of hydroxylamine 
hydrochloride (2.5  mg/ml in water) at 60°C for 60  min. 
A small volume of 2.5 M H2SO4 was added to acidify the 
solution. An internal standard mix, constituted by dimeth-
ylmalonic acid (10  µM), pentadecanoic acid (10  µM), and 
tropic acid (10 µM), was added and then the metabolites were 
extracted by ethyl acetate. The organic phase was dehydrated 
by adding 1  g of Na2SO4 and evaporated at 40°C under a 
nitrogen flow. The sample was derivatized by adding N, 
O-bis(trimethylsilyl) trifluoroacetamide (50 µl) at 60°C for 
30 min and analyzed by GC-MS analysis on GC column HP-
5MS; 30 m × 0.250 mm × 0.25 µm using GC-MS Agilent 
7890A (Agilent Technologies). The experimental set up was 
as follows: chromatographic gradient, 70°–280°C, 10°C/
min; helium flow was 1 ml/min; solvent delay 6 min; scan 
range from 50 to 650 amu. The NIST and Wiley mass spec-
tra library (2008), and the MSD Productivity Chemstation 
software (Agilent Technologies) was used to perform me-
tabolite identification. Finally, the compound abundance was 
assessed comparing the areas of the chromatographic peaks 
versus areas of internal standard (Rossi et al., 2018).
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2.5  |  Muscle fiber typing

Slides (7 µm) from gastrocnemius and vastus lateralis (LAT) 
samples were treated with acetone at −20°C for 5 min and 
incubated with 5% BSA for 30 min at room temperature and 
stained with primary antibody (A4951 1:250 IOWA showing 
Type 1 fibers) at 4°C overnight (Mathes, Vanmunster, Bloch, 
& Suhr, 2019). Control slides were performed in the absence 
of the first antibody. Thereafter, incubation with secondary 
antibody (goat anti mouse 1:400 DAKO) for 1  hr at room 
temperature was performed, followed by (after several wash-
ing steps) incubation with horseradish peroxidase (HRP) 
(1:400 Sigma) for 1 hr at room temperature and developed 
with 3,3'-diaminobenzidine (DAB) solution until preferred 

staining appears. The slides were dehydrated with an alcohol 
lane and xylol and then covered with glass slides. The tissue 
sections were photographed with a light microscope (Leica 
Orthoplan, Leica Microsystems GmbH) using Irfanview 
software (Irfan Skiljan) and stored digitally as a JPG file 
with a resolution of 768 × 576 pixels. The image processing 
and analysis program "ImageJ 1.51f" (National Institutes of 
Health) was used to determine the fiber type distribution and 
calculated the ratio by quantification of stained (Type I) and 
unstained (Type II) fibers. In each animal, the entire area was 
counted covering vastus lateralis muscle and gastrocnemius 
muscle by at least 1.011.097 µm2 and 1.185.071 µm2, respec-
tively. This was done in order to calculate absolute ratios be-
tween Type I and Type II fibers.

F I G U R E  1   Experimental timeline (a), and food intake, body weight, metabolism, and glycemia of C, E, F, and FE rats (b). C, chow-fed 
controls; E, chow-fed exercised; F, food withdrawn; FE, food withdrawn and exercised. Black boxes indicate nocturnal periods, black and red 
boxes indicate food withdrawal period in F and FE rats. Yellow triangle: exercise bout. Red arrow: time of sacrifice. *p < .05 versus. C, **p < .05 
versus C and E, +p < .05 versus F and FE. Data are shown as means ± SEM (each experimental condition N = 4)
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2.6  |  Gene expression analysis

cDNA was synthesized from total RNA extracted from fro-
zen tissue, and amplification mixes were prepared as de-
scribed previously (Senese et al., 2011). Real-time PCR was 
carried out using the Quant Studio 5 real-time PCR machine 
(Applied Biosystems, Thermo Fisher Scientific s.r.l.) using 
standard cycle parameters. Primers used for gene expression 
analysis were the following:

IGF-1 R S: 5′-TCCCAAGCTGTGTGTCTCTG-3′, AS: 
5′-CTCCGTTGTTCCTGGTGTTT-3′; IGF-1 S: 5′-AACCT 
GCAAAACATCGGAAC-3′, AS: 5′-GGAAATGCCCATC 
TCTGAAA-3′; CS S: 5′-CATGACGGTGGCAATGTAAG-3′, 
AS: 5′-CCATTCATAGCTGCTGCAAA-3′; UCP3 S: 5′-AA 
CTGGAGGCGAGAGGAAAT-3′, AS: 5′-GTCCCCTGAC 
TCCTTCTTCC-3′; PGC-1α S: 5′-GTCAACAGCAAAA 
GCCACAA-3′, AS: 5′-GTGTGAGGAGGGTCATCGTT-3′; 
PDK4 S:5′-CGTCGCCAGAATTAAAGCTC-3′, AS:5′-TGT 
GGTGAAGGTGTGAAGGA-3′; MHC I S: 5′-GAACAGA 
AGCGCAATGTTGA-3′, AS: 5′-TCTTGCGGTCTTCCTC 
AGTT-3′; MHC II S: 5′-ATCATCCCCAATGAAACCAA-3′, 
AS: 5′-TTCTAGCACCCCGTTACACC-3′; HK2 S: 5′-CAGC 
CTAGACCAGAGCATCC-3′, AS: 5′-GCTTCCTTCAGCAA 
GGTGAC-3′; CPT1a S: 5′-CGGAGCAGGGATACAGAGA 
G-3′, AS: 5′-TCAAAGCATCTTCCATGCAG-3′; CPT1b S:  
5′-ATCGAACGTGCTGCTTTCTT-3′, AS: 5′-ATTTGCCGT 
AGAGGCTGAGA-3′; CPT2 S: 5′-GCAATGAGGAAACCC 
TGAAG-3′, AS: 5′-GATCCTTCATCGGGAAGTCA-3′; 
MCT8 S: 5′-ACAGCGCTTTCTGGTTCAGT-3′, AS: 5′-AAG 
GCCCAGATACGGTAGGT-3′; MCT10 S: 5′-GTGCAA 
TGGGTCTGTGTTTG-3′, AS: 5′-CCATGTTGTCATCGT 
CCTTG-3′; BDNF S: 5′-GCCCAACGAAGAAAACCATA- 
3′, AS: 5′-CAAAGGCACTTGACTGCTGA-3′; OXCT1 S: 5′- 
TGTGCAGCCATAGACTTTGC-3′, AS: 5′-GCACTCATG 
AAGCAAGACCA-3′; ACAT1 S: 5′-AGGTCTACATGGG 
CAACGTC-3′, AS: 5′-AGTGGCAATGGGTAGACCTG-3′; 
BDH1 S: 5′-TCTCGGACTGCCTACGCTAT-3′, AS: 5′-TAGA 
GGCTGGTGGCAGCTAT-3′; HMGR S: 5′-ACAAGCTGG 
AAGCTGGTGTT-3′, AS: 5′-TTAACCCATTGGAGGTGA 
GC-3′; PEPCK1 S: 5′-ACGCCATTAAGACCATCCAG-3′, 
AS: 5′-TCGATGCCTTCCCAGTAAAC-3′; G6Pase S: 5′- 
CACTCAGGAACCACCACCTT-3′, AS: 5′-GTGGTCAGGG 
AAGCAGTGAT-3′; FAS S: 5′-GGATGTCAACAAGCCC 
AAGT-3′, AS: 5′-CAGAGGAGAAGGCCACAAAG-3′; 
ACC S: 5′-AGCCAAGCTCAGGGACAGTA-3′, AS: 5′-ACG 
CTGAAGTAACCCCACAC-3′; SREBP-1c S: 5′-GCCACCC 
TCTTGCTCTGTAG-3′, AS: 5′-GGGTGAGAGCCTTG 
AGACAG-3′; DIO1 S: 5′-AGACTGGAAGACAGGGCTG 
A-3; AS: 5′-GCCTTGAATGAAATCCCAGA-3′; DIO2 S:  
5′-CAGTGAAGCGGAATGTCAGA-3′, AS: 5′-TTTCCCA 
TTATCCCCTTTCC-3′; B-ACTIN S: 5′-TGTGTTGTCCC 
TGTATGCCT-3′, AS: 5′-CCCTCATAGATGGGCACA 
GT-3′.

2.7  |  Western immunoblot analysis

AMPK and phosphorylated AMPK (Thr 172) protein lev-
els were determined in cell lysates by employing specific 
polyclonal antibodies (Cell Signaling Technology Inc.). The 
β-actin antibody was from Bioss Antibodies Inc..

2.8  |  Stool microbiome profiling

Fresh stool samples were collected on days 0 and 3 and stored 
at −80°C. One stool excrement was weighed (~100 mg) and 
DNA was isolated from the samples using the InviMag Stool 
DNA Kit (Invitek Molecular) on the KingFisher robot (Thermo 
Fisher Scientific) after bead beating using 0.1-mm silica 
beads (MP Biomedicals, LLC, Bio Connect Life Sciences 
BV) with four large zirconia beads II added to the tube for 
homogenization (Invitek Molecular). The V3 and V4 hyper-
variable regions of the 16s rRNA gene were amplified using 
the 308F-806R primer pair and dual indexing as described in 
(Fadrosh et al., 2014). Amplicons were normalized, purified 
(Agencourt AMPure XP, Beckman Coulter Life Science), 
and pooled prior to sequencing. Size and quantity of the 
pooled amplicon were assessed (LabChip GX, PerkinElmer 
Inc.), and a control library was added at ~10% of the ampli-
con pool (PhiX Control v3 library, Illumina Inc.) followed 
by paired-end (2 × 300 bp) sequencing on the MiSeq plat-
form (Illumina Inc.) with an average depth of 50,000 paired 
reads per sample. Samples were sequenced in two separate 
sequencing runs. Data processing, quality control, and taxo-
nomic classification were done using an in-house pipeline 
(µRAPtor) based on QIIME version 1.9.045 (Caporaso et al., 
2010) and UPARSE version 8.146 (Edgar, 2013). Reads were 
merged and low-quality and chimeric reads were excluded. A 
direct classification of the merged reads using RDP classifier 
[(2.12; Wang, Garrity, Tiedje, & Cole, 2007)] and the SILVA 
16S database [(release.128; Quast et al., 2012)] was done to 
reconstruct taxonomic composition. Samples were normal-
ized to 10,000 random reads, singleton taxa were excluded, 
and Shannon alpha diversities were calculated (QIIME) fol-
lowed by more stringent taxa filtering of all taxa with <10 
reads. This resulted in a table with 535 taxa. For each higher 
taxonomic level (domain, phylum, class, order, family, and 
genus), a table was generated by binning (QIIME).

2.9  |  Statistical analysis

Sample size was calculated using the G*Power software ver-
sion 3.1.9.2 from the Heinrich Heine University of Dusseldorf 
(http://www.gpower.hhu.de). The results from the power test 
were that in order to compare four groups and observe ex-
pected effects within the physiological range, the number of 
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animals to be used in each group is four. The chosen α was 
0.5 and the power was 0.90, which resulted in an effect size 
of 1.27, implying that four different samples from each group 
are sufficient to observe statistically significant differences 
with the parameters set as such using one-way ANOVA (post 
hoc test: Student–Newman–Keuls). Rats undergoing exer-
cise sessions (control exercise and food withdrawal exercise 
groups) had to satisfy the following inclusion criteria: all the 
animals had to complete five treadmill runs without interrup-
tions. Thus, animals that refused to run or pause at irregular 
time intervals (this occurs frequently with forced short-term 
exercise experiments using treadmills) were excluded from 
the analysis. Six rats were exercised per condition (with or 
without food withdrawal, respectively) and four of them com-
pleted all five treadmill runs without interruptions. Analyses 
on microbiome data were performed in R (R Core Team, 
2017) using R package vegan (Oksanen et al., 2013). Changes 
in alpha diversity were calculated per rat by subtracting the 
day 3 value by the day 0 value. Differences between the 
groups were assessed by t test. Beta diversities (Bray–Curtis 
dissimilarity) were calculated in vegan, graphed as principal 
coordinate ordination, and the effect sizes and corresponding 
significance of the different groups on this ordination were 
determined using PERMANOVA (adonis function in vegan) 
while controlling for sequencing read depth and sequencing 
run covariates of the samples. Compositional changes at fam-
ily and genus levels were calculated per taxon by subtracting 
the day 3 abundance by day 0 abundance per rat. Correlation 
of changes per taxon with the four groups was assessed by lin-
ear regression (lm function in R) without controlling, and sig-
nificant taxa were clustered based on the pair-wise Euclidean 
distances and presented as a heatmap (heatmap.2 function in 
R). Differences were considered significant at p < .05.

All other data (serum parameters, gene expression data, fiber 
typing, and Western blotting data) are expressed as means ± SEM. 
Statistical differences of normally distributed data between two 
treatments were determined by unpaired Student's t test, or for 
more treatments by one-way ANOVA (post hoc test: Student–
Newman–Keuls), using Prism 5.0 (Graphpad). Differences be-
tween treatments were considered significant at p < .05.

3  |   RESULTS

3.1  |  Exercise does not change food intake 
and body weight, conserves muscle weight, 
maintains the food withdrawal-induced 
complete shift toward fat use, and does not 
alter the drop in glycemia caused by food 
withdrawal

Exercise did not increase food intake over time (Figure 1b), 
neither did it reduce body weight (Figure 1b). With respect to 

chow-fed control RERs (0.94 ± 0.02, which indicates almost 
exclusive carbohydrate use), RERs induced by exercise were 
lowered by 13%, indicating a partial shift toward fat use, and 
by 21% upon food withdrawal, indicating a complete switch 
toward fat use, which did not significantly change with food 
withdrawal/exercise (lowering of 23% with respect to chow-
fed controls, Figure 1b). Glycemia (mg/dl) did not change 
with exercise, and the 1.9-fold drop in glycemia upon food 
withdrawal changed to 2.3-fold with food withdrawal/exer-
cise, without reaching statistical significance versus food with-
drawal (Figure 1b). Both food withdrawal and food withdrawal/
exercise reduced liver weight by 40% (Table 1) and both vis-
ceral and subcutaneous white adipose tissue weights (g) were 
equally reduced by exercise, food withdrawal, and food with-
drawal/exercise (by 22 and 44%, respectively, Table 1), and 
muscle weight was neither significantly affected by exercise, 
food withdrawal, nor by food withdrawal/exercise (Table 1).

3.2  |  The combination of food 
withdrawal and exercise increases Type 
I/Type II myofiber ratio, modulates 
transcription toward increased use of fat and 
ketone bodies, and increases AMPK Thr172 
phosphorylation in gastrocnemius muscle

In response to food withdrawal/exercise, Type I myofiber 
abundance versus chow-fed controls was increased in both 
gastrocnemius (Type I/Type II ratios increasing 2.3-fold, 
Figure 2a) and vastus lateralis (Type I/Type II ratios increasing 
4.8-fold, Figure 2b). In gastrocnemius muscle, an additional 
increase was observed with respect to exercise alone (Type I/
Type II ratios increasing 3.3-fold, Figure 2b). Since Type I/
fiber ratios were 3-fold higher upon food withdrawal/exercise 
in gastrocnemius muscle with respect to vastus lateralis mus-
cle, we chose to continue using gastrocnemius muscle for fur-
ther analysis. As shown in Figure 3a, in analogy to the above, 
exercise reduced gastrocnemius muscle transcription of myo-
sin heavy chain I (MHCI) with respect to food withdrawal by 
1.2-fold. In turn, food withdrawal increased MHCI transcrip-
tion 1.8-fold versus chow-fed controls and 1.4-fold versus food 
withdrawal/exercise. Instead, exercise increased myosin heavy 
chain II (MHCII) transcription 1.8-fold versus chow-fed con-
trols, whereas no difference was observed in food withdrawal 
and food withdrawal/exercise. We next studied mRNA levels 
of genes involved in lipid metabolism (Figure 3a). With respect 
to chow-fed controls, exercise induced PGC-1α transcription 
more (3.2-fold) compared to food withdrawal (2.4-fold), food 
withdrawal/exercise showing an additive increase (4.5-fold). 
Exercise did not increase UCP3 transcription, which was in-
creased by 2.3-fold by food withdrawal and by 3.4-fold by 
food withdrawal/exercise (Figure 3a). With respect to chow-
fed controls, exercise increased CPT1b expression 1.7-fold, 
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      |  7 of 17GIACCO et al.

food withdrawal 3.3-fold, and food withdrawal/exercise 3.6-
fold, and exercise increased carnitine palmitoyl transferase 
2 (CPT2) expression 2.2-fold, food withdrawal 3.8-fold, and 
food withdrawal/exercise 5.1-fold. Regarding glucose metabo-
lism, pyruvate dehydrogenase kinase 4 (PDK4) transcription 
was not induced by exercise but was increased 2.3-fold by 
food withdrawal, and this value increased with exercise/food 
withdrawal with respect to food withdrawal alone (increase 
with respect to chow-fed controls: 2.7-fold). Unlike that in-
sulin-like growth factor (IGF1), the expression of its receptor, 
IGF1R, was upregulated both by food withdrawal (3.2-fold) 
and food withdrawal/exercise (2.1-fold). Hexokinase 2 (HK2) 

transcription was only increased by exercise (1.9-fold). Of the 
genes involved in ketone metabolism, 3-hydroxybutyrate de-
hydrogenase 1 (BDH1), inducing ketolysis, was increased 5.0-
fold by exercise, 2.2-fold by food withdrawal, but a 10.1-fold 
more by food withdrawal/exercise, indicating muscle increas-
ingly uses ketone bodies as fuel in this condition. Transcription 
of citrate synthase (CS), the rate limiting enzyme of the Krebs 
cycle, was only increased by exercise (1.6-fold). Interestingly, 
brain-derived neurotrophic factor (BDNF) expression was in-
duced 7.1-fold by food withdrawal and this effect was dras-
tically increased to 12.7-fold with food withdrawal/exercise. 
Food withdrawal/exercise induced an increase in AMPK 

WEIGHT (g) C E F FE

Liver 10.66 ± 0.51 9.7 ± 0.49 6.43 ± 0.25** 6.61 ± 0.29**

Heart 0.93 ± 0.03 0.98 ± 0.04 0.8 ± 0.03 0.89 ± 0.03

Gastrocnemius 2.05 ± 0.11 2.1 ± 0.12 1.92 ± 0.05 1.8 ± 0.06

Soleus 0.13 ± 0.01 0.16 ± 0.02 0.12 ± 0.01 0.15 ± 0.01

EDL 0.16 ± 0.002 0.14 ± 0.001 0.16 ± 0.001 0.15 ± 0.01

LAT 0.99 ± 0.1 1.14 ± 0.17 1.15 ± 0.15 1.11 ± 0.04

WAT visc 2.28 ± 0.45 1.8 ± 0.4* 1.77 ± 0.39* 1.79 ± 0.19*

WAT subc 6.02 ± 0.49 3.69 ± 0.69* 3.35 ± 0.49* 3.5 ± 0.48*

BAT 0.45 ± 0.04 0.35 ± 0.04 0.26 ± 0.03 0.38 ± 0.07

Note: Data are shown as means ± SEM (each experimental condition N = 4).
Abbreviations: BAT, brown adipose tissue (intrascapular depot); C, chow-fed controls; E, chow-fed exercised; 
EDL, extensor digitorum longus; F, food withdrawn; FE, food withdrawn and exercised; WAT visc, total 
visceral white adipose tissues (mesenteric, gonadic, perirenal, retroperitoneal); WAT subc, subcutaneous white 
adipose tissue (flank adipose tissue depot).
*p < .05 versus C, 
**p < .05 versus E and C. 

T A B L E  1   Organ weights of the 
different treatment groups

F I G U R E  2   Representative fields of immunohistochemical stained portions of gastrocnemius (a) and vastus lateralis (b) muscle for Type I 
myofiber abundance in rats from the different experimental conditions indicated below the images. C, chow-fed controls; E, chow-fed exercised; 
F, food withdrawn; FE, food withdrawn and exercised. *p < .05 versus. C, #p < .05 versus. C and E. Data are shown as means ± SEM (each 
experimental condition N = 4)

 2051817x, 2020, 3, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.14814/phy2.14354 by C

ochraneItalia, W
iley O

nline L
ibrary on [11/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 17  |      GIACCO et al.

phosphorylation at Thr172 versus chow-fed controls (2.3-fold) 
and food withdrawal alone (1.7-fold) but not versus exercise, 
which itself failed to significantly induce AMPK phosphoryla-
tion (Figure 3b).

3.3  |  The combination of food 
withdrawal and exercise modulates 
transcription toward increased fat oxidation, 
decreased lipogenesis, and increased 
gluconeogenesis in live

As shown in Figure 4a, with respect to controls, liver 
transcription of PGC-1a was 2.3-fold increased by food 

withdrawal/exercise, and so were those for CPT1a and 
CPT2 (by 5.8- and 2.4-fold, respectively). Transcription of 
the latter two genes was induced to a lesser extent by exer-
cise (2.4- and 1.5-fold, respectively) and food withdrawal 
alone (3.7- and 1.6-fold, respectively), which implies that 
the combined stimuli caused an additive effect. HK2 ex-
pression was decreased both by food withdrawal (1.7-fold) 
and exercise/food withdrawal (1.4-fold). With respect to 
chow-fed controls, expression of genes involved in lipo-
genesis acetyl-CoA carboxylase (ACC), fatty acid synthase 
(FAS), and sterol regulatory element-binding protein-1c 
(SREBP-1c) was increasingly reduced by exercise (1.9-
fold, 1.44-fold, unchanged, respectively), food withdrawal 
(2.9-fold, 22.0-fold, 2.7-fold, respectively), and food 

F I G U R E  3   Expression of genes involved in lipid, glucose, and ketone metabolism, and BDNF in gastrocnemius muscle, and AMPK 
phosphorylation 4 hr after the last exercise bout (E and FE). (a): Gene expression levels, (b): Western analysis of AMPK phosphorylation at Thr172. 
A representative membrane showing two samples for each condition is shown. The histogram underneath represents the mean P-AMPK/AMPK 
ratio obtained from each rat. C, chow-fed controls; E, chow-fed exercised; F, food withdrawn; FE, food withdrawn and exercised. *p < .05 versus 
C, $p < .05 versus FE, †p < .05 versus F, FE, #p < .05 versus F., [**p = .048 vs. F, ##p = .044 vs. C (Student's unpaired t test)]. Data are shown as 
means ± SEM (each experimental condition N = 4)
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      |  9 of 17GIACCO et al.

withdrawal/exercise (4.7-fold, 29.0-fold, 3.8-fold, respec-
tively). Food withdrawal/exercise increased the expres-
sion of liver gluconeogenic genes phosphoenolpyruvate 
carboxykinase (PEPCK1) (1.9-fold) and glucose-6-phos-
phatase (G6Pase) (1.7-fold). CS transcription was lowered 
both by food withdrawal and by food withdrawal/exercise 
(both 1.4-fold). With regard to ketone metabolism, only 
exercise increased the transcription of HMG-CoA reduc-
tase (HMGR) (2.4-fold). Transcription of liver succinyl-
CoA:3-ketoacid coenzyme A transferase 1 (OXCT1) and 
BDH1 did not vary under each condition. This was also 
true for BDNF, which was expressed at very low levels in 
liver. Although AMPK phosphorylation tended to increase 
by food withdrawal/exercise in liver with respect to chow-
fed controls, this difference did not reach statistical signifi-
cance (Figure 4b).

3.4  |  Serum levels of acylcarnitines and 
ketone bodies indicate that the combination of 
exercise and food withdrawal at thermoneutrality 
strongly increases incomplete fatty acid oxidation

With respect to chow-fed controls, both serum palmitoyl car-
nitine (C16) and oleoyl carnitine (C18:1) acylcarnitine levels 
were decreased by exercise (1.4-fold and 1.2-fold, respectively), 
unaltered by food withdrawal, and increased by exercise and 
food withdrawal (1.4-fold and 1.2-fold, respectively) (Figure 
5a). This indicates that exercise boosts the food withdrawal-
induced use of fat as fuel. Incomplete fatty acid oxidation in-
creased in food withdrawal/exercise versus exercise (which by 
itself induced a more complete oxidation with respect to chow-
fed controls) and food withdrawal alone. Of note, with respect 
to chow-fed controls, serum levels of 3-hydroxybutyrylcarnitine 

F I G U R E  4   Expression of genes involved in lipid, glucose, and ketone metabolism, BDNF, and AMPK phosphorylation in liver 4 hr after the 
last exercise bout (E and FE). (a): Gene expression levels, B: Western analysis of AMPK phosphorylation at Thr172. A representative membrane 
showing two samples for each condition is shown. The histogram underneath represents the mean P-AMPK/AMPK ratio obtained from each rat. C, 
chow-fed controls; E, chow-fed exercised; F, food withdrawn; FE, food withdrawn and exercised. *p < .05 versus C, $p < .05 versus FE, †p < .05 
versus F; FE, #p < .05 versus F. Data are shown as means ± SEM (each experimental condition N = 4)
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10 of 17  |      GIACCO et al.

(C4OH) significantly decreased 1.4-fold with exercise, in-
creased 2-fold with food deprivation, and 3.3-fold with food 
withdrawal/exercise. Considering the increased level of C4OH, 
known as a marker for 3-hydroxybutyrate (Hack et al., 2006), 
complementary analysis was performed to quantify 3-hydroxy-
butyrate levels, which were increased 8-fold by food with-
drawal with respect to chow-fed controls, and this value did not 
significantly change with food withdrawal/exercise (Figure 5b).

3.5  |  Decreased serum fT4 levels upon 
food withdrawal are normalized by food 
withdrawal/exercise, and transport/
activation of thyroid hormone is regulated in a 
tissue-specific manner

With respect to chow-fed controls, only food withdrawal de-
creased serum-free fT4 levels (1.4-fold, Figure 6a). Figure 

6b shows that gastrocnemius muscle transcription of DIO2, 
converting T4 into 3,5,3′-triiodo-L-thyronine (T3), was up-
regulated 2.3-fold by exercise and 2.9-fold more by food 
withdrawal/exercise. Food withdrawal and food withdrawal/
exercise increased the transcription of the thyroid hormone 
transporter, monocarboxylate transporter 8 (MCT8), with 
respect to chow-fed controls (both 1.8-fold) and exercise 
(both 1.4 -fold). Transcription of MCT10 was also increased 
by food withdrawal and food withdrawal/exercise with re-
spect to exercise (2.4-fold and 2.3-fold, respectively). In 
liver, instead, exercise reduced the expression of deiodinase 
1 (DIO1), and even more so did food withdrawal and food 
withdrawal/exercise (1.4-fold, 2.4-fold, and 3.0-fold, respec-
tively). With respect to chow-fed controls, transcription of 
liver MCT8 was decreased in all conditions (1.4-fold, 1.5-
fold, and 1.4-fold, respectively) but monocarboxylate trans-
porter 10 (MCT10) transcription was increased by food/
withdrawal/exercise (1.7-fold) (Figure 6b).

F I G U R E  5   Acylcarnitines and 3-hydroxy butyrate accumulating in the serum of C, E, F, and FE rats. C, chow-fed controls; E, chow-fed 
exercised; F, food withdrawn; FE, food withdrawn and exercised. *p < .05 versus C, $p < .05 versus FE, †p < .05 versus F, FE, #p < .05 versus F. 
Data are shown as means ± SEM (each experimental condition N = 4)
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      |  11 of 17GIACCO et al.

3.6  |  Food withdrawal induces drastic 
beneficial variations in stool microbiome 
composition, which are maintained by food 
withdrawal/exercise

Analysis of the microbiome composition changes (day 3–day 
0) of the stool from the four experimental groups revealed that 
individual Shannon alpha diversity values did not vary signifi-
cantly, although a trend of decreasing alpha diversity was ob-
served in the food-withdrawn and exercised/food withdrawn 
groups (Figure 7a). The Bray–Curtis dissimilarity ordination 
plot shows that conditions involving food withdrawal induce 
a clearly distinguishable compositional change that explained 
33% of the variation in overall stool microbiome composition 
(PERMANOVA p < .004) with respect to the other conditions 
(Figure 7b). At the family level, an increase of over 1000-
fold in Porphyromonadaceae and Peptostreptococcaceae 
and a decrease in Lachnospiraceae were identified (Figure 
7c). Especially genera Peptoclostridium and Parabacteroides 
were drastically upregulated and several genera from the 
Lachnospiraceae family were downregulated over 1000-fold 
(Figure 7d) for both groups that included food withdrawal 
in their regimen. The same results were obtained when rela-
tive abundances were assessed for day 3 only (Figure S1), 
with the addition of the less drastically downregulated genus 
Lachnoclostridium.

4  |   DISCUSSION

We show here that food withdrawal at thermoneutrality 
modulates the response of mild exercise toward a strong oxi-
dative stimulus. Metabolic data showed exercise alone only 
partially shifted fuel use versus fat, whereas in combination 
with food withdrawal, the metabolic switch versus fat was 
complete. In analogy, the transcriptional response toward a 
switch versus fatty acid oxidation by mild exercise and by 
food withdrawal at thermoneutrality was enhanced when 
both stimuli were combined (e.g., PGC-1α in muscle and 
liver, and PDK4 and UCP3 in muscle), which indicates that 
long-term responses are programed, with a lasting effect 
that prevails after the initial stimuli cease. This is underlined 
by our findings that food withdrawal/exercise significantly 
increased muscle Type I/Type II fiber ratios and induced 
muscle AMPK phosphorylation. As expected, no increase in 
muscle AMPK phosphorylation was observed after 66 hr of 
food withdrawal alone, since under these conditions AMPK 
phosphorylation is transient, both in rats at thermoneutrality 
(De Lange et al., 2006) and mice at 22°C (Brockhoff et al., 
2017). We have previously shown that ablation of UCP3 is 
associated with reduced fatty acid oxidation in mice, both at 
24°C (Senese et al., 2011) and at thermoneutrality (30°C for 
mice) (Lombardi et al., 2019). In analogy, training in humans 
during fasting increased muscular oxidative capacity more 

F I G U R E  6   Effect of exercise, 
food withdrawal, and food withdrawal 
and exercise on serum thyroid hormone 
levels, and thyroid hormone transport 
and metabolism-related expression in 
gastrocnemius muscle and liver, 4 hr 
after the last exercise bout (E and FE). 
Analyses of serum thyroid hormone levels 
(a), and transcription of genes involved in 
thyroid hormone uptake and conversion 
in gastrocnemius muscle and liver (b) are 
shown. C, chow-fed controls; E, chow-fed 
exercised; F, food withdrawn; FE, food 
withdrawn and exercised. *p < .05 versus 
C, +p < .05 versus F, FE, $p < .05 versus 
FE, #p < .05 versus F. Data are shown as 
means ± SEM (each experimental condition 
N = 4)
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12 of 17  |      GIACCO et al.

than during carbohydrate supply (Van Proeyen et al., 1985), 
associated with increased phosphorylation of AMPK and in-
creased UCP3 transcription (De Bock et al., 2005).

Although exercise did increase transcription of muscle 
CS, no increase was observed when exercise was combined 
with food withdrawal. In liver, CS transcription was re-
duced by food withdrawal and food withdrawal/exercise. 
As confirmed by serum parameters, an important outcome 
of this study is that this mild exercise stimulus, although 

by itself increasing efficiency of fatty acid oxidation, in 
combination with food withdrawal proved to be sufficient 
to induce an overflow of fatty acid oxidation over their fur-
ther processing via the Krebs cycle, exceeding that caused 
by food withdrawal alone. Acylcarnitines, like ketones, 
are the result of incomplete fatty acid oxidation, and ac-
cumulate and modulate insulin sensitivity in the muscle 
cell upon fatty acid overload (Aguer et al., 2015; Giacco 
et al., 2019). As expected from the above, exercise induced 

F I G U R E  7   Effect of food withdrawal and exercise (FE) on stool microbiome composition. (a): Change in alpha diversity (day 3 - day 0) 
for the four groups (each experimental condition N = 4). Individual Shannon alpha diversity values are represented by red points; the median is 
presented in the box. T test p values between the groups are presented in the table. (b): Sample clustering based on Bray–Curtis dissimilarities is 
represented in an ordination plot. Samples are colored per group and connected per time point; triangles represent day 0 samples, circles represent 
day 3 samples. PERMANOVA model to determine the effect of the groups on the overall compositions based on Bray–Curtis dissimilarities. (c): 
Absolute compositional changes (day 3–day 0) in reads at family level. Only families that were significantly different between the groups are 
presented. D: As C, at genus level. C, chow-fed controls; E, chow-fed exercised; F, food withdrawn; FE, food withdrawn and exercised
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      |  13 of 17GIACCO et al.

a reduction of the serum acylcarnitines C16 and C18:1 
with respect to chow feeding and food withdrawal, and the 
combination of both stimuli increased their levels. One 
acylcarnitine, C4OH, is a known marker for 3-hydroxy bu-
tyrate levels (Hack et al., 2006). Despite the sharp increase 
in serum C4OH levels with food withdrawal/exercise over 
that seen with food withdrawal alone, serum 3- hydroxy 
butyrate levels were maximal upon food withdrawal and 
did not change with food withdrawal/exercise. This can be 
explained by the fact that ketone bodies are a fuel source 
when carbohydrates are low, in brain as well as in skeletal 
muscle. Indeed, expression of gastrocnemius muscle keto-
lytic gene BDH1 sharply increased upon food withdrawal/
exercise, indicating an additional fuel switch toward ketone 
usage in muscle with respect to food withdrawal alone, 
in which BDH1 increased to a much lesser extent. It has 
been shown that PGC1-α directly controls the expression 
of the ketolytic genes in skeletal muscle (Svensson, Albert, 
Cardel, Salatino, & Handschin, 2016). This in agreement 
with the additive effect of exercise and food withdrawal 
on increased PGC1-α and BDH1 expression (see, for an 
overview: Figure 8). An alternative way to increase ketone 
usage is consumption of ketogenic diets. Of note, although 
effectively increasing serum ketone bodies without induc-
ing obesity, ketogenic diets have been shown to result in 

hepatic steatosis in animal models, with controversial re-
sults in humans (Kosinski & Jornayvaz, 2017). Instead, it 
is well known that exercise counteracts nonalcoholic fatty 
liver disease (NAFLD) (Haczeyni et al., 2015). Indeed, 
our data reveal that exercise stimulated the reduction of 
transcription of hepatic lipogenic genes ACC, FAS, and 
SREBP-1c by food withdrawal, thus exercise and food 
withdrawal combine increased ketone body metabolism 
with reduced fat accumulation in liver. Finally, a further 
drop in food withdrawal-induced glycemia was prevented 
by the exercise-induced increased transcription of hepatic 
PEPCK and G6Pase, both encoding key enzymes in the 
synthesis and release of glucose from oxaloacetate (see, for 
an overview, Figure 9). The lack of increase in liver AMPK 
phosphorylation at the measured time point in the animals 
subjected to exercise and food withdrawal indicates that 
ATP depletion is more prominent in the working muscle 
than in the liver under these conditions. BDNF in exercised 
muscle has been associated with muscle regeneration (Yu, 
Chang, Gao, Li, & Zhao, 2017), and with an increased oxi-
dative profile, inducing AMPK phosphorylation (Pedersen 
et al., 2009), features that we found to be blunted at ther-
moneutrality but to be enhanced by food withdrawal at 
thermoneutrality, since we observed a sharp increase in the 
expression of muscle BDNF by food withdrawal/exercise 

F I G U R E  8   Combined effect of food withdrawal and exercise (FE) on transcription of genes involved in fuel metabolism in rat gastrocnemius 
muscle. Arrows depict increased transcription of genes, release or uptake of metabolites in/from the serum, Type I versus Type II myofiber ratio, 
and AMPK phosphorylation. Double arrows underline the additive effect of exercise. For abbreviations: see text. SDH: succinate dehydrogenase
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14 of 17  |      GIACCO et al.

in association with AMPK phosphorylation. Increased 
BDNF expression during food withdrawal and food with-
drawal/exercise correlates with the elevated serum levels 
of 3-hydroxy butyrate, which has been shown to induce the 
expression of this gene by activating its promoter regions 
in muscle (Sleiman et al., 2016).

We previously found UCP3 to be a transcriptional target 
of T3 in skeletal muscle and heart, and to be associated with 
increased resting metabolic rate and mitochondrial fatty acid 
oxidation at thermoneutrality induced by T3 (De Lange et 
al., 2001). In analogy to what we show here to occur with 
exercise, we previously showed that T3 at thermoneutral-
ity further induces muscle UCP3 transcription during food 
withdrawal (Moreno et al., 2003). Food withdrawal/exercise 
normalized serum fT4 levels that were reduced by food with-
drawal. We measured fT4 levels since these most closely rep-
resent the quantity of readily available thyroid hormone to 
be taken up into the cells. fT3 levels would represent both 
thyroid-derived T3 and T3 converted from T4 taken up by the 
peripheral tissues. Interestingly, local synthesis of T3 from T4 
in muscle by increased deiodinase 2 (DIO2) activity has been 
shown to be essential for the response to exercise through 
PGC-1α (Bocco et al., 2016). The fact that food withdrawal/
exercise boosted muscle PGC-1α transcription, and the ob-
servations that (a) food withdrawal increased the expression 

of both thyroid hormone transporters MCT8 and MCT10 in 
gastrocnemius muscle and that this was maintained in re-
sponse to exercise, and (b) exercise increased transcription 
of DIO2, and more so in combination with food withdrawal 
suggest that local T3 plays a role in the muscle's response 
to exercise during food withdrawal. Interestingly, despite 
the increased Type I/Type II fiber ratio seen with food with-
drawal/exercise, the increased MHCI transcription induced 
by food withdrawal was normalized by exercise. This appar-
ent paradox may be due to a direct effect of the increased 
local T3 levels on MHCI transcription, in analogy to what has 
been observed in the heart (Edwards, Bahl, Flink, Cheng, & 
Morkin, 1994); however, we have previously shown that gas-
trocnemius muscle MHCI protein levels diminish in response 
to T3 after at least 12 hr at thermoneutrality in the rat (Lange 
et al., 2008), a time span which exceeds that of the response 
to exercise assessed here (4  hr). Instead, DIO1 expression 
was reduced in liver in response to exercise, food withdrawal, 
and its combination. Food withdrawal has been previously 
shown to reduce MCT8 and MCT10 expression in mouse 
liver at 22°C (Schutkowski, Wege, Stangl, & König, 2014). 
In our study performed at thermoneutrality, food withdrawal 
(as did exercise and food withdrawal/exercise) decreased the 
expression of hepatic MCT8; however, food withdrawal did 
not change MCT10 expression, and it increased with food 

F I G U R E  9   Combined effect of food withdrawal and exercise (FE) on transcription of genes involved in fuel metabolism in rat liver. Upward 
arrows and downward arrows depict increased or decreased transcription of genes, and release of metabolites in the serum, respectively. Double 
arrows underline the additive effect of exercise. For abbreviations: see text. SDH, succinate dehydrogenase
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withdrawal/exercise. Thus, it cannot be excluded that, as in 
muscle, part of the transcriptional effects on T3 target genes, 
such as CPT1a and CPT2, in liver during food withdrawal/
exercise may be due to increased local T3 levels.

In line with recent data obtained in mice at thermoneutrality 
(Raun et al., 2019), we found that exercise alone did not cause a 
significant response of the rat microbiome at thermoneutrality. 
Regarding the food withdrawal-related compositional changes 
in the stool microbiome, at the genus level, most upregulated are 
Peptoclostridium, associated with ketone body synthesis and 
degradation, and Parabacteroides, associated with anti-inflam-
matory effects. Of the downregulated genera, Lachnospiraceae 
are the most prominent. These changes, like those we observed 
in ketone body profiles, are reminiscent to those induced by ke-
togenic diets, and are associated with the reduction of epileptic 
seizures (Olson et al., 2018).

This study highlights altered responses to exercise and 
food withdrawal at thermoneutrality compared to lower tem-
peratures: the effects of endurance exercise on both microbiota 
composition (Raun et al., 2019) and muscle BDNF expression 
(Sleiman et al., 2016), AMPK phosphorylation, and oxidative 
phenotype (Pedersen et al., 2009) are not encountered with 
mild exercise alone at thermoneutrality, a condition that we 
also observed to alter the effect of food withdrawal alone on 
transcription of thyroid hormone transporter MCT10 in liver 
(Schutkowski et al., 2014). Importantly, results of this study 
show that the combination of exercise with food withdrawal at 
thermoneutrality rescues the mild metabolic effect of exercise 
obtaining a strong oxidative response reminiscent of that of 
exercise alone at lower temperatures. The experiments being 
carried out at thermoneutrality are relatively better translatable 
to humans and may have beneficial metabolic applications.
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