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Combined effects of a ketogenic diet and exercise training alter mitochondrial
and peroxisomal substrate oxidative capacity in skeletal muscle

Tai-Yu Huang, Melissa A. Linden, Scott E. Fuller, Felicia R. Goldsmith, Jacob Simon, Heidi M. Batdorf,
Matthew C. Scott, Nabil M. Essajee, John M. Brown, and Robert C. Noland
Skeletal Muscle Metabolism Laboratory, Pennington Biomedical Research Center, Baton Rouge, Louisiana

Abstract

Ketogenic diets (KDs) are reported to improve body weight, fat mass, and exercise performance in humans. Unfortunately, most
rodent studies have used a low-protein KD, which does not recapitulate diets used by humans. Since skeletal muscle plays a
critical role in responding to macronutrient perturbations induced by diet and exercise, the purpose of this study was to test if a
normal-protein KD (NPKD) impacts shifts in skeletal muscle substrate oxidative capacity in response to exercise training (ExTr). A
high fat, carbohydrate-deficient NPKD (16.1% protein, 83.9% fat, 0% carbohydrate) was given to C57BL/6J male mice for 6wk,
whereas controls (Con) received a low-fat diet with similar protein (15.9% protein, 11.9% fat, 72.2% carbohydrate). After 3wk on
the diet, mice began treadmill training 5days/wk, 60min/day for 3wks. The NPKD increased body weight and fat mass, whereas
ExTr negated a continued rise in adiposity. ExTr increased intramuscular glycogen, whereas the NPKD increased intramuscular
triglycerides. Neither the NPKD nor ExTr alone altered mitochondrial content; however, in combination, the NPKD-ExTr group
showed increases in PGC-1a and markers of mitochondrial fission/fusion. Pyruvate oxidative capacity was unchanged by either
intervention, whereas ExTr increased leucine oxidation in NPKD-fed mice. Lipid metabolism pathways had the most notable
changes as the NPKD and ExTr interventions both enhanced mitochondrial and peroxisomal lipid oxidation and many adapta-
tions were additive or synergistic. Overall, these results suggest that a combination of a NPKD and ExTr induces additive and/or
synergistic adaptations in skeletal muscle oxidative capacity.

NEW & NOTEWORTHY A ketogenic diet with normal protein content (NPKD) increases body weight and fat mass, increases
intramuscular triglyceride storage, and upregulates pathways related to protein metabolism. In combination with exercise train-
ing, a NPKD induces additive and/or synergistic activation of AMPK, PGC-1a, mitochondrial fission/fusion genes, mitochondrial
fatty acid oxidation, and peroxisomal adaptations in skeletal muscle. Collectively, results from this study provide mechanistic
insight into adaptations in skeletal muscle relevant to keto-adaptation.

exercise; ketogenic diet; mitochondria; peroxisomal; skeletal muscle

INTRODUCTION

In 1974, ketolytic enzyme activity was found to be
increased in three different types of muscle after a treadmill
running program, sparking interest in ketone-based energy
metabolism in skeletal muscle (1). Athletes often seek nutri-
tional interventions to optimize sports performance and it
has become increasingly popular to adopt a ketogenic diet
(KD) or consume exogenous ketone esters in an attempt to
achieve their goals (2–5). A core concept of KDs is that carbo-
hydrate content is substantially limited, and this drives
nutritional ketosis that is typically defined as blood ketone
levels between 0.5–3.0mM (3, 6). Whether KDs actually
improve exercise performance remains contentious; how-
ever, a concept of keto-adaptation that is consistently
reported is that athletes that consume a carbohydrate-re-
stricted KD adapt to have high rates of fat oxidation during
exercise that limits reliance on glucose (5, 7).

Interactions between a low-carbohydrate, lipid-rich KD
and exercise have been extensively studied and include sev-
eral reports describing shifts of in vivo substrate utilization
(5, 7–18); however, the combined effects of a KD and exercise
training on substrate oxidative capacity in skeletal muscle
are less well known. Exercise training is routinely reported
to increase mitochondrial content/function and substrate
oxidative capacity in rodents and humans (19–21). Likewise,
KDs are often described to alter enzymes involved in fatty
acid oxidation, the citric acid cycle, and oxidative phospho-
rylation (22–25). Unfortunately, most studies testing the
effects of KDs on physiological responses in rodents use a
protein-restricted (�5% kcal) version of the diet (26–30),
which does not recapitulate the macronutrient composition
of KDs most often consumed by humans that typically con-
tain 15%–30% protein (7, 18, 31, 32). The purpose of this
investigation was to address this matter by testing the hy-
pothesis that the combination of treadmill exercise training
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while consuming a KD with normal protein content (NPKD)
would induce additive and/or synergistic adaptations in per-
oxisomal lipid metabolism, as well as mitochondrial path-
ways that dictate carbohydrate, amino acid, and lipid
metabolism in skeletal muscle of lean, healthy C57BL/6J
malemice.

MATERIALS AND METHODS

Animals

C57BL/6J male mice were ordered from Jackson
Laboratories (Stock No. 000664; Bar Harbor, ME) at 12wk of
age and studied at 20wk of age. Mice were group-housed at
room temperature under a 12:12-h light-dark cycle and
allowed ad libitum access to food and water throughout the
study. The Pennington Biomedical Research Center has an
American Association for the Accreditation of Laboratory
Animal Care-approved Comparative Biology Core facility and
veterinary staff thatmonitor animal health via a sentinel pro-
gram and daily inspection. All studies were approved by the
Institutional Animal Care and Use Committee.

Study Design

Figure 1A illustrates the study design. Upon arrival mice
were provided a low-fat chow diet (Purina 5001). Two weeks
later (14wk of age), all mice were tested for body weight and
composition with a Bruker Minispec LF50 Time-Domain
NMR and results were used to assign mice into groups that
ensured similar body composition before beginning the die-
tary intervention. Mice (n = 20) in the control (Con) group
were switched to a low-fat diet (TestDiet No. 5TJS, St. Louis,
MO) containing 15.9% calories from protein, 11.9% from fat,
and 72.2% from carbohydrate. Alternatively, mice in the ex-
perimental group (n = 19) were provided an isocaloric pro-
tein-matched high-fat diet with no carbohydrate (NPKD;
TestDiet No. 5TJQ, St. Louis, MO), which provided 16.1%
calories from protein, 83.9% from fat, and 0% from carbohy-
drate. Matched diets using the same sources of protein
(casein) and lipid (lard, milk fat, and vegetable shortening)
were used in this study; however, carbohydrate (sucrose and
maltodextrin) was only present in the control diet. Mice were
introduced to their experimental diet during a 3-day lead-in
period where mice had access to both Purina 5001 and their

Figure 1. Schematic of study design and body composition. Graphical depiction of the study design and timeline (A). Mice received either a control diet (Con)
or a normal protein, ketogenic diet (NPKD) and were randomly assigned to control sedentary (Con-Sed, n= 11 mice), control exercise training (Con-ExTr, n=9
mice), NPKD sedentary (NPKD-Sed, n= 10 mice), or NPKD exercise training (NPKD-ExTr, n=9 mice) groups. Circulating ketone (b-hydroxybutyrate) levels (B),
exercise training workload (C), body weight (D), fat mass (F), and lean mass (H) are reported, as well as changes from baseline in body weight (E), fat mass (G),
and lean mass (I). Circulating ketone data were analyzed using a two-way repeated-measure ANOVA with a Bonferroni post hoc test, while body composition
data were analyzed using a three-way repeated measures ANOVAwith a Bonferroni post hoc test and are presented as means ± SE. #P< 0.05main effect of
diet; $main effect for exercise; Bonferroni post hoc analysis revealed significant differences (identified with an asterisk) at the following P values *P < 0.05;
**P< 0.01; ***P< 0.001. Changes in body composition between Pre andweek 3 are shown as ^P< 0.05, ^^P< 0.01, ^^^P< 0.001. Changes in body composi-
tion fromweek 3–week 6 are shown as †P< 0.05, ††P< 0.01, †††P< 0.001.
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experimental diet. Atweek 0, mice received only their appro-
priate experimental diet (Con or NPKD) and this was sus-
tained for 6wk. After 2.5wk on the diet, all mice (n = 39)
were habituated on an Exer 3/6 treadmill (Columbus
Instruments; Columbus, OH) for 3 days. The treadmill was
set at 10� incline and the habituation protocol consisted of
5min stages at 0, 5, and 10m/min followed by 2min at 15m/
min. All mice responded well to the habituation protocol, so
they were randomly assigned to the following groups: con-
trol (low fat) sedentary (Con-Sed, n = 11), control (low fat)
exercise training (Con-ExTr, n = 9), NPKD sedentary (NPKD-
Sed, n = 10), or NPKD exercise training (NPKD-ExTr, n = 9).
The 3-wk training protocol was initiated after 3wk on the di-
etary intervention (Fig. 1A). At the end of week 6, muscle tis-
sues were collected 24h after the last exercise bout and food
was removed 2h before harvest.

Treadmill Exercise Training Protocol

Mice in the ExTr groups ran on a treadmill for 3wk,
5days/wk, 1 h/day and the stimulus was designed to yield a
moderate-to-high exercise intensity. As shown in Table 1,
speed was increased in a step-wise fashion throughout the
individual exercise bouts to ensure mice reached the appro-
priate intensity. To account for adaptations in aerobic fit-
ness, exercise intensity was increased weekly and a Lactate
PlusMeter (Nova Biomedical, Waltham,MA) was used to test
blood lactate before, and at the end of, an exercise bout.
Aversive stimuli (light tapping with a brush, light electrical
shock) were used to motivate mice to run to ensure they
completed each exercise bout. Mice were monitored contin-
uously throughout each exercise bout and the interventions
were well-tolerated as none exhibited signs of exhaustion
(no righting reflex and/or acceptance of light electrical shock
for >5 s) or injury (awkward gait, foot injury, etc.). Mice were
immediately returned to their cages after each exercise bout
and granted ad libitum access to food and water.

Tissue Harvest

Tissue collection occurred during the light cycle between
9:00 and 11:00 AM andmice were anesthetized via intraperito-
neal (ip) injection of ketamine/xylazine/acepromazine (16mg/
mL ketamine, 0.8mg/mL xylazine, and 0.32mg/mL aceproma-
zine delivered at a dose of 0.125mL/20 g body wt). Muscle sam-
ples were collected and either 1) used fresh for substrate
oxidation assays, or 2) snap-frozen in liquid nitrogen and
stored at�80�C until subsequent analyses could be performed.

Blood Ketones

Blood ketones (b-hydroxybutyrate) (Nova Ketone Monitor;
Nova Biomedical, Waltham, MA) were measured at the end
of week 6 via tail vein in conscious mice in the fed state at
the end of the dark cycle (7:00 AM). Food was then removed
andmeasurements were taken 2–4h later (between 9:00 and
11:00 AM) during the light cycle to test the effects of a mild
fast on circulating ketones.

Muscle Substrate Storage

Muscle glycogen and intramuscular triglycerides (TAGs)
weremeasured in quadricepsmuscle.

Muscle glycogen.
Frozen powdered tissue was weighed (�15–30mg) and
used to extract and measure glycogen content using a
commercially available kit (Abcam ab65620, Cambridge,
MA) according to the manufacturer’s instructions. Results
are normalized to tissue weight.

Muscle triglycerides.
Frozen powdered tissue was weighed (�25–30mg) and ho-
mogenized two times for 15 s in 300mL ice-cold 5% NP-40
using a handheld homogenizer (VWR, Radnor, PA). Tissue
homogenates were slowly heated to 95�C in a water bath for
5min until the solution became white and then cooled at
room temperature for �15min. This heating-cooling proce-
dure was performed twice to solubilize tissue TAGs.
Homogenates were centrifuged (14,000g, 2min, room tem-
perature) and supernatants were collected to determine
intramuscular TAG content. A commercially available TAG
assay kit (SIGMACat. No. TR0100) was used tomeasure glyc-
erol in these extracts as an indirect measure of total TAGs.
This kit allows for determination of free glycerol, total TAGs,
and true TAGs (total TAG minus free glycerol): all data are
reported as true TAG and are normalized to tissue weight.

Gene Expression

RNA was isolated from powdered muscle (�25mg) using
an RNeasy kit (Qiagen, Germantown, MD) with proteinase
K digestion and on-column DNase treatment, as per the
manufacturer’s instructions. RNA concentration and quality
were tested using a Nanodrop ND-1000 spectrophotometer
(Thermo Scientific, Wilmington, DE) and integrity was con-
firmed using an Agilent 2100 bioanalyzer (Santa Clara, CA).
Samples containing RNA concentrations above 50ng/μL

Table 1. Exercise training protocol for week 4–6

Week 4 Week 5 Week 6

Stage Speed, m/min Duration, min Distance, m Stage Speed, m/min Duration, min Distance, m Stage Speed, m/min Duration, min Distance, m

1 10 10 100 1 12 10 120 1 14 10 140
2 12 10 120 2 14 10 140 2 16 10 160
3 14 10 140 3 16 10 160 3 18 10 180
4 16 10 160 4 18 10 180 4 20 15 300
5 18 10 180 5 20 10 200 5 22 15 330
6 20 10 200 6 22 10 220
TOTAL 10� incline 60 900 TOTAL 10� incline 60 1,020 TOTAL 10� incline 60 1,110

After 3wk of dietary interventions, mice were trained for 3wk (week 4–6 of the study) on a treadmill set at 10� incline and each session
started with a 5-min warmup (W), followed by a 60-min exercise session where a progressive increase in speed was used to increase
intensity.
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(average �188), 260/280 ratios above 1.9 (average �2.1), and
RNA integrity numbers above 5.0 (average �6.9) were used
to prepare cDNA. Briefly, 1mg of RNA was used to develop
cDNA using an iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA). Gene expression was measured by real-time
PCR on an ABI 7900HT Sequence Detection System (Life
Technologies, Carlsbad, CA) using iTaq Universal SYBR
Green Supermix (Biorad; Cat. No. 172-5124). Primer pairs
were designed using Primer-BLAST software and sequences
have been previously reported (33–35) and are included in
Supplemental Table S1 (all Supplemental material is avail-
able at https://doi.org/10.6084/m9.figshare.13335932).
mRNA expression was determined using the compara-
tive CT method (DDCT) with an endogenous control
(cyclophilin) and converted to a linear function by using
a base 2 antilog transformation (2�DDCT).

Tissue Protein Analysis

Tissues lysates were prepared using T-PER buffer (Thermo
Fisher No. 78510) containing protease inhibitor cocktail and
phosphatase inhibitors from Sigma-Aldrich (St. Louis, MO).
Western blot analyses were performed using standard PAGE-
SDS as described previously (36). Primary antibodies were as
follows: acetyl-CoA carboxylase (ACC; No. 3676), phospho
(p)-ACC (No. 11818), AMP-activated protein kinase alpha
(AMPKa; No. 5831), p-AMPKa (No. 2535), peroxin 5 (Pex5; No.
83020), mammalian target of rapamycin (mTOR; No. 2983),
p-mTOR (No. 5536), ribosomal protein s6 (RPs6; No. 2217), p-
RPs6 (No. 2211), eukaryotic translation initiation factor 4E
(4EBP1; No. 9644), p-4EBP1 (No. 2855), Unc-51 like autoph-
agy activating kinase 1 (ULK1; No. 8054), p-ULK1 (No. 6888),
autophagy related 7 (Atg7; No. 8558), autophagy light chain 3
A/B (LC3 A/B; No. 12741), and adipose triglyceride lipase
(ATGL; No. 2439) from Cell Signaling (Danvers, MA); Total
oxidative phosphorylation (OXPHOS) cocktail (ab110413),
Pex19 (ab137072), and peroxisomal membrane protein, 70
kDa (PMP70) (ab3421) from Abcam (Cambridge, MA); Pex14
(ABC-142) from EMD Millipore (Burlington, MA); peroxiso-
mal acyl-coenzyme A oxidase 1 (ACOX1; sc-517306) and per-
oxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC1a; sc-517380) from Santa Cruz Biotechnology
(Dallas, TX); and carnitine palmitoyltransferase 1b (Cpt1b;
22170-1-AP) from ProteinTech (Rosemont, IL). Horseradish
peroxidase-linked secondary antibodies (anti-mouse IgG
Cat. No. NXA931 and anti-rabbit IgG Cat. No. NA934V) were
purchased from GE Healthcare (Piscataway, NJ) and pro-
teins were detected using ECL chemistry. Reversible pro-
tein stain-MemCode (MemC; Thermo Fisher No. 24580)
was used to confirm equal protein transfer and quantita-
tion of these bands served as a loading control. A
ChemiDoc imaging system and Image Lab software (Bio-
Rad; Hercules, CA) were used to image bands and quanti-
tate band intensity. Western blot results are expressed as
fold change compared with the Con-Sed group after nor-
malization to MemC lane intensity. Supplemental Table S2
contains references to manuscripts that reported valida-
tion of antibodies used against ACC, AMPKa, ULK1, and
Atg7 via gene deletion models. We provide knockout con-
firmation of antibodies against Cpt1b, Pex5, and PGC1a in
Supplemental Fig. S1. All other antibodies yielded single

bands at the reported molecular weight of the protein of
interest.

Substrate Oxidation

Substrate oxidation rates were measured in mixed gas-
trocnemius homogenates using established methods that
yield 75%–80% intact mitochondria (37–39). Briefly, ho-
mogenates were incubated in the presence of [14C]radiola-
beled substrates (American Radiolabeled Chemicals, St.
Louis, MO) and complete oxidation was measured as the
liberation of 14CO2 from the following substrates: [1-14C]py-
ruvate (1mM) was used to measure pyruvate dehydrogen-
ase (PDH) activity, [2-14C]pyruvate (1mM) was used to
measure pyruvate oxidation, [U-14C]leucine (100 mM) was
used to measure oxidation of the branched-chain amino
acid leucine, [1-14C]palmitate (200 mM) was used to mea-
sure fatty acid oxidation, and [1-14C]lignocerate (25 mM)
was used to specifically measure peroxisomal fatty acid ox-
idation. Incomplete palmitate oxidation was measured as
the production of 14C-acid soluble metabolites (ASMs),
whereas ASMs were not analyzed for other substrates
tested. Palmitate was bound to fatty acid-free bovine se-
rum albumin (BSA) at a molar ratio of 4.7:1 (Palmitate:
BSA), whereas lignocerate was solubilized in a-cyclodex-
trin (10 mg/mL final concentration).

Data Analysis

Bloodwork measured before and after fasting was ana-
lyzed using a two-way repeated measure ANOVA (diet �
exercise training) with a Bonferroni post hoc analysis. Body
composition measurements were analyzed using a three-
way repeated measure ANOVA (diet � exercise � time) with
a Bonferroni post hoc analysis. All other data were analyzed
using a two-way ANOVAwith a Bonferroni post hoc analysis.
GraphPad Prism software was used for two-way ANOVA sta-
tistical analyses and IBM SPSS v. 27 was used for the three-
way repeated measure ANOVA. A P � 0.05 was established a
priori as representing a statistically significant difference.

RESULTS

Schematic of Study Design and Body Composition

The overall study design is depicted in Fig. 1A. As shown
in Fig. 1B, provision of a NPKD for 6wk induced a mild level
of nutritional ketosis that was similar to a short-term fast (2–
4h) in mice fed the Con diet. Animals on both diets per-
formed a similar amount of work throughout the 3-wk ExTr
protocol, although values tended to be slightly higher in
NPKD-fed mice (Fig. 1C) due to slightly higher body weight.
As previously reported (35), this ExTr protocol induced a vig-
orous-intensity stimulus as average blood lactate levels im-
mediately postexercise approached the lactate threshold (4–
5 mM) as lactate values rose from 1.1 ±0.1mM (resting) to
4.2±0.4mM (postexercise) in the Con-ExTr group and from
1.0±0.3mM (resting) to 4.6±0.5mM (postexercise) in the
NPKD-ExTr group. Animals placed on the lipid-rich NPKD
gained significantly more body weight than those fed a low-
fat Con diet during the first 3wk of the dietary interventions,
whereas weight gain from weeks 3–6 of the diet were similar
between Con and NPKD groups (Fig. 1, D and E). Likewise,
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mice fed the NPKD gained greater amounts of fat mass
(Fig. 1, F and G) and lean mass (Fig. 1, H and I) during the
initial 3wk of the dietary intervention than those receiv-
ing the Con diet; however, differences between these die-
tary groups were not observed from weeks 3–6 (i.e., no
main effect of diet). Main effects of ExTr were detected in
body weight (Fig. 1E), fat mass (Fig. 1G), and lean mass
(Fig. 1I), suggesting all were lowered by ExTr. Looking
more closely, both Con-Sed and NPKD-Sed groups gained
significant amounts of fat mass from weeks 3–6, whereas
neither Con-ExTr nor NPKD-ExTr groups gained fat mass;
therefore, ExTr effectively prevented further gains in adi-
posity in both groups.

Mitochondrial Adaptations

To understand the interactive effects of the NPKD and
ExTr on cellular energy sensing pathways,Western blot anal-
yses were performed to measure total and phosphorylated
forms of AMPKa (Fig. 2, A and B). No significant differences
between groups were detected in total or phospho-AMPKa;
however, the pAMPKa/AMPKa ratio was significantly higher
in NPKD-ExTr than Con-ExTr mice. Next, we examined fac-
tors related to mitochondrial biogenesis including PGC-1a
and the mitochondrial transcription factor A (Tfam). Results
indicate that the ExTr stimulus increased PGC-1a and Tfam
gene expression (Fig. 2C), as well as PGC-1a protein (Fig. 2D),
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MemCode (MemC) and cyclophilin (PPIB), respectively. #P< 0.05 main effect of diet; $main effect for exercise; Bonferroni post hoc test revealed signifi-
cant differences (identified with an asterisk) at the following P values *P< 0.05; ***P< 0.001. Int, interaction effect.
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moderately increased LC3A/B-II content, but this was not
sufficient to alter the ratio of LC3A/B-II/I (Fig. 4I).
Collectively, these results indicate that skeletal muscle
adapts to the NPKD in a manner that appears to slightly
favor protein synthesis over autophagy.

Fatty Acid Metabolism

Since the NPKD provided �84% calories from fat with no
carbohydrate, we next tested adaptations in pathways related
to fatty acid metabolism. Intramuscular TAGs showed a main
effect for diet, suggesting the lipid-rich NPKD diet increased
TAGs (Fig. 5A); however, ExTr had little effect on this parame-
ter. Next, we tested genes involved in lipid storage. Acetyl-CoA
carboxylase (ACC) produces malonyl-CoA, which inhibits fatty
acid oxidation, thus favoring lipid storage. The NPKD
decreasedAcc1 gene expression (Fig. 5B); however, this was not

observed at the level of protein as the NPKD increased both
total and phosphorylated (inactive) ACC (Fig. 5C). Examination
of genes that encode proteins that interact with lipid droplets
revealed an interaction effect for Atgl gene expression, which
showed that neither diet nor exercise alone altered Atgl levels;
however, the combination of NPKD plus ExTr induced a robust
increase (Fig. 5B). This effect wasmirrored at the level of ATGL
protein expression (Fig. 5D). Testing members of the perilipin
(Plin) family revealed that ExTr induced an inhibitory adapta-
tion in Plin2 in mice fed the Con diet, but the NPKD negated
this effect (Fig. 5B). An interaction effect was observed for Plin3
showing ExTr increased Plin3 specifically in mice fed the
NPKD; however, it is notable that NPKD-Sed mice generally
appeared to have a lower baseline level than Con-Sed mice
(Fig. 5B). The Plin5 gene profile was similar to that of intramus-
cular TAGs as expression was increased by the NPKD, but ExTr
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Figure 4. Amino acid metabolism and mammalian target of rapamycin (mTOR) signaling. Branched-chain amino acid metabolism (BCAA) was studied by
assessing leucine oxidation (A), as well as expression of the Bcatm and Bkdh genes (B). mTOR signaling was assessed by measuring protein content of
mTOR (D), ribosomal protein s6 (RPs6) (E), eukaryotic translation initiation factor 4E (4EBP1) (F), Unc-51 like autophagy activating kinase 1 (ULK1) (G),
autophagy related 7 (Atg7) (H), and autophagy light chain 3 A/B (LC3A/B) (I). Protein blots were normalized to total protein stain MemCode (MemC) and
expressed relative to the Control sedentary (Con-Sed) animals. Representative protein blots and protein stain are provided (C). Data were analyzed
using a two-way ANOVA with a Bonferroni post hoc test and are presented as means ± SE. Con-Sed (n = 11 mice), control exercise training (Con-ExTr;
n =9 mice), normal protein, ketogenic diet sedentary (NPKD-Sed; n = 10 mice), and NPKD exercise training (NPKD-ExTr; n =9 mice) were used for leucine
oxidation and gene expression analyses, while n = 7–9/group were used for Western blots. Data were analyzed using a two-way ANOVA with a
Bonferroni post hoc analysis and are presented as means ± SE. #P < 0.05 main effect of diet; $main effect for exercise. Bonferroni post hoc test
revealed significant differences (identified with an asterisk) at the following P values *P< 0.05; **P< 0.01; ***P< 0.0001.
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had no effect (Fig. 5B). We next measured palmitate oxidative
capacity and results showed NPKD and ExTr had additive
effects to increase both complete (CO2) and incomplete (ASM)
oxidation (Fig. 5E). The NPKD increased incomplete oxidation
to a slightly greater extent than complete oxidation, resulting
in an higher ASM:CO2 ratio than mice fed the Con diet; how-
ever, ExTr did not alter this ratio (Fig. 5F). These adaptations
are partially consistent with observations showing the NPKD
increased Cpt1b gene (Fig. 5G) and protein (Fig. 5H) expression,
which is a key factor that modulates mitochondrial lipid entry;
however, ExTr did not alter Cpt1b. Collectively, these findings
confirmed that skeletal muscle responds to a lipid-rich NPKD
diet by increasing the capacity to both store and utilize lipid,
whereas ExTr exerted additive effects to further increase lipid
oxidative capacity.

Peroxisomal Adaptations

Peroxisomes are ubiquitous organelles that play an irre-
placeable role in lipid metabolism; therefore, we assessed

peroxisomal adaptations in response to a NPKD and ExTr.
Since fatty acids with a chain length greater than 20 carbons
can only be oxidized by peroxisomes, oxidation of lignocer-
ate (C24:0) was used to assess peroxisomal function. The
NPKD increased lignocerate oxidation in sedentary animals
(Fig. 6A). ExTr increased lignocerate oxidation in mice fed
the Con diet, but did not have an effect in mice fed the
NPKD (Fig. 6A). Interestingly, patterns for lignocerate oxida-
tion were not matched by changes in peroxisomal proteins
or genes. Pex14 and Pex19 protein exhibited main effects of
the NPKD (increased), whereas only Pex14 showed a main
effect of ExTr (increased) (Fig. 6B). Roughly, half of the per-
oxisomal genes tested exhibited significant differences in
this study (Fig. 6C) and included key components of peroxi-
somal biogenesis (Pex11a and Pex19), lipid uptake (PMP70),
b-oxidation (Acox1), and antioxidant defense (catalase). With
this in mind, it is interesting to note that ExTr alone did
not alter any peroxisomal genes in mice fed the low-fat
Con diet. Alternatively, mice fed the lipid-rich NPKD not
only exhibited increased expression of the aforementioned
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peroxisomal genes, but ExTr appeared to further potenti-
ate upregulation of these genes in the NPKD group (Fig.
6C). Overall, these results suggest that 1) a NPKD and ExTr
alone increase peroxisomal fat oxidation, and 2) the com-
bination of a NPKD along with 3-wk ExTr can further
induce remodeling of peroxisomal genes in mouse skeletal
muscle.

DISCUSSION

Ketogenic diets have been found to enhance energy ex-
penditure, while improving body weight, fat mass, lean
mass, lipid profiles, glycemic index, and glucose homeostasis
in overweight subjects with metabolic disease (6, 26, 40–42).
These reports, however, are nuanced as a review of studies
using human subjects found that while KDs having high pro-
tein content reduce body weight, studies matching protein
content with the control diet have largely failed to show an
advantage of KDs to lower fat mass (6). In stark contrast,
studies in rodents indicate that a protein-restricted KD is
optimal for lowering body weight and fat mass (26–30). A
likely resolution to this apparent schism between species is
that while high-protein KDs induce nutritional ketosis in
humans with circulating ketones reaching 0.5–3.0mM (3, 6),
they do not do so in rodents (43). To achieve similar ketone
levels in rodents, a protein-restricted KD is required (43).

The importance of raising ketones to improve body composi-
tion is perhaps best illustrated by studies that show provi-
sion of exogenous ketone esters is sufficient to reduce body
weight and fat mass without significantly altering macronu-
trient content of the diet (3, 44–46). As such, it appears that
the beneficial changes in body composition in response to
KDs likely depend on the degree of nutritional ketosis
reached. Although the NPKD in the present study was cho-
sen to more closely resemble the protein content of KDs con-
sumed by humans than the protein-restricted KD most
commonly used in rodent studies, the failure to induce ro-
bust nutritional ketosis may have negated effects to improve
body composition often reported in response to KDs.

We previously reported that low-intensity treadmill run-
ning induced acute shifts in skeletal muscle substrate oxida-
tive pathways in lean, healthy C57BL/6J male mice; however,
training at this intensity for 6 wk failed to induce robust adap-
tations in substrate oxidative capacity (33). Using the same
mouse model, the present study employed a more vigorous
exercise stimulus that is reported to induce shifts in mito-
chondrial content/function and substrate oxidative capacity
(19–21). Comparing mice fed low-fat control diets from both
studies shows that in contrast to low-intensity exercise, train-
ing at vigorous-intensity did induce adaptations in skeletal
muscle as evidenced by increased intramuscular glycogen, as
well as elevated mitochondrial and peroxisomal fatty acid
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oxidation. Despite these adaptations, Con-ExTr mice did not
exhibit other exercise training adaptations commonly
reported such as increases in PGC-1a, mitochondrial content,
markers of mitochondrial fission/fusion, intramuscular TAGs,
or peroxisomal content. Interestingly, however, nearly all
these parameters showed additive or synergistic adaptations
in NPKD-ExTr mice. With this in mind, it is important to note
two key matters that are common to rodents and humans: 1)
lipid-rich diets enhance fatty acid oxidative capacity (22, 37,
47, 48), and 2) the postexercise recovery period is a time dur-
ing which substantial metabolic remodeling of tissue can
occur and consuming carbohydrates before, during, or within
2h after exercise can negate remodeling of mitochondria and
fatty acid oxidative capacity (21, 49, 50). Since mice were im-
mediately allowed access to food after each exercise bout, it is
tempting to speculate that the carbohydrate-deficient, lipid-
rich NPKDmay have helped optimize adaptations in lipidme-
tabolism pathways in response to ExTr, whereas abundant
carbohydrates in the Con-ExTr group may have minimized
these adaptations. Alternatively, ketones 1) continue to rise af-
ter exercise cessation and are sustained for several hours dur-
ing the postexercise recovery period (51–53) and 2) can impact
cell signaling and metabolic processes that impact metabolic
remodeling of tissues (3). We previously reported that circu-
lating ketones were elevated immediately postexercise in
this study, but the effect was not necessarily more robust
in the NPKD-ExTr group than the Con-ExTr group (12).
Unfortunately, we did not continue to monitor them during
the postexercise recovery period. Since mice in this study
were immediately allowed access to food after each exercise
bout, ketone levels were likely rapidly reduced in the Con-
ExTr group by the carbohydrate-rich diet but were sustained
at higher levels in the NPKD-ExTr group during this critical
adaptive phase. In addition, although the increase in circulat-
ing ketones induced by the NPKD was modest and did not
reach the reported threshold of nutritional ketosis (0.5–
3.0mM), a recent study reported that treatment of cells with
low amounts of exogenous ketones (0.5mM) more effectively
increased mitochondrial respiration in cultured cells than
moderate-to-high doses (54); thus, it is possible that ketones
near the low end of the spectrum of nutritional ketosis may
be more beneficial. Collectively, it seems logical and likely
that most adaptations in the present study were driven by the
elevated lipid content of the NPKD; however, we cannot com-
pletely discount the possibility that the level of ketosis
reached contributed to the adaptations reported.

Exercise-induced activation of AMPK (55–58) and PGC-1a
(59, 60) induces metabolic remodeling in human and rodent
skeletal muscle. In the present study, little activation of
these factors was observed in Con-ExTr mice; however, both
were significantly elevated in NPKD-ExTr mice. Activation
of these factors likely explains the increase in genes related
to mitochondrial fission/fusion, as well as heightened fatty
acid oxidative capacity, since both mechanisms stimulate
these pathways (61–64). Importantly, previous studies report
increased AMPK activity in skeletal muscle from mice fed a
protein-restricted KD (29), but this was not observed in
NPKD-Sed mice. As such, results within the present study
show additive or synergistic activation of these pathways in
NPKD-ExTr mice that is not confounded by protein-restric-
tion. These adaptations were likely primarily driven by the

high lipid content of the NPKD, rather than ketone bodies
per se because 1) the NPKD onlymodestly increased ketones,
and 2) previous studies show ingestion of ketone esters
directly does not alter similar mitochondrial factors in
mouse skeletal muscle (44). Interestingly, previous studies
that have employed a similar design to the present study
reported that KDs increase genes involved in lipid utilization
(65), as well as activity and coupling of complexes of the mi-
tochondrial oxidative phosphorylation system (13); however,
these studies did not report interaction effects with exercise
training. Alternatively, although traditional high-fat diets
(HFD) often increase mitochondrial content, we report that
the lipid-rich NPKD alone did not increase OxPhos proteins.
Interestingly, evidence suggests mitochondrial adaptations
to a KD may not be highly consistent as the same group has
reported decreased (14), little change (13), or increased (66)
mitochondrial content and/or function using a similar diet
across all studies. Key differences between a traditional HFD
and a lipid-rich KD are that the KD 1) has minimal carbohy-
drate compared to a HFD, 2) typically induces nutritional ke-
tosis, and 3) does not induce insulin resistance. As such,
whether mitochondrial biogenesis 1) is facilitated by carbo-
hydrates in the HFD, 2) is limited by ketones, or 3) requires a
more substantial metabolic stress (e.g., insulin resistance) to
occur warrants further study. Overall, more research is
required to elucidate whether metabolic changes are driven
primarily by the high lipid content of the diet, are a result of
severe carbohydrate restriction, or whether ketones directly
regulate these responses before we can establish if KDs
potentiate remodeling of metabolic pathways in skeletal
muscle in response to exercise.

In addition to its role in regulating mitochondrial content
and function, we previously found that PGC-1a induces per-
oxisomal biogenesis in human myotubes (36). We also
reported that acute low-intensity exercise induces a rapid,
short-term increase in peroxisomal lipid oxidation (33).
In addition, peroxisomal oxidative capacity increases in
response to lipid-rich environments in rodent and human
muscle (38, 67). Data herein extend upon these findings as
they are the first to report that vigorous-intensity exercise
training increases peroxisomal oxidation in mice fed a low-
fat diet; however, while being fed a lipid-rich NPKD, exercise
training further induced several peroxisomal genes and pro-
teins in skeletal muscle. Since peroxisomes are one of two or-
ganelles equipped with a b-oxidation system, they play an
important role in lipid metabolism in mammalian cells (68).
Indeed, peroxisomes provide an alternative route for lipid
catabolism that allows them to rescue mitochondrial fatty
acid oxidation when mitochondrial lipid entry is impaired
(38, 39); however, this is not likely to be the primary function
of peroxisomes during exercise. Rather, since lipolysis of en-
dogenous lipid stores during exercise delivers far more fatty
acids to the skeletal muscle than is required to meet energy
demand (21, 69, 70), peroxisomes likely act as a safety valve
to limit the mitochondrial lipid burden in exercising muscle.
In theory, limiting lipid excess in mitochondria would allow
them to maintain optimal substrate metabolism to meet the
increasing energy demand during exercise; however, this
remains speculative and requires further investigation.

Skeletal muscle is a major site for glucose uptake and utili-
zation under various conditions, including interventions of
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diet and exercise. Since carbohydrates are far less abundant
than fatty acids, glucose availability is particularly important
to prevent exhaustion during exercise. With this in mind, it
is important to recall that the NPKD in this study was devoid
of carbohydrate, yet mice consuming this diet maintained
normal glycogen content in skeletal muscle. We previously
reported that mice fed this carbohydrate-deficient NPKD
had slightly lower hepatic glycogen levels; however, they
maintained normal baseline blood glucose and, more impor-
tantly, exhibited similar increases in glucose levels immedi-
ately after exercise (35). Anecdotally, mice fed the NPKD also
did not exhibit any signs of impaired exercise tolerance dur-
ing individual exercise sessions. Collectively, these results
suggest that despite consuming a carbohydrate-deficient
diet, mice receiving the NPKD were not limited in their abil-
ity to exercise by glucose supply. These findings are consist-
ent with the concept of keto-adaptation, where the body
adapts to a KD by preferentially using fatty acids while spar-
ing glycogen (7, 21).

Skeletal muscle mass is highly affected by diet and exer-
cise as these factors can affect mTOR signaling and its down-
stream effects on protein synthesis and autophagy. To date,
the effect of KDs on muscle mass and mTOR signaling are
equivocal. Some suggest KDs may contribute to skeletal
muscle mass maintenance or growth through upregulation
of mTOR signaling, whereas others indicate KDs may inhibit
mTOR signaling and lower skeletal muscle mass (71–73).
Unfortunately, most rodent research looking at the effects of
KDs have done so using a protein-restricted KD that does not
recapitulate the macronutrient composition of KDs con-
sumed by humans. Many tissues rely on amino acid con-
sumption to support energetic demands, and branched-
chain amino acids activate mTOR complex 1 activity and
contribute to organ hypertrophy (74, 75). Since the mTOR
pathway is directly linked to protein metabolism and is
highly responsive to changes in amino acid levels, the
applicability of previous findings from rodent studies using
protein-restricted KDs toward humans is unclear. As such,
we tested responses in mTOR signaling using a NPKD to
address this matter and show that the NPKD activated
mTOR-related proteins that drive protein synthesis. This is
partially consistent with body composition assessments as
the NPKD increased lean mass during the first 3wk of the
diet but this effect was largely lost from week 3–6, thus
resulting in maintenance of lean mass across the 6-wk die-
tary intervention. Also, mTOR is an important regulator of
autophagy (76, 77). Here, we show that the NPKD increased
ULK1 phosphorylation at Ser757, a site known to inhibit
autophagy; however, no other autophagy-related proteins
were affected by diet. When taken together these findings
suggest that a NPKD may differentially impact mTOR-
related signaling pathways in a manner that favors protein
synthesis over autophagy. Additional studies using more
stringent assessments of protein synthesis and catabolism
are needed to better understand how the provision of a
NPKDmay affect overall skeletal musclemass and integrity.

Reports suggesting that athletes use KDs to improve sport
performance has driven great interest in this field; however,
whether these diets truly induce ergogenic effects remain
quite contentious. Much of the initial research suggested
KDs and/or exogenous ketone ester supplementation

improve performance (2–5); however, recent reports chal-
lenge this notion as both have been found to impair perform-
ance (8, 9, 78). Advocates for the KD cite that improved
performance is due to keto-adaptation which increases fatty
acid utilization and promotes glucose sparing (5, 7).
Alternatively, an argument can be made for the opposing
view as well since 1) mitochondria do not efficiently utilize
ketone bodies (79), 2) ketones are not readily used during
exercise (80), and 3) increased reliance on fatty acids during
exercise can reduce exercise economy (8). Unfortunately, the
present study cannot provide further clarity to this contro-
versy since we did not include performance assessments,
but further studies certainly need to be done before a con-
sensus can be reached.

The NPKD increased the ASM:CO2 ratio for palmitate oxi-
dation indicating the diet increased incomplete oxidation to
a slightly greater extent than complete oxidation. This is
entirely predictable since environments of lipid excess, such
as that provided by the NPKD, are known to increase incom-
plete lipid metabolism (38, 81, 82). There are, however, two
points that are worth noting. First, previous studies that
show increased incomplete lipid metabolism typically report
that this is associated with metabolic disease (glucose intol-
erance, insulin resistance, diabetes, etc) (38, 81, 82); however,
the increase in incomplete oxidation in the present study
likely occurred in the absence of metabolic disease because
KDs typically improve glucose homeostasis and the NPKD
used in this study did not alter baseline glycemia or insulin
levels (12). Second, exercise training did not normalize the
ASM:CO2 ratio in NPKD-fed mice. This observation likely
points toward context-dependent interpretation of measures
of incomplete lipidmetabolism. Studies suggest that limiting
incomplete lipid oxidation is likely beneficial for those with
metabolic disease (34, 39, 81, 82); however, results herein
suggest that a heightened ratio of incomplete oxidation in
the absence of metabolic disease may not need correction.

Due to tissue limitations, substrate storage (glycogen and
triglycerides) was tested in quadriceps, whereas all other tis-
sue-level outcomes (genes, proteins, and substrate oxidation)
weremeasured in gastrocnemius. Both are mixed muscles,
yet fiber-type differences are often reported between
these muscle groups; however, we do not believe that this
confounds the interpretation of the results presented in
this manuscript. First, outcomes tested using the gastro-
cnemius are very consistent with, rather than in contrast
to, substrate storage results from the quadriceps. Second,
despite evidence indicating that intramuscular glycogen
and triglyceride exhibit fiber-type differences, studies
that have directly compared intramuscular glycogen (83,
84), triglycerides (85, 86), and mitochondrial respiration
(87) between quadriceps and gastrocnemius show mini-
mal differences. As such, we are confident that results
obtained from the gastrocnemius and quadriceps com-
plement each other and the interpretation is not con-
founded by potential fiber-type differences.

There are limitations to this study. First, as discussed pre-
viously (35), C57BL/6Jmice used in this study have an inher-
ent deficiency in nicotinamide nucleotide dehydrogenase
that may compromise exercise adaptations (88, 89). Second,
all animals were exercised at the same absolute intensity,
but NPKD-ExTr mice experienced a slightly higher (not
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statistically significant) workload (Fig. 1C) than Con-ExTr
mice because they were slightly heavier; therefore, it is possi-
ble that some of the adaptations in NPKD-ExTr mice were
linked to them exercising at a slightly higher relative inten-
sity. Third, a NPKD was chosen as it more closely resembles
the protein content of KDs consumed by humans than the
protein-restricted KD most often used in rodent research;
however, it only induced a mild increase in circulating
ketones, so it does not completely reproduce the physiologi-
cal response to KDs in humans. It could be argued that mice
may not be the optimal model for studying responses to
KDs; however, excluding use of mouse models to study the
effects of ketogenic diets in future studies is not likely realis-
tic since mice are the most frequently used model in meta-
bolic research and are often critical for mechanistic studies
due to the availability of genetic models. As such, it may be
best if future studies in this area that use mice are designed
to mirror the macronutrient composition of KDs to those
consumed by humans and provide the mice with supple-
mental ketone esters (diet or drinking water) to best replicate
both the dietary composition and nutritional ketosis
observed in humans. Fourth, food intake/energy consump-
tion were not measured, which makes it difficult to discern
whether differences in caloric intake between all groups con-
tributed to some of the differences noted. Finally, only male
mice were used in this study, so it is important to determine
whether females exhibit a similar response.

Overall, we show that feeding a lipid-rich, carbohy-
drate-deficient NPKD to young, lean, healthy C57BL/6J
male mice actually increases body weight and fat mass,
but exercise training is capable of preventing this weight
gain. Moreover, using a 6-wk dietary intervention and
implementation of a 3-wk treadmill exercise training
protocol, we showed that interactions of a NPKD and
ExTr result in additive or synergistic modulation of key
factors involved in energy sensing (AMPK and PGC-1a),
mitochondrial dynamics (fission and fusion), as well as
mitochondrial and peroxisomal fatty acid utilization in
skeletal muscle. Finally, since the NPKD used in this
study only modestly increased circulating ketones, it
allows us to begin to delineate that adaptations in the
aforementioned pathways are likely primarily driven by
the lipid-content of the diet, whereas improvements in
body composition that are often reported in response to
a KD may be driven primarily by ketone bodies them-
selves; however, this requires further study.
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