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Abstract

Recent studies of the ketogenic diet, an extremely high-fat diet with extremely low carbohy-
drates, suggest that it changes the energy metabolism properties of skeletal muscle. How-
ever, ketogenic diet effects on muscle metabolic characteristics are diverse and sometimes
countervailing. Furthermore, ketogenic diet effects on skeletal muscle performance are
unknown. After male Wistar rats (8 weeks of age) were assigned randomly to a control
group (CON) and a ketogenic diet group (KD), they were fed for 4 weeks respectively with a
control diet (10% fat, 10% protein, 80% carbohydrate) and a ketogenic diet (90% fat, 10%
protein, 0% carbohydrate). After the 4-week feeding period, the extensor digitorum longus
(EDL) muscle was evaluated ex vivo for twitch force, tetanic force, and fatigue. We also ana-
lyzed the myosin heavy chain composition, protein expression of metabolic enzymes and
regulatory factors, and citrate synthase activity. No significant difference was found between
CON and KD in twitch or tetanic forces or muscle fatigue. However, the KD citrate synthase
activity and the protein expression of Sema3A, citrate synthase, succinate dehydrogenase,
cytochrome c oxidase subunit 4, and 3-hydroxyacyl-CoA dehydrogenase were significantly
higher than those of CON. Moreover, a myosin heavy chain shift occurred from type llb to lIx
in KD. These results demonstrated that the 4-week ketogenic diet improves skeletal muscle
aerobic capacity without obstructing muscle contractile function in sedentary male rats and
suggest involvement of Sema3A in the myosin heavy chain shift of EDL muscle.

Introduction

The ketogenic diet, a high-fat diet with low or absent carbohydrate, mimics the fasting state of
the body [1]. This diet increases ketone production from the liver and shifts energy sources to
fat instead of carbohydrate [2-6]. The generated ketone is used eventually as an energy sub-
strate in different organs such as the brain and skeletal muscles.
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Earlier studies have been undertaken to elucidate therapeutic effects of a ketogenic diet on
the central nervous system. For example, a ketogenic diet is regarded as an alternative treat-
ment to anticonvulsants for a patient with pharmacoresistant or medication-intolerant epi-
lepsy [7-10]. Although the precise mechanism remains unknown, this effect is reportedly
associated with a change in the vesicular glutamate transporter activity and quantal size in the
vesicle at hippocampal synapses [11]. Furthermore, proposals for clinical application of a keto-
genic diet have targeted amelioration of different diseases including hyperglycemia in diabetes
[12-15], cardiomyopathy with glycogen storage disease type III [16, 17], cancer development
[4, 18], and age-related brain dysfunction [19].

Skeletal muscle, in addition to supporting locomotion and respiration, is an important
organ for whole-body metabolism [3, 20]. Recent reports of the relevant literature have
described effects of a ketogenic diet on rodent skeletal muscle metabolic characteristics.
Kephart et al. found that rats fed a ketogenic diet for 8 months exhibited decreased mitochon-
drial respiration capacity of gastrocnemius muscle [21]. Schnyder et al. reported that mice fed
a ketogenic diet for 12 weeks showed lowered mitochondrial ATP production in gastrocne-
mius muscle [5]. In contrast to these reports of other studies, Shimizu et al. reported that mice
fed a ketogenic diet for 12 weeks showed upregulated transcript levels of fatty acid oxidation in
gastrocnemius muscle [22]. Therefore, the effect of ketogenic diet on muscle metabolic charac-
teristics is contradictory. Furthermore, it remains unknown whether a ketogenic diet can affect
skeletal muscle performance, which is associated with muscle metabolic characteristics.

Therefore, this study was conducted to clarify ketogenic diet effects on muscle force pro-
duction and fatigability in isolated rat extensor digitorum longus (EDL) muscle. Additionally,
to clarify biochemical and metabolic adaptation to the ketogenic diet, this study investigated
muscle fiber types and metabolic enzymes for glucose and fat utilization.

Materials and methods
Ethical approval

The Animal Use Committee at St. Marianna University School of Medicine approved all
experiment procedures (Protocol Number: 1006015). They were conducted according to guid-
ing principles of the Physiological Society of Japan for the care and use of animals in the field
of physiological sciences.

Animal care and experiment design

From a licensed laboratory animal vendor (Japan Charles River Laboratories, Inc., Yokohama,
Japan), 32 male Wistar rats (7 weeks old) were obtained. Upon arrival at our institution, all
animals were provided with standard rodent food and water ad libitum. They were housed in
an environmentally controlled room (24 + 1°C, 55 + 5% relative humidity: 12:12 h light-dark
photoperiods (lights off 1800-0600)). Following a week of acclimation, the animals were
assigned to a control diet group (CON, n = 16) or to a ketogenic diet group (KD, n = 16). The
animals were then kept for four weeks with feeding of a specialized diet and water ad libitum.
The body mass of each rat was recorded every week.

The animal diet used for this study was identical to that described for our earlier study [23].
The ketogenic diet composition was 10% protein and 90% fat (#D10070801; Research Diet
Inc., New Brunswick, NJ, USA). The corresponding control diet, recommended by the sup-
plier, included 10% protein, 10% fat, and 80% carbohydrate (#D10070802; Research Diet Inc.).
Details of ingredients used for the respective diets are shown in Table 1.

The ketogenic diet was stocked at -80°C and was changed to provide fresh food every sec-
ond day. After four weeks, the animals were anesthetized using isoflurane. Then a blood
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Table 1. Compositions of control and ketogenic diets.

Ingredient Control diet Ketogenic diet
%grams %kcal %grams %kcal
Casein, 80 Mesh 9.46 9.85 16.51 9.85
L-Cysteine 0.14 0.15 0.25 0.15
Corn starch 35.11 36.56 0.00 0.00
Maltodextrin 10 3.31 3.45 0.00 0.00
Sucrose 38.43 40.01 0.00 0.00
Cellulose.3 BW200 4.73 0.00 8.26 0.00
Soybean Oil 2.37 5.54 4.13 5.54
Cocoa butter 1.89 4.43 62.92 84.46
Mineral Mix, $10026 0.95 0.00 1.65 0.00
Dicalcium phosphate 1.23 0.00 2.15 0.00
Calcium carbonate 0.52 0.00 0.91 0.00
Potassium citrate 1.56 0.00 2.72 0.00
Vitamin mix, V10001C, 10X 0.09 0.00 0.17 0.00
Choline bitartrate 0.19 0.00 0.33 0.00
FD&C Yellow Dye #5 0.002 0.000 0.004 0.000
FD&C Red Dye #40 0.000 0.000 0.004 0.000
FD&C Blue Dye #1 0.002 0.000 0.000 0.000
Total 100 100 100 100

Each diet was purchased from Research Diet Inc.

https://doi.org/10.1371/journal.pone.0241382.t001

sample was collected from the abdominal vein to measure the blood B-hydroxybutyric acid
concentration as an index of blood ketone body. Commercially available test strips were used
(Precision Xceed; Abbott Japan Co. Ltd., Minato-ku, Tokyo, Japan). For some animals, the
blood glucose was also measured using test strips (Abbott Japan Co. Ltd.). Then the EDL mus-
cle was removed, weighed, and frozen for subsequent analyses. For this study, EDL muscle was
selected because it is a fast-twitch fiber muscle similar to the gastrocnemius and quadriceps
femoris muscles, which have been used often in earlier ketogenic diet studies [22, 24-26].
Also, EDL muscle is suitable to isolate with tendon-to-tendon manner for performing muscle
contraction experiments.

The animals were euthanized by removal of the heart after EDL removal. The removed
muscle was used to measure muscle glycogen, muscle fiber types, and muscle protein expres-
sion (CON, n = 5; KD, n = 5). The protein expression included representative metabolic
enzymes for glucose and fat utilization, myosin heavy chain (MyHC) type II isoforms, and
potent regulatory factors for muscle oxidative metabolism and muscle fiber type. The remain-
ing animals were used for muscle contraction analyses: twitch and tetanic tension (CON,

n =6; KD, n=5), and muscle fatigue (CON, n = 5; KD, n = 6).

Sample preparation for biochemical analyses

The frozen EDL muscles were thawed and homogenized (1:9 w/v) in ice-cold buffer (50 mM
Tris-HCI, 200 mM NaCl, 50 mM NaF, 0.3% NP-40, pH 8.0) with protease and phosphatase
inhibitors (Nacalai Tesque Inc., Chukyo-ku, Kyoto, Japan). After the muscle homogenates
were centrifuged at 1000 x g for 20 min at 4°C, the supernatant was collected. Total protein
concentrations of the supernatant were estimated using BCA protein assay reagent (Life Tech-
nologies Japan Ltd., Minato-ku, Tokyo) with bovine serum albumin as a standard using a
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microplate reader (Multiskan MS; Life Technologies Inc.). A part of the supernatant was used
directly for CS activity measurements. The remainder of the supernatant was denatured with
Laemmli sample buffer at 95°C for 5 min for one-dimensional sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE).

Insoluble sediments of the homogenate described above were re-suspended (1:99 w/v)
using MyHC sample buffer (30% glycerol, 5% 3-3-mercapto-1,2-propanediol, 2.3% SDS,
0.05% bromophenol blue, 62.5 mM Tris-HCI, pH 6.8). Then they were denatured at 65°C for
15 min.

Western blotting

Western blotting was applied to examine muscle metabolic adaptation of EDL. After the sam-
ple was separated using standard SDS-PAGE, it was transferred to a PVDF membrane [27].
The membrane was then stained with Ponceau-S solution to estimate the total transferred pro-
tein (TTP). The membrane was blocked with a blocking reagent (Blocking One; Nacalai Tes-
que Inc.) and was incubated with the primary antibodies listed below for the blocking
solution. After several repetitions of washing, the membranes were incubated with HRP-linked
anti-mouse IgG or anti-rabbit IgG secondary antibody (1:10000, Cell Signaling Technology
Inc., CST, Danvers, MA, USA), or anti-mouse IgM Alexa fluor 488-linked secondary antibody
(1:2000, Life Technologies Japan Ltd.) for 1 h at 25°C. The membrane was then visualized
using enhanced chemiluminescence reagent (Clarity Max; Bio-Rad Laboratories Inc., Hercu-
les, CA, USA) or a blue LED using an imaging system (LAS-3000; GE Healthcare Japan, Hino,
Tokyo, Japan). Densitometry analysis was conducted using analytical software (Li-Cor Inc.,
Lincoln, NE, USA). Then the data were normalized by TTP for each sample [28].

Primary antibodies used for this study were the following: anti-phosphofructokinase (PFK,
1:1000, sc-166722), anti-CS (1:1000, sc-390693), anti-succinate dehydrogenase (SDH, 1:1000,
sc-166947), anti-3-hydroxyacyl-CoA dehydrogenase (HAD, 10:1000, sc-376525) anti-peroxi-
some proliferator-activated receptor-alpha (PPAR-a, 1:1000, sc-398394), and anti-semaphorin
3A (Sema3A, 1:1000, sc-74554) from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA); anti-
cytochrome c oxidase-IV (COX-IV, 1:2000, #5274) from Cell Signaling Technology Japan, K.
K. (Chiyoda-ku, Tokyo, Japan); anti- MyHC type IIa (1:200, SC-71), anti-MyHC type IId
(1:200, 6H1), anti-MyHC type IIb (1:200, BF-F3) from The Developmental Studies Hybridoma
Bank (Iowa City, IA, USA); anti-peroxisome proliferator-activated receptor gamma coactiva-
tor 1-alpha (PGC-1a, 1:2000, T1202) from Merck Millipore (Burlington, MA, USA); and anti-
myogenic enhancer factor 2C (Mef2C, 1:1000 NBP2-17260) from Novus Biologicals, LLC
(Centennial, CO, USA).

To estimate glycolysis capacity, PFK was analyzed [29]. Also, CS, SDH, and COX-IV were
analyzed to estimate oxidative capacity [30-32]. To estimate beta-oxidation capacity, HAD
was analyzed [33]. As major molecules to regulate muscle oxidative metabolism, PGC-10,
PPAR-0, and Mef2C were measured [5, 34-40]. Also, Sema3A was analyzed as a potential
mechanism for muscle fiber type regulation [41].

Analysis of MyHC composition

The MyHC composition was found using glycerol-SDS-PAGE, as reported for our earlier
studies [31, 42]. Briefly, the prepared protein samples were applied in duplicate to the
SDS-PAGE gel: stack— 4% acrylamide, 34.7% glycerol, 125 mM Tris-HCI pH 6.8; separation—
8% acrylamide, 33.3% glycerol, 375 mM Tris-HCI, pH 8.3. Electrophoresis was started at 60 V
with stacking gel at 8°C. The voltage was set to 150 V and run for 18 h at 8°C when the tracking
dye had entered the separating gel completely. After separation, each gel was stained with
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Coomassie brilliant blue (Biosafe G250; Bio-Rad Laboratories Inc., Hercules, CA, USA). To
ascertain the relative proportion of MyHC isoforms, each gel was scanned using a calibrated
densitometer (ChemiDoc Touch; Bio-Rad Laboratories Inc., Hercules, CA, USA) and was
examined using analytical software (Image Lab; Bio-Rad Laboratories Inc.).

Citrate synthase (CS) activity

To estimate the mitochondrial content [32] of EDL muscles as described earlier, the CS activity
was measured as described in a report of our early study [42]. The reaction mixture contained
100 mM Tris, 0.07% Triton X-100, 0.1 mM Ellman’s reagent (DTNB), 0.098 mM acetyl CoA,
and 0.5 mM oxaloacetic acid at pH 8.3, and an appropriate volume of the supernatant prepared
above [43]. Each measurement was taken spectrophotometrically (412 nm) in triplicate using a
microplate reader (Multiskan MS; Life Technologies Inc.). The close two values were used for
analyses. The activity was expressed as the specific activity corrected with the protein concen-
tration of the supernatant (mM-min"-mg protein ™).

Muscle glycogen content

Unstimulated EDL muscle was used for these analyses [44]. After the muscle was powdered in
liquid nitrogen, it was lysed in NaOH (1M) at 25°C for 5 min, followed by incubation at 85°C
for 10 min. After HCI (6 M) was added (1:2), the mixture was incubated further at 85°C for 2
h. Finally, NaOH (4M) was added (1:2) to neutralize the lysate. The glucose concentration of
the muscle lysate was measured using a commercially available kit (Glucose Wako C-II kit;
Fujifilm Wako Pure Chemical Corp., Chuo-ku, Tokyo, Japan). The muscle glycogen content
(mM) was calculated using the dilution factor of each lysate.

Muscle force measurement

The muscle performance was measured by ex-vivo muscle contraction experimentation. After
the removal of EDL muscle (tendon to tendon), the muscle was transferred into a Krebs-Hen-
seleit solution (117 mM NaCl, 5.9 mM KCI, 1.2 mM NaH,PO,, 2.5 mM CaCl,, 1.2 mM MgCl,,
24.8 mM NaHCOj3, 11.1 mM glucose, 25 pM D-tubocurarine chloride). The buffer was equiva-
lented continuously to pH 7.4 with a 95% O, and 5% CO, gas mixture at 25°C. The EDL mus-
cle was set vertically in a specialized organ bath with one end connected to a calibrated
isometric force transducer (TB-611T; Nihon Kohden Corp., Shinjuku-ku, Tokyo, Japan) using
bladed silk. After a 10 min equilibration period, the optimal EDL muscle length was found
using a micrometer. The maximal voltage evoking a single twitch was also found using electri-
cal field stimulation (SEN-3301; Nihon Kohden Corp.). Once the experimental condition was
fixed, a twitch was evoked (1 Hz, 1 ms for the duration). After a 5 min resting period, tetanic
contraction was evoked by field stimulation of 90 Hz, 300 ms for the duration with supramaxi-
mal stimulation voltage (1.5 fold voltage evoking the twitch). Each tetanic contraction was per-
formed sequentially but separated by a 3 min recovery period. Muscle fatigue was measured in
another subset of animals. The EDL muscle was prepared as described above: tetanic contrac-
tion was evoked at 60 Hz for 300 ms duration at 3 s intervals for 10 min. Data were recorded
every minute.

The muscle force was amplified using a carrier amplifier (AP-621G; Nihon Kohden Corp.).
Data were stored digitally in a computer via an A/D converter (USB-6008; National Instru-
ments Japan Corp., Minato-ku, Tokyo, Japan) controlled by software (LabVIEW; National
Instruments Japan Corp.). Muscle force was normalized by the total muscle cross-sectional
area to ascertain the specific tension. The total muscle cross-section was estimated as [muscle
mass (g)/(muscle length (cm) x 1.056)], where 1.056 is the muscle density (g-cm’3)[45, 46].
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Fig 1. Change in body mass during the experimental period in CON (n = 16) and KD (n = 16). * Significant
difference was found between CON and KD. Values are expressed as means + S.E.M.

https://doi.org/10.1371/journal.pone.0241382.9001

Statistical analysis

Data are presented as means + standard error of the mean (S.E.M.). Differences between CON
and KD were analyzed using unpaired ¢-tests. Body mass and fatigue experiments were analyzed
using two-way repeated measures ANOVA (diet and time). When interaction was found, Bon-
ferroni multiple comparison tests were applied to evaluate the significance of differences
between the CON and KD groups. Probability of p < .05 was inferred as significant. All statisti-
cal analyses were conducted using software (Prism 8.1.2; GraphPad Software Inc., CA, USA).

Results
Body mass, blood parameters, and muscle mass

Fig 1 depicts the change in body mass during the 4-week experimental period. Two-way
ANOVA revealed significant main effects of diet (F;, 3o = 6.239, p = .018) and time (F; 553, 37.58 =
367.8, p < .001). Significant interaction (diet and time) was found between groups (F,, 120 =
8.721, p < .001). Multiple comparison analysis revealed that the body mass of KD was signifi-
cantly lower than that of CON at week 2 (t = 3.403, df = 30.21, p = .001), week 3 (¢ = 4.141,
df =31, p = .001), and week 4 (¢t = 5.817.42, df = 29.9, p < .001).

The blood B-hydroxybutyric acid concentration of KD was found to be significantly higher
than that of CON (t = 12.42, df = 30, p < .0001; Table 2). The blood glucose concentration of

Table 2. Blood B-hydroxybutyric acid concentration, blood glucose concentration, and EDL muscle mass in CON
and KD animals after the 4-week experimentation period.

CON KD
Blood B-hydroxybutyric acid, mM 0.32 +0.03 1.71 £ 0.11*
Blood glucose, mM 9.8+0.8 7.3 +0.4*
Muscle mass, mg 205+ 4 198 + 5
Relative muscle mass, mg-g™' 0.47 +0.01 0.49 +£0.01*

CON (n = 16) and KD (n = 16) for the blood B-hydroxybutyric acid concentration. (n = 5) and KD (n = 5) for blood
glucose concentration. CON (n = 16) and KD (n = 16) for muscle mass. * Significant difference was found between
CON and KD. Values are expressed as means + S.E.M.

https://doi.org/10.1371/journal.pone.0241382.t1002
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Table 3. Glycogen content and CS activity in EDL muscle of CON and KD animals.

CON KD
Glycogen content, mM 30.0 £ 0.4 28.0+2.8
CS activity, mM-min""-mg protein™ 79+9 103 £ 4*

CON (n = 6) and KD (n = 5) for glycogen content. CON (1 = 5) and KD (n = 5) for CS activity. * Significant
difference was found between CON and KD. Values are expressed as means + S.E.M.

https://doi.org/10.1371/journal.pone.0241382.t1003

KD was significantly lower than that of CON (f = 2.919, df = 8, p = .019; Table 2). No differ-
ence was found between CON and KD in EDL muscle mass after the experimental period
(Table 2). However, as expected, the relative muscle mass of KD was significantly higher than
that of CON (¢ = 2.180, df = 30, p = .037; Table 2) because the body weight of KD was signifi-
cantly lower than that of CON.

Muscle glycogen content and CS activity

No significant difference was found between CON and KD in muscle glycogen content
(Table 3). The citrate synthase (CS) activity of KD was significantly higher than that of CON
(t=2.33,df = 8, p = .0479; Table 3).

Protein expression of metabolic enzymes

Results of the protein expression of PFK, CS, SDH, COX-IV, and HAD enzymes are presented
in Fig 2. Fig 2A-2E portray each representative protein band and the transferred proteins onto
the membrane. No significant difference in the expression of PFK was found between CON
and KD (Fig 2F). The expression of CS in KD was significantly higher than that in CON
(t=3.012,df = 8, p =.017; Fig 2G). No significant difference in the expression of SDH between
CON and KD was found (Fig 2H). The expression of COX-IV in KD was significantly higher
than that in CON (f = 2.428, df = 8, p = .041; Fig 2I). Moreover, the expression of HAD in KD
was significantly higher than that in CON (¢ = 2.315, df = 8, p = .049; Fig 2J).

E
A CONKD B CON KD c CON KD D CON KD CON KD
PFKE cs SDHE COX-IV I HAD]
(85kD) (45kD) (70kD) (17 kD) [— (34kD) --’l
100kD—
75kD—
75 kD—
50kD— 50 kD—
— — —
37 kD= —— 37 kD~
— 25 kD~
20 kD—
 man = 15kD~ Ponceau S
Ponceau S Ponceau S Ponceau S Ponceau S
F G H | J
15 154 * 1.54 39 1.54 *
*
1.0 1.04 . 1.04 > 24 1.04
x [0} &
£ 8 3 2 g
05 0.5 0.54 © 14 Il‘ 0.54
0.0 T T 0.0 T T 0.0 T T 0 T T 0.0 T T
CON KD CON KD CON KD CON KD CON KD

Fig 2. Protein expression of metabolic enzymes in CON (n = 5) and KD (n = 5). Representative images of the
protein band and transferred protein of PFK (A), CS (B), SDH (C), COX-1V (D), and HAD (E). Protein expressions of
PFK (F), CS (G), SDH (H), COX-1V (I), and HAD (J). * Significant difference was found between CON and KD.
Values are expressed as means + S.E.M.

https://doi.org/10.1371/journal.pone.0241382.9002
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Fig 3. Proportion and the protein expression of MyHC isoforms in CON (n =5) and KD (n =5). (A) A
representative image of the separation. Soleus was used for a reference of type I isoform. (B) Relative proportion of
MyHC isoforms presented with representative images of the protein band and transferred protein of MyHC type Ila
(C), I1d (D), and IIb (E). Protein expressions of MyHC type Ila (F), IId (G), and IIb (H). * Significant difference was
found between CON and KD. Values are expressed as means + S.E.M.

https://doi.org/10.1371/journal.pone.0241382.9003

MyHC

Fig 3A presents a representative image of MyHC isoform separation. The quantitative results
are presented in Fig 3B. No significant result was found for the proportion of type I and type
ITa MyHC between CON and KD. However, the proportion of type IId in KD was significantly
higher than that in CON (t = 3.336, df = 8, p =.010). By contrast, the proportion of type IIb in
KD was significantly lower than that in CON (¢ =2.613, df = 8, p = .031).

Fig 3C-3E exhibit a representative protein band and the transferred proteins onto the
membrane in MyHC type Ila, I1d, and IIb. No significant difference was found in the protein
expression of MyHC type Ila between CON and KD (Fig 3F). However, the expression of
MyHC type I1d in KD was significantly higher than that in CON (¢ = 2.354, df = 8, p = .046;
Fig 3G). The expression of MyHC type IIb in KD was significantly lower than that in CON
(t=2.936,df = 8, p = .019; Fig 3H).

Protein expression of PGC-1a, PPAR-a, Mef2C, and Sema3A

Because we found increased expression of CS, COX-IV, and HAD in addition to fast-to-slow
shift of MyHC type II isoforms, we analyzed the expressions of PGC-1a, PPAR-a, Mef2C, and
key proteins related to those changes as potential mechanisms (Fig 4). Fig 4A-4C show repre-
sentative protein bands and the transferred proteins onto the membrane. However, no signifi-
cant difference was found between CON and KD for the expressions of PGC-1a. (Fig 4D),
PPAR-a (Fig 4E), or Mef2C (Fig 4F).

The expression of Sema3A, which was found to regulate fast-twitch muscle fiber generation
[41], in KD, was significantly higher than that in CON (¢ = 2.392, df = 8, p = .044; Fig 5A and 5B)

Muscle force measurement

Fig 6 presents the muscle force results. No difference was found between CON and KD in
twitch (Fig 6A) or tetanic tension (Fig 6B). From fatigue experimentation (Fig 6C), two-way
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Fig 4. Protein expression of PGC-1a, PPAR-a, and Mef2C in CON (n = 5) and KD (n = 5). Representative images
of the protein band and transferred protein of PGC-1a. (A), PPAR-o. (B), and Mef2C (C). Protein expressions of PGC-
lo. (D), PPAR-o (E), and Mef2C (F). Values are expressed as means + S.E.M.

https://doi.org/10.1371/journal.pone.0241382.9004

ANOVA was found to have a significant main effect of time (F; 405, 12.67 = 342.2, p < .001).
However, significance was found neither for the main effect of diet nor for the interaction of
diet and time.

Discussion

This study was conducted to clarify ketogenic diet effects on skeletal muscle contractile func-
tion and biochemical characteristics in rats. Results indicate that four weeks of ketogenic diet
feeding prevented increase in body mass with age, as demonstrated by earlier studies [2, 6, 23-
26, 47, 48]. Results show that ketogenic diet feeding did not change muscle force production
or fatigue resistance in isolated EDL muscle. Importantly, the ketogenic diet induced MyHC
shift from type IIb to IIx. Moreover, this shift was accompanied by improved enzyme expres-
sion and activity for mitochondrial and fatty acid metabolism. Although the findings are lim-
ited to those for fast-twitch muscles, these results suggest that the ketogenic diet improves
muscle aerobic energy metabolism without compromising muscle performance. Results also
demonstrate that Sema3A might mediate MyHC shift in EDL.

Results show that the ketogenic diet increased CS activity and CS and COX-IV protein
expression in EDL muscle: CS is an important enzyme in the tricarboxylic acid cycle in mito-
chondria; COX-1V is a mitochondrial enzyme that mediates the respiratory chain reaction.
The respective expressions of these enzymes are indicators of mitochondrial content and
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oxidative capacity in skeletal muscle [32]. Consequently, our results suggest that a ketogenic
diet improves oxidative capacity in skeletal muscle. However, these findings contradict those
of studies that have shown lowered mitochondria function [5, 21] and decreased CS activity
[21] by a ketogenic diet. In this regard, Parker et al. reported recently that a ketogenic diet fol-
lowed for four weeks decreased CS activity in the red portion, but not in the white portion of
gastrocnemius muscles in rats [25]. This finding suggests that mitochondrial enzyme adapta-
tion to ketogenic diet depends on the muscle fiber type. In addition, EDL muscle has different
proportions of muscle fiber types from those of gastrocnemius muscle [42, 49] used in earlier
studies [5, 21, 25]. Although our results indicate a positive role of ketogenic diet on mitochon-
dria, a study examining muscle fiber types must be conducted to ascertain ketogenic diet
effects on those enzymes in skeletal muscle.

Results obtained for muscle glycogen, an important energy source in a fast-twitch muscle
such as EDL, indicate no change in glycogen content after four weeks of ketogenic diet feeding.
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Fig 6. Muscle force of CON and KD. (A) Twitch tension of CON (n = 6) and KD (n = 5). Values are expressed as
means + S.E.M. (B) Tetanic tension under stimulation at 90 Hz, 300 ms duration in CON (n = 6) and KD (n = 5).
Values are expressed as means + S.E.M. (C) Fatigue experiment of CON (n = 5) and KD (n = 5). A main effect of time
was found (p < .001). Values are expressed as means + S.E.M.

https://doi.org/10.1371/journal.pone.0241382.g006
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By contrast, Shimizu et al. reported that four weeks of ketogenic diet decreased muscle glyco-
gen content in mice [22]. One difference between the results reported herein and those
reported by Shimizu et al. [22] is adaptation of the fat oxidation enzyme. Although Shimizu

et al. found no change in HAD gene expression [22], results of this study show that the keto-
genic diet increased HAD protein expression, suggesting improved fat oxidation capacity of
KD animals. Efficient fat utilization capacity is helpful to store muscle glycogen content.
Indeed, keto-adapted skeletal muscle showed enhanced fat oxidation capacity, but comparable
muscle glycogen content to that of the high-carbohydrate diet condition in humans [50].
Therefore, we speculate that improved fat oxidation capacity engenders reserve muscle glyco-
gen content in our KD animals. Regarding glycogen usage, results show that the ketogenic diet
did not change the expression of PFK, a rate-limiting enzyme of glycolysis, in EDL muscle.
Increased energy demand from glycolysis reportedly improves PFK activity in skeletal muscle
[29, 42, 51]. Consequently, our results suggest that the energy demand of glycolysis in EDL
muscle during the four-week ketogenic diet is similar to that obtained from the control diet.

The skeletal muscle fiber type is determined by the MyHC isoform. An important finding
of this study is that the four-week ketogenic diet induced a fast-to-slow shift among type II
MyHC isoforms in EDL muscle. Slower type II fiber is generally accepted as showing higher
aerobic metabolic capacity than faster type II fibers [49, 52]. Moreover, exercise training-
induced increase in type Ila and IIx isoforms and decrease in type IIb isoform are associated
with improved muscle aerobic capacity [31, 42, 53]. Therefore, our results indicate that keto-
genic diet improves muscle aerobic capacity in the view of muscle fiber type transformation.
Although the finding remains controversial, a ketogenic diet reportedly ameliorates hypergly-
cemia in a diabetic rat model [13, 54]. A recent study using single fiber analysis revealed that
insulin-stimulated glucose uptake was higher in order of type I and IIa, IIx, and IIb fibers in
rats [55]. Consequently, our results indicate that such a favorable effect on blood glucose regu-
lation by ketogenic diet [13, 54] might be associated partially with the fast-to-slow type II fiber
shift in skeletal muscle.

In skeletal muscles, PGC-1a. [5, 34-36], PPAR-a. [36, 37], and Mef2C [34, 38-40] are repre-
sentative molecules regulating muscle oxidative metabolism, fatty acid oxidation, and fast-to-
slow muscle fiber type shift. Nevertheless, the ketogenic diet did not change the expression of
those factors in this study, suggesting that these factors are not associated with results obtained
from the current study. Regarding the search for potential factors, a recent study drew our
attention to the muscle fiber type shift by Sema3A. Tatsumi et al. reported increased gene
expression of MyHC IIb, but that of slow MyHC was decreased in Sema3A-inhibited myo-
tubes [41]. Moreover, the authors examined muscle regeneration in muscle satellite cell-spe-
cific Sema3A knockout mice. After 28 days of cardiotoxin injection, they found that the
regenerated muscle exhibited a dramatic increase in type IIb fiber and lower numbers of type
I, ITa, and IIx fibers [41]. These findings suggest Sema3A as a negative regulator of type IIb
fibers, but as a positive regulator of type I, ITa, and IIx fibers. In light of these findings, we pre-
sume that ketogenic diet at least induces muscle phenotype change to more oxidative fiber by
enhancing Sema3A in EDL because the ketogenic diet increased Sema3A expression in the
present study. Nevertheless, it remains unknown whether Sema3A can modify the expression
of mitochondrial and fat oxidation enzymes or mitochondrial biogenesis in skeletal muscle.

Clarifying the precise mechanisms of ketogenic-induced improvements of aerobic metabo-
lism is beyond the scope of this study. Although no change was found in PGC-1c, PPAR-0,
and Mef2C in our results, different factors are expected to be associated with those improve-
ments. For example, an earlier study revealed that retinoic acid receptor-related orphan recep-
tor o signaling can regulate CS expression in Hepg?2 cells [56]. Moreover, COX-IV expression
has been found to be regulated by hypoxia-inducible factor 1 in different mammalian cell
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types [57]. Furthermore, HAD gene expression was increased in fast-twitch tibialis anterior
muscles of leptin receptor disrupted rats, suggesting that leptin negatively regulates HAD
expression in skeletal muscle [58]. Importantly, the influences of ketogenic diet on those regu-
latory systems remain completely unknown at present. Further research must be conducted to
elucidate the mechanisms of ketogenic diet-induced improvement of aerobic metabolism.

Despite the improvement of aerobic capacity, the ketogenic diet did not enhance EDL muscle
fatigue resistance in this study. Although the reason for this inconsistency cannot be explained,
we speculate that a change occurred in the relation between mitochondrial content and function.
Mitochondrial content and oxidative capacity are normally correlated. Moreover, increased mito-
chondrial content and function is important for muscle endurance [59]. However, a recent report
of the relevant literature has described mitochondrial respiration as impaired even though the
mitochondrial content was increased by a high-fat diet in the red gastrocnemius muscle [60].
Although no ketogenic diet was involved, the results [60] suggest that a higher fat diet disrupts the
proportional relation between the volume and the function of mitochondria. Consequently, keto-
genic diet-induced improvement of aerobic metabolism might not contribute directly to muscle
endurance in our KD animals. Another route of speculation is the experimental conditions under
which muscle performance measurements were taken. This study used a standard Krebs-Hense-
leit solution for an environment of electrical stimulation [45, 46]. However, our KD animals were
found to have greater concentrations of circulating ketone bodies, which can be an additional
energy source. Moreover, our KD animals showed biochemical adaptation to the ketogenic diet
environment. Accordingly, we might observe a change in muscle performance if the experimental
solution includes a practical amount of ketone body.

Results of earlier studies also show that the ketogenic diet did not impair the twitch or
tetanic force. Although no study using isolated muscle has been conducted, a few studies have
examined the relation between the ketogenic diet and muscle strength in vivo. Beckett et al.
reported that a ketogenic diet fed for four weeks did not affect muscle grip strength in male mice
[26]. This trend was also reported for aged mice (12 months of age) consuming a ketogenic diet
for a month [6]. The grip strength measurement is used to estimate the maximum limb strength.
Therefore, our results support those studies at the isolated organ level. Taken together, our results
indicate that a four-week ketogenic diet had no adverse effect on EDL muscle performance.

Finally, the results of this study indicate that the ketogenic diet did not change the muscle
mass. The ketogenic diet decreased the body mass gain. Therefore, the relative muscle mass
was higher in KD animals. This finding is consistent with earlier reports describing four-week
ketogenic diet feeding [6, 24, 25]. Consequently, application of a ketogenic diet for four weeks
is not harmful to muscle quantity.

In conclusion, the results of this study demonstrate that a four-week ketogenic diet alters
skeletal muscle toward aerobic energy phenotype without obstructing muscle contractile per-
formance in sedentary male rats. Sema3A might partially mediate the phenotypic change.
Regarded in perspective, our findings suggest ergogenic benefits of a ketogenic diet for people,
such as athletes, who must reconcile body weight loss and muscle performance.

Supporting information

S1 Raw images.
(PDF)

Author Contributions
Conceptualization: Yuji Ogura, Kazuhiko Higashida, Tatsuo Akema, Toshiya Funabashi.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241382 October 30, 2020 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0241382.s001
https://doi.org/10.1371/journal.pone.0241382

PLOS ONE

Muscular adaptation to ketogenic diet

Data curation: Yuji Ogura, Toshinori Yoshihara, Kazuhiko Higashida, Toshiya Funabashi.

Formal analysis: Yuji Ogura, Toshinori Yoshihara, Ryo Kakigi, Sei-Etsu Fujiwara, Toshiya
Funabashi.

Funding acquisition: Yuji Ogura, Chiaki Kakehashi.

Investigation: Yuji Ogura, Chiaki Kakehashi, Mitsutoshi Kurosaka, Ryo Kakigi, Kazuhiko
Higashida, Sei-Etsu Fujiwara, Toshiya Funabashi.

Methodology: Yuji Ogura, Sei-Etsu Fujiwara.
Project administration: Yuji Ogura.
Resources: Yuji Ogura, Kazuhiko Higashida.
Software: Sei-Etsu Fujiwara.

Supervision: Yuji Ogura, Tatsuo Akema.
Validation: Yuji Ogura, Toshiya Funabashi.
Visualization: Yuji Ogura.

Writing - original draft: Yuji Ogura, Chiaki Kakehashi, Toshinori Yoshihara, Mitsutoshi
Kurosaka, Kazuhiko Higashida, Sei-Etsu Fujiwara, Tatsuo Akema, Toshiya Funabashi.

Writing - review & editing: Yuji Ogura.

References

1. Wheless JW. History of the ketogenic diet. Epilepsia. 2008; 49 Suppl 8:3-5. https://doi.org/10.1111/j.
1528-1167.2008.01821.x PMID: 19049574.

2. Bielohuby M, Menhofer D, Kirchner H, Stoehr BJ, Muller TD, Stock P et al. Induction of ketosis in rats
fed low-carbohydrate, high-fat diets depends on the relative abundance of dietary fat and protein. Am J
Physiol Endocrinol Metab. 2011; 300(1):E65—76. https://doi.org/10.1152/ajpendo.00478.2010 PMID:
20943751.

3. YangH, Shan W, Zhu F, Wu J, Wang Q. Ketone Bodies in Neurological Diseases: Focus on Neuropro-
tection and Underlying Mechanisms. Front Neurol. 2019; 10:585. https://doi.org/10.3389/fneur.2019.
00585 PMID: 31244753; PubMed Central PMCID: PMC6581710.

4. Branco AF, Ferreira A, Simoes RF, Magalhaes-Novais S, Zehowski C, Cope E, et al. Ketogenic diets:
from cancer to mitochondrial diseases and beyond. Eur J Clin Invest. 2016; 46(3):285-298. https://doi.
org/10.1111/eci.12591 PMID: 26782788.

5. Schnyder S, Svensson K, Cardel B, Handschin C. Muscle PGC-1alpha is required for long-term sys-
temic and local adaptations to a ketogenic diet in mice. Am J Physiol Endocrinol Metab. 2017; 312(5):
E437-E446. https://doi.org/10.1152/ajpendo.00361.2016 PMID: 28223292; PubMed Central PMCID:
PMC5451528.

6. Roberts MN, Wallace MA, Tomilov AA, Zhou Z, Marcotte GR, Tran D, et al. A Ketogenic Diet Extends
Longevity and Healthspan in Adult Mice. Cell Metab. 2017; 26(3):539-546 e5. https://doi.org/10.1016/j.
cmet.2017.08.005 PMID: 28877457; PubMed Central PMCID: PMC5609489.

7. D’Andrea Meira |, Romao TT, Pires do Prado HJ, Kruger LT, Pires MEP, da Conceicao PO. Ketogenic
Diet and Epilepsy: What We Know So Far. Front Neurosci. 2019; 13: 5. https://doi.org/10.3389/fnins.
2019.00005 PMID: 30760973; PubMed Central PMCID: PMC6361831.

8. Freeman JM, Kossoff EH. Ketosis and the ketogenic diet, 2010: advances in treating epilepsy and other
disorders. Adv Pediatr. 2010; 57(1):315-329. https://doi.org/10.1016/j.yapd.2010.08.003 PMID:
21056745.

9. Vamecqld, Vallee L, Lesage F, Gressens P, Stables JP. Antiepileptic popular ketogenic diet: emerging
twists in an ancient story. Prog Neurobiol. 2005; 75(1):1-28. https://doi.org/10.1016/j.pneurobio.2004.
11.003 PMID: 15713528.

10. Baranano KW, Hartman AL. The ketogenic diet: uses in epilepsy and other neurologic illnesses. Curr
Treat Options Neurol. 2008; 10(6):410—419. https://doi.org/10.1007/s11940-008-0043-8 PMID:
18990309; PubMed Central PMCID: PMC2898565.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241382 October 30, 2020 13/16


https://doi.org/10.1111/j.1528-1167.2008.01821.x
https://doi.org/10.1111/j.1528-1167.2008.01821.x
http://www.ncbi.nlm.nih.gov/pubmed/19049574
https://doi.org/10.1152/ajpendo.00478.2010
http://www.ncbi.nlm.nih.gov/pubmed/20943751
https://doi.org/10.3389/fneur.2019.00585
https://doi.org/10.3389/fneur.2019.00585
http://www.ncbi.nlm.nih.gov/pubmed/31244753
https://doi.org/10.1111/eci.12591
https://doi.org/10.1111/eci.12591
http://www.ncbi.nlm.nih.gov/pubmed/26782788
https://doi.org/10.1152/ajpendo.00361.2016
http://www.ncbi.nlm.nih.gov/pubmed/28223292
https://doi.org/10.1016/j.cmet.2017.08.005
https://doi.org/10.1016/j.cmet.2017.08.005
http://www.ncbi.nlm.nih.gov/pubmed/28877457
https://doi.org/10.3389/fnins.2019.00005
https://doi.org/10.3389/fnins.2019.00005
http://www.ncbi.nlm.nih.gov/pubmed/30760973
https://doi.org/10.1016/j.yapd.2010.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21056745
https://doi.org/10.1016/j.pneurobio.2004.11.003
https://doi.org/10.1016/j.pneurobio.2004.11.003
http://www.ncbi.nlm.nih.gov/pubmed/15713528
https://doi.org/10.1007/s11940-008-0043-8
http://www.ncbi.nlm.nih.gov/pubmed/18990309
https://doi.org/10.1371/journal.pone.0241382

PLOS ONE

Muscular adaptation to ketogenic diet

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Juge N, Gray JA, Omote H, Miyaji T, Inoue T, Hara C, et al. Metabolic control of vesicular glutamate
transport and release. Neuron. 2010; 68(1):99-112. https://doi.org/10.1016/j.neuron.2010.09.002
PMID: 20920794; PubMed Central PMCID: PMC2978156.

Al-Khalifa A, Mathew TC, Al-Zaid NS, Mathew E, Dashti H. Low carbohydrate ketogenic diet prevents
the induction of diabetes using streptozotocin in rats. Exp Toxicol Pathol. 2011; 63(7-8):663-9. https://
doi.org/10.1016/j.etp.2010.05.008 PMID: 21943927.

Al-Khalifa A, Mathew TC, Al-Zaid NS, Mathew E, Dashti HM. Therapeutic role of low-carbohydrate keto-
genic diet in diabetes. Nutrition. 2009; 25(11-12):1177-1185. https://doi.org/10.1016/j.nut.2009.04.004
PMID: 19818281.

Dashti HM, Mathew TC, Khadada M, Al-Mousawi M, Talib H, Asfar SK, et al. Beneficial effects of keto-
genic diet in obese diabetic subjects. Mol Cell Biochem. 2007; 302(1-2):249-256. https://doi.org/10.
1007/s11010-007-9448-z PMID: 17447017.

Poplawski MM, Mastaitis JW, Isoda F, Grosjean F, Zheng F, Mobbs CV. Reversal of diabetic nephropa-
thy by a ketogenic diet. PLoS One. 2011; 6(4):e18604. https://doi.org/10.1371/journal.pone.0018604
PMID: 21533091; PubMed Central PMCID: PMC3080383.

Brambilla A, Mannarino S, Pretese R, Gasperini S, Galimberti C, Parini R. Improvement of Cardiomyop-
athy After High-Fat Diet in Two Siblings with Glycogen Storage Disease Type IIl. JIMD Rep. 2014;
17:91-95. https://doi.org/10.1007/8904_2014_343 PMID: 25308556; PubMed Central PMCID:
PMC4241197.

Francini-Pesenti F, Tresso S, Vitturi N. Modified Atkins ketogenic diet improves heart and skeletal mus-
cle function in glycogen storage disease type Ill. Acta Myol. 2019; 38(1):17-20. PMID: 31309177;
PubMed Central PMCID: PMC6598403.

Lv M, Zhu X, Wang H, Wang F, Guan W. Roles of caloric restriction, ketogenic diet and intermittent fast-
ing during initiation, progression and metastasis of cancer in animal models: a systematic review and
meta-analysis. PLoS One. 2014; 9(12):e115147. https://doi.org/10.1371/journal.pone.0115147 PMID:
25502434; PubMed Central PMCID: PMC4263749.

Moreno CL, Mobbs CV. Epigenetic mechanisms underlying lifespan and age-related effects of dietary
restriction and the ketogenic diet. Mol Cell Endocrinol. 2017; 455:33—40. https://doi.org/10.1016/j.mce.
2016.11.013 PMID: 27884781.

Stump CS, Henriksen EJ, Wei Y, Sowers JR. The metabolic syndrome: role of skeletal muscle metabo-
lism. Ann Med. 2006; 38(6):389—402. https://doi.org/10.1080/07853890600888413 PMID: 17008303.

Kephart WC, Mumford PW, Mao X, Romero MA, Hyatt HW, Zhang Y, et al. The 1-Week and 8-Month
Effects of a Ketogenic Diet or Ketone Salt Supplementation on Multi-Organ Markers of Oxidative Stress
and Mitochondrial Function in Rats. Nutrients. 2017; 9(9). https://doi.org/10.3390/nu9091019 PMID:
28914762; PubMed Central PMCID: PMC5622779.

Shimizu K, Saito H, Sumi K, Sakamoto Y, Tachi Y, lida K. Short-term and long-term ketogenic diet ther-
apy and the addition of exercise have differential impacts on metabolic gene expression in the mouse
energy-consuming organs heart and skeletal muscle. Nutr Res. 2018; 60:77-86. https://doi.org/10.
1016/j.nutres.2018.09.004 PMID: 30527262.

Fukushima A, Ogura Y, Furuta M, Kakehashi C, Funabashi T, Akema T. Ketogenic diet does not impair
spatial ability controlled by the hippocampus in male rats. Brain Res. 2015; 1622:36—42. https://doi.org/
10.1016/j.brainres.2015.06.016 PMID: 26111645.

Parry HA, Kephart WC, Mumford PW, Romero MA, Mobley CB, Zhang Y, et al. Ketogenic diet increases
mitochondria volume in the liver and skeletal muscle without altering oxidative stress markers in rats.
Heliyon. 2018; 4(11):e00975. https://doi.org/10.1016/j.heliyon.2018.e00975 PMID: 30533548; PubMed
Central PMCID: PMC6260463.

Parker BA, Walton CM, Carr ST, Andrus JL, Cheung ECK, Duplisea MJ, et al. beta-Hydroxybutyrate
Elicits Favorable Mitochondrial Changes in Skeletal Muscle. Int J Mol Sci. 2018; 19(8). https://doi.org/
10.3390/ijms 19082247 PMID: 30071599; PubMed Central PMCID: PMC6121962.

Beckett TL, Studzinski CM, Keller JN, Paul Murphy M, Niedowicz DM. A ketogenic diet improves motor
performance but does not affect beta-amyloid levels in a mouse model of Alzheimer’s disease. Brain
Res. 2013; 1505:61-67. https://doi.org/10.1016/j.brainres.2013.01.046 PMID: 23415649; PubMed
Central PMCID: PMC3825515.

Kurosaka M, Ogura Y, Funabashi T, Akema T. Early Growth Response 3 (Egr3) Contributes a Mainte-
nance of C2C12 Myoblast Proliferation. J Cell Physiol. 2017; 232(5):1114-1122. https://doi.org/10.
1002/jcp.25574 PMID: 27576048.

Romero-Calvo |, Ocon B, Martinez-Moya P, Suarez MD, Zarzuelo A, Martinez-Augustin O, et al.
Reversible Ponceau staining as a loading control alternative to actin in Western blots. Anal Biochem.
2010; 401(2):318-320. https://doi.org/10.1016/j.2b.2010.02.036 PMID: 20206115.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241382 October 30, 2020 14/16


https://doi.org/10.1016/j.neuron.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20920794
https://doi.org/10.1016/j.etp.2010.05.008
https://doi.org/10.1016/j.etp.2010.05.008
http://www.ncbi.nlm.nih.gov/pubmed/21943927
https://doi.org/10.1016/j.nut.2009.04.004
http://www.ncbi.nlm.nih.gov/pubmed/19818281
https://doi.org/10.1007/s11010-007-9448-z
https://doi.org/10.1007/s11010-007-9448-z
http://www.ncbi.nlm.nih.gov/pubmed/17447017
https://doi.org/10.1371/journal.pone.0018604
http://www.ncbi.nlm.nih.gov/pubmed/21533091
https://doi.org/10.1007/8904%5F2014%5F343
http://www.ncbi.nlm.nih.gov/pubmed/25308556
http://www.ncbi.nlm.nih.gov/pubmed/31309177
https://doi.org/10.1371/journal.pone.0115147
http://www.ncbi.nlm.nih.gov/pubmed/25502434
https://doi.org/10.1016/j.mce.2016.11.013
https://doi.org/10.1016/j.mce.2016.11.013
http://www.ncbi.nlm.nih.gov/pubmed/27884781
https://doi.org/10.1080/07853890600888413
http://www.ncbi.nlm.nih.gov/pubmed/17008303
https://doi.org/10.3390/nu9091019
http://www.ncbi.nlm.nih.gov/pubmed/28914762
https://doi.org/10.1016/j.nutres.2018.09.004
https://doi.org/10.1016/j.nutres.2018.09.004
http://www.ncbi.nlm.nih.gov/pubmed/30527262
https://doi.org/10.1016/j.brainres.2015.06.016
https://doi.org/10.1016/j.brainres.2015.06.016
http://www.ncbi.nlm.nih.gov/pubmed/26111645
https://doi.org/10.1016/j.heliyon.2018.e00975
http://www.ncbi.nlm.nih.gov/pubmed/30533548
https://doi.org/10.3390/ijms19082247
https://doi.org/10.3390/ijms19082247
http://www.ncbi.nlm.nih.gov/pubmed/30071599
https://doi.org/10.1016/j.brainres.2013.01.046
http://www.ncbi.nlm.nih.gov/pubmed/23415649
https://doi.org/10.1002/jcp.25574
https://doi.org/10.1002/jcp.25574
http://www.ncbi.nlm.nih.gov/pubmed/27576048
https://doi.org/10.1016/j.ab.2010.02.036
http://www.ncbi.nlm.nih.gov/pubmed/20206115
https://doi.org/10.1371/journal.pone.0241382

PLOS ONE

Muscular adaptation to ketogenic diet

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44.

45.

46.

47.

MacDougall JD, Hicks AL, MacDonald JR, McKelvie RS, Green HJ, Smith KM. Muscle performance
and enzymatic adaptations to sprint interval training. J Appl Physiol (1985). 1998; 84(6):2138-2142.
https://doi.org/10.1152/jappl.1998.84.6.2138 PMID: 9609810.

Tanner CB, Madsen SR, Hallowell DM, Goring DM, Moore TM, Hardman SE, et al. Mitochondrial and
performance adaptations to exercise training in mice lacking skeletal muscle LKB1. Am J Physiol Endo-
crinol Metab. 2013; 305(8):E1018-1029. Epub 2013/08/29. https://doi.org/10.1152/ajpendo.00227.
2013 PMID: 23982155; PubMed Central PMCID: PMC3798697.

OguraY, Naito H, Kakigi R, Ichinoseki-Sekine N, Kurosaka M, Katamoto S. Alpha-actinin-3 levels
increase concomitantly with fast fibers in rat soleus muscle. Biochem Biophys Res Commun. 2008; 372
(4):584-588. https://doi.org/10.1016/j.bbrc.2008.05.059 PMID: 18501704.

Larsen S, Nielsen J, Hansen CN, Nielsen LB, Wibrand F, Stride N, et al. Biomarkers of mitochondrial
content in skeletal muscle of healthy young human subjects. J Physiol. 2012; 590(14):3349-3360.
https://doi.org/10.1113/jphysiol.2012.230185 PMID: 22586215; PubMed Central PMCID:
PMC3459047.

McAinch AJ, Lee JS, Bruce CR, Tunstall RJ, Hawley JA, Cameron-Smith D. Dietary regulation of fat oxi-
dative gene expression in different skeletal muscle fiber types. Obes Res. 2003; 11(12):1471-1479.
Epub 2003/12/25. https://doi.org/10.1038/0by.2003.197 PMID: 14694211.

LinJ, Wu H, Tarr PT, Zhang CY, Wu Z, Boss O, et al. Transcriptional co-activator PGC-1 alpha drives
the formation of slow-twitch muscle fibres. Nature. 2002; 418(6899):797-801. https://doi.org/10.1038/
nature00904 PMID: 12181572.

Mortensen OH, Frandsen L, Schjerling P, Nishimura E, Grunnet N. PGC-1alpha and PGC-1beta have
both similar and distinct effects on myofiber switching toward an oxidative phenotype. Am J Physiol
Endocrinol Metab. 2006; 291(4):E807—E816. https://doi.org/10.1152/ajpendo.00591.2005 PMID:
16720625.

Kramer DK, Ahlsen M, Norrbom J, Jansson E, Hjeltnes N, Gustafsson T, et al. Human skeletal muscle
fibre type variations correlate with PPAR alpha, PPAR delta and PGC-1 alpha mRNA. Acta Physiol
(Oxf). 2006; 188(3—4):207—-216. https://doi.org/10.1111/.1748-1716.2006.01620.x PMID: 17054660.

Muoio DM, MacLean PS, Lang DB, Li S, Houmard JA, Way JM, et al. Fatty acid homeostasis and induc-
tion of lipid regulatory genes in skeletal muscles of peroxisome proliferator-activated receptor (PPAR)
alpha knock-out mice. Evidence for compensatory regulation by PPAR delta. J Biol Chem. 2002; 277
(29):26089—26097. https://doi.org/10.1074/jbc.M203997200 PMID: 12118038.

Potthoff MJ, Wu H, Arnold MA, Shelton JM, Backs J, McAnally J, et al. Histone deacetylase degradation
and MEF2 activation promote the formation of slow-twitch myofibers. J Clin Invest. 2007; 117(9):2459—
2467. https://doi.org/10.1172/JCI31960 PMID: 17786239; PubMed Central PMCID: PMC1957540.

Yamakuchi M, Higuchi |, Masuda S, Ohira Y, Kubo T, Kato Y, et al. Type | muscle atrophy caused by
microgravity-induced decrease of myocyte enhancer factor 2C (MEF2C) protein expression. FEBS
Lett. 2000; 477(1-2):135—140. https://doi.org/10.1016/s0014-5793(00)01715-4 PMID: 10899324.

Hennebry A, Berry C, Siriett V, O’Callaghan P, Chau L, Watson T, et al. Myostatin regulates fiber-type
composition of skeletal muscle by regulating MEF2 and MyoD gene expression. Am J Physiol Cell Phy-
siol. 2009; 296(3):C525-534. https://doi.org/10.1152/ajpcell.00259.2007 PMID: 19129464,

Tatsumi R, Suzuki T, Do MQ, Ohya Y, Anderson JE, Shibata A, et al. Slow-Myofiber Commitment by
Semaphorin 3A Secreted from Myogenic Stem Cells. Stem Cells. 2017; 35(7):1815-1834. https://doi.
org/10.1002/stem.2639 PMID: 28480592.

Ogura Y, Naito H, Kakigi R, Akema T, Sugiura T, Katamoto S, et al. Different adaptations of alpha-acti-
nin isoforms to exercise training in rat skeletal muscles. Acta Physiol (Oxf). 2009; 196(3):341-349.
https://doi.org/10.1111/j.1748-1716.2008.01945.x PMID: 19040707.

Srere P. Citrate synthase. Methods Enzymol. 1969; 13:3—11. https://doi.org/10.1021/bi008392a04 1
PMID: 4900996

Egawa T, Hamada T, Ma X, Karaike K, Kameda N, Masuda S, et al. Caffeine activates preferentially
alphai-isoform of 5’ AMP-activated protein kinase in rat skeletal muscle. Acta Physiol (Oxf). 2011; 201
(2):227-238. https://doi.org/10.1111/.1748-1716.2010.02169.x PMID: 21241457.

Powers SK, Shanely RA, Coombes JS, Koesterer TJ, McKenzie M, Van Gammeren D, et al. Mechani-
cal ventilation results in progressive contractile dysfunction in the diaphragm. J Appl Physiol (1985).
2002; 92(5):1851-1858. https://doi.org/10.1152/japplphysiol.00881.2001 PMID: 11960933.

Segal SS, White TP, Faulkner JA. Architecture, composition, and contractile properties of rat soleus
muscle grafts. Am J Physiol. 1986; 250(3 Pt 1):C474—C479. https://doi.org/10.1152/ajpcell.1986.250.3.
C474 PMID: 39538009.

Bielohuby M, Sawitzky M, Stoehr BJ, Stock P, Menhofer D, Ebensing S, et al. Lack of dietary carbohy-
drates induces hepatic growth hormone (GH) resistance in rats. Endocrinology. 2011; 152(5):1948—
1960. https://doi.org/10.1210/en.2010-1423 PMID: 21427215.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241382 October 30, 2020 15/16


https://doi.org/10.1152/jappl.1998.84.6.2138
http://www.ncbi.nlm.nih.gov/pubmed/9609810
https://doi.org/10.1152/ajpendo.00227.2013
https://doi.org/10.1152/ajpendo.00227.2013
http://www.ncbi.nlm.nih.gov/pubmed/23982155
https://doi.org/10.1016/j.bbrc.2008.05.059
http://www.ncbi.nlm.nih.gov/pubmed/18501704
https://doi.org/10.1113/jphysiol.2012.230185
http://www.ncbi.nlm.nih.gov/pubmed/22586215
https://doi.org/10.1038/oby.2003.197
http://www.ncbi.nlm.nih.gov/pubmed/14694211
https://doi.org/10.1038/nature00904
https://doi.org/10.1038/nature00904
http://www.ncbi.nlm.nih.gov/pubmed/12181572
https://doi.org/10.1152/ajpendo.00591.2005
http://www.ncbi.nlm.nih.gov/pubmed/16720625
https://doi.org/10.1111/j.1748-1716.2006.01620.x
http://www.ncbi.nlm.nih.gov/pubmed/17054660
https://doi.org/10.1074/jbc.M203997200
http://www.ncbi.nlm.nih.gov/pubmed/12118038
https://doi.org/10.1172/JCI31960
http://www.ncbi.nlm.nih.gov/pubmed/17786239
https://doi.org/10.1016/s0014-5793%2800%2901715-4
http://www.ncbi.nlm.nih.gov/pubmed/10899324
https://doi.org/10.1152/ajpcell.00259.2007
http://www.ncbi.nlm.nih.gov/pubmed/19129464
https://doi.org/10.1002/stem.2639
https://doi.org/10.1002/stem.2639
http://www.ncbi.nlm.nih.gov/pubmed/28480592
https://doi.org/10.1111/j.1748-1716.2008.01945.x
http://www.ncbi.nlm.nih.gov/pubmed/19040707
https://doi.org/10.1021/bi00839a041
http://www.ncbi.nlm.nih.gov/pubmed/4900996
https://doi.org/10.1111/j.1748-1716.2010.02169.x
http://www.ncbi.nlm.nih.gov/pubmed/21241457
https://doi.org/10.1152/japplphysiol.00881.2001
http://www.ncbi.nlm.nih.gov/pubmed/11960933
https://doi.org/10.1152/ajpcell.1986.250.3.C474
https://doi.org/10.1152/ajpcell.1986.250.3.C474
http://www.ncbi.nlm.nih.gov/pubmed/3953809
https://doi.org/10.1210/en.2010-1423
http://www.ncbi.nlm.nih.gov/pubmed/21427215
https://doi.org/10.1371/journal.pone.0241382

PLOS ONE

Muscular adaptation to ketogenic diet

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ellenbroek JH, van Dijck L, Tons HA, Rabelink TJ, Carlotti F, Ballieux BE, et al. Long-term ketogenic
diet causes glucose intolerance and reduced beta- and alpha-cell mass but no weight loss in mice. Am
J Physiol Endocrinol Metab. 2014; 306(5):E552—E558. https://doi.org/10.1152/ajpendo.00453.2013
PMID: 24398402.

Bloemberg D, Quadrilatero J. Rapid determination of myosin heavy chain expression in rat, mouse, and
human skeletal muscle using multicolor immunofluorescence analysis. PLoS One. 2012; 7(4):e35273.
https://doi.org/10.1371/journal.pone.0035273 PMID: 22530000; PubMed Central PMCID:
PMC3329435.

Volek JS, Freidenreich DJ, Saenz C, Kunces LJ, Creighton BC, Bartley JM et al. Metabolic characteris-
tics of keto-adapted ultra-endurance runners. Metabolism. 2016; 65(3):100-110. https://doi.org/10.
1016/j.metabol.2015.10.028 PMID: 26892521.

Miyamoto-Mikami E, Tsuiji K, Horii N, Hasegawa N, Fujie S, Homma T, et al. Gene expression profile of
muscle adaptation to high-intensity intermittent exercise training in young men. Sci Rep. 2018; 8
(1):16811. https://doi.org/10.1038/s41598-018-35115-x PMID: 30429512; PubMed Central PMCID:
PMC6235852.

Rivero JL, Talmadge RJ, Edgerton VR. Interrelationships of myofibrillar ATPase activity and metabolic
properties of myosin heavy chain-based fibre types in rat skeletal muscle. Histochem Cell Biol. 1999;
111(4):277-287. https://doi.org/10.1007/s004180050358 PMID: 10219627.

Demirel HA, Powers SK, Naito H, Hughes M, Coombes JS. Exercise-induced alterations in skeletal
muscle myosin heavy chain phenotype: dose—response relationship. J Appl Physiol (1985). 1999; 86
(3):1002—-1008. https://doi.org/10.1152/jappl.1999.86.3.1002 PMID: 10066716.

Hussain TA, Mathew TC, Dashti AA, Asfar S, Al-Zaid N, Dashti HM. Effect of low-calorie versus low-car-
bohydrate ketogenic diet in type 2 diabetes. Nutrition. 2012; 28(10):1016—1021. https://doi.org/10.1016/
j.nut.2012.01.016 PMID: 22673594.

Cartee GD, Arias EB, Yu CS, Pataky MW. Novel single skeletal muscle fiber analysis reveals a fiber
type-selective effect of acute exercise on glucose uptake. Am J Physiol Endocrinol Metab. 2016; 311
(5):E818-E824. https://doi.org/10.1152/ajpendo.00289.2016 PMID: 27600826; PubMed Central
PMCID: PMC5130359.

Crumbley C, Wang Y, Banerjee S, Burris TP. Regulation of expression of citrate synthase by the retinoic
acid receptor-related orphan receptor alpha (RORalpha). PLoS One. 2012; 7(4):e33804. Epub 2012/
04/10. https://doi.org/10.1371/journal.pone.0033804 PMID: 22485150; PubMed Central PMCID:
PMC3317774.

Fukuda R, Zhang H, Kim JW, Shimoda L, Dang CV, Semenza GL. HIF-1 regulates cytochrome oxidase
subunits to optimize efficiency of respiration in hypoxic cells. Cell. 2007; 129(1):111-122. Epub 2007/
04/10. https://doi.org/10.1016/j.cell.2007.01.047 PMID: 17418790.

McClelland GB, Kraft CS, Michaud D, Russell JC, Mueller CR, Moyes CD. Leptin and the control of
respiratory gene expression in muscle. Biochim Biophys Acta. 2004; 1688(1):86—-93. Epub 2004/01/21.
https://doi.org/10.1016/j.bbadis.2003.10.006 PMID: 14732484.

Krysciak K, Majerczak J, Krysciak J, Lochynski D, Kaczmarek D, Drzymala-Celichowska H, et al. Adap-
tation of motor unit contractile properties in rat medial gastrocnemius to treadmill endurance training:
Relationship to muscle mitochondrial biogenesis. PLoS One. 2018; 13(4):e0195704. https://doi.org/10.
1371/journal.pone.0195704 PMID: 29672614; PubMed Central PMCID: PMC5908179.

Miotto PM, LeBlanc PJ, Holloway GP. High-Fat Diet Causes Mitochondrial Dysfunction as a Result of
Impaired ADP Sensitivity. Diabetes. 2018; 67(11):2199-2205. https://doi.org/10.2337/db18-0417
PMID: 29980534.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241382 October 30, 2020 16/16


https://doi.org/10.1152/ajpendo.00453.2013
http://www.ncbi.nlm.nih.gov/pubmed/24398402
https://doi.org/10.1371/journal.pone.0035273
http://www.ncbi.nlm.nih.gov/pubmed/22530000
https://doi.org/10.1016/j.metabol.2015.10.028
https://doi.org/10.1016/j.metabol.2015.10.028
http://www.ncbi.nlm.nih.gov/pubmed/26892521
https://doi.org/10.1038/s41598-018-35115-x
http://www.ncbi.nlm.nih.gov/pubmed/30429512
https://doi.org/10.1007/s004180050358
http://www.ncbi.nlm.nih.gov/pubmed/10219627
https://doi.org/10.1152/jappl.1999.86.3.1002
http://www.ncbi.nlm.nih.gov/pubmed/10066716
https://doi.org/10.1016/j.nut.2012.01.016
https://doi.org/10.1016/j.nut.2012.01.016
http://www.ncbi.nlm.nih.gov/pubmed/22673594
https://doi.org/10.1152/ajpendo.00289.2016
http://www.ncbi.nlm.nih.gov/pubmed/27600826
https://doi.org/10.1371/journal.pone.0033804
http://www.ncbi.nlm.nih.gov/pubmed/22485150
https://doi.org/10.1016/j.cell.2007.01.047
http://www.ncbi.nlm.nih.gov/pubmed/17418790
https://doi.org/10.1016/j.bbadis.2003.10.006
http://www.ncbi.nlm.nih.gov/pubmed/14732484
https://doi.org/10.1371/journal.pone.0195704
https://doi.org/10.1371/journal.pone.0195704
http://www.ncbi.nlm.nih.gov/pubmed/29672614
https://doi.org/10.2337/db18-0417
http://www.ncbi.nlm.nih.gov/pubmed/29980534
https://doi.org/10.1371/journal.pone.0241382

