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Abstract: Long-term intake of a ketogenic diet enhances utilization of ketone bodies, a particularly
energy-efficient substrate, during exercise. However, physiological adaptation to an extremely
low-carbohydrate diet has been shown to upregulate pyruvate dehydrogenase kinase 4 (PDK4,
a negative regulator of glycolytic flux) content in skeletal muscle, resulting in impaired high-intensity
exercise capacity. This study aimed to examine the effects of a long-term ketogenic diet containing
medium-chain triglycerides (MCTs) on endurance training-induced adaptations in ketolytic and
glycolytic enzymes of rat skeletal muscle. Male Sprague-Dawley rats were placed on either a standard
diet (CON), along-chain triglyceride-containing ketogenic diet (LKD), or an MCT-containing ketogenic
diet (MKD). Half the rats in each group performed a 2-h swimming exercise, 5 days a week, for 8 weeks.
Endurance training significantly increased 3-oxoacid CoA transferase (OXCT, a ketolytic enzyme)
protein content in epitrochlearis muscle tissue, and MKD intake additively enhanced endurance
training-induced increases in OXCT protein content. LKD consumption substantially increased
muscle PDK4 protein level. However, such PDK4 increases were not observed in the MKD-fed rats.
In conclusion, long-term intake of ketogenic diets containing MCTs may additively enhance endurance
training-induced increases in ketolytic capacity in skeletal muscle without exerting inhibitory effects
on carbohydrate metabolism.
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1. Introduction

Endogenous carbohydrate stores are limited and thus sufficient to fuel only a few hours of
continuous, submaximal (70-80% maximal oxygen uptake) exercise. Muscle and liver glycogen
depletions are associated with the onset of fatigue and impairment of exercise performance [1].
Meanwhile, body fat deposits are large and represent a vast source of fuel for exercise. Therefore,
enhancement of fat oxidation leads to glycogen sparing and has been suggested to improve endurance
exercise performance [2]. It is well known that chronic endurance exercise training enhances the
capacity for muscle and whole-body fat oxidation [3-6]. In addition, long-term intake of a high-fat
diet additively enhances training-induced fat oxidation capacity [7-9]. In particular, a very high-fat
and extremely low-carbohydrate diet, known as the ketogenic diet, enhances the capacity to convert
fat to ketone bodies in the liver and utilize them in skeletal muscle [10,11]. Ketone bodies have been
suggested to be more energy-efficient substrates than fatty acids [12-14]. Therefore, the ketogenic diet
might be an effective dietary strategy to improve athletic performance in endurance events, especially
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in ultra-endurance events, such as ultra-marathon and triathlon races [15], and it has recently received
much attention from athletes [16,17].

However, previous studies have demonstrated that extremely low-carbohydrate, very high-fat
ketogenic diets induce substantial increases in pyruvate dehydrogenase kinase 4 (PDK4) content in
skeletal muscle [18], which is a negative regulator of glycolytic flux [19]. Physiological adaptation
to a ketogenic diet therefore diminishes carbohydrate utilization capacity during exercise [7,16,20].
In addition, ketogenic diets reduce muscle and liver glycogen levels as a consequence of their extremely
limited carbohydrate content [21]. Thus, it has been suggested that low-carbohydrate ketogenic diets
may not be suitable for athletes who engage in prolonged bouts of exercise involving high-intensity
exertion, during which carbohydrates are utilized as a major energy substrate [22].

Medium-chain fatty acids (MCFAs), which consist of chains of 8-10 carbon atoms, have several
unique properties in comparison with long-chain fatty acids (LCFAs). Unlike the majority of other
dietary fats that are rich in LCFAs, medium-chain triglycerides (MCTs), which are composed exclusively
of MCFAs, are hydrolyzed rapidly and the resultant MCFAs are absorbed directly by the liver through
the portal vein [23,24]. MCFAs are more easily oxidized in the liver because their intramitochondrial
transport does not require a carnitine palmitoyl transferase system [25], which is a rate-limiting
step in mitochondrial 3-oxidation. These characteristics make MCFAs a more ketogenic substrate
than LCFAs in the liver. Therefore, incorporating MCTs into ketogenic diets, instead of long-chain
triglycerides (LCTs), may allow for the consumption of more carbohydrate content and less fat content
while preserving ketosis and enhancing ketone body utilization capacity without upregulating muscle
PDK4 expression and thus inhibiting muscle carbohydrate metabolism. If MCTs have this effect,
then MCT-containing ketogenic diets might be a valuable dietary strategy for athletes who require the
ability to perform both high-intensity and endurance exercises.

The purpose of this study was therefore to examine the effects of long-term intake of a ketogenic
diet containing MCTs and relatively more carbohydrate on endurance training—induced adaptations
in metabolic enzymes in rat skeletal muscle tissue and to compare these effects with those observed
under a conventional ketogenic diet composed exclusively of LCTs.

2. Materials and Methods

2.1. Animals and Diets

Seven-week-old male Sprague-Dawley rats (Japan SLC, Inc., Shizuoka, Japan) were individually
housed in cages. The animal room was maintained at 23 + 1 °C with 50 + 5% humidity and illumination
from 09:00 to 21:00. All animals were treated in accordance with national guidelines for the care and use
of laboratory animals (Notification of the Prime Minister’s Office of Japan). The Animal Experimental
Committee of The University of Tokyo approved all experimental protocols (approval no. 29-10).

During a 7-day acclimation period, the rats were allowed free access to water and a diet based
on AIN-93 M formula. All animals were acclimated to the swimming exercise for 10 min per day
for 4 days before being divided into the following three groups, matched for body weight and food
efficiency. One group was continued on the AIN-93 M diet (CON group; n = 7), and the second and
third groups were fed ketogenic diets containing LCTs (LKD; n = 7) or MCTs (MKD; n = 7), respectively.
Tables 1 and 2 show the compositions and fatty acid compositions, respectively, of each diet. Half the
rats in each group performed a 2-h swimming exercise, 5 days a week, for 8 weeks (EX-CON; n =7,
EX-LKD; n = 7, EX-MKD; n = 7). Seven rats swam simultaneously in a barrel filled to a depth of 45 cm
and with an average surface area of 230 cm?/rat. The temperature of the water was kept at 35 + 1 °C
during the swimming exercise.

All the rats were allowed ad libitum access to the experimental diets, and their food intake and
body weight were recorded every second day. During the 8-week intervention, approximately 50-uL
blood samples were collected from the tail vein using a heparinized microhematocrit capillary tube
(Thermo Fisher Scientific, Waltham, MA, USA) to measure plasma 3-hydroxybutyrate (3HB) and free
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fatty acid (FFA) levels at weeks 3, 4, 6, and 8. Collected blood samples were immediately separated
into plasma and hematocrit by centrifugation (5 min at 10,000 rpm). Plasma samples were stored at
—80 °C until analysis.

Table 1. Compositions of the experimental diets.

Ingredient (g/kg Diet)
CON LKD MKD
Cornstarch 520.80 - 189.00
Casein
(>85% protein) 206.60 174.00 174.00
Sucrose 101.80 - -
LCT 71.30 539.00 35.10
MCT - - 315.25
Cellulose fiber 51.00 238.00 238.00
Mineral mix
(AIN-93-M-MX) 35.00 35.00 35.00
Vitamin mix
(AIN-93-VX) 10.00 10.00 10.00
L-Cystine 2.50 2.50 2.50
Choline bitartrate
(41.1% choline) 180 180 1.80
tert-Butylhydroquinone 0.08 0.08 0.08
Energy density (kcal/g) 4.00 5.60 4.50
Protein:Fat:Carbohydrate 21:16:63 12:87:1 16:66:18

Ratio (% total energy)

CON, control group; LKD, ketogenic diet containing long-chain triglycerides (LCTs); MKD, ketogenic diet containing
medium-chain triglycerides (MCTs).

Table 2. Fatty acid compositions of the experimental diets.

Fatty Acid (g/100 g Fatty Acids)
CON and LKD MKD
C8:0* ND 64.7
C10:0 ND 23.7
C16:0 10.6 1.2
C18:0 4.0 0.5
C18:1 249 29
C18:2 52.1 6.1
C18:3 6.7 0.8
C20:0 0.4 ND
C20:1 0.2 ND
C22:0 0.4 ND
C24:0 0.2 ND
Others 0.6 ND

* Number of carbon atoms: number of double bands; ND, not detected; CON, control group; LKD, ketogenic diet
containing LCTs; MKD, ketogenic diet containing MCTs.

In a preliminary experiment, we confirmed that MKD elevated plasma 3HB concentrations in
sedentary rats to a level similar to that induced by LKD intake. Additionally, the group fed a large
amount of MCTs was excluded from the present study because we found that intake of MCTs at levels
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equivalent to the intake of LCTs prescribed by the LKD treatment induced a remarkable reduction in
food intake together with weight loss.

2.2. Tissue Sampling

Following the last training session (>20 h after the last bout of exercise), rats were sacrificed
under anesthesia with isoflurane. The epitrochlearis and triceps muscles, which are mainly recruited
during rat swimming exercises [26], and liver were quickly dissected out, promptly frozen in liquid Ny,
and stored at —80 °C until analysis. Intra-abdominal fat (the epididymal, mesenteric, and retroperitoneal
fat pads combined) was removed and weighed.

2.3. Analytical Procedure

2.3.1. Energy Substrates in Plasma

Plasma 3HB and free fatty acid (FFA) concentrations were respectively determined using Autokit
3-HB and NEFA-C test kits (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan). The area under
the curve (AUC) values for plasma $HB and free fatty acid concentrations above the baseline during
the 8-week intervention were determined using the trapezoidal rule.

2.3.2. Muscle and Liver Glycogen Concentration

For the measurements of the muscle and liver glycogen concentration, triceps muscle and liver
were homogenized with 0.3 M perchloric acid. The glycogen concentrations were determined by the
enzymatic methods described by Lowry and Passonneau [27] after acid hydrolysis.

2.3.3. Muscle and Liver Homogenization

Frozen epitrochlearis muscle and liver tissues were homogenized in ice-cold radioimmunoprecipitation
assay lysis buffer (EMD Millipore, Temecula, CA, USA) containing 50 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM ethylenediaminetetraacetic acid, and protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA). The homogenates were frozen and thawed three times
to disrupt intracellular organelles and rotated end-over-end at 4 °C for 90 min to solubilize the proteins.
Homogenized samples were then centrifuged at 700x ¢ for 5 min at 4 °C, and the supernatants
were harvested.

2.3.4. Western Blotting

Protein concentrations of the supernatants were measured with a bicinchoninic acid protein assay
kit (Pierce, Rockford, IL, USA). Samples were prepared in Leammli sample buffer (Fujifilm Wako
Pure Chemical Corporation) and heated 5 min in a heating block at 95 °C. Equal amounts of sample
proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (with 10% or
12.5% resolving gels) and then transferred to polyvinylidene difluoride membranes at 200 mA for
90 min. After transfer, membranes were blocked for 1 h at room temperature in Tris-buffered saline
(TBS) with 0.1% Tween 20 (TBS-T; 20 mM Tris base, 137 mM NaCl, pH 7.6) supplemented with 5% (w/v)
bovine serum albumin. Membranes were incubated overnight with the following primary antibodies
at concentrations of 1:500-1000 at 4 °C: anti-3-hydroxyacyl CoA dehydrogenase (3HAD, 1:500), anti-
Succinyl-CoA:3-Oxoacid CoA-Transferase (OXCT, 1:1000), anti-Pyruvate dehydrogenase kinase 4
(PDK4, 1:1000) (ProteinTech Group, Chicago, IL), and anti-3-hydroxy-3-methylglutaryl-CoA synthase
2 (HMGCS2, 1:1000) (Abcam, Cambridge, MA, USA). After incubation with primary antibodies,
membranes were incubated for 1 h at room temperature with secondary antibodies (goat anti-rabbit
IgG, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) diluted 1:5000 in TBS-T containing
1% nonfat powdered milk. Bands were visualized using an enhanced chemiluminescence reagent
(GE Healthcare Life Science, Piscataway, NE, USA) and quantified by Image Studio Digits (Ver. 5.2;
LI-COR Biosciences, Lincoln, NE, USA). The membranes were stained with Ponceau (Sigma-Aldrich)
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to verify equal protein loading across lanes. The intensities of immunobands were normalized to the
total protein determined by quantifying all Ponceau red-stained bands in the relevant sample lane.
We presented the date for protein contents as a fold expression relative to the mean values observed in
the SED-CON group.

2.3.5. Stripping and Reproving Membranes

The removal of primary and secondary antibodies from the membranes was achieved by incubating
the membranes in stripping buffer (Sigma-Aldrich) at room temperature for 15 min. Then, membranes
were washed for 10 min in TBS-T and blocked, as indicated above, for 1 h at room temperature.
After that, membranes were ready to reprove with antibodies.

2.3.6. Statistical Analysis

Data are presented as the mean + standard error of the mean (SEM). Statistical analyses were
performed using two-way analysis of variance (ANOVA) to examine the effects of diet and endurance
exercise training. If significant interactions or main effects of diet or endurance exercise training were
observed, the Tukey—Kramer multiple-comparison test was performed to examine the differences
among groups.

3. Results

3.1. Final Body Weight, Total Energy Intake, Intra-Abdominal Fat Weight and Food Efficiency

The EX group had significantly lower final body weight compared with the SED group. Moreover,
a significant main effect of diet on the final body weight was observed and was associated with
significantly lower body weight in the LKD and MKD groups compared with the CON group.
However, there was no significant difference in the final body weight between the LKD and MKD
groups (Table 3).

The total energy intake was significantly lower in the EX group than in the SED group. A significant
main effect of diet on total energy intake was observed, with the MKD group having significantly
lower total energy intake than the CON and LKD groups (Table 3).

The total intra-abdominal fat weight in the EX group was significantly lower than that observed
in the SED group. There was also a significant main effect of diet on total intra-abdominal fat weight.
Total intra-abdominal fat weight was significantly lower in the MKD group compared with the CON
and LKD groups (Table 3).

A significant interaction between diet and endurance exercise training for food efficiency was
observed. Subsequent post hoc tests revealed that in both the SED and EX groups, the food efficiencies
in the LKD and MKD groups were significantly lower than that observed in the CON group (Table 3).
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Table 3. Body weight, total energy intake, intra-abdominal fat weight, and food efficiency in rats.

p-Values
CON LKD MKD Diet Exercise Interaction
-, . SED 274 + 7 274 + 4 274+ 4
Initial body weight (g) EX 273 N 5 273 N 4 73+ 3 n.s. n.s. n.s.
p <0.001
Final body weight () SED 518 + 21 478 + 16 432 + 8 CON vs. LKD, p < 0.01 p <0001 ns.
CON vs. MKD, p <0.001
EX 427  + 10 367 + 15 380 = 5
p <0.01
Total energy intake (kcal) SED 6754 =+ 269 6863+ 256 6151+ 126 CON vs. MKD, p <0.01 p <0.001 n.s.
LKD vs. MKD, p <0.01
EX 5969 + 133 5714 =+ 226 5135 + 42
p <0.001
Intra-abdominal fat weight (g) SED 40 * 3 36 * 2 2+ 2 CON vs. MKD, p <0.001 p <0.001 n.s.
LKD vs. MKD, p < 0.001
EX 21 + 1 18 + 1 13 =+ 1
p <0.001
ici a b c
Food efficiency SED 36 + 1 30 + 1 26 + 1 CON vs. MKD, p < 0.001 p <0.001 p <0.001

(Ag/1000 kcal) *
LKD vs. MKD, p < 0.001
EX 2% o+ 1¢° 16 o+ 14 21 x 1e

Two-way analysis of variance (ANOVA) was performed, followed by Tukey-Kramer multiple-comparison tests. Means labeled with the same letter are not significantly different from each
other. Values are means + SEM, n = 7. SED, sedentary; EX, exercise; n.s., not significant. * body weight gain divided by total energy intake (1000 kcal).
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3.2. Plasma B-Hydroxybutyrate and Free Fatty Acid Concentrations

As shown in Figure 1A, dietary intakes of LKD and MKD increased plasma 3HB concentrations.
A significant interaction between diet and training was observed for plasma 3HB AUC during the
8-week intervention. Despite the lower lipid content of the diet, plasma fHB concentration in the
SED-MKD group increased to a level similar to that attained in the SED-LKD group, and plasma 3HB
AUCs were significantly higher in the SED-MKD and LKD groups than the SED-CON group. Both the
EX-LKD and EX-MKD groups also had significantly higher plasma 3HB AUCs compared with the
EX-CON group and all SED groups. However, the plasma BHB AUC in the EX-MKD group was
significantly lower than that observed in the EX-LKD group (Figure 1B).

—e—CON —a—LKD ——MKD B
35 o  -#—-FEX-CON --m-EX-LKD --k—-EX-MKD T 200 -
; o diet, p <0.001 C
° = exercise, p <0.001
E g 150 4 diet > exercise, p < 0.001
5 E d  pcoN
g S - @LKD
& < ]
2 S 10 aMKD
= =
£ £
= -
g 2. 50
=, 2
o 4 a ]
;0 (day) Q.
0 20 40 60 y SED EX
C —CON -=LKD —MKD D
30 - -®-EX-CON --m--EX-LKD --4--EX-MKD 200 4 diet, p<0.001
o 2 exercise, p < 0.01 ¢
g 25 S diet x exercise, p < 0.01
g F 150 -
E E
< 20 > OCON
z = i
E 1.5 = 100 b OLKD
g z 2 EMKD
< a
210 > 50 A x
& g
¥ 05 o
- g
= 0 4
0.0

0 20 40 60 (day) °tb EX
Figure 1. (A) Plasma -hydroxybutyrate and (C) free fatty acid concentrations. The area under the
curve (AUC) values for plasma (B) BHB and (D) FFA during the 8-week intervention were calculated
in accordance with the trapezoidal rule. Two-way ANOVA was performed, followed by Tukey—Kramer
multiple-comparison tests. Means labeled with the same letter are not significantly different from each
other. Values are means + SEM, n =7.

A main effect of diet or endurance training on plasma FFA AUC during the 8-week intervention
was observed. In addition, a significant interaction between diet and endurance exercise training
was also observed for plasma FFA AUC. The LKD induced substantial increases in plasma FFA level
(Figure 1C), and plasma FFA AUCs in both the SED- and EX-LKD groups were significantly higher
than those observed in the respective CON and MKD groups. Moreover, plasma FFA AUC in the
EX-LKD group was significantly higher than that in the SED-LKD group. In contrast, plasma FFA
levels in both the CON and MKD groups were maintained at the pre-intervention basal level, whereas
in both the SED- and EX-groups, there was no significant difference in plasma FFA AUC between the
CON and MKD groups (Figure 1D).

3.3. HMGCS2 Protein Content in the Liver

Because the rate-limiting step of ketone body synthesis in the liver is the condensation of
acetyl-CoA into HMG-CoA by mitochondrial HMGCS2 [28], we evaluated the hepatic HMGCS2
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content as a marker of ketone body synthesis capacity (Figure 2). A significant main effect of diet on
HMGCS2 protein content was observed and resulted in significantly higher HMGCS2 protein levels in
the LKD group compared with the CON group. Moreover, HMGCS2 protein content tended to be
higher in the MKD group than the CON group (p = 0.08). On the other hand, no significant difference
in HMGCS2 protein level was observed between the LKD and MKD groups.

SED EX
CON LKD MKD CON LKD MKD

|- - —— - .0

2.0 A

diet, p < 0.05
exercise, n.s.
= diet * exercise, n.s.
S 15 A
2
=1
&
g OCON
= 10 {—1L
) ELKD
@ B MKD
S
S 05

0.0
SED EX

Figure 2. Protein expression of HMGCS?2 in liver tissue. Two-way ANOVA was performed, followed
by a Tukey—Kramer multiple-comparison test. Values are means + SEM, n = 7: n.s., not significant.

A representative western immunoblot image is shown.

3.4. OXCT Protein Content in Epitrochlearis Muscle

As a small, polar molecule, 3HB is utilized in extrahepatic tissues such as skeletal muscle, heart,
and brain tissues. Once taken up by those tissues, BHB is converted to acetoacetyl-CoA for use as an
energy substrate in mitochondria by OXCT, whose expression level is thought to reflect the ketolytic
capacity of tissues [29].

A main effect of endurance training on OXCT protein expression in epitrochlearis muscle tissue
was observed, with the EX group having significantly higher expression compared with the SED
group (Figure 3). Moreover, a significant main effect of diet on muscle OXCT expression was observed.
The LKD group had significantly higher OXCT protein content in epitrochlearis muscle tissue than did
the CON group. A further significant increase in muscle OXCT expression was observed in the MKD
group, resulting in significantly higher OXCT content compared with the CON and LKD groups.

SED EX

CON_IKD MKD CON_LKD MKD
-— --‘—5(7}([)21

8.0 1

diet, p<0.001
7.0 A exercise, p < 0.001
diet % exercise, n.s
— 6.0 7
=
g
7 50
£ OCON
%40 4
- BLKD
2301 I B MKD
E 20
g 20
o]
10 4 ’_l;
0.0

SED EX

Figure 3. Protein expression of OXCT in epitrochlearis muscle tissue. Two-way ANOVA was
performed, followed by a Tukey-Kramer multiple-comparison test. Values are means + SEM, n =7;
n.s., not significant. A representative western immunoblot image is shown.
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3.5. BHAD Protein Content in Epitrochlearis Muscle Tissue

To evaluate fatty acid oxidative capacity in skeletal muscle, we measured protein content of BHAD,
which is a key enzyme in fatty acid 3-oxidation and has been shown to be significantly associated with
fatty acid oxidation rate during exercise [30].

While a positive main effect of diet or endurance training on muscle BHAD protein content was
observed, their interaction was also statistically significant (Figure 4). A subsequent post hoc test
revealed that the protein expression level of PHAD in epitrochlearis muscle tissue of the EX-LKD
group was significantly higher than those in the other groups.

SED EX
CON LKD MKD CON LKD MKD
- - | suoa
50 -
b
diet, p <0.001
— 4.0 1 exercise, p < 0.001
5 diet x exercise, p < 0.05
£ 30 A
= OCON
o a @LKD
S 20 4 a a
e a i mMKD
]
< a
Z 10 {—=
0.0

SED EX

Figure 4. Protein expression of HAD in epitrochlearis muscle tissue. Two-way ANOVA was performed,
followed by a Tukey—Kramer multiple-comparison test. Means of treatments labeled with the same
letter are not significantly different from each other. Values are means + SEM, n = 7. A representative

western immunoblot image is shown.

3.6. PDK4 Protein Content in Epitrochlearis Muscle Tissue

Previous studies have demonstrated that extremely low-carbohydrate, very high-fat ketogenic diets
reduce the capacity for glucose oxidation in skeletal muscle via upregulation of PDK4 content, which
phosphorylates and inactivates the pyruvate dehydrogenase complex [18]. Therefore, we evaluated
PDK4 protein content as a marker of negative regulation of glycolytic flux.

A main effect of diet or endurance training on muscle PDK4 protein content was observed
(Figure 5). Moreover, a significant interaction between diet and endurance exercise training was also
observed for PDK4 protein content in epitrochlearis muscle tissue. In both the SED and EX groups,
LKD intakes induced a substantial increase in PDK4 protein expression in epitrochlearis muscle tissue.
Moreover, muscle PDK4 protein level in the EX-LKD group was significantly higher than that in the
SED-LKD group. On the other hand, such an increase in PDK4 protein content was not observed in
either the SED-MKD or EX-MKD groups.
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SED EX
CON LKD MKD CON LKD MKD

[ - e

45 A c

' diet, p < 0.001

40 exercise, p <0.05

35 | dietxexercise, p<0.01
g 30 4
& b
g 25 1 OCON
o
v 4 LKD
e 20 (]
£ 15 mMKD
N
2 10 4
=~ a a

5 A a a

0 L= . .

SED EX

Figure 5. Protein expression of PDK4 in epitrochlearis muscle tissue. Two-way ANOVA was performed,
followed by a Tukey-Kramer multiple-comparison test. Means of treatments labeled with the same
letter are not significantly different from each other. Values are means + SEM, n = 7. A representative

western immunoblot image is shown.

3.7. Glycogen Concentrations in Triceps Muscle and Liver Tissues

A significant interaction between diet and endurance exercise training on muscle glycogen
concentration was observed (Figure 6). Muscle glycogen concentration in the SED-LKD group was
significantly lower than those observed in the SED-CON and -MKD groups. Although the differences
did not reach statistical significance, the tissues from the EX-LKD group tended to have lower muscle
glycogen concentrations compared with those from the EX-CON and -MKD groups. In contrast,
although muscle glycogen concentration was significantly lower in the SED-MKD group than the
SED-CON group, there was no significant difference between the EX-MKD and the EX-CON groups.

— A diet, p<0.01 B diet, p<0.01
é 50 4 exercise, n.s - 600 A a exercise, p < 0.01
z diet * exercise, p < 0.05 2 I diet * exercise, p <0.05
- - a
£ = ) 4
z 40 ! z 20 .
0 m— ab ab 5
- b w0 400 4 OCON
2 30 b b OCON =
g I S ¢ BLKD
= @ LKD £ 300 A
5 = be BMKD
s 20 4 | MKD = b
4 &% 200 4 b
= e
b~ =,
& 10 A =
'Z 5 100 A
= =3
2 s |

0 0

SED EX SED EX

Figure 6. Glycogen levels in the triceps muscle tissue (A) and liver tissue (B). Two-way ANOVA was
performed, followed by Tukey—Kramer multiple-comparison tests. Means of treatments labeled with
the same letter are not significantly different from each other. Values are means + SEM, n =7.

A significant interaction between diet and endurance exercise training was observed for liver
glycogen concentration. In both the SED and EX groups, liver glycogen concentrations in the LKD
and MKD groups were significantly lower than those in the CON group. However, liver glycogen
concentration was significantly higher in the EX-MKD group than the EX-LKD group.
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4. Discussion

Ketogenic diets are widely used as a weight loss strategy because they can potently suppress
appetite and reduce energy intake [31,32]. Although, in the present investigation, the LKD-fed rats
had similar total energy intake relative to the CON group rats, they showed significantly lower body
weight and total intra-abdominal fat mass. As shown in Table 3, the LKD group had lower food
efficiency, suggesting that LKD intake may prevent weight gain possibly through an increase in energy
expenditure but not a decrease in energy intake. In the present investigation, we observed a further
significant decrease in total intra-abdominal fat mass in the MKD group, especially in the EX-MKD
group (the MKD intake and endurance training additively decreased total intra-abdominal fat mass)
(Table 3). It has been well documented that MCT intake has body fat-lowering effects because it
stimulates diet-induced thermogenesis and energy expenditure [33,34]. In addition, Ooyama et al.
reported that MCT ingestion suppresses subsequent food intake in rats, possibly owing to an increase
in hepatic ATP content [35]. Our results showing that the MKD group exhibited significantly lower
total energy intake as well as lower food efficiency confirmed the findings of previous studies and
provided additional evidence that the MKD is a more effective dietary strategy to control body weight
and body fat.

In the SED group, LKD intake elevated plasma BHB concentration by up to ~1.5 mmol/L
(Figure 1A). The LKD-induced ketosis might be mediated, at least in part, by higher expression of
hepatic HMGCS2 (Figure 2), which is a rate-limiting factor in the synthesis of ketone bodies [28].
In contrast, plasma BHB concentration in the SED-MKD group increased to a level similar to that
attained in the SED-LKD group without a significant increase in hepatic HMGCS2 expression (Figure 2).
MCTs are absorbed via the portal vein and transported directly to the liver, where they are rapidly
oxidized and converted to ketone bodies [23,24]. These unique properties made the MKD treatment
more ketogenic, even though it was composed of more carbohydrates (18% of total energy vs. 1% in
the LKD treatment) and did not upregulate hepatic HMGCS2 content.

Although both ketogenic diets in combination with endurance training induced further increases in
plasma BHB concentration, the EX-MKD group showed significantly lower plasma BHB concentration
compared with the EX-LKD group (Figure 1A). The lower plasma 3HB concentration in the EX-MKD
group might be caused by either diminished ketogenesis in the liver or enhanced ketolysis in other
organs such as skeletal muscle. As shown in Figure 3, the MKD and endurance training treatments
additively increased content of a key ketolytic enzyme, OXCT, in epitrochlearis muscle, resulting in
the highest expression in the EX-MKD group. A previous study demonstrated a significant positive
correlation between muscle OXCT content and ketone body utilization [29]. It is therefore more likely
that the EX-MKD group could utilize more ketone bodies during training, accounting for their lower
plasma BHB concentration compared with the EX-LKD group.

Oxidation of ketone bodies (3HB) yields more ATP per mole of substrate compared with oxidation
of the end-glycolytic substrate pyruvate [36]. In addition, ketone bodies increase the free energy
released from ATP hydrolysis by reducing the mitochondrial NAD couple and oxidizing the coenzyme
Q couple, thereby increasing the redox span between complex I and complex II of the mitochondrial
electron transport chain [37]. These energetic characteristics of ketone bodies enabled a working,
perfused rat heart to increase the efficiency of hydraulic work by ~30% compared with pyruvate [12].
Based on these findings, ketone bodies are therefore thought to be the most energy-efficient fuel.
The MKD treatment, which additively enhanced the endurance training—induced increase in muscle
ketolytic capacity, may therefore be a beneficial dietary intervention to improve endurance exercise
performance. Previous studies demonstrated the lower adherence to a conventional ketogenic diet,
because it consists exclusively of fat with an extremely limited carbohydrate content [38]. In contrast,
the MKD treatment employed in this study could induce beneficial metabolic adaptations, as mentioned
above, despite there being a relatively higher carbohydrate content (~18% energy from carbohydrates)
and therefore might be a more feasible dietary intervention compared with conventional ketogenic
diets containing LCTs.
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Endurance exercise training and a high-fat diet intake independently and additively increased the
protein content of mitochondrial fatty acid oxidation enzymes and fat oxidation capacity in skeletal
muscle [39,40]. The high-fat diet-induced upregulation of muscle fatty acid oxidation enzymes is
thought to be a result of the activation of a nuclear receptor, peroxisome proliferator-activated receptor
(PPAR) B3, by elevated blood FFA [41]. In accordance with the previous findings [42,43], the LKD
treatment substantially elevated plasma FFA levels with concomitant increases in muscle FHAD
protein content, with the EX-LKD group having the highest values (Figures 1D and 4). In contrast, the
MKD groups did not show such increases in muscle BHAD protein content, suggesting that the MKD
treatment enhanced utilization capacity only for ketone bodies, but not fatty acids. Consistent with a
previous study showing that even larger amounts of MCT failed to produce detectable increases in
plasma FFA [44], the MKD-fed groups had lower plasma FFA levels, which led to lower muscle PHAD
protein content. Because fHAD is a key enzyme in fatty acid f-oxidation and its activity has been
shown to be significantly corelated with fatty acid oxidation rate during exercise [30], the long-term
intake of LKD, but not MKD, in combination with endurance training might be a sufficiently strong
stimulus to enhance muscle fatty acid utilization capacity. However, although fatty acids are important
substrates during endurance exercise, metabolism of fatty acids leads to a reduction in mitochondrial
NAD and mitochondrial coenzyme Q, thus causing a decrease in the free energy released from ATP
hydrolysis and thereby requiring more oxygen [45]. Actually, Burke et al. demonstrated that adaptation
to a conventional low-carbohydrate, high-fat ketogenic diet impaired exercise economy (causing higher
oxygen consumption at the same exercise intensity) and negated the performance benefit of intensified
training in elite race walkers [7]. Thus, athletes may derive little benefit from conventional ketogenic
diets consisting of LCTs.

A major concern associated with ketogenic diet intake in athletes is its effects on carbohydrate
metabolism in skeletal muscle [22]. Numerous studies have shown that very low-carbohydrate,
ketogenic diets reduce glycolytic enzyme activity and thus diminish carbohydrate oxidation in
humans and animals [7,16,18,46], suggesting that ketogenic diets may impair high-intensity exercise
performance, during which carbohydrates are utilized as major energy substrates. Potential mechanisms
by which ketogenic diets induced inhibition of glycolytic flux is postulated to be upregulation of PDK4
expression in skeletal muscle [47]. Consistent with previous finding [18], we observed a huge increase
in PDK4 protein content in epitrochlearis muscle tissue of the LKD-fed rats, in particular in the EX-LKD
group (Figure 5). This result supports the notion that this type of ketogenic diet exerts deteriorating
effects on muscle carbohydrate utilization and high-intensity exercise capacity. Because expression
of PDK4 as well as BHAD are mediated by PPAR [48], the higher plasma FFA levels in the LKD
groups might be responsible for the LKD-induced muscle PDK4 expression via activation of PPARf.
In contrast, as shown in Figure 5, the MKD treatment completely prevented such an increase in muscle
PDK4 protein content concomitant with lower plasma FFA levels, although it contained relatively
higher amounts of fat and induced ketosis. Our results therefore suggest that long-term intake of
ketogenic diets containing MCTs and relatively more carbohydrate may enhance the utilization capacity
of ketone bodies, which are particularly energy-efficient substrates, in skeletal muscle tissue without
exerting inhibitory effects on muscle carbohydrate metabolism.

Previous studies have reported that muscle and liver glycogen concentrations were lower following
consumption of a low-carbohydrate, ketogenic diet [49,50], which may be another contributing factor
to the ketogenic diet-induced impairment in high-intensity endurance exercise performance. In this
study, as a consequence of their lower carbohydrate intake, both ketogenic diet groups had significantly
lower muscle and liver glycogen levels (Figure 6). However, the MKD-fed rats had less reduction
in muscle and liver glycogen concentration than did the LKD-fed rats (Figure 6). These unique
characteristics of the MKD treatment, which have reduced inhibitory effects on glycogen content as
well as glycolytic enzyme levels, make this diet suitable for athletes who need the ability to perform
prolonged high-intensity exercise that relies heavily on energy coming from glycolytic pathways.
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This study has several limitations. First, we unfortunately could not measure other blood energy
substrates such as plasma glucose and evaluate exercise capacity in humans or in rats. Thus, it remains
unclear whether MKD treatments have athletic performance—enhancing effects or not, especially in
prolonged high-intensity exercise. Second, this study was performed on only male rats. The results
obtained in this study may not be directly extrapolated to female rats as well. Finally, we did not
evaluate the effect of intake of LKD containing more carbohydrate at levels equivalent to the MKD
in this study. We therefore could not rule out the possibility that consumption of relatively more
carbohydrate rather than MCTs intake was responsible for the MKD-induced adaptations. Future
extensive studies are required to solve these issues.

5. Conclusions

Long-term intake of a ketogenic diet containing MCTs and relatively more carbohydrate may reduce
body weight and intra-abdominal fat mass and additively enhance endurance training-induced ketolytic
capacity in skeletal muscle of male rats without exerting inhibitory effects on carbohydrate metabolism.

Author Contributions: A.F. and S.T. conceived and designed the experiments. A.F., AK,, TK,, M.T,, and S.K.
performed the experiments. A.F. and S.T. wrote the manuscript, and A.K., TK,, M.T., and S.K. critically revised
the manuscript. All authors approved the final manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was funded by the Nisshin OilliO Group, Ltd., Tokyo, Japan.

Conflicts of Interest: The authors declare no conflict of interest. The sponsor had no role in the design, execution,
interpretation, or writing of this study.

References

1.  Holloszy, J.O.; Kohrt, WM.; Hansen, P.A. The regulation of carbohydrate and fat metabolism during and
after exercise. Front. Biosci. 1998, 3, D1011-D1027. [CrossRef] [PubMed]

2. Goedecke, ].H.; Christie, C.; Wilson, G.; Dennis, S.C.; Noakes, T.D.; Hopkins, W.G.; Lambert, E.V. Metabolic
adaptations to a high-fat diet in endurance cyclists. Metabolism 1999, 48, 1509-1517. [CrossRef]

3.  Bergman, B.C.; Butterfield, G.E.; Wolfel, E.E.; Casazza, G.A.; Lopaschuk, G.D.; Brooks, G.A. Evaluation of
exercise and training on muscle lipid metabolism. Am. J. Physiol. 1999, 276, E106-E117. [CrossRef] [PubMed]

4. Hearris, M.A.; Hammond, K.M.; Fell, ].M.; Morton, J.P. Regulation of muscle glycogen metabolism during
exercise: Implications for endurance performance and training adaptations. Nutrients 2018, 10, 298.
[CrossRef]

5. Kiens, B.; Essen-Gustavsson, B.; Christensen, N.]J.; Saltin, B. Skeletal muscle substrate utilization during
submaximal exercise in man: Effect of endurance training. J. Physiol. 1993, 469, 459-478. [CrossRef]

6. Klein, S.; Coyle, E.F; Wolfe, R.R. Fat metabolism during low-intensity exercise in endurance-trained and
untrained men. Am. J. Physiol. 1994, 267, E934—-E940. [CrossRef]

7.  Burke, L.M.; Ross, M.L.; Garvican-Lewis, L.A.; Welvaert, M.; Heikura, I.A.; Forbes, S.G.; Mirtschin, J.G.;
Cato, L.E,; Strobel, N.; Sharma, A.P; et al. Low carbohydrate, high fat diet impairs exercise economy and
negates the performance benefit from intensified training in elite race walkers. J. Physiol. 2017, 595, 2785-2807.
[CrossRef]

8.  Hall,K.D.; Chen, K.Y,; Guo, J.; Lam, Y.Y,; Leibel, R.L.; Mayer, L.E.; Reitman, M.L.; Rosenbaum, M.; Smith, S.R.;
Walsh, B.T,; et al. Energy expenditure and body composition changes after an isocaloric ketogenic diet in
overweight and obese men. Am. J. Clin. Nutr. 2016, 104, 324-333. [CrossRef]

9.  McSwiney, ET.; Wardrop, B.; Hyde, PN.; Lafountain, R.A.; Volek, ].S.; Doyle, L. Keto-adaptation enhances
exercise performance and body composition responses to training in endurance athletes. Metabolism 2018, 81,
25-34. [CrossRef]

10. Badman, M.K,; Kennedy, A.R.; Adams, A.C,; Pissios, P.; Maratos-Flier, E. A very low carbohydrate ketogenic
diet improves glucose tolerance in ob/ob mice independently of weight loss. Am. |. Physiol. Endocrinol. Metab.
2009, 297, E1197-E1204. [CrossRef] [PubMed]

11. Askew, EW.; Dohm, G.L.; Huston, R.L. Fatty acid and ketone body metabolism in the rat: Response to diet
and exercise. J. Nutr. 1975, 105, 1422-1432. [CrossRef] [PubMed]


http://dx.doi.org/10.2741/A342
http://www.ncbi.nlm.nih.gov/pubmed/9740552
http://dx.doi.org/10.1016/S0026-0495(99)90238-X
http://dx.doi.org/10.1152/ajpendo.1999.276.1.E106
http://www.ncbi.nlm.nih.gov/pubmed/9886956
http://dx.doi.org/10.3390/nu10030298
http://dx.doi.org/10.1113/jphysiol.1993.sp019823
http://dx.doi.org/10.1152/ajpendo.1994.267.6.E934
http://dx.doi.org/10.1113/JP273230
http://dx.doi.org/10.3945/ajcn.116.133561
http://dx.doi.org/10.1016/j.metabol.2017.10.010
http://dx.doi.org/10.1152/ajpendo.00357.2009
http://www.ncbi.nlm.nih.gov/pubmed/19738035
http://dx.doi.org/10.1093/jn/105.11.1422
http://www.ncbi.nlm.nih.gov/pubmed/475

Nutrients 2020, 12, 1269 14 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Sato, K.; Kashiwaya, Y.; Keon, C.A.; Tsuchiya, N.; King, M.T.; Radda, G.K.; Chance, B.; Clarke, K.; Veech, R.L.
Insulin, ketone bodies, and mitochondrial energy transduction. FASEB J. 1995, 9, 651-658. [CrossRef]
[PubMed]

Cox, PJ.; Kirk, T.; Ashmore, T.; Willerton, K.; Evans, R.; Smith, A.; Murray, A.J.; Stubbs, B.; West, J.;
McLure, S.W,; et al. Nutritional ketosis alters fuel preference and thereby endurance performance in athletes.
Cell Metab. 2016, 24, 256-268. [CrossRef] [PubMed]

Cotter, D.G.; Schugar, R.C.; Crawford, P.A. Ketone body metabolism and cardiovascular disease. Am. J.
Physiol. Heart Circ. Physiol. 2013, 304, H1060-H1076. [CrossRef]

Chang, CK.; Borer, K,; Lin, PJ. Low-carbohydrate-high-fat diet: Can it help exercise performance?
J. Hum. Kinet. 2017, 56, 81-92. [CrossRef]

Volek, J.S.; Freidenreich, D.J.; Saenz, C.; Kunces, L.].; Creighton, B.C.; Bartley, ] M.; Davitt, PM.; Munoz, C.X,;
Anderson, ].M.; Maresh, C.M.; et al. Metabolic characteristics of keto-adapted ultra-endurance runners.
Metabolism 2016, 65, 100-110. [CrossRef]

Vargas, S.; Romance, R.; Petro, J.L.; Bonilla, D.A.; Galancho, I.; Espinar, S.; Kreider, R.B.; Benitez-Porres, J.
Efficacy of ketogenic diet on body composition during resistance training in trained men: A randomized
controlled trial. J. Int. Soc. Sports Nutr. 2018, 15, 31. [CrossRef]

Rinnankoski-Tuikka, R.; Silvennoinen, M.; Torvinen, S.; Hulmi, J.J.; Lehti, M.; Kivela, R.; Reunanen, H.;
Kainulainen, H. Effects of high-fat diet and physical activity on pyruvate dehydrogenase kinase-4 in mouse
skeletal muscle. Nutr. Metab. (Lond.) 2012, 9, 53. [CrossRef]

Wende, A R; Huss, ].M.; Schaeffer, PJ.; Giguere, V.; Kelly, D.P. PGC-1alpha coactivates PDK4 gene expression
via the orphan nuclear receptor ERRalpha: A mechanism for transcriptional control of muscle glucose
metabolism. Mol. Cell Biol. 2005, 25, 10684—-10694. [CrossRef]

Stellingwerff, T.; Spriet, L.L.; Watt, M.].; Kimber, N.E.; Hargreaves, M.; Hawley, ].A.; Burke, L.M. Decreased
PDH activation and glycogenolysis during exercise following fat adaptation with carbohydrate restoration.
Am. ]. Physiol. Endocrinol. Metab. 2006, 290, E380-E388. [CrossRef]

Walker, ].L.; Heigenhauser, G.J.; Hultman, E.; Spriet, L.L. Dietary carbohydrate, muscle glycogen content,
and endurance performance in well-trained women. J. Appl. Physiol. (1985) 2000, 88, 2151-2158. [CrossRef]
[PubMed]

Burke, L.M. Re-Examining high-fat diets for sports performance: Did we call the ‘nail in the coffin’ too soon?
Sports Med. 2015, 45 (Suppl. 1), S33-549. [CrossRef] [PubMed]

Aoyama, T.; Nosaka, N.; Kasai, M. Research on the nutritional characteristics of medium-chain fatty acids.
J. Med. Investig. 2007, 54, 385-388. [CrossRef] [PubMed]

Bach, A.C.; Babayan, V.K. Medium-chain triglycerides: An update. Am. J. Clin. Nutr. 1982, 36, 950-962.
[CrossRef]

Blazquez, C.; Sanchez, C.; Velasco, G.; Guzman, M. Role of carnitine palmitoyltransferase I in the control of
ketogenesis in primary cultures of rat astrocytes. J. Neurochem. 1998, 71, 1597-1606. [CrossRef]

Terada, S.; Tabata, 1. Effects of acute bouts of running and swimming exercise on PGC-1alpha protein
expression in rat epitrochlearis and soleus muscle. Am. J. Physiol. Endocrinol. Metab. 2004, 286, E208-E216.
[CrossRef]

Lowry, O.H.; Passonneau, J.V. A Flexible System of Enzymatic Analysis; Academic Press: Cambridge, MA, USA,
1972; pp. 189-193.

Grabacka, M.; Pierzchalska, M.; Dean, M.; Reiss, K. Regulation of ketone body metabolism and the role of
PPARalpha. Int. ]. Mol. Sci. 2016, 17, 2093. [CrossRef]

Abdurrachim, D.; Woo, C.C.; Teo, X.Q.; Chan, W.X,; Radda, G.K,; Lee, P.T.H. A new hyperpolarized (13)C
ketone body probe reveals an increase in acetoacetate utilization in the diabetic rat heart. Sci. Rep. 2019,
9, 5532. [CrossRef]

Kiens, B. Skeletal muscle lipid metabolism in exercise and insulin resistance. Physiol. Rev. 2006, 86, 205-243.
[CrossRef]

Johnstone, A.M.; Horgan, G.W.; Murison, S.D.; Bremner, D.M.; Lobley, G.E. Effects of a high-protein ketogenic
diet on hunger, appetite, and weight loss in obese men feeding ad libitum. Am. J. Clin. Nutr. 2008, 87, 44-55.
[CrossRef]


http://dx.doi.org/10.1096/fasebj.9.8.7768357
http://www.ncbi.nlm.nih.gov/pubmed/7768357
http://dx.doi.org/10.1016/j.cmet.2016.07.010
http://www.ncbi.nlm.nih.gov/pubmed/27475046
http://dx.doi.org/10.1152/ajpheart.00646.2012
http://dx.doi.org/10.1515/hukin-2017-0025
http://dx.doi.org/10.1016/j.metabol.2015.10.028
http://dx.doi.org/10.1186/s12970-018-0236-9
http://dx.doi.org/10.1186/1743-7075-9-53
http://dx.doi.org/10.1128/MCB.25.24.10684-10694.2005
http://dx.doi.org/10.1152/ajpendo.00268.2005
http://dx.doi.org/10.1152/jappl.2000.88.6.2151
http://www.ncbi.nlm.nih.gov/pubmed/10846030
http://dx.doi.org/10.1007/s40279-015-0393-9
http://www.ncbi.nlm.nih.gov/pubmed/26553488
http://dx.doi.org/10.2152/jmi.54.385
http://www.ncbi.nlm.nih.gov/pubmed/17878693
http://dx.doi.org/10.1093/ajcn/36.5.950
http://dx.doi.org/10.1046/j.1471-4159.1998.71041597.x
http://dx.doi.org/10.1152/ajpendo.00051.2003
http://dx.doi.org/10.3390/ijms17122093
http://dx.doi.org/10.1038/s41598-019-39378-w
http://dx.doi.org/10.1152/physrev.00023.2004
http://dx.doi.org/10.1093/ajcn/87.1.44

Nutrients 2020, 12, 1269 15 of 15

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Jornayvaz, ER.; Jurczak, M.].; Lee, H.Y,; Birkenfeld, A L.; Frederick, D.W.; Zhang, D.; Zhang, X.M.; Samuel, V.T.;
Shulman, G.I. A high-fat, ketogenic diet causes hepatic insulin resistance in mice, despite increasing energy
expenditure and preventing weight gain. Am. J. Physiol. Endocrinol. Metab. 2010, 299, E808-E815. [CrossRef]
[PubMed]

5t-Onge, M.P.; Bourque, C.; Jones, PJ.; Ross, R.; Parsons, W.E. Medium- versus long-chain triglycerides for
27 days increases fat oxidation and energy expenditure without resulting in changes in body composition in
overweight women. Int. J. Obes. Relat. Metab. Disord. 2003, 27, 95-102. [CrossRef] [PubMed]

St-Onge, M.P,; Bosarge, A. Weight-loss diet that includes consumption of medium-chain triacylglycerol oil
leads to a greater rate of weight and fat mass loss than does olive oil. Am. J. Clin. Nutr. 2008, 87, 621-626.
[CrossRef] [PubMed]

Ooyama, K.; Kojima, K.; Aoyama, T.; Takeuchi, H. Decrease of food intake in rats after ingestion of
medium-chain triacylglycerol. J. Nutr. Sci. Vitaminol. (Tokyo) 2009, 55, 423-427. [CrossRef]

Elamin, M.; Ruskin, D.N.; Masino, S.A.; Sacchetti, P. Ketone-based metabolic therapy: Is increased NAD(+) a
primary mechanism? Front. Mol. Neurosci. 2017, 10, 377. [CrossRef]

Veech, R.L. Ketone ester effects on metabolism and transcription. . Lipid Res. 2014, 55, 2004-2006. [CrossRef]
Shai, I; Schwarzfuchs, D.; Henkin, Y.; Shahar, D.R.; Witkow, S.; Greenberg, I.; Golan, R.; Fraser, D.; Bolotin, A_;
Vardi, H.; et al. Weight loss with a low-carbohydrate, Mediterranean, or low-fat diet. N. Engl. J. Med. 2008,
359, 229-241. [CrossRef]

Garcia-Roves, P; Huss, ].M.; Han, D.H.; Hancock, C.R.; Iglesias-Gutierrez, E.; Chen, M.; Holloszy, ].O. Raising
plasma fatty acid concentration induces increased biogenesis of mitochondria in skeletal muscle. Proc. Natl.
Acad. Sci. USA 2007, 104, 10709-10713. [CrossRef]

Holloszy, J.O.; Booth, EW. Biochemical adaptations to endurance exercise in muscle. Annu. Rev. Physiol.
1976, 38, 273-291. [CrossRef]

Forman, B.M.; Chen, J.; Evans, R M. Hypolipidemic drugs, polyunsaturated fatty acids, and eicosanoids are
ligands for peroxisome proliferator-activated receptors alpha and delta. Proc. Natl. Acad. Sci. USA 1997, 94,
4312-4317. [CrossRef]

Simi, B.; Sempore, B.; Mayet, M.H.; Favier, R.J. Additive effects of training and high-fat diet on energy
metabolism during exercise. J. Appl. Physiol. (1985) 1991, 71, 197-203. [CrossRef] [PubMed]

Li, X.; Higashida, K.; Kawamura, T.; Higuchi, M. Alternate-day high-fat diet induces an increase in
mitochondrial enzyme activities and protein content in rat skeletal muscle. Nutrients 2016, 8, 203. [CrossRef]
[PubMed]

Nonaka, Y.; Takagi, T.; Inai, M.; Nishimura, S.; Urashima, S.; Honda, K.; Aoyama, T.; Terada, S. Lauric acid
stimulates ketone body production in the KT-5 astrocyte cell line. J. Oleo Sci. 2016, 65, 693-699. [CrossRef]
[PubMed]

Challoner, D.R.; Steinberg, D. Oxidative metabolism of myocardium as influenced by fatty acids and
epinephrine. Am. J. Physiol. 1966, 211, 97-902. [CrossRef]

Durkalec-Michalski, K.; Nowaczyk, PM.; Siedzik, K. Effect of a four-week ketogenic diet on exercise
metabolism in CrossFit-trained athletes. J. Int. Soc. Sports Nutr. 2019, 16, 16. [CrossRef]

Peters, S.J.; Harris, R.A.; Wu, P.; Pehleman, T.L.; Heigenhauser, G.].; Spriet, L.L. Human skeletal muscle
PDH kinase activity and isoform expression during a 3-day high-fat/low-carbohydrate diet. Am. . Physiol.
Endocrinol. Metab. 2001, 281, E1151-E1158. [CrossRef]

Fan, W.; Waizenegger, W.; Lin, C.S.; Sorrentino, V.; He, M.X,; Wall, C.E,; Li, H.; Liddle, C.; Yu, R.T;
Atkins, A.R.; et al. PPARdelta promotes running endurance by preserving glucose. Cell Metab. 2017, 25,
1186-1193.e4. [CrossRef]

St Amand, T.A.; Spriet, L.L.; Jones, N.L.; Heigenhauser, G.J. Pyruvate overrides inhibition of PDH during
exercise after a low-carbohydrate diet. Am. J. Physiol. Endocrinol. Metab. 2000, 279, E275-E283. [CrossRef]
Takahashi, Y.; Matsunaga, Y.; Tamura, Y.; Terada, S.; Hatta, H. Pre-exercise high-fat diet for 3 days affects
post-exercise skeletal muscle glycogen repletion. J. Nutr. Sci. Vitaminol. (Tokyo) 2017, 63, 323-330. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1152/ajpendo.00361.2010
http://www.ncbi.nlm.nih.gov/pubmed/20807839
http://dx.doi.org/10.1038/sj.ijo.0802169
http://www.ncbi.nlm.nih.gov/pubmed/12532160
http://dx.doi.org/10.1093/ajcn/87.3.621
http://www.ncbi.nlm.nih.gov/pubmed/18326600
http://dx.doi.org/10.3177/jnsv.55.423
http://dx.doi.org/10.3389/fnmol.2017.00377
http://dx.doi.org/10.1194/jlr.R046292
http://dx.doi.org/10.1056/NEJMoa0708681
http://dx.doi.org/10.1073/pnas.0704024104
http://dx.doi.org/10.1146/annurev.ph.38.030176.001421
http://dx.doi.org/10.1073/pnas.94.9.4312
http://dx.doi.org/10.1152/jappl.1991.71.1.197
http://www.ncbi.nlm.nih.gov/pubmed/1917743
http://dx.doi.org/10.3390/nu8040203
http://www.ncbi.nlm.nih.gov/pubmed/27058555
http://dx.doi.org/10.5650/jos.ess16069
http://www.ncbi.nlm.nih.gov/pubmed/27430387
http://dx.doi.org/10.1152/ajplegacy.1966.211.4.897
http://dx.doi.org/10.1186/s12970-019-0284-9
http://dx.doi.org/10.1152/ajpendo.2001.281.6.E1151
http://dx.doi.org/10.1016/j.cmet.2017.04.006
http://dx.doi.org/10.1152/ajpendo.2000.279.2.E275
http://dx.doi.org/10.3177/jnsv.63.323
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals and Diets 
	Tissue Sampling 
	Analytical Procedure 
	Energy Substrates in Plasma 
	Muscle and Liver Glycogen Concentration 
	Muscle and Liver Homogenization 
	Western Blotting 
	Stripping and Reproving Membranes 
	Statistical Analysis 


	Results 
	Final Body Weight, Total Energy Intake, Intra-Abdominal Fat Weight and Food Efficiency 
	Plasma -Hydroxybutyrate and Free Fatty Acid Concentrations 
	HMGCS2 Protein Content in the Liver 
	OXCT Protein Content in Epitrochlearis Muscle 
	HAD Protein Content in Epitrochlearis Muscle Tissue 
	PDK4 Protein Content in Epitrochlearis Muscle Tissue 
	Glycogen Concentrations in Triceps Muscle and Liver Tissues 

	Discussion 
	Conclusions 
	References

