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Abstract: Increasing fat burning during physical activity is thought to be an effective strategy
for maintaining health and preventing lifestyle-related diseases, such as obesity and diabetes. In
recent years, medium-chain triglycerides (MCTs) have gained attention as a dietary component for
increasing fat-burning. However, this fat-burning effect has been unclear in people with high body
mass index (BMI). Therefore, we aimed to clarify the effects of 2 g of daily ingestion of MCTs over
2 weeks on substrate oxidation during low-intensity physical activity in sedentary (i.e., with no
exercise habit) subjects with a BMI from 25 (kg/ m?) to less than 30, which is classified as obese in
Japan. A placebo-controlled, randomized, double-blind, crossover study with a 2-week washout
period was conducted. The rate of fat oxidation as well as the respiratory exchange ratio (RER) during
exercise (with a cycle ergometer at a 20-watt load) were measured with a human calorimeter. MCTs
ingestion significantly increased fat oxidation during physical activity and decreased RER compared
to long-chain triglycerides ingestion. In conclusion, we suggest that daily ingestion of 2 g of MCTs
for 2 weeks increases fat burning during daily physical activities in sedentary persons with a BMI
ranging from 25 to less than 30.

Keywords: MCTs; fat oxidation; energy metabolism; low-intensity physical activity; obesity;
respiratory exchange ratio

1. Introduction

Despite obesity being known to be a possible cause of lifestyle-related diseases such
as diabetes and dyslipidemia, the number of obese Japanese people continues to increase
due to changes in dietary habits and decreased physical activity resulting from changes
in the living environment [1]. Since obesity is caused by an imbalance between energy
expenditure and energy ingestion, preventing obesity by increasing physical activity and
improving dietary habits (to ensure proper energy balance) are essential. While proper
dietary energy intake is important, the use of fat as an energy substrate is also known
to contribute significantly to obesity prevention, and various dietary components have
been investigated for their effects on fat burning. For example, fish oil reportedly increases
fat burning in the liver and enhances energy expenditure [2]. Moreover, catechins and
capsaicin reportedly increase energy expenditure and fat oxidation at rest as well as during
exercise [3-6], and reduce body fat [7,8].

Medium-chain fatty acids (MCFAs), which are components of coconut, palm fruit, and
other palm plant seeds, are also found in human breast milk and cow’s milk [9]. MCFAs
broadly refer to straight-chain saturated fatty acids consisting of 6-12 carbon chains, but
research on physiological functions has focused on octanoic acid (C8) and decanoic acid
(C10), or on medium-chain triglycerides (MCTs) consisting of C8 and C10. Continuous
ingestion of MCTs has been reported to promote fat utilization during moderate-intensity
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exercise in recreational athletes [10] and during low-intensity daily activities in normal-
weight subjects [11,12], and has been shown to reduce body weight and body fat [13,14].

In general, body mass index (BMI = weight (kg)/height (m)?) is the international
standard used to determine obesity, and in Japan, obesity equates to a BMI of 25 (kg/m?)
or higher [15]. The effect of continuous MCTs ingestion on fat oxidation during physical
activity has been tested in normal weight subjects, but the effect on those with higher BMI
is unknown. Although studies have been conducted with the ingestion dose of MCTs set at
6 g per day [11,12], if it can be shown that MCTs are effective even at lower doses then the
burden of continuous ingestion will be reduced.

Therefore, the purpose of this study was to determine the effect of 2 g of daily ingestion
of MCTs for 2 weeks on energy metabolism, especially fat oxidation, during low-intensity
physical activity in people with a BMI from 25 to less than 30.

2. Materials and Methods
2.1. Study Conduct System and Ethical Considerations

This study was conducted in accordance with the Declaration of Helsinki, the Ethi-
cal Guidelines for Medical and Biological Research Involving Human Subjects [16], and
the Act on the Protection of Personal Information [17]. The study was conducted by a
contract research organization (CRO, Huma R&D Co., Ltd., Tokyo, Japan) under the guid-
ance of a medical doctor at the Kouwa Clinic, Kouwa-kai Medical Corporation (Tokyo,
Japan), and Fuji Medical Science Co., Ltd., Chiba, Japan. The study was reviewed and
approved by the ethics committees of Yoga Allergy Clinic (approval number: 21000023,
approval date: 12 February 2021). In addition, the contents of the study were regis-
tered in UMIN-CTR before the start of the study (UMIN-ID: UMIN000043022. Avail-
able online: https:/ /upload.umin.ac.jp/cgi-open-bin/ctr/ctr.cgi?function=brows&action=
browsé&recptno=R000049074&type=summaryé&language=]) (accessed on 24 January 2022.

2.2. Subjects

Subjects were screened from the registration bank of the CRO after interviews, physical
measurements, vital signs, stepping exercise and electrocardiography, biochemical tests,
and hematological tests were performed, and those who met the following selection criteria
from the viewpoint of human rights protection—i.e., did not violate the exclusion criteria,
were able to comply with the administrative matters during the study period, and were
judged by the investigator to have no problem participating in the study—were selected as
subjects based on a comprehensive evaluation.

2.2.1. Selection Criteria

(1) Japanese males and females aged at least 35 years and under 65 years at the time of
obtaining written consent. (2) Those with a BMI from 25 to less than 30. (3) Non-smokers.
(4) Those with an alcohol intake of less than 30 g/day. (5) Those who received a sufficient
explanation of the purpose and content of the research, had the capacity to consent, had
volunteered willingly to participate in the study, had a good understanding of the study,
and agreed to participate in writing.

2.2.2. Exclusion criteria

(1) Those who were currently receiving medical treatment or outpatient treatment for
a serious disease. (2) Those who had experienced chest pain or abnormal pulse while at
rest. (3) Those who were currently undergoing exercise or diet therapy under the medical
supervision of a physician. (4) Those currently with a serious illness or complications, or
a history of cardiac, hepatic, renal, cardiovascular, or hematological diseases. (5) Those
who were undergoing treatment for rheumatism. (6) Those who frequently experienced
shortness of breath, dizziness, vertigo, or loss of consciousness. (7) Those who were allergic
to drugs, food, raw materials of test foods (soybeans, milk protein), or had a history
of allergy. (8) Those who had a family member who had died suddenly of unknown
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causes. (9) Those who had been diagnosed as having disabilities in their legs and feet.
(10) Those who feel pain in their hips, knees, or body when ascending or descending
stairs. (11) Those who had knee surgery or disease or use a walking cane on a daily basis.
(12) Subjects with a current or past history of drug or alcohol dependence. (13) Subjects
with mental disorders (such as depression), sleep disorders (such as insomnia or sleep
apnea), or those with a history of mental disorders in the past. (14) Those who exercise
for the purpose of maintaining or improving their physical fitness for a total of 60 min
or more per week. (15) Those who perform physical labor for a total of 10 h or more per
week. (16) Those whose working hours were irregular due to night shifts. (17) Those
with a weight fluctuation of more than £5 kg within 2 months. (18) Those with extremely
irregular lifestyles (including eating or sleeping). (19) Those who are extremely fussy
eaters. (20) Those who take any health foods, supplements, or drugs that may affect fatigue
reduction, fat burning, or obesity control. (21) Those who had participated in other clinical
trials (research) within 3 months prior to the date of obtaining consent, or those who had
plans to participate in other clinical trials (research) during the study period. (22) Those
who had donated more than 200 mL of blood within 1 month (or 400 mL of blood within
3 months) prior to the date of consent. (23) Those who planned to donate blood or become
vaccinated during the test period or those who wished to do so. (24) Those who were
currently pregnant or breastfeeding, or who may become pregnant or breastfeed during
the study period. (25) Those who had difficulty in complying with the recording on the
various questionnaires. (26) Those who are judged to be unsuitable as subjects based on
clinical laboratory values and measurements at the time of screening. (27) Any other person
judged by the physician responsible for the study to be unsuitable as a subject.

2.3. Number of Target Subjects

Based on the mean difference and standard deviation of the cumulative fat oxidation
and the maximum fat oxidation rate during low-intensity physical activity after ingestion
of 6 g of MCTs for 2 weeks compared with the control [11], the number of subjects required
for the study was estimated to be 18 or more and 23 or more. While the ingested amount of
MCTs was one-third of that in the estimated study, a highly sensitive mass spectrometer
was used to measure oxygen uptake and carbon dioxide production, which are the basic
values for calculating fat oxidation, so the required number of subjects was judged to be
slightly higher than the estimated number, 27 subjects were set, and so the target number of
subjects was set at 30, based on the expectation that 10% of the subjects would be ineligible
for analysis.

2.4. Test Foods and Dietary Surveys

MCTs (The Nisshin OilliO Group, Ltd., Tokyo, Japan) were used as the test diet, and
long-chain triglycerides (LCTs) (The Nisshin OilliO Group, Ltd., Tokyo, Japan) were used
as the control diet. The analyzed values of fatty acids’ composition of each oil are shown
in Table 1.

Subjects were made to record their dietary status for 3 days prior to each test day. All
meals were photographed with a camera, and the food was weighed (as far as possible)
and nutritional information on the food was recorded. Nutritional values were calculated
by a nutritionist and aggregate data was obtained. For the nutritional value calculations,
the Japan Standard Tables of Food Composition 2015 (7th revision) were used [18].
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Table 1. Fatty acids’ composition (g/100 g total fatty acids). MCTs (The Nisshin OilliO Group, Ltd.,
Tokyo, Japan) were used as the test diet, and LCTs (The Nisshin OilliO Group, Ltd., Tokyo, Japan)
were used as the control diet. The fatty acids’ composition analysis values of each oil are shown.

Fatty Acid ! LCTs MCTs
8:0 ND 2 74 .4
10:0 ND 25.6
16:0 42 ND
18:0 2.0 ND
18:1 59.6 ND
182 20.4 ND
18:3 10.2 ND
Others 3.6 ND

1 Number of carbon atoms: Number of double bonds. 2 Not detected.

2.5. Study Design

The study was conducted as a randomized, double-blind, crossover trial with the
control diet being the placebo. A third party not involved in the study (the person respon-
sible for the allocation of the test foods) randomly assigned the subjects to two groups: a
group that ingested the control diet first and a group that ingested the test diet first. After
assignment, the person responsible for the allocation of the test foods confirmed that there
were no significant differences in gender and age. Moreover, this person kept the test foods
allocation list strictly to themselves until this study finished, and blinding was maintained
for all parties except the person responsible for the allocation of the test foods.

The test food (test diet (MCTs) or control diet (LCTs)) was ingested by the subjects at a
rate of 2 g per day from 13 days before the day of the metabolic test. On the day of the test,
the subjects were asked to ingest the assessed food comprising 483 kcal of energy, 15.5 g of
protein, 15.2 g of fat, and 75.1 g of carbohydrate, including the test food at the metabolic
test site. The study design is shown in Figure 1.

Intervention (I)

14 days

Washout Intervention (II)

14 days 14 days

Intervention (I), (II)

day 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Test food ingestion ° . . ° . ° . ® ° . B . ° .

Recording on the Life Questionnaire . . . . . . . . . . . . . .
Recording on the Food Survey ° . °

Metabolism Test .

Figure 1. Study design. This study was conducted as a crossover study. There was a 14-day washout
period between intervention periods I and II. During the intervention period, the subjects were asked
to ingest the test food every day and to record their living conditions on the Life Questionnaire. For
three days prior to each test day, the subjects were asked to take pictures of all their meals with a
camera, and in addition they were asked to measure as much food as possible and take pictures of
food labels to record their dietary status. On day 14 of each intervention period, a metabolic test
was conducted.

Subjects were instructed to keep their body weight as unchanged as possible and
observe the following guidelines during the study period.
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2.5.1. Compliance Issues during the Study Period

(1) During the study period, the subjects were told to maintain a normal lifestyle and
to limit any excessive exercise, overeating, and heavy drinking that significantly deviated
from their daily lives. (2) During the study period, subjects were also told to make as few
changes as possible to their lifestyle and environment—such as meals, alcohol consumption
(less than 30 g/day), exercise, sleep, and work—prior to their participation in the study.
(3) During the study period, those with exercise habits were told not to engage in more
strenuous exercise than usual and not to change the quantity or quality of their exercise.
Those who were sedentary were told not to start a new exercise program. (4) Subjects
were instructed not to ingest any medicines, supplements, health foods, or functional foods
that might affect the reduction of fatigue, fat burning, or obesity during the study. If a
new ingestion was unavoidable and became necessary, then they were told to contact the
CRO in advance whenever possible. If they did ingest such items, they had to record
the details on the Lifestyle Questionnaire. (5) During the study period, the status of the
subjects ingesting any previously habitual and unrestricted medicines, supplements, health
foods, or functional foods had to be recorded on the Lifestyle Questionnaire, and the
subjects did not change their habits. In addition, those who did not have a habit were told
that they should not start a new ingestion. If a new ingestion became necessary due to
unavoidable circumstances, then the subject needed to contact CRO as far in advance as
possible. (6) During the study period, the subjects were told not to ingest oils for health
(such as coconut oil or flaxseed oil) that might enhance the dietary components being
evaluated. (7) During the study period, subjects could continue to ingest milk, butter, ice
cream, and other foods rich in milk fat as usual, but were not to significantly change the
amount or frequency of their ingestion. If there was any change, it had to be recorded
on the Lifestyle Questionnaire. (8) During the study period, the subjects were told not to
participate in other clinical trials (research). (9) During the study period, subjects could not
participate in whole blood donation or component blood donation. (10) During the study
period, those who wished to undergo a medical checkup or physical examination had to
report to the CRO in advance and record the information on the Lifestyle Questionnaire.
(11) The subjects were told not to divulge any information about the content of the study
or information obtained through participation in the study to others. (12) Test foods were
ingested as instructed by the CRO. (13) During the designated period, the subjects had to
record their living conditions on a daily life survey form using a system that allowed them
to write a diary on an electronic terminal. (14) If subjects had any physical problems during
or after the study, then they had to contact the CRO immediately and record the details on
the Lifestyle Questionnaire.

2.5.2. Compliance Matters before Metabolic Test

(1) Subjects had to refrain from strenuous exercise during the 3 days leading up to the
test. (2) Subjects could not drink alcohol on the day before the test. (3) The day before the
test, they were to keep to the same time and quality of sleep as much as possible during
intervention period I and I (4) Subjects were told that they should remain in a fasting
state (drinking water only) from 9:00 p.m. on the day prior to the test until the designated
time for ingestion of the food to be evaluated. In addition, in the last meal or drink before
fasting, fatty foods and large amounts of sweetened beverages were to be avoided. (5) They
were to record their diet for 3 days prior to the test.

2.5.3. Compliance Matters on the Day of the Metabolic Test

(1) On the day of the metabolic test, subjects were to refrain from eating breakfast
and had to ingest the assessed food at the designated time. (2) If subjects were unable to
come to the test site for any reason on the day of the test, they were required to contact the
CRO immediately.
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2.6. Metabolism Measurements

For the metabolic tests in this study, metabolic measurements were conducted using
a human calorimeter (Fuji Human Calorimeter FHC-30S, Fuji Medical Science Co., Ltd.,
Chiba, Japan). The internal dimensions of the normal pressure type human calorimeter
were 3.80 m x 3.00 m x 2.40 m, and the volume of the chamber was 27.36 m3. The chamber
was equipped with a desk, chair, toilet, TV, and cycle ergometer (51B-3400, Nihon Kohden
Corporation, Tokyo, Japan). The inflow rate of air into the chamber was set to 50 L /min,
and the air supply and exhaust were controlled at the same volume with an accuracy of
£0.5%. The temperature and humidity of the chamber were controlled at 25 °C 4 0.1 °C
and 50% =+ 1.0%, respectively. The rate of oxygen uptake and rate of carbon dioxide
production were analyzed using Brown’s equation [19] and obtained every minute, based
on the oxygen concentration, carbon dioxide concentration, air supply volume, and exhaust
volume measured by the human calorimeter. The accuracy of the analyzer for the exhausted
gas was 30.002%.

In order to examine the accuracy of the measurement during this study, alcohol
combustion tests were conducted before, during, and after the metabolic test. For the
oxygen uptake rate and the carbon dioxide production rate, the theoretical values were
calculated from the weight of alcohol burned, and the measured values were calculated
by analyzing the data obtained from the measurements using Henning’s equation [20].
The recovery rate, which represents the measurement accuracy, was calculated from the
theoretical and measured values (formula: (measured value = theoretical value) x 100;
unit: %), and the recovery rates of the oxygen uptake rate and carbon dioxide production
rate were both within 100 % 2%.

Eighty minutes before the ingestion of the assessed food, the subjects entered the
human calorimeter. The subjects maintained a sitting rest in the chamber and measured
their resting metabolism before ingesting the assessed food. After the ingestion of the
assessed food, the subjects were again kept in a sitting position in the chamber. Four
hours after the ingestion of the assessed food, their resting metabolism was measured, and
after confirming that the energy expenditure rate equated to that before the ingestion of
the assessed food, the metabolism during physical activity was measured. Metabolism
during physical activity was measured using a cycle ergometer with a 20-watt load, and
the subjects were asked to maintain the speed at 50 revolutions per minute for 30 min.
Among the metabolic data during the 30-min physical activity, the data from 2 to 30 min
after the start of physical activity (which are considered to reflect the metabolic increase)
were adopted.

The fat oxidation rate, carbohydrate oxidation rate, respiratory exchange ratio, and
energy expenditure rate in physical activity metabolism were calculated from the oxygen
uptake rate and carbon dioxide production rate determined by Brown'’s equation, using
the following equation based on previous reports [21].

Fat oxidation rate: 1.689 x oxygen uptake rate-1.689 x carbon dioxide production rate.
Carbohydrate oxidation rate: 4.113 x carbon dioxide production rate—2.907 x oxygen
uptake rate.

Respiratory exchange ratio: carbon dioxide production rate < oxygen uptake rate.
Energy expenditure rate: 3.941 X oxygen uptake rate + 1.106 x carbon dioxide produc-
tion rate.

2.7. Diagnosis

During the study period, adverse events were investigated by daily Lifestyle Ques-
tionnaire. In the event of an adverse event, the physician responsible for the study would
take necessary and appropriate action immediately, evaluate the adverse event, and make
a judgment on six levels: “none”, “probably none”, “maybe”, “probably yes”, “yes”, and
“unevaluable”. Adverse events (other than those judged by the physician responsible for
the study to be “probably none” or “none” causally related to the test food) were considered

as adverse reactions.
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2.8. Primary and Secondary Outcomes

The primary outcomes were fat oxidation rate and respiratory exchange ratio. Sec-
ondary outcomes were energy expenditure rate, carbohydrate oxidation rate, and maximum
fat oxidation rate.

2.9. Statistical Analysis

Subject background and nutrient intake are shown as mean =+ standard deviation.
For the measurement outcomes, values of the mean difference between values in the
test and control diet groups (intervention effect values) were calculated and shown as
mean = standard deviation.

Nutrient intake during the intervention period was compared between groups and
checked for normality by Shapiro-Wilk test. If the Shapiro-Wilk test showed significance,
the Mann-Whitney U test was conducted, if not significant the F test was used to check for
equal variance, if the F test was not significant the Student’s t test was conducted, and if
significant the Welch's t test was conducted. Mann-Whitney U test was performed for each
measurement item in physical activity metabolism.

The validity of the crossover method was verified by testing the carryover effect of
repetition using a linear model for each measurement item for which a significant difference
was found.

Basic statistics of the analyzed data were calculated using Microsoft Excel for Office365
MSO (Microsoft Japan Corporation, Tokyo, Japan), and R statistical software, v4.1.0 for
Windows (R Core Team, Vienna, Austria) was used for statistical processing. In all signifi-
cant difference analyses, a risk ratio of less than 5% was considered significant, and a risk
ratio of 5-10% was considered a tendency.

3. Results
3.1. Analysis of Subjects

From 72 potential subjects who consented, 30 subjects who met the selection criteria
and did not violate the exclusion criteria were included in the study at the discretion of
their physicians. Subsequently, one subject withdrew (because of ill health due to tonsillitis)
before the metabolic test in intervention period II, leaving 29 subjects who completed the
study. These 29 subjects were used as the subjects for analysis (Figure 2). The background
information for the analyzed subjects is shown in Table 2.

Table 2. Background information for the 29 subjects in the analysis 1

Characteristics n=29
Age years 503 +£9.1

Sex M/F 17/12
Height cm 165.4 + 8.9
Body weight kg 73.9+£95
BMI kg/m? 268 +1.3

1 Values are shown as mean =+ standard deviation.

3.2. Adverse Events

30 subjects were reviewed for adverse events and evaluated by the physician responsi-
ble for the study. Although 24 adverse events were observed during the study period, all
events were judged by the responsible physician to be “not related” to the test food, and no
adverse events were attributed to the test food.
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Sereanad (n=72)

Excluded (n=42)

Mot meluded in selaction criteria (n=13)
Declined to participate (n=11)
Dizcontinued (n=2)

Other reasons (n=16)

— Randomized (n=30) |—

‘ Group that ingests the control diet first (n=14) || Group that mzasts the test dist first (n=16) |

‘ (I) Control diet mzestion (n=14) | ‘ (I) Test diet ingestion (n=16) ‘

| i | | sk |

‘ (IT) Tast diet nzestion (n=14) | ‘ (II) Control dist mgestion (n=16) |
—‘{ Study discontimed (n=1) |

‘ Subjacts whoe complsted the study (n=13) ‘ ’ Subjects whoe completed the study (n=16) |

| Subjects who completed the study (n=29) |

’ Analyziz subjects (n=29) |

Figure 2. Flowchart of study subjects. 72 candidates were screened (SCR) by interview, physical
measurements, vital signs, stepping exercise and electrocardiography, biochemical and hematological
tests. 42 candidates were excluded and 30 subjects were included in the study. 30 subjects were
randomly assigned to two groups: one group (14 subjects) ingested the control diet first, and the
other group (16 subjects) ingested the test diet first. One subject discontinued the study before the
second metabolic test, and the total number of completed subjects was 29, who were included in
the analysis.

3.3. Nutrient Intake

The average daily nutrient intake for the 3 days prior to each test day is shown in
Table 3. Octanoic acid intake and decanoic acid intake were significantly higher in the
test diet group than in the control diet group. As a result, saturated fatty acid intake was
significantly higher in the test diet group than in the control diet group.
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Table 3. Nutrient intakes during the intervention period !. The average intake of nutrients during
the three days prior to each metabolic test.

n=29
Control Diet Test Diet

Energy kcal 1798.2 + 316.1 1974.8 4+ 359.4
Protein g 67.2 +14.2 713 +16.5
Fat g 64.8 +15.6 73.7 £22.6
Saturated fatty acid g 181 +5.6 24+73%

Octanoic acid mg 95.9 +90.0 1969.4 + 1255 *

Decanoic acid mg 188.2 £+ 169.8 865.1 &= 200.5 *
Carbohydrate g 226.5 + 61.8 246.2 +57.3

1 Values are shown as mean = standard deviation. * Significant difference compared to control group (p < 0.05).

3.4. Test Results of Measurement Outcomes

The intervention effect values for each measurement outcome are shown in Table 4.

Table 4. Metabolic data during physical activity !. The energy expenditure rate, fat oxidation rate,
carbohydrate oxidation rate, respiratory exchange ratio, and maximum fat oxidation rate during
exercise in the metabolic test.

Intervention Effect Value

n=29 Control Diet Test Diet (Test Diet—Control Diet) p Value
Energy expenditure rate kcal/min 240 +0.24 241 +0.22 0.01 +£0.14 0.82
Fat oxidation rate mg/min 174.7 4+ 46.2 183.4 + 415 8.8 +28.6* 0.01
Carbohydrate oxidation rate mg/min 175.3 = 76.5 156.6 + 61.5 —18.7 £529* 0.03
Respiratory exchange ratio 0.79 £0.04 0.79 £ 0.03 —0.01 +£0.03 * 0.03
Maximum fat oxidation rate mg/min 321.4 £+ 66.0 332.6 £ 62.1 11.1+6207 0.052

! Values are shown as mean = standard deviation. Significant difference compared to control group * (p < 0.05).
There is a trend compared to the control group ' (p < 0.1).

3.4.1. Primary Measurement Outcomes:

The intervention effect value of fat oxidation rate was 8.8 £ 28.6 mg/min, which
was significantly higher in the test diet group. The intervention effect value of respiratory
exchange ratio was —0.01 & 0.03, which was significantly lower in the test diet group.

3.4.1.1. Secondary Measurement Outcomes:

The rate of energy expenditure was not significantly different between the two groups.
The intervention effect value for carbohydrate oxidation rate was —18.7 & 52.9 mg/min,
which was significantly lower in the test diet group. The intervention effect value of the
maximum fat oxidation rate was 11.1 & 62.0 mg/min, which tended to be higher in the
group consuming the test diet.

3.5. Results of the Test for the Carryover Effect of Repetition

A linear model was used to test the carryover effect of repetition for each of the
endpoints that were found to be significant in the efficacy assessment. The p-values for fat
oxidation ratio, respiratory exchange ratio, and carbohydrate oxidation ratio were 0.90, 0.60,
and 0.59, respectively, indicating that there was no significant carryover effect of repetition
for any of the items.

4. Discussion

The results of this study showed that continuous ingestion of MCTs significantly
increased the fat oxidation rate and significantly decreased the respiratory exchange ratio
during low-intensity physical activity in persons with a BMI from 25 to less than 30 and who
were sedentary. In addition, compared to the control diet group, the energy expenditure
rate during physical activity in the test diet group was not significant, and the carbohydrate
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oxidation rate was significantly decreased. These results indicate that MCTs enhance fat
burning by preferentially utilizing fat as an energy substrate during low-intensity physical
activity in those classified as obese by Japanese standards. Furthermore, the results showed
that MCTs have an enhanced fat-burning effect when 2 g are ingested daily.

The mechanism by which continuous ingestion of MCTs increases fat oxidation dur-
ing low-intensity physical activity may be due to an increase in the number (volume) of
mitochondria and to increased fat catabolism in skeletal muscle. A mitochondrion is an
intracellular organelle that oxidizes glucose and lipids to produce ATP, which is necessary
for muscle contraction. Previous studies in animals have reported that continuous inges-
tion of MCTs increases mitochondrial biosynthesis [22] and activates metabolism-related
enzymes to enhance their metabolism [22-24]. The Akt and AMPK signaling pathways are
reportedly involved in these mitochondrial changes [22,24]. In addition, it has been shown
that fat oxidation capacity is increased by increasing mitochondrial density in skeletal
muscle [25] and, in a study that showed that continuous ingestion of MCTs improved en-
durance exercise capacity during swimming, the promotion of fat burning during exercise
was shown to be important for improving endurance exercise capacity [23,26].

A high-fat diet, which is higher than the daily intake of LCTs, also reportedly increases
the number of mitochondria and metabolism in skeletal muscle via PPARS, resulting in
increased fat burning [27-29]. However, there are many issues to be considered, including
the fact that continuing a high-fat diet is detrimental because it involves a drastic change in
diet, and even if it can be continued, it will increase body weight and body fat, which is
concerning [30]. On the other hand, it has been shown that the application of 6 g of MCTs
per day causes increased fat burning in skeletal muscle even in those on a normal fat diet,
with or without exercise habits [10-12]. Furthermore, this study showed that a continuous
ingestion of only 2 g of MCTs per day can enhance fat burning during low-intensity physical
activity. Although it has been shown that MCTs are safe to ingest [31], it is known that
diarrhea can occur when they are ingested in large amounts [32]. Therefore, we believe that
it is significant that the results of this study demonstrated that MCTs function even when
ingested in smaller amounts.

MCFAs (C8 and C10) are components found in human breast milk at about 1.5-2.9%,
in dairy products at about 4.0-4.7%, and in coconut oil at about 13.9% of the fatty acid
content [33]. Japanese people consume about 0.2 g to 0.3 g per day from dairy products [33].
Therefore, the present study indicates that continuous intake of C8 and C10, about 10 times
higher than daily intake, may enhance fat burning more than daily intake of LCTs.

According to the “Physical Activity Standards for Health Promotion 2013 (“2013
Standards”)” compiled by [34] as part of the efforts to promote “Healthy Japan 21, 2nd
stage” [35], physical activity refers to all activities that expend more energy than in a state
of rest, and is divided into activities of daily living (“daily activities”) and exercise designed
to maintain and improve physical fitness. The physical activity intensity in this study was
converted into METs (metabolic equivalents), which averaged about 2.2 METs.

This physical activity intensity is equivalent to daily activities such as “doing the
laundry, folding or hanging clothes, putting clothes in the washer or dryer, packing a
suitcase, washing clothes by hand, implied standing, and light effort (2.0 METs)”; “cleaning,
sweeping, or slow, light effort (2.3 METs)”; and “food shopping with or without a grocery
cart, standing, or walking (2.3 METs)” [36]. In other words, continuous ingestion of 2 g
of MCTs per day could enhance fat burning during activities of daily living. The 2013
standards show that increased physical activity and habitual aerobic exercise increase
energy expenditure, utilize visceral and subcutaneous fat as an energy source, and reduce
abdominal circumference and weight.

This study showed for the first time that continuous (daily) ingestion of 2 g of MCTs
enhances fat burning during daily activities in sedentary people with high BML. Previous
studies in which humans ingested MCFAs equivalent to 2 g of MCTs showed an increase
in postprandial thermogenesis during a single ingestion and a decrease in body weight
and body fat during continuous ingestion [37,38]. We consider that the results of this study
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indicate that the anti-obesity effect of the ingestion of MCTs equivalent to 2 g is due to the
enhancement of fat burning in daily activities during continuous ingestion, in addition to
the effect of increased diet-induced thermogenesis after MCFAs ingestion.

In previous studies on the effects of MCFAs ingestion in animals, it was reported that
MCFAs increased fat catabolism in skeletal muscle [39], liver [40], and adipose tissue [41],
each of which are organs where fat catabolism is actively performed. We believe that these
reports represent a more robust mechanism of action for the anti-obesity effects shown
in human studies. The enhancement of fat burning during daily activities in sedentary
people with a high BMI shown in this study is thought to contribute to the reduction of
body fat through the continuous ingestion of MCFAs, and is expected to contribute to the
prevention and reduction of obesity.

The present study was conducted under conditions without weight fluctuation. There-
fore, no weight loss was observed after 2 weeks of MCTs ingestion. The energy intake
during the intervention period was about 200 kcal more in the test diet group, although
the difference was not statistically significant. This could be attributed to the fact that
subjects ate more food in order to maintain their weight. Therefore, we believe that there is
a possibility that weight change can be observed even after two weeks of MCT ingestion
of 2 g per day. On the other hand, there was no difference in energy expenditure during
physical activity, which is thought to lead to weight loss, between control diet group and
test diet group. Further studies are needed to reveal the mechanism by which continuous
MCTs ingestion reduces body weight.

It is known that physical activity is related to life expectancy and disease risk [42,43],
and increasing the amount of physical activity is an important factor in maintaining and
improving health. Indeed, fat catabolism is enhanced by daily endurance exercise [44], and
recently it has been shown that the amount of daily activity may contribute to fat oxidation
capacity [45]. In addition, animal studies have shown that MCTs ingestion and exercise
additively enhance metabolic rate and reduce visceral fat [46]. Hence, considering these
points, we believe that combining MCTs ingestion with daily activities can be expected to
more strongly prevent or reduce obesity and contribute to extending healthy life expectancy.

Recent changes in our “obesogenic” living environment, such as motorization and
increased time spent sitting at home due to pandemic, have unintentionally reduced our
physical activity, but we hope to encourage people to increase their physical activity based
on the effects of continuous MCTs ingestion, shown in this study to increase fat burning
during daily activities.

In this study, healthy sedentary men and women with higher than average BMI were
tested under low-intensity physical activity load conditions at the daily activity level
using a bicycle ergometer. There are some limitations associated with this study. (1) The
effect on people with a BMI of less than 25 as well as exercise enthusiasts and athletes are
unknown. (2) The effects of moderate-intensity and higher physical activity load conditions
are unknown.

5. Conclusions

A placebo-controlled, randomized, double-blind, crossover study was conducted to
evaluate the effects of daily ingestion of 2 g MCTs for 2 weeks on fat catabolism during
low-intensity physical activity in sedentary individuals and with a BMI from 25 to less
than 30. The results showed that MCTs ingestion significantly increased the rate of fat
oxidation during low-intensity physical activity, indicating that it enhances fat catabolism.
These results suggest that daily ingestion of 2 g of MCTs over 2 weeks increased fat burning
during daily physical activities in sedentary persons with a BMI from 25 to less than 30. As
a possible mechanism for the enhanced fat-burning effect observed with MCTs ingestion
during daily activities, increased mitochondrial biosynthesis and enhanced mitochondrial
metabolism were considered to be contributory factors. We have shown that continuous
ingestion of MCTs in amounts more easily adapted to daily lifestyle enhances fat burning
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during daily activities in sedentary obese individuals, but further studies are needed to
understand the mechanisms of weight loss.
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