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Ingestion of triglycerides
containing medium- and
long-chain fatty acids can
iIncrease metabolism of ingested
long-chain triglycerides in
overweight persons

Naohisa Nosaka™, Shogo Tsujino?!, Shohei Sadamitsu?,
Nanaka Ando! and Kazuhiko Kato?

!Central Research Laboratory, The Nisshin QilliO Group, Ltd., Yokohama, Kanagawa, Japan, 2Kato Clinic,
Komae, Tokyo, Japan

Introduction: Medium-chain fatty acids (MCFAs) have attracted considerable
attention for preventing or improving obesity, which is a recognized risk factor
for lifestyle-related diseases. Medium- and long-chain triglycerides (MLCTs) are
expected to improve the metabolism of ingested long-chain triglycerides (LCTs).
However, previous studies have reported mixed results. In this study, the effect of
ingestion of MLCTs was evaluated on the metabolism of LCTs and compared to
the ingestion of rapeseed oil (control oil).

Methods: A randomized, double-blind, placebo-controlled crossover study
was performed among sedentary participants with BMIs ranging from 25 below
30kg/m?. Thirty participants were asked to ingest either 14 g of MLCTs or a control
oil for 4 weeks. The metabolism of ingested LCTs was evaluated by measuring
isotopically labeled carbon dioxide released by the degradation of carbon-13
(13C)-labeled LCTs.

Results: Ingestion of MLCTs markedly enhanced the metabolism of ingested LCTs
by comparison to the control oil.

Conclusion: The findings of this study suggest that ingestion of MLCTs may
enhance the metabolism of dietary LCTs through activation of p-oxidation in liver
mitochondria, which may increase the metabolic kinetics of ingested long-chain
fatty acid (LCFAs).

Clinical trial registration: https://center6.umin.acjp/cgi-open-bin/ctr/ctr_view.
cgi?recptno=RO00053101, identifier: UMINO00046604.

KEYWORDS

medium- and long-chain triglycerides, obesity, metabolism of ingested fat, medium-
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1 Introduction

Obesity augments the chances of developing dyslipidemia,
hypertension, and type 2 diabetes, which are related to cardiometabolic
diseases and metabolic syndrome (1). Mitochondrial dysfunction
often occurs in metabolic diseases, including metabolic syndromes
(2). Improved mitochondrial function may play an important role in
increased energy expenditure and fat oxidation, which contribute to
weight loss and maintaining a healthy weight (3). The diet-induced
thermogenesis (DIT) and metabolism of ingested LCTs were lower in
obese individuals compared to normal weight individuals (4, 5).

MCFAs, comprising unbranched saturated fatty acids with 6-12
carbon atoms, are dietary ingredients that promote improved
mitochondrial function (2, 6). As such, ingestion of MCTs, containing
8- and 10-carbon MCFAs, has been investigated. MCTs ingestion is
reported to elicit an anti-obesity function by suppressing the
accumulation of body and visceral fat (7, 8), enabling postprandial
increase in DIT (9-11), and increasing both 24-h energy expenditure
(12), fat oxidation during physical activity (13-15), as well as the
metabolism of dietary fat (16).

Although MCTs prevent or improve obesity their physicochemical
characteristics cause them to smoke during the cooking process at high
temperatures (150-200°C). Moreover, heating a mixture of cooking oil
and MCTs together causes foaming. To resolve these issues, we prepared
MLCTs by mixing 80%-90% rapeseed oil and 10%-20% MCTs before
initiating an enzymatic catalyzed ester exchange reaction. The net result
of this reaction was to randomize the fatty acids on the glycerides. These
MLCTSs increase the smoke point and reduce foaming during cooking.
Moreover, these improvements allow MLCTs to be regularly used in the
same wide range of cooking applications as fats and oils (17). Human
studies have been conducted to analyze the ingestion of MLCTs. Akin
to the results for MCTs, MLCTs ingestion was found to inhibit the
accumulation of body fat and visceral fat (18-21), enhance postprandial
DIT (22, 23), and increase the oxidation of fat during physical activity
(24). Results from animal studies suggest ingestion of MLCTS increase
the hepatic degradation of LCFAs (25, 26). Therefore, MLCTs are
expected to act in the same way as MCTS to improve the metabolism of
ingested LCTs. However, previous studies using butter and coconut oil
(which contain small amounts of octanoic and decanoic acids) have
reported mixed results (27, 28).

Based on these results, the present study was designed to establish
whether 4-week ingestion of MLCTs in humans enhances the
metabolism of ingested fat. Specifically, overweight volunteers were
selected. Obesity is defined as a BMI of 25kg/m* or more (29) and
BMIs ranging from 25 below 30kg/m? is classified as obese class-1 (30)
in Japan. According to this definition, about 30% of men and 20% of
women in Japan are considered obese (31). After the initial 4 week
feeding period, metabolism of dietary fat was investigated using
isotopically labeled LCTs by monitoring the release of labeled
carbon dioxide.

2 Methods
2.1 Ethical considerations and participant

This study complied with the Declaration of Helsinki. The
investigation was performed with assistance from a physician at the
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Kouwa Clinic, Kouwa-kai Medical Corporation (Tokyo, Japan) and
Fuji Medical Science Co., Ltd. (Chiba, Japan) as a contract research
organization (CRO, Huma R&D Co., Ltd., Tokyo, Japan). The
proposed experimental procedures were reviewed by the Yoga Allergy
Clinic Clinical Research Ethics Review Committee (approval number:
RD10012KW04). This study was registered with UMIN-CTR prior to
initiating the investigation (UMIN CTR ID: UMIN000046604).

Thirty volunteers were recruited for this study. Previous studies
have examined the fat oxidation rate during physical activity (15) and
metabolic rate of dietary fat after meals (16) containing 2g of MCTs
for 2weeks in overweight persons. The least number of subjects
required for this analysis was evaluated to be 28.

Volunteers were recruited from the participant registration bank
of the contract research organization. Potential subjects were screened
by conducting an interview, testing blood pressure, and performing a
range of biochemical analyses of the blood. Participants were eligible
for the study if: (i) selection criteria were met, (ii) administrative
requirements throughout the study period could be fulfilled, and (iii)
involvement in the study was judged by the principal investigator to
be safe.

A double-blind study was performed using a crossover method.
Participants were randomly allocated into two groups. One group was
given MLCT first (MLCT-first group) and the other group received
the control food first (control-first group). The two groups were
equivalent with respect to sex and age. The washout period was
5weeks between the two intervention periods (period-1 and period-
2). The schedule for this study is shown below.

Week 0 Week 4 Week 9 Week 13

“<MLCT food— «<Wash Out— «Control food—

MLCT-first group

«Control food— «Wash Out— “~MLCT food—

Control-first group

Measurement Measurement

2.2 Test food

MLCTs (Nisshin OilliO Group, Ltd., Tokyo, Japan) was used as the
test oil, and rapeseed oil (Nisshin OilliO Group, Ltd.) was used as the
control oil. The fatty acid composition of their oils is shown in Table 1.
The MLCTs comprised inter-esterified triglycerides containing 1.6 g
of MCFAs in 14 g (32). During the intervention period, test foods
containing MLCTs (MLCT food), or control oil (control food) were
ingested (303 kcal energy, 8.5g protein, 14.3 g fat, 35.1 g carbohydrate).

TABLE 1 The fatty acid composition of the control and test oils.

g/100 g fatty acids Control oil LS
Saturated fatty acids 9.0 19.5
Medium-chain fatty acids 0.0 11.6
Mono-unsaturated fatty acids 63.9 56.5
Poly-unsaturated fatty acids 27.2 24.0
n-6 fatty acids 19.5 17.2
n-3 fatty acids 7.7 6.8
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Participants who ingested MLCT food comprised the MLCT group,
and those who ingested control food comprised the CO group. Both
the test and control food diets were ingested for 4 weeks. Throughout
the study period patients were asked to continue their usual lifestyle
and not to engage in vigorous exercise, eating small meals, overeating,
and excessive consumption of alcohol.

2.3 Nutritional survey

On the 25th, 26th, and 27th days following ingestion of the MLCT
or control food, the participants were asked to photograph their meals
and record details on a survey form over the three day period. From
the information provided by the participants, nutrient calculations
were performed to determine the daily intake of energy, protein, fat,
carbohydrate, saturated fatty acids, MCFAs, monounsaturated fatty
acids, polyunsaturated fatty acids, n-6 polyunsaturated fatty acids, and
n-3 polyunsaturated fatty acids (33).

2.4 Measurement

After ingesting the test foods for 4weeks and then fasting
overnight, metabolic rate was measured in the laboratory. Here,
participants were asked to enter relevant details in the human
calorimeter. The accurateness of the readings were confirmed as
previously reported (15, 16). During the study period both oxygen
consumption and carbon dioxide production recoveries were within
100£2%.

Each participant ingested a test meal containing 14 g of either
MLCTs or the control oil and 400 mg of 13C-labeled triolein (481 kcal
energy, 22.4g protein, 18.7 g fat, 57.6 g carbohydrate). 13C-labeled
triolein was TRIOLEIN (1,1,1-13C3; Cambridge Isotope Laboratories,
Inc., Tewksbury, MA, United States).

Participants rested for 4h before and after ingestion of the test
meal. Exhaled breaths were collected with a gas bag approximately
every hour before and after ingestion of the test meal.

2.5 Experimental determination of the
metabolic rate of ingested LCTs

Metabolism of dietary fat was determined from the rate of
excretion of 13C-labeled carbon dioxide. The metabolic rate of
ingested 13C-labeled triolein was determined using the same formula
as previously reported, and cumulative values were calculated using
the same method (15).

2.6 Statistical analysis

Data for participant period-1 or period-2 were analyzed. When
missing values occurred, multiple imputations were conducted.
Dietary intake and body weight during the intervention period were
checked for normality by the Shapiro-Wilk test to evaluate the two
intervention groups (MLCT and CO groups). Cumulative metabolic
rate of ingested LCTs at 4h were postprandial. For cases of no
normality, the Mann-Whitney U test was performed, and if normality
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was found, equal variances were confirmed by an F test. Student’s
t-test was performed if there was equal variance, and Welch’s t-test was
used if there was no equal variance.

The intervention effect values for the cumulative metabolic rate
of ingested LCTs at 4 h postprandial (values for the MLCT group
minus values for the CO group) were confirmed for normality by
the Shapiro-Wilk test. If no normality was found, a Mann-
Whitney U test was performed. If there was normality, a linear
mixed model was used. Restricted maximum likelihood estimation
was performed with a random intercept model equation with
group, time, and order of intake as fixed effects and participants as
variable effects. Significance, estimates, and 95% confidence
intervals were obtained for fixed effects. Measurement indicators
that showed significant differences were analyzed for carryover
effects, and results were withheld if the significance of the
difference was found.

Basic statistical analysis was performed using Microsoft Excel for
Office365 (Microsoft Japan Co., Ltd., Tokyo, Japan). All statistical
processing was done using the R package (ver. 4.1.0; R Core Team,
Austria). Note, of <5% indicated a

Vienna, p-values

significant difference.

3 Results
3.1 Participant

In all, 80 individuals who gave informed consent were evaluated
for eligibility to participate in the study. Of these, 33 were excluded (4
for not meeting the selection criteria, 4 due to their own free will, 8 for
personal reasons other than their own free will, and 17 for other
reasons). The remaining 47 eligible participants were randomly split
into two groups: 24 in the MLCT-first group and 23 in the control-
first group.

After commencement of the study, 1 participant in the MLCT-
first group discontinued before the period-1 visit and 1 participant
in the control-first group dropped out of the study. In all, 15
participants from each group were analyzed in period-1 (i.e., the
target number of patients, 30, was measured). A total of 14
participants, 7 participants in each group, were not measured at the
end of period-1. One participant in the MLCT-first group
discontinued before coming to the hospital for period-2, and 14
participants in the MLCT-first group and 15 participants in the
control-first group were evaluated in period-2. Thus, measurement
data was obtained from 30 participants in the MLCT group and 29
participants in the CO group. All reasons for discontinuation were
related to restrictions on outdoor activity due to the COVID-19
pandemic. Subject details are shown in Table 2.

TABLE 2 Details of the participants (male n = 14, female n = 16).

| n=30
Age, year 50.5 + 8.0
Height, cm 164.7 + 6.1
Weight, kg 73.6 + 7.0
BMI, kg/m?* 27.0 + 14

Values are expressed as mean +SD.
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No adverse events attributable to the ingestion of the test food
(including the MLCT food and the control food) were observed
during the study period. Two participants in the CO group each
reported one adverse event (1 with diarrhea; 1 with bloating, belching,
and soft stools) that could have been caused by the ingestion of the
control food. However, the physician decided to continue the study
because these adverse events are commonly observed following the
ingestion of foods.

There were 30 participants in the analysis with measurement data
from either period-1 or period-2. Data analysis was performed after
multiple imputations to the nutrient intake and cumulative metabolic
rate data of dietary LCTs for 1 participant who discontinued the study
in period-2.

3.2 Nutrient intake

Nutrient intakes based on dietary surveys during the
intervention period are shown in Table 3, the calculated nutrient
intakes include the test foods. A difference in intake of MCFAs was
seen between the two groups, reflecting the intake of the different
test foods.

3.3 Metabolic rate of ingested LCTs

TRIOLEIN (1,1,1-13C3) was ingested at 2.14% (w/w) per fat in
meal, at an average of 5.4mg/kg body weight per participant. The
aggregate metabolic rate of dietary LCTs for each diet group and their
intervention effect values are shown in Table 4. The intervention effect
value for the cumulative metabolic rate of dietary LCTs was
significantly higher in the MLCT group than in the CO group
(p<0.05, Mann-Whitney’s U test, Table 4).

TABLE 3 Nutrient intake during the intervention period.

10.3389/fnut.2023.1260506

4 Discussion

When verifying the effectiveness of dietary elements in combating
obesity, major techniques for analyzing changes in metabolism after a
meal include energy expenditure (which may be distinguished by fat
and carbohydrate oxidation), the dynamics of blood lipids, and the
degradation of specific fatty acids using 13C isotope labeling.
Numerous studies indicate augmented postprandial energy
expenditure utilizing MCTs and MLCTs (9-12, 22, 23, 34). Conversely,
there are conflicting conclusions concerning fat and carbohydrate
oxidation reported across studies. MCTs effectively reduce
postprandial chylomicron concentrations and hinder the elevation of
TG concentrations in blood lipids (35-37). In contrast, no noticeable
differences result on the blood lipid from the ingestion of MLCTs
[coconut oil (38)], as they contain LCFAs within the MLCTs. To
differentiate fat metabolism in the body from the metabolic process of
ingested fat, the optimal method is considered to evaluate the
decomposition of targeted fatty acids via ingested 13C isotopes.
Studies analysing the degradation of 13C-labelled fatty acids have
demonstrated a distinct escalation in the oxidation of MCFAs (5, 39).
However, a growth in the metabolism of ingested LCTs has only
recently been documented when ingested MCTs (14) but not MLCTs.
Previous studies of short-term (11 days) butter ingestion have shown
increased net postprandial oxidation of dietary myristic acid but not
palmitic acid, depending on the fatty acid composition of the test
meal, compared with tallow ingestion (27). The combined ingestion
of butter and coconut oil for 14days increased postprandial net
saturated LCFAs oxidation but did not increase dietary saturated
LCFAs oxidation more than tallow ingestion (28).

Here, we evaluated metabolism of ingested 13C-labeled triolein in
overweight participants following a 4-week period of ingestion of
either MLCTs or control oil. The findings indicated that participants
in the MLCT group displayed significantly increased metabolism of

CO group MLCT group

Energy, kcal 2035 + 58 2029 + 62
Protein, g 70.3 + 2.7 71.8 + 2.4
Fat, g 80.5 + 3.6 80.6 + 34
Carbohydrate, g 247 + 8 244 + 9
Saturated fatty acids, g 19.6 + 1.1 20.7 + 1.1
Medium-chain fatty acids, mg 276 + 36 1925 + 53"
Mono-unsaturated fatty acids, g 31.3 + 1.5 31.5 + 1.3
Poly-unsaturated fatty acids, g 20.0 + 0.8 18.8 + 0.8
n-6 fatty acids, g 16.3 + 0.7 14.9 + 0.7
n-3 fatty acids, g 3.5 + 0.2 3.7 + 0.2

Values given as mean + SD. The calculated nutrient intakes include the test foods. * Significant difference from CO group (p<0.05).

TABLE 4 Cumulative value of metabolic rate of dietary LCTs.

Cumulative value (4 h of AUC)

CO group

Intervention effect

MLCT group (MLCT-CO)

Metabolic rate of ingested LCTs, % 1.8

+

0.3

2.3

0.3 0.5 0.3 #

I+
I+

Values given as mean + SE. # Significant difference (p <0.05, Mann-Whitney’s U test).
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ingested triolein compared to those given control oil (CO group). This
study found similar results for increased metabolism of ingested LCTs
to those reported from studies with small amounts of MCTs ingested
(16), but different results from those with butter and coconut oil
ingested (27, 28). The fat energy in the test meals in which postprandial
metabolism was assessed in the studies with MCTs and MLCTs (this
study) was 7%-8% per day, whereas the test meals in the studies with
butter and coconut oil were high in fat energy, around 30%-50%. It is
speculated that differences in the amount of total fat in the test meals
may have affected the metabolism of ingested fat after the meal. In
addition, the present study investigated the effect of fats and oils high
in unsaturated fatty acids, comparing rapeseed oil and its inter-
esterified counterpart, MLCTs. While previous studies using butter
and coconut oil have examined the metabolism of ingested saturated
LCFAs in the diet of mainly saturated fats and oils, this study measured
the metabolism of oleic acid as a monounsaturated fatty acid in the
diet. It has been discussed that the degree of postprandial oxidation
varies with the type of fatty acid, and it is generally thought that the
increase in postprandial oxidation is saturated fatty acids <
monounsaturated fatty acids < polyunsaturated fatty acids. However,
the differences between these fatty acids are not clear, as some studies
have found no difference between saturated and monounsaturated
fatty acids (40).

The present investigation was conducted using a crossover study
design, with no significant differences in energy and energy-producing
nutrient intake between the two groups. Furthermore, the analysis of
the carryover effect with respect to the influence of the order of
allocation was not significant. These findings confirmed that there was
no significant difference between the effects of energy and nutrient
intake and allocation during the test food ingestion period, and that
the results obtained were due to the effects of MLCTs ingestion. In this
study, we used rapeseed oil as the control oil. Rapeseed oil is the most
widely used edible oil in Japan. Therefore, the test oil, which was
prepared by inter-esterification of rapeseed oil and MCTs, was
considered to be highly acceptable to the Japanese and easy to
substitute. As shown in the Table 1, rapeseed oil contains n-3 and n-6
polyunsaturated fatty acids in addition to monounsaturated fatty
acids. MLCTs reduce the monounsaturated fatty acids and n-3 and n-6
polyunsaturated fatty acids that are provided by consuming rapeseed
oil, depending on the amount of MCFAs. However, rapeseed oil and
MLCTs have generally equivalent cooking oil properties. Replacing
edible oil with MLCTs, which do not differ markedly except for
containing the low-level of MCFA, would increase the metabolism of
ingested LCTs, as shown in this study, suggesting that ingestion of
MLCTs may help prevent or ameliorate obesity.

Previous studies allow for inference that the fatty acid degrading
system is activated in the liver due to the functional properties of the
MLCTs obtained in this study. Ingested LCTs are absorbed from the
intestinal tract as LCFAs and LCFA-bound monoacylglycerol, which
are then resynthesized into LCTs to form lipoproteins and released
into the blood via the lymphatic system. In the bloodstream, LCTs are
degraded by lipoprotein lipase and converted to LCFAs, which are
then transferred to adipose tissue, muscle tissue, and the liver (i.e.,
major organs in the body that utilize LCFAs) (40, 41). Crucially, the
liver actively expends energy, even at rest after eating (42), and dietary
LCFAs are oxidized when they reach the liver. Previous animal studies
examined the effects of MLCTs ingestion on hepatic p-oxidation
activity (25). Specifically, rats were fed either MLCTs or LCTs over a
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4week period. The expression of long-chain acyl-CoA dehydrogenase
at the mRNA level in the MLCTs group was significantly higher
compared to LCTs group, while PPARa mRNA expression was the
same in both groups. This observation suggested that the increase in
peroxisomal fatty acid oxidation may be unaffected by the ingestion
of LCTs. In another study involving rats, the activity of liver acyl-CoA
dehydrogenase was measured 1h after a single ingestion of either
MLCTs or LCTs and palmitoyl-CoA as substrate (26). Long-chain
acyl-CoA dehydrogenase enzyme activity was significantly elevated
together with the corresponding level of mRNA in the MLCTs group
compared to the LCTs group. Taken together, these results suggest that
the activity and corresponding gene expression of enzymes that
oxidize LCFAs in the mitochondrial p-oxidation system may
be increased in the liver of animals fed MLCTs, and that the oxidation
of LCFAs is accelerated in the liver. MCFAs absorbed from the
intestinal tract are not as easily resynthesized into triglycerides as
LCFAs, and most of MCFAs are quickly metabolized in the liver (6).
Studies in animals have also shown that the oxidation of MCFAs (i.e.,
octanoic acid) in hepatocytes is five-fold faster than that of LCFAs (i.e.,
oleic acid), partly because MCFAs and albumin exist in a bound state
at a lower ratio than LCFAs and are more readily taken up by the
hepatocytes (43). Indeed, previous human studies have shown that
ingested MCTs are oxidized at a faster rate than ingested LCTs (5, 39).
Furthermore, previous animal studies have shown mRNA expression
of long-chain acyl-CoA dehydrogenase was significantly upregulated
after ingestion of both MCTs and MLCTs instead of LCTs (26). The
post-absorption metabolic kinetics of MCFAs may also alter the
activation of fatty acid oxidation of LCFAs in the liver.

A limitation of this study was that it exclusively involved Japanese
participants. Thus, it is unclear whether similar results would
be obtained for other ethnicities. Moreover, Asians reportedly differ
from Caucasians in body composition, as evidenced from the
difference in body fat percentage and fat-free mass (44). Consequently,
it is not obvious whether similar results would be obtained if different
dietary compositions were used to assess metabolism of ingested fat.
Another limitation of the study is that it did not examine populations
with different exercise habits or higher levels of obesity.

5 Conclusion

The present study showed that 4 weeks of MLCTs ingestion could
significantly enhance the metabolism of ingested LCTs in overweight
individuals with no exercise habits. Our findings suggest that MCFAs
exhibit different metabolic kinetics than LCFAs and contribute to
enhanced degradation of ingested fatty acid by activating the
f-oxidation system in liver mitochondria.

At present, people who need fats and oils with metabolic functions
select and consume them, but in the future, edible oils will be developed
that contain fatty acids with metabolic functions that are needed by each
individual, such as MLCTs. With progress, it may be possible to
consume optimal fats and oils without increasing fat intake.

Data availability statement

The datasets presented in this article are not readily available
because data not available due to commercial restrictions. Requests to

frontiersin.org


https://doi.org/10.3389/fnut.2023.1260506
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Nosaka et al.

access the datasets should be directed to NN, n-nosaka@nisshin-

oillio.com.

Ethics statement

The studies involving humans were approved by Yoga Allergy
Clinic Clinical Research Ethics Review Committee. The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

NN: Conceptualization, Methodology, Writing - original draft.
ST: Conceptualization, Writing - review & editing. SS: Formal
analysis, Writing - review & editing. NA: Formal analysis, Writing —
review & editing. KK: Supervision, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The present

References

1. Drozdz D, Alvarez-Pitti J, Wojcik M, Borghi C, Gabbianelli R, Mazur A, et al.
Obesity and Cardiometabolic risk factors: from childhood to adulthood. Nutrients.
(2021) 13:4176. doi: 10.3390/nul3114176

2. Lemos GO, Torrinhas RS, Waitzberg DL. Nutrients, physical activity, and
mitochondrial dysfunction in the setting of metabolic syndrome. Nutrients. (2023)
15:1217. doi: 10.3390/nu15051217

3. Christoffersen B@, Sanchez-Delgado G, John LM, Ryan DH, Raun K, Ravussin E.
Beyond appetite regulation: targeting energy expenditure, fat oxidation, and lean mass
preservation for sustainable weight loss. Obesity. (2022) 30:841-57. doi: 10.1002/
oby.23374

4. Fonseca DC, Sala P, De Azevedo Muner Ferreira B, Reis J, Torrinhas RS, Bendavid
I, et al. Body weight control and energy expenditure. Clin Nutr Exp. (2018) 20:55-9. doi:
10.1016/j.yclnex.2018.04.001

5. Binnert C, Pachiaudi C, Beylot M, Hans D, Vandermander J, Chantre P, et al.
Influence of human obesity on the metabolic fate of dietary long- and medium-chain
triacylglycerols. Am J Clin Nutr. (1998) 67:595-601. doi: 10.1093/ajcn/67.4.595

6. Watanabe S, Tsujino S. Applications of medium-chain triglycerides in foods. Front
Nutr. (2022) 9:9. doi: 10.3389/fnut.2022.802805

7. Tsuji H, Kasai M, Takeuchi H, Nakamura M, Okazaki M, Kondo K. Dietary
medium-chain triacylglycerols suppress accumulation of body fat in a double-blind,
controlled trial in healthy men and women. J Nutr. (2001) 131:2853-9. doi: 10.1093/
jn/131.11.2853

8. Nosaka N, Maki H, Suzuki Y, Haruna H, Ohara A, Kasai M, et al. Effects of
margarine containing medium-chain triacylglycerols on body fat reduction in humans.
J Atheroscler Thromb. (2003) 10:290-8. doi: 10.5551/jat.10.290

9. Kasai M, Nosaka N, Maki H, Suzuki Y, Takeuchi H, Aoyama T, et al. Comparison
of diet-induced thermogenesis of foods containing medium- versus long-chain
triacylglycerols. ] Nutr Sci Vitaminol (Tokyo). (2002) 48:536-40. doi: 10.3177/jnsv.48.536

10. Nosaka N, Suzuki Y, Maki H, Haruna H, Ohara A, Kasai M, et al. Effects of
ingestion of margarine containing medium-chain triglycerides for 4 weeks on blood
parameters and postprandial thermogenesis. J Oleo Sci. (2003) 52:571-81. doi: 10.5650/
j0s.52.571

11. Suzuki Y, Nosaka N, Maki H, Kasai M, Aoyama T, Haruna H, et al. Effects of
margarine containing medium-chain triglycerides on diet-induced thermogenesis. J
Oleo Sci. (2005) 54:299-304. doi: 10.5650/j0s.54.299

12. Dulloo AG, Fathi M, Mensi N, Girardier L. Twenty-four-hour energy expenditure
and urinary catecholamines of humans consuming low-to-moderate amounts of

Frontiers in Nutrition

10.3389/fnut.2023.1260506

study was funded by the Nisshin OilliO Group, Ltd., Tokyo, Japan. The
funder was not involved in the study design, collection, analysis,
interpretation of data, the writing of this article or the decision to
submit it for publication.

Acknowledgments

The authors acknowledge all participants in the present study.

Conflict of interest

The authors NN, ST, SS, and NA are employees of The Nisshin
OilliO Group, Ltd. Author KK was employed by medical cooperation
Kato Clinic.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

medium-chain triglycerides: a dose-response study in a human respiratory chamber. Eur
J Clin Nutr. (1996) 50:152-8.

13. Nosaka N, Suzuki Y, Suemitsu H, Kasai M, Kato K, Taguchi M. Medium-chain
triglycerides with maltodextrin in-crease fat oxidation during moderate-intensity
exercise and extend the duration of subsequent high-intensity exercise. ] Oleo Sci. (2018)
67:1455-62. doi: 10.5650/j0s.ess18112

14. Nosaka N, Tsujino S, Honda K, Suemitsu H, Kato K. Enhancement of fat oxidation
during submaximal exercise in sedentary persons: variations by medium-chain fatty acid
composition and age group. Lipids. (2020) 55:173-83. doi: 10.1002/lipd.12222

15. Tsujino S, Nosaka N, Sadamitsu S, Kato K. Effect of continuous ingestion of 2 g of
medium-chain triglycerides on substrate metabolism during low-intensity physical
activity. Nutrients. (2022) 14:536. doi: 10.3390/nu14030536

16. Nosaka N, Tsujino S, Kato K. Short-term ingestion of medium-chain triglycerides
could enhance postprandial consumption of ingested fat in individuals with a body mass
index from 25 to less than 30: a randomized, placebo-controlled, Double-Blind
Crossover Study. Nutrients. (2022) 14:1119. doi: 10.3390/nu14051119

17. Takeuchi H, Sekine S, Kojima K, Aoyama T. The application of medium-chain fatty
acids: edible oil with a suppressing effect on body fat accumulation. Asia Pac J Clin Nutr.
(2008) 17:320-3.

18. Matsuo T, Matsuo M, Kasai M, Takeuchi H. Effects of a liquid diet supplement
containing structured medium- and long-chain triacylglycerols on bodyfat accumulation
in healthy young subjects. Asia Pac ] Clin Nutr. (2001) 10:46-50. doi:
10.1046/j.1440-6047.2001.00196.x

19. Takeuchi H, Kasai M, Taguchi N, Tsuji H, Suzuki M. Effect of triacylglycerols
containing medium- and long-chain fatty acids on serum triacylglycerol levels and body
fat in college athletes. ] Nutr Sci Vitaminol (Tokyo). (2002) 48:109-14. doi: 10.3177/
jnsv.48.109

20. Kasai M, Nosaka N, Maki H, Negishi S, Aoyama T, Nakamura M, et al. Effect of
dietary medium- and long-chain triacylglycerols (MLCT) on accumulation of body fat
in healthy humans. Asia Pac J Clin Nutr. (2003) 12:151-60.

21.Xue C, Liu Y, Wang ], Zhang R, Zhang Y, Zhang ], et al. Consumption of medium-
and long-chain triacylglycerols decreases body fat and blood triglyceride in Chinese
hypertriglyceridemic subjects. Eur J Clin Nutr. (2009) 63:879-86. doi: 10.1038/
€jcn.2008.76

22. Matsuo T, Matsuo M, Taguchi N, Takeuchi H. The thermic effect is greater for
structured medium- and long-chain triacylglycerols versus long-chain triacylglycerols
in healthy young women. Metabolism. (2001) 50:125-30. doi: 10.1053/meta.2001.18571

frontiersin.org


https://doi.org/10.3389/fnut.2023.1260506
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
mailto:n-nosaka@nisshin-oillio.com
mailto:n-nosaka@nisshin-oillio.com
https://doi.org/10.3390/nu13114176
https://doi.org/10.3390/nu15051217
https://doi.org/10.1002/oby.23374
https://doi.org/10.1002/oby.23374
https://doi.org/10.1016/j.yclnex.2018.04.001
https://doi.org/10.1093/ajcn/67.4.595
https://doi.org/10.3389/fnut.2022.802805
https://doi.org/10.1093/jn/131.11.2853
https://doi.org/10.1093/jn/131.11.2853
https://doi.org/10.5551/jat.10.290
https://doi.org/10.3177/jnsv.48.536
https://doi.org/10.5650/jos.52.571
https://doi.org/10.5650/jos.52.571
https://doi.org/10.5650/jos.54.299
https://doi.org/10.5650/jos.ess18112
https://doi.org/10.1002/lipd.12222
https://doi.org/10.3390/nu14030536
https://doi.org/10.3390/nu14051119
https://doi.org/10.1046/j.1440-6047.2001.00196.x
https://doi.org/10.3177/jnsv.48.109
https://doi.org/10.3177/jnsv.48.109
https://doi.org/10.1038/ejcn.2008.76
https://doi.org/10.1038/ejcn.2008.76
https://doi.org/10.1053/meta.2001.18571

Nosaka et al.

23.Ogawa A, Nosaka N, Kasai M, Aoyama T, Okazaki M, Igarashi O, et al. Dietary
medium- and long-chain tri-acylglycerols accelerate diet-induced thermogenesis in
humans. J Oleo Sci. (2007) 56:283-7. doi: 10.5650/j0s.56.283

24.Tsujino S, Nosaka N, Sadamitsu S, Ando N, Kato K. Continuous ingestion of
medium- and long-chain triglycerides enhances fat oxidation during physical
activity in subjects with a body mass index from 25 to less than 30 - a randomized,
placebo-controlled, double-blind crossover study. JPN Pharmacol Ther. (2023)
14:1175-85.

25. Shinohara H, Ogawa A, Kasai M, Aoyama T. Effect of randomly interesterified
triacylglycerols containing medium- and long-chain fatty acids on energy expenditure
and hepatic fatty acid metabolism in rats. Biosci Biotechnol Biochem. (2005) 69:1811-8.
doi: 10.1271/bbb.69.1811

26. Shinohara H, Wu J, Aoyama T. Effect of randomly interesterified triacylglycerol
containing medium- and long-chain fatty acids on hepatic fatty acid oxidation after a
single administration to rats. Biosci Biotechnol Biochem. (2010) 74:2336-8. doi: 10.1271/
bbb.100412

27. MacDougall DE, Jones PJ, Kitts DD, Phang PT. Effect of butter compared with
tallow consumption on postprandial oxidation of myristic and palmitic acids. Am J Clin
Nutr. (1996) 63:918-24. doi: 10.1093/ajcn/63.6.918

28.Papamandjaris AA, White MD, Raeini-Sarjaz M, Jones PJ. Endogenous fat
oxidation during medium chain versus long chain triglyceride feeding in healthy
women. Int ] Obes Relat Metab Disord. (2000) 24:1158-66. doi: 10.1038/sj.
ij0.0801350

29. Examination Committee of Criteria for 'Obesity Disease' in Japan; Japan Society
for the Study of obesity. New criteria for “obesity disease” in Japan. Circ J. (2002)
66:987-92. doi: 10.1253/circj.66.987

30.Moki F, Kusano M, Mizuide M, Shimoyama Y, Kawamura O, Takagi H, et al.
Association between reflux oesophagitis and features of the metabolic syndrome
in  Japan.  Aliment  Pharmacol — Ther. (2007)  26:1069-75.  doi:
10.1111/j.1365-2036.2007.03454.x

31. Ministry of Health, Labour and welfare, report of National Health and nutrition
survey, 2019. Ministry of Health, Labour and Welfare, Tokyo (2020) Available at: https://
www.mhlw.go.jp/bunya/kenkou/kenkou_eiyou_chousa.html]

32. Aoyama T. Nutritional studies on medium-chain fatty acid - from the recent
research - (in Japanese). ] Oleo Sci. (2003) 3:403-410,386. doi: 10.5650/0leoscience.3.403

Frontiers in Nutrition

07

10.3389/fnut.2023.1260506

33. Ministry of Education, Culture, Sports, Science and Technology, Japan. Standard
tables of food composition in Japan. 7th ed. Tokyo, Japan: Ministry of Education, Culture,
Sports, Science and Technology (2015).

34. Cisneros LCV, Moreno AGM, Lépez-Espinoza A, Espinoza-Gallardo AC. Effect of
the fatty acid composition of meals on postprandial energy expenditure: a systematic
review. Rev Assoc Med Bras (1992). (2019) 65:1022-31. doi: 10.1590/1806-9282.65.7.1022

35. Maki KC, Mustad V, Dicklin MR, Geohas J. Postprandial metabolism with
1,3-diacylglycerol oil versus equivalent intakes of long-chain and medium-chain
triacylglycerol oils. Nutrition. (2009) 25:627-33. doi: 10.1016/j.nut.2008.11.028

36. Kasai M, Maki H, Nosaka N, Aoyama T, Ooyama K, Uto H, et al. Effect of
medium-chain triglycerides on the postprandial triglyceride concentration in healthy
men. Biosci Biotechnol Biochem. (2003) 67:46-53. doi: 10.1271/bbb.67.46

37.Kasai M, Maki H, Suzuki Y, Nosaka N, Aoyama T, Inuzuka H, et al. Effect of
medium-chain triglycerides on postprandial concentrations of remnant-like particles in
healthy men. J Oleo Sci. (2003) 52:197-204. doi: 10.5650/j0s.52.197

38. Sciarrillo CM, Koemel NA, Tomko PM, Bode KB, Emerson SR. Postprandial
Lipemic responses to various sources of saturated and monounsaturated fat in adults.
Nutrients. (2019) 11:1089. doi: 10.3390/nu11051089

39. Metges CC, Wolfram G. Medium- and long-chain triglycerides labeled with 13C:
a comparison of oxidation after oral or parenteral administration in humans. J Nutr.
(1991) 121:31-6. doi: 10.1093/jn/121.1.31

40. Lambert JE, Parks EJ. Postprandial metabolism of meal triglyceride in humans.
Biochim Biophys Acta. (2012) 1821:721-6. doi: 10.1016/j.bbalip.2012.01.006

41. Frayn KN, Arner P, Yki-Jarvinen H. Fatty acid metabolism in adipose tissue,
muscle and liver in health and disease. Essays Biochem. (2006) 42:89-103. doi: 10.1042/
bse0420089

42.Javed F, He Q, Davidson LE, Thornton JC, Albu J, Boxt L, et al. Brain and high
metabolic rate organ mass: contributions to resting energy expenditure beyond fat-free
mass. Am J Clin Nutr. (2010) 91:907-12. doi: 10.3945/ajcn.2009.28512

43. Schonfeld P, Wojtczak L. Short- and medium-chain fatty acids in energy metabolism:
the cellular perspective. J Lipid Res. (2016) 57:943-54. doi: 10.1194/jlr.R067629

44. Wulan SN, Westerterp KR, Plasqui G. Dietary and 24-h fat oxidation in Asians and
whites who differ in body composition. Am J Clin Nutr. (2012) 95:1335-41. doi: 10.3945/
ajcn.111.031369

frontiersin.org


https://doi.org/10.3389/fnut.2023.1260506
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.5650/jos.56.283
https://doi.org/10.1271/bbb.69.1811
https://doi.org/10.1271/bbb.100412
https://doi.org/10.1271/bbb.100412
https://doi.org/10.1093/ajcn/63.6.918
https://doi.org/10.1038/sj.ijo.0801350
https://doi.org/10.1038/sj.ijo.0801350
https://doi.org/10.1253/circj.66.987
https://doi.org/10.1111/j.1365-2036.2007.03454.x
https://www.mhlw.go.jp/bunya/kenkou/kenkou_eiyou_chousa.html
https://www.mhlw.go.jp/bunya/kenkou/kenkou_eiyou_chousa.html
https://doi.org/10.5650/oleoscience.3.403
https://doi.org/10.1590/1806-9282.65.7.1022
https://doi.org/10.1016/j.nut.2008.11.028
https://doi.org/10.1271/bbb.67.46
https://doi.org/10.5650/jos.52.197
https://doi.org/10.3390/nu11051089
https://doi.org/10.1093/jn/121.1.31
https://doi.org/10.1016/j.bbalip.2012.01.006
https://doi.org/10.1042/bse0420089
https://doi.org/10.1042/bse0420089
https://doi.org/10.3945/ajcn.2009.28512
https://doi.org/10.1194/jlr.R067629
https://doi.org/10.3945/ajcn.111.031369
https://doi.org/10.3945/ajcn.111.031369

	Ingestion of triglycerides containing medium- and long-chain fatty acids can increase metabolism of ingested long-chain triglycerides in overweight persons
	1 Introduction
	2 Methods
	2.1 Ethical considerations and participant
	2.2 Test food
	2.3 Nutritional survey
	2.4 Measurement
	2.5 Experimental determination of the metabolic rate of ingested LCTs
	2.6 Statistical analysis

	3 Results
	3.1 Participant
	3.2 Nutrient intake
	3.3 Metabolic rate of ingested LCTs

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

