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Abstract
Focusing on the caprylic acid (C8:0), this study aimed at investigating the discrepancy

between the formerly described beneficial effects of dietary medium chain fatty acids on

body weight loss and the C8:0 newly reported effect on food intake via ghrelin octanoylation.

During 6 weeks, Sprague-Dawley male rats were fed with three dietary C8:0 levels (0, 8 and

21% of fatty acids) in three experimental conditions (moderate fat, caloric restriction and

high fat). A specific dose-response enrichment of the stomach tissue C8:0 was observed as

a function of dietary C8:0, supporting the hypothesis of an early preduodenal hydrolysis of

medium chain triglycerides and a direct absorption at the gastric level. However, the octa-

noylated ghrelin concentration in the plasma was unchanged in spite of the increased C8:0

availability. A reproducible decrease in the plasma concentration of unacylated ghrelin was

observed, which was consistent with a decrease in the stomach preproghrelin mRNA and

stomach ghrelin expression. The concomitant decrease of the plasma unacylated ghrelin

and the stability of its acylated form resulted in a significant increase in the acylated/total

ghrelin ratio which had no effect on body weight gain or total dietary consumption. This

enhanced ratio measured in rats consuming C8:0 was however suspected to increase (i)

growth hormone (GH) secretion as an increase in the GH-dependent mRNA expression of

the insulin like growth Factor 1 (IGF-1) was measured (ii) adipocyte diameters in subcutane-

ous adipose tissue without an increase in the fat pad mass. Altogether, these results show

that daily feeding with diets containing C8:0 increased the C8:0 level in the stomach more

than all the other tissues, affecting the acylated/total ghrelin plasma ratio by decreasing the

concentration of circulating unacylated ghrelin. However, these modifications were not

associated with increased body weight or food consumption.
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Introduction
Caprylic acid (octanoic acid, C8:0) belongs to the class of medium-chain saturated fatty acids
(MCFAs) which also includes caproic acid (C6:0) and capric acid (C10:0). MCFAs are charac-
teristic nutrients present in dairy products [1] and in specific oils like palm kernel and coconut
oils [2]. They display physical and metabolic properties that are distinct from those of long-
chain saturated fatty acids (LCFAs�12 carbons), leading therefore to distinct physiological
effects [3]. First, part of MCFAs coming from dietary medium chain triglycerides (MCTs) can
be released early during digestion through the action of preduodenal lipase [4], leading to their
potential and yet not clearly quantified direct absorption by the stomach mucosa [5,6]. Second,
MCFAs which have escaped the absorption at the gastric level are absorbed by small intestinal
cells, like LCFAs, after the subsequent action of duodenal pancreatic lipase on both dietary
remaining MCTs and long chain triglycerides (LCTs). However, unlike LCFAs which are re-
esterified with 2-monoglycerides into triglycerides and incorporated into chylomicrons which
enter the lymphatic system, MCFAs are directly transferred to the portal circulation and trans-
ported as free fatty acids (FFAs) with albumin to the liver [7]. Third, once in the liver, MCFAs
are rapidly subjected to mitochondrial beta-oxidation [8], since they easily enter the mitochon-
dria independently of the carnitine transport system, as opposed to LCFAs [9].

These metabolic properties of MCFAs (rapid gastro-intestinal hydrolysis and absorption,
specific transport through the portal vein and rapid beta-oxidation in the liver) lead to a high
catabolism and low tissue storage especially in adipose tissue [10]. Dietary MCFAs have there-
fore been associated with beneficial physiological effects compared with LCFAs. Indeed, a
diminished deposition of fat was reported in rats overfed with MCT diets compared with LCT
diets [11–13]. In overweight humans, intakes of equal-caloric diets rich in MCFAs were shown
to decrease adiposity and increase energy expenditure compared to similar diets rich in LCFAs
[14,15]. Regarding other physiological parameters, epidemiological studies have also shown
that intakes of short to medium-chain saturated fatty acids were not significantly associated
with the risk of coronary heart disease (CHD) [16].

However, more recently, caprylic acid was also shown to specifically acylate ghrelin [17], the
only known peptide hormone with an orexigenic effect. Ghrelin is a 28 amino acid peptide
expressed mainly in the different sections of the digestive tract and especially the stomach [18].
Acylated ghrelin binds to the growth hormone secretagogue receptor 1a (GHSR-1a) located in
the pituitary gland and hypothalamus [19,20] and regulates many relevant biological processes
including the secretion of the growth hormone (GH), the stimulation of appetite and food
intake, the modulation of gastric acid secretion and motility and the regulation of glucose
homeostasis and adiposity [21]. Ghrelin seems to have an essential function in blood glucose
regulation in case of calorie restriction [22], even if the mechanisms mediating this effect
remain poorly understood. During its maturation in the gastric mucosa and before secretion in
the blood, part of the proghrelin is subjected to a unique modification consisting in the addi-
tion of an activated caprylic acyl-coA to the 3rd serine residue. The ghrelin O-acyltransferase
(GOAT or MBOAT4), the gastric enzyme involved in ghrelin octanoylation, belongs to the
family of membrane bound O-acyltransferases (MBOAT), a group of proteins involved in acet-
yltransferase and acyltransferase activity [23,24]. Plasma ghrelin exists therefore in both unacy-
lated and acylated forms, but only the latter can bind its GHSR-1a receptor. Because of the
above-mentioned potential specific gastric absorption of MCFAs following the consumption of
MCTs, dietary caprylic acid is now suspected to directly provide GOAT enzyme with octanoyl-
CoA co-substrate necessary for the acyl modification of ghrelin. Indeed, ingestion by mice of
either MCFAs or MCTs increased the stomach concentration of acylated ghrelin [25], without
changing the total ghrelin amount. Using murine genetic models, Kirchner et al. [26] also
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suggested that GOAT was required to mediate the impact of dietary MCTs on body adiposity.
Recent studies have suggested that GOAT might be a therapeutic target against obesity and
hyperphagia by inhibiting the GOAT activity [27], in order to decrease the circulating level of
acylated ghrelin (which may also be obtained by limiting the availability of its substrate C8:0)
[27].

Altogether, these data support contradictory physiological effects of dietary caprylic acid on
body weight and food consumption. We therefore wanted to clarify the discrepancy between
the historically described beneficial effects of dietary MCFAs including C8:0 on body weight
and fat loss and its newly reported effect on food consumption and appetite stimulation via
ghrelin acylation. The purpose were to (i) define the origin of caprylic acid which is used to
acylate ghrelin in the stomach, (ii) study the effect of increasing dietary caprylic acid levels on
the C8:0 available in the stomach and other tissues, (iii) analyze the subsequent effect of
increasing dietary caprylic acid levels on the concentration of circulating plasma acylated and
non-acylated ghrelin, (iv) study the whole effect of increasing dietary caprylic acid levels on
dietary consumption, body weight and on other parameters such as adiposity. Here, we showed
that dietary C8:0 led to a specific dose-response enrichment of C8:0 in the stomach tissue.
However, this increased C8:0 availability did not affect the plasma acylated ghrelin concentra-
tion but decreased the plasma unacylated ghrelin concentration.

Materials and Methods

Chemicals
Solvents and chemicals were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France)
or Thermo Fisher Scientific (Elancourt, France). Tricaprylin was from TCI Europe (Zwijn-
drecht, Belgium). Tripalmitin was from Sigma. Rat plasma acylated and unacylated ghrelin
enzyme immunoassays kits (EIA) were purchased from SPI-Bio (Montigny Le Bretonneux,
France). Kits for plasma glucose, cholesterol and triglycerides were purchased from Bio-mér-
ieux (Lyon, France). Rabbit anti-ghrelin polyclonal antibodies (bs-0467R) used for immunohis-
tochemistry were purchased from Bioss (Massachusetts, USA).

Diets
Three different lipid mixes (Table 1) were prepared with commercial oils (olive, rapeseed,
palm, corn and flaxseed oils) and increasing amounts of caprylic acid (0, 8 and 21% of FAs) in
the form of tricaprylin substituted with decreasing amounts of palmitic acid (30, 20 and 7.5%
of FAs) in the form of tripalmitin. These lipid mixes were used to prepare diets containing
either moderate amounts of fat called MF diets (10% in mass, i.e. 21% of total energy), or high
amounts of fat called HF diets (25% in mass, i.e. 45% of total energy), at the Unité de Produc-
tion d’Aliments Expérimentaux (INRA, Jouy en Josas, France). The three MF diets (MF-0,
MF-8 and MF-21) also contained 42.2% of starch, 21.1% of sucrose, 19.9% of casein, 1.8% of
cellulose, 4.1% of mineral mix and 0.9% of vitamin mix. These MF diets were isoenergetic
(423 kcal/100 g) and contained the same amount of total saturated fatty acids (SFAs), caprylic
acid representing 0, 1.7 and 4.4% of total energy, respectively. The MF diets were provided ad
libitum to the rats but also as calorie restricted rations (CR diets) corresponding to 70% of ad
libitum and thereafter called CR-0, CR-8 and CR-21 diets. Finally, in the three HF diets (HF-0,
HF-8 and HF-21) containing 25% in mass of fat, the increase in fat level was counterbalanced
with a decrease in starch (32.2%) and sucrose (16.1%). These HF diets were also isoenergetic
(498 kcal/100 g), caprylic acid representing 0, 3.6 and 9.5% of total energy, respectively.
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Animals
All protocols complied with the European Union Guideline for animal care and use (2003/35/
CEE). The experimental procedure (n°01374.02) was approved by the French Animal Care
Committee (Rennes) and the Ministry of Higher Education and Research, in compliance with
recommendations of the 2013–118 directive for animal experimentation. Forty five Sprague-
Dawley male rats (60 g weight) were purchased from Janvier breeding center (Le Genest Saint
Isle, France). Eighteen rats were randomly distributed to 3 groups (n = 6) and fed ad libitum
with the three MF diets (MF-0, MF-8 and MF-21). As mentioned above, three other groups of
rats (n = 3) received the same MF diets restricted to 70% of ad libitum and were called CR
groups (CR-0, CR-8 and CR-21). The n value of the CR groups was limited to 3 rats due to
housing restriction. Finally, three other groups of rats (n = 6) were fed ad libitum with the HF
diets (HF-0, HF-8 and HF-21). The nine different groups of rats were fed during 6 weeks with
the experimental diets. They had free access to water. Rats were housed in groups of two (MF
and HF diets) or alone (CR diets) at 19°C-23°C with a 12 h light-dark cycle.

Table 1. Fat mixture and fatty acid composition (% of FAs) of the experimental lipid blends containing
increasing levels of caprylic acid (C8:0).

Diet-0% Diet-8% Diet-21%

Fat (%)

Olive Oil 47.0 48.3 50.0

Rapeseed Oil 0.0 0.0 10.0

Palm Oil 19.0 17.0 0.0

Corn Oil 13.5 13.5 13.3

Flaxseed Oil 5.5 5.5 3.7

Tricaprylin 0.0 10.0 23.0

Tripalmitin 14.7 5.7 0.0

FA (% of FAs)

C8:0 0.0 8.4 20.6

C12:0 0.1 0.1 0.0

C14:0 0.3 0.3 0.0

C16:0 30.0 19.8 7.6

C18:0 3.1 2.9 2.2

C20:0 0.3 0.3 0.3

C22:0 0.0 0.1 0.1

ΣSFA1 33.8 31.8 30.9

C16:1 (n-9) 0.0 0.1 0.1

C16:1 (n-7) 0.4 0.4 0.4

C18:1 (n-9) 47.7 49.3 49.9

C18:1 (n-7) 1.7 1.6 1.9

C20:1 (n-9) 0.2 0.2 0.3

ΣMUFA1 50.0 51.5 52.5

C18:2 (n-6) 12.7 13.2 13.1

C18:3 (n-3) 3.5 3.5 3.5

ΣPUFA1 50.0 51.5 52.5

C18:2/C18:3 ratio 3.7 3.8 3.8

The three different lipid mixes were used for preparing the MF, CR and HF diets.
1ΣSFA, ΣMUFA and ΣPUFA correspond respectively to the sum of saturated, mono-unsaturated and poly-

unsaturated fatty acids.

doi:10.1371/journal.pone.0133600.t001
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Animal weight and food consumption were measured daily. Blood samples were collected
every week starting from the second week of diets (between 8 and 11 am) in the tail vein alter-
natively on 18 h fasted (2nd and 4th weeks) or fed state (3rd and 5th weeks) in order to measure
the plasma acylated and unacylated ghrelin concentrations. For ethical reasons, rats already
under chronic calorie restriction were not additionally deprived of food and no results are
therefore presented for the CR group under fasted conditions. After 6 weeks of experiment,
rats were anesthetized following an overnight fast with an intraperitoneal injection of pento-
barbital (140 mg/kg) (Merial, Lyon, France) and blood samples were collected by cardiac punc-
tures. The liver, the brain, the mesenteric and the subcutaneous adipose tissues were removed,
weighted, snap-frozen in liquid nitrogen and stored at -80°C. Sections of subcutaneous adipose
tissues were directly fixed in formalin for morphometric analysis. The intestine (duodenum,
jejunum and ileum) was emptied, rinsed with ice-cold saline solution, snap-frozen and stored
at -80°c. The stomach was subsequently removed and treated similarly. Stomach longitudinal
sections were collected and fixed in formalin for immunohistology.

Measurement of the plasma acylated and unacylated ghrelin
Blood samples collected in the tail vein were immediately mixed with EDTA (1 mg/ml plasma)
and with the serine protease inhibitor p-hydroxymercuribenzoic acid (PHMB, 0.4 μM final) to
protect the acylated ghrelin from enzymatic degradation [28]. The plasma was rapidly sepa-
rated from the blood cells by centrifugation and acidified by adding HCl (0.1 N final) to pre-
serve ghrelin acylation, as well. Samples were then stored at -80°C for later hormone titration.
The acylated and unacylated ghrelin concentrations were assayed with the commercial EIA kits
[29] according to the manufacturer’s instructions.

Analysis of the other plasma parameters
The plasma collected by cardiac punctures at the end of the experiment was separated from the
blood cells by centrifugation. Plasma glucose, cholesterol and TG were assayed with commer-
cial enzymatic kits [30] according to the manufacturer’s instructions.

Lipid extraction and FA analysis
Lipids from liver, stomach, duodenum, jejunum, ileum, epididymal, mesenteric and subcutane-
ous adipose tissues were extracted using a mixture of dimetoxymethane/methanol (4:1 v/v)
after homogenization with an Ultra-Turrax as previously described [31]. Lipids from plasma
were extracted with a mixture of hexane/isopropanol (3:2 v/v), after acidification with 1 ml
HCl 3 M [32]. Pelargonic acid (C9:0) and margaric acid (C17:0) were added as internal stan-
dards in order to quantify MCFAs (with C9:0) and LCFAs (with C17:0). Total lipid extracts
were saponified for 30 min at 70°C with 1 ml of 0.5 M NaOH in methanol and methylated with
1ml BF3 (14% in methanol) for 15 min at 70°C. To protect the presence of volatile short and
medium chain FAs, FA methyl esters (FAMEs) were extracted by adding 1 ml hexane and 5 ml
NaCl 0.9% in deionized water [33]. After shaking, the hexane phase was directly analyzed by
gas chromatography coupled to mass spectrometry (GC-MS) [34] using an Agilent Technolo-
gies 7890N (BiosAnalytic, Toulouse, France) with a split injector (10:1) at 250°C and a bonded
silica capillary column (BPX70, 60 m × 0.25 mm, SGE, Villeneuve-St-Georges, France). The
column temperature program started at 45°C and stayed at this temperature for 3 min in order
to analyze MCFAs. Then, the temperature ramped firstly at 10°C/min to 150°C, then at 1.4°C/
min to 220°C and at 40°C/min to 260°C and held at 260°C for 2 min.
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Quantification of mRNA expression by Real-Time PCR
Total RNA was extracted from stomach, hypothalamo-pituitary complex, mesenteric adipose
tissue and liver with Trizol. RNA was converted into cDNA with the IScriptcDNA synthesis kit
(Bio-Rad) according to the supplier’s instructions. RNA was quantified by real-time qPCR
with the SsoFast EvaGreen supermix (Bio-Rad) containing 50 ng of retrotranscripted RNA,
300 nM of Forward primers and 300 nM of Reverse primers and 10 μl SsoFast EvaGreen super-
mix. The sequences of primers were designed as described in Table 2. Quantitative real-time
PCR was done in optical 96-well plates on a CFX 96 real-time PCR Detection System (BioRad)
as follows: 30 s at 95°C, 40 cycles of 5 s at 95°C and 5 s at 55°C. The 18S mRNA level was quan-
tified as an endogenous control.

Ghrelin O-Acyltransferase (GOAT, MBOAT4) mRNA was quantified by Real-Time PCR
with the Taqman Universal PCR Master Mix (Applied Biosystem) containing 40 ng of retro-
transcripted RNA, 0.5 μM of primers and 0.25 μM of Taqman probe. Primers and 5’-FAM/
TAMRA-3’ Taqman probes specific to GOAT gene were designed (forward primer 5’-
gggccaggtacctctttctc-3’; reverse primer 5’-cggccaaagccaggacaccct-3’) and Taqman probe
(5’FAM-aaatgagcagagcgtaggga-TAMRA3’). Amplification was performed by an ABI PRISM
7000 (Applied Biosytems) over 40 cycles of 95°C for 15 s and 60°C for 1 min. The 18S gene
expression was quantified as an endogenous control using the 18S RNA Control kit Yakima-
Yellow Eclipse Dark Quencher (Eurogentec) and relative gene expression was determined from
the cycle thresholds (Ct) using the ΔΔCt method.

Determination of adipocyte size (morphometric analysis)
Subcutaneous adipose tissue was fixed with 4% buffered formalin, pH 7.4, during 1 week at
4°C and embedded in paraffin [35,36]. Three 4 μm sections per rat shifted by 150 μmwere cut
using a microtome LEICA (Milton Keynes, UK) and the sections were mounted onto glass
slides and stained in Hemalun-Eosin-Safran (H.E.S). The adipocyte areas were manually traced
and analyzed using the NIS Elements software. Adipocyte diameter, area and perimeter were
calculated for 5 separate photographs per tissue sections. These data were used to calculate the
frequency distribution of adipocyte diameters and the mean diameter.

Immunohistochemistry
Longitudinal stomach sections were fixed with 4% buffered formalin, pH 7.4, during 24 hours
and embedded in paraffin [37]. Paraffin-embedded tissue was cut at 4 μm and slides were
mounted onto glass slides. Immunohistochemistry was performed with rabbit polyclonal ghre-
lin (acylated and unacylated) antibodies, targeting an amino-acid sequence of the ghrelin
which does not include the octanoylation site. Immunohistochemical staining was performed
on Automated IHC stainer using the LEICA ST502. The signal was counted using the NIS ele-
ments software.

Table 2. Primers designed for quantitative RT-PCR analysis of rat genes.

Genes Preproghrelin (PPG) Insulin-like growth factor-1 (IGF-1) Growth hormone secretagogue receptor-1a (GHSR-1a)

Species rat rat rat

GenBank Acc. no. NM_021669.2 NM_001082479.1 NM_032075.3

Forward primer TGGCATCAAGCTGTCAGGAG AGTTCGTGTGTGGACCAAGG GCCATCTGCTTCCCTCTG

Reverse primer GGCAGAAGCTGGATGTGAGT GGTGACGTGGCATTTTCTGT ATCTGTGCCGTTTTCGTG

Amplicon size bp 171 312 144

doi:10.1371/journal.pone.0133600.t002
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Statistical analysis
Statistical analyses were realized using GraphPad Prism (GraphPad Software Inc., San Diego,
CA, USA). Group differences were analyzed by the non-parametric Kruskal-Wallis test with
the Dunn’s post-tests or with non-parametric Mann-Whitney test to compare the amount of
C8:0 between two sections of the stomach. A two-way ANOVA (not repeated measures) was
used to analyze the effect of the diet and the localization in the stomach (fundus or corpus) on
the C8:0 availability, and the effect of the tricaprylin on the frequency distribution of adipocyte
diameter. Body weight gain was analyzed using the two-way ANOVA with repeated measures.
All Data are expressed as the mean ± SEM and for all tests, P<0.05 was considered as statisti-
cally significant.

Results

C8:0 availability in the stomach, intestine and other tissues
The effect of dietary C8:0 (0, 8 and 21% of FAs) was studied in rats subjected to three different
treatments: ad libitumModerate Fat (MF) diet, Calorie Restricted (CR) diet (70% of MF ad libi-
tum energy intake) and ad libitum High Fat (HF) diet. The composition of total FAs was ana-
lyzed in several tissues to determine the metabolic fate of dietary C8:0. The amount of C8:0
expressed as % of FAs in the tissues of MF rats is shown in Table 3. Regardless its amount in
the diets, no C8:0 was detected in the plasma and in the liver of rats consuming the MF diets.
In adipose tissues, the amount of C8:0 significantly increased with the level of dietary C8:0 but
only reached about 0.3% of total FAs in the MF-21 group. In the stomach tissue, a clear dose-
response enrichment of C8:0 was observed. Interestingly, even if no C8:0 was present in the
MF-0 diet, a very low but detectable amount of this specific FA was found in the stomach tis-
sue. In the stomach of the MF-8 and MF-21 rats, the percentage of C8:0 (in % of FAs) was 3 to
4-fold greater than in adipose tissues of the same animals. Although lower than in the stomach,
a dose-dependent increase in C8:0 concentration was also observed in the first sections of the
intestine (duodenum and jejunum). Finally, the FA analysis of the two parts of the stomach

Table 3. Effect of dietary tricaprylin (0, 8, 21% of FAs) in the MF groups on the C8:0 availability in different tissues.

C8:0 in % FA

Diets MF-0 MF-8 MF-21 K-W test

Plasma n.d.1 n.d. n.d. n.s.2

Liver n.d. n.d. n.d. n.s.

Mesenteric adipose tissue n.d. 0.15 ± 0.00 0.25 ± 0.01 *

Subcutaneous adipose tissue n.d. 0.15 ± 0.01 0.26 ± 0.02

Epididymal adipose tissue n.d. 0.19 ± 0.01 0.32 ± 0.01 *

Stomach 0.07 ± 0.03 0.48 ± 0.07 1.22 ± 0.25 **

Duodenum n.d. 0.14 ± 0.01 0.43 ± 0.09 *

Jejunum n.d. 0.12 ± 0.03 0.30 ± 0.12 n.s.

Ileum n.d. n.d. n.d. n.s.

Results are expressed as mean ± SEM in % of FAs in the tissues. Kruskal-Wallis test (K-W test)

*P<0.05

**P<0.01.
1 not detected.
2 statistically not significant.

doi:10.1371/journal.pone.0133600.t003
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(fundus and corpus) was realized in the MF groups (Fig 1) and showed again a dose-dependent
increase in C8:0, the level of C8:0 being significantly higher in the fundus than in the corpus.

Concerning palmitic acid (S1 Table), the higher level of dietary C16:0 in MF-0 rats led to a
significant increase in the % of C16:0 only in mesenteric and subcutaneous adipose tissues,
compared to MF-8 and MF-21 rats. The lower intake in palmitic acid in MF-8 and 21 diets was
likely compensated by an increased endogenous synthesis of this FA.

Plasma acylated and unacylated ghrelin
Under fed conditions. The plasma acylated and unacylated ghrelin concentrations were

measured in the blood collected on rats under fed conditions after 3 and 5 weeks on the experi-
mental diets (Fig 2). The plasma total ghrelin was calculated by adding the acylated and unacy-
lated ghrelin concentrations. After 3 weeks (Fig 2A) and 5 weeks (Fig 2B), the acylated ghrelin
concentration was not modified by the dietary C8:0 levels. Conversely the concentration of
unacylated ghrelin was significantly lower in the MF-8 and MF-21 groups than in the control
group after 3 weeks (Fig 2A) and significantly lower in the MF-21 group than in the control
group after 5 weeks (Fig 2B). Due to the lower levels of unacylated ghrelin, the total ghrelin
concentration was also decreased when C8:0 was present in the diets. As a consequence, the
acylated to total ghrelin ratios were significantly higher (Fig 2C) in the MF-8 and MF-21
groups than in the control group after 3 weeks and significantly higher in the MF-21 group
compared with the control group with intermediate level for the MF-8 group after 5 weeks (Fig
2D).

Plasma acylated and unacylated ghrelin concentrations were similarly measured in the
blood collected on fed rats of the HF groups (S1 Fig). Once again, no effect of dietary C8:0 was
shown on the acylated ghrelin concentrations but a significantly lower level of unacylated ghre-
lin concentrations was detected in the HF-21 group than the HF-0 group. In the CR groups,
the C8:0 dietary level did not modify significantly the concentration of acylated and unacylated
ghrelin whatever the diet duration (S2 Fig).

Fig 1. Effect of dietary tricaprylin level on C8:0 availability in the stomach tissue in the MF groups. The
stomach tissue was dissected and the fatty acids of the fundus and corpus were analyzed. The C8:0
available in the different parts of the stomach is expressed as mean ± SEM in % of FAs in the tissues. The
effect of the diet and the localization in the stomach tissue was analyzed using two-way ANOVA: (i) effect of
the diet on C8:0 availability, P<0.0001; (ii) effect of the part of the stomach tissue studied on C8:0 availability,
P = 0.0092; (iii) interaction between the two factors, P = 0.0387.

doi:10.1371/journal.pone.0133600.g001

Physiological Effects of Dietary Caprylic Acid

PLOS ONE | DOI:10.1371/journal.pone.0133600 July 21, 2015 8 / 21



Under fasted conditions. The plasma acylated and unacylated ghrelin concentrations
were also measured in the blood collected on rats under fasted conditions after 2 and 4 weeks
on the experimental diets (Fig 3). Fig 3A and 3B show that the concentrations of both acylated
and unacylated ghrelin were significantly higher when MF rats were under fasted conditions
than under fed conditions (Fig 2). Whatever the diet duration, the plasma acylated ghrelin con-
centration was not significantly modified by the consumption of C8:0. After 2 weeks, the
unacylated ghrelin concentration was significantly lower in the MF-21 than in MF-0 group
(Fig 3A), as already shown under fed conditions. A similar but not significant downward trend
was shown after 4 weeks (Fig 3B). Consequently, a significant increase in the acylated/total
ghrelin ratio was shown after 2 weeks between the MF-8 and MF-0 (Fig 3C), but this effect dis-
appeared gradually after longer dietary periods (Fig 3D), as also shown previously under fed
conditions.

Concerning the rats of the HF groups under fasted conditions (S3 Fig) no significant effect
of the C8:0 dietary level was shown after 2 and 4 weeks on acylated or unacylated ghrelin
concentrations.

Stomach PPGmRNA level and ghrelin peptide expression
The stomach mRNA level of preproghrelin (PPG) gene was measured in the MF groups (Fig
4A) showing a linear decrease when dietary C8:0 increased. The expression level of ghrelin pep-
tide was quantified by immunochemistry in longitudinal sections of gastric mucosa for the MF
groups (Fig 4B and 4C) and the signal was measured in the corpus. The percent of cells

Fig 2. Effect of dietary tricaprylin level on the plasma acylated and unacylated ghrelin concentrations, in the MF groups (fed state). (a) Acylated and
unacylated ghrelin concentrations after 3 weeks of diet. Kruskal-Wallis test (K-W): (i) acylated ghrelin, P = 0.44; (ii) unacylated ghrelin, P = 0.0018, Dunn’s
post tests, *P<0.05, **P<0.01; (iii) total ghrelin, P = 0.5824. (b) Acylated and unacylated ghrelin concentrations after 5 weeks of diet. K-W test: (i) acylated
ghrelin, P = 0.56; (ii) unacylated ghrelin, P = 0.029, Dunn’s post tests, *P<0.05; (iii) total ghrelin, P = 0.127. (c) Acylated/total ghrelin ratios after 3 weeks of
diet. K-W test: P = 0.006, Dunn’s post tests, *P<0.05, **P<0.01. (d) Acylated/total ghrelin ratios after 5 weeks of diet. K-W test: P = 0.0103, Dunn’s post
tests, *P<0.05.

doi:10.1371/journal.pone.0133600.g002
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expressing ghrelin in the corpus was higher in the MF-0 group (0.9% of total cell in the
mucosa) than in MF-8 or MF-21 groups (0.6% and 0.7% respectively) (P<0.01). The stomach
mRNA level of ghrelin O-acyltransferase (GOAT) gene was also measured in the MF groups
(S4 Fig) showing no significant effect of dietary C8:0 on the enzyme expression.

Analysis of parameters putatively controlled by plasma ghrelin
Body weight and dietary consumption. In the MF groups, no significant differences on

body weight gain, final body weight and cumulative energy intakes were observed (Fig 5A, 5B
and 5C). In the CR-groups and HF groups (S5 Fig) no effect of the level of C8:0 was shown on
the weight gain and energy intake.

Fat mass and adiposity. Because adipose tissues are target organs for ghrelin [38] and are
also influenced by consumption of FAs, the impact of the diets on fat pad masses and on histo-
logical parameters of subcutaneous adipose tissues was studied. Fat pad masses were measured
for several adipose tissues (mesenteric, epididymal, subcutaneous, retroperitoneal and perire-
nal) in rats fed with the MF, CR and HF diets and no significant differences were observed (S6
Fig). In the subcutaneous adipose tissue of the MF rats, Fig 6 shows that rats consuming both
the MF-8 and -21 diets exhibited an increased frequency of larger adipocytes compared with
the control group. As a consequence, the mean adipocyte size (Fig 6B) in the subcutaneous fat
of rats fed with both MF-8 and MF-21 (respectively 63 ± 2 μm and 63 ± 2 μm) was significantly
larger than in rats fed with the control diet (54 ± 1 μm) (P<0.0001).

Fig 3. Effect of dietary tricaprylin level on the acylated and unacylated ghrelin concentrations, in the MF groups (fasted state). (a) Acylated and
unacylated ghrelin concentrations after 2 weeks of diet. Kruskal-Wallis test (K-W): (i) acylated ghrelin, P = 0.0837; (ii) unacylated ghrelin, P = 0.038, Dunn’s
post tests, *P<0.05; (iii) total ghrelin, P = 0.2345. (b) Acylated and unacylated ghrelin concentrations after 4 weeks of diet. K-W test: (i) acylated ghrelin,
P = 0.4585; (ii) unacylated ghrelin, P = 0.5643; (iii) total ghrelin, P = 0.65. (c) Acylated/total ghrelin ratios after 2 weeks of diet. K-W test: P = 0.0181, Dunn’s
post tests, *P<0.05. (d) Acylated/total ghrelin ratios after 4 weeks of diet. K-W test: P = 0.3635.

doi:10.1371/journal.pone.0133600.g003
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Plasma parameters. The results obtained by measuring TG, total CH and glucose in
plasma collected at the sacrifice are presented in S2 Table. In the MF groups, no effect of
increasing dietary amounts of C8:0 was shown on these plasma parameters. The CR and HF
rats also displayed the same triglyceridemia and glycemia between groups receiving dietary
C8:0 and control groups.

Liver IGF-1 and pituitary GHSR-1a mRNA levels. The liver mRNA level of the IGF-1
gene (Fig 7) was analyzed because it is directly influenced by the GH secretion, itself regulated
by the acylated ghrelin via its binding to GHSR-1a receptor [39]. The expression was higher in
both MF-8 and MF-21 groups than in the control group, with a significant effect between MF-
21 and MF-0 rats. The analysis of the mRNA level of GHSR-1a gene in the hypothalamo-pitui-
tary complex did not show any difference of expression between the MF rats (data not shown).

Discussion
The discovery of ghrelin as the endogenous ligand of GHSR-1a receptor [17] and the descrip-
tion of its GOAT-catalyzed essential post-translational octanoylation [23,24] brought to light a
new issue which is to understand the physiological functions regulated by dietary C8:0. The
present study aimed at describing the effect of moderate to high dietary enrichment in caprylic
acid on several physiological parameters which may be either directly regulated by C8:0, since
MCFAs have specific metabolic properties, or indirectly by its ability to acylate the ghrelin. The

Fig 4. Effect of tricaprylin on total ghrelin expression in the MF groups. (a) Preproghrelin mRNA level (in
fold change of the control MF-0) in the stomach tissue. Kruskal-Wallis (K-W) test: P = 0.004, Dunn’s post
tests, *P<0.05, **P<0.01. (b) Quantification of total ghrelin staining in the gastric mucosa of the corpus. K-W
test: P = 0.017, Dunn’s post tests, **P<0.01. (c) Ghrelin staining in gastric mucosa of MF-0, MF-8 and MF-21
groups.

doi:10.1371/journal.pone.0133600.g004
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animals received three dietary caprylic acid levels (0, 8 and 21% of FAs) in three different nutri-
tional conditions (moderate fat, caloric restriction and high fat). The rationale for such an
experimental design was to exacerbate the potential effects of dietary caprylic acid in different
nutritional conditions. Indeed, it has been shown in Goat(-/-) mice that the GOAT-ghrelin
axis helped to regulate glucose homeostasis in case of prolonged calorie restriction [22,40]. In
addition, it is known that the nutritional conditions influence the concentrations of acylated
and unacylated ghrelin [26,41]. Except the substitution with decreasing levels of the long chain

Fig 5. Effect of tricaprylin on body weight gain and food intake in the MF groups. (a) Body weight gain in gram. Two-way repeated measurement
ANOVA: effect of the diet, P = 0.5275. (b) Final body weight in gram; Kruskal-Wallis (K-W) test: P = 0.9098. (c) Cumulative energy intakes in kcal. K-W test:
P = 0.3393. Results are expressed as mean ± SEM.

doi:10.1371/journal.pone.0133600.g005

Fig 6. Effect of tricaprylin in the MF groups on adiposity. (a) Frequency distribution of adipocyte diameter (μm). (b) Adipocyte diameter (μm), K-W test,
**P<0.01, Dunn’s ***P<0.001. Results are expressed as mean ± SEM.

doi:10.1371/journal.pone.0133600.g006
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saturated C16:0, the diet FA compositions were set to values achievable in human nutrition
when expressed as % energy [42].

We first investigated the effect of the three dietary caprylic acid levels on the stomach C8:0
availability to further correlate them with the plasma acylated ghrelin concentrations. C8:0 was
not detected in the liver or in the plasma (Table 3) after an 18h fast, confirming that it had
been rapidly taken up and catabolized by the liver [43], even in rats fed during 6 weeks with
high amounts of caprylic acid. Additionally, only a very low storage of this FA was shown in
different adipose tissues even with the higher C8:0 dietary level (Table 3), which is also consis-
tent with the described portal vein transport of MCFAs as free fatty acids [7]. Finally, dietary
C8:0 increased the C8:0 level in the stomach tissue more than in all other tissues (Table 3).
Moreover, the C8:0 amount was 2- to 3-fold higher in the fundus than in the corpus of both
MF-8 and -21 groups (Fig 1). These results are therefore consistent with an early preduodenal
hydrolysis of tricaprylin and direct absorption of C8:0 at the gastric level, starting in the first
part of the stomach. The digestion of dietary fat is a complex and dynamic process which starts
in the upper gastrointestinal tract under the action of preduodenal lipase (gastric lipase in
humans or its homologous lingual lipase in rats) and is completed in the small intestine by pan-
creatic lipase. Although the existence and functional importance of a preduodenal lipase was
disputed in the past [4], it is now described as contributing to 15–20% of the whole lipolysis
process [44]. This preduodenal lipase may play two important roles in triggering the action of
pancreatic lipase [45] and driving the early release of short and medium chain FAs that can
therefore be directly absorbed in the stomach [5], which is consistent with our results
(Table 3). The amounts of MCFAs absorbed by the gastric mucosa, the mechanism of this
absorption [46] and the metabolic fate of C8:0 which could be used to acylate proghrelin are
still unknown. Since the maximum C8:0 stomach content of the rats fed with the highest
enriched diet only reached 1.2% of the total FAs (Table 3), our results suggested either that this
absorption was limited or that the absorbed gastric caprylic acid was rapidly catabolized. Inter-
estingly, in the control group receiving no C8:0, a very low but detectable amount of C8:0
(0.07% of FAs) was found in the stomach (Table 3). This suggests a possible endogenous syn-
thesis which has been described for instance in rat liver for C14:0 but not yet for C8:0 [47].
Thus, the present work demonstrates that dietary C8:0 provided the stomach cells (especially
the fundus cells) with caprylic acid.

Fig 7. Effect of C8:0 in the MF groups on liver IGF-1 expression. IGF-1 mRNA level (in fold change). K-W
test, P = 0.009, Dunn’s post tests, *P<0.05. Results are expressed as mean ± SEM.

doi:10.1371/journal.pone.0133600.g007
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The next issue was to determine if this higher available stomach C8:0 level influenced the
stomach total ghrelin expression and increased the concentration of circulating acylated ghre-
lin, after the action of the gastric GOAT enzyme. Indeed, Nishi et al. detected heptanoylghrelin
[25] or decanoylghrelin [48] in the stomachs of mice fed with triheptanoin or tricaprin. This
suggests that ingested MCFAs were directly utilized for the ghrelin acylation. In ruminants, the
ingestion of MCFAs during 2 weeks by lactating dairy cows also increased plasma acylated
ghrelin concentrations [49]. In the present study, the stomach preproghrelin mRNA levels (Fig
4A) and the total ghrelin peptide (acylated and unacylated forms) expression, quantified by
immunohistochemistry in the stomach (Fig 4B and 4C), displayed a linear decrease when die-
tary C8:0 increased. The plasma acylated ghrelin concentration was stable regardless the die-
tary C8:0 levels in fed (Fig 2A and 2B) and fasted (Fig 3A and 3B) MF rats. A similar stability
was shown in fed (S1A and S1B Fig) and fasted (S3A and S3B Fig) HF rats. In contrast, a repro-
ducible significant decrease in the plasma unacylated ghrelin concentration was shown in fed
(Fig 2A and 2B) and fasted (Fig 3A and 3B) MF rats with the increase in dietary C8:0. This
decrease was also shown in fed HF rats (S1A and S1B Fig), but not in fed CR rats (S2A and S2B
Fig) which may be explained by the rapid food consumption of some of the CR animals (fed at
2 p.m. the day before blood collection) that made the nutritional status (fed or fasted) of the
animals more random.

The decrease in unacylated ghrelin led to a reproducible increase in the acylated/total ghre-
lin ratio in fed and fasted MF rats (Fig 2C and 2D) and in fasted HF rats (S3C and S3D Fig). A
similar although not significant increase was shown in fed HF rats (S1C and S1D Fig). As
shown by these ratios, acylated ghrelin accounted for 30–60% of the total circulating ghrelin
with the highest ratios in the plasma of rats fed with 21% C8:0. Although circulating acylated
ghrelin was generally described as 10% of the total ghrelin in humans [50], acylated ghrelin
concentration has been experimentally underestimated due to its quick degradation [51]. It
seems that acylated ghrelin could actually represent around 30 to 50% of the total ghrelin in
humans and in rodents [25], which would be consistent with our results.

These results may appear to be different from those obtained from previous studies showing
that the ingestion by mice of free MCFAs or MCTs increased the stomach acylated ghrelin
whereas the total amount of ghrelin remained unchanged [25]. However, there are still conflict-
ing results regarding the effects of dietary lipids on ghrelin response. Initially, it was proposed
that a fat-rich diet decreases plasma total ghrelin levels [52], but more recently it has been
established that the suppression of ghrelin by lipids is relatively weak [53]. The maturation and
secretion of stomach ghrelin is indeed a complex process regulated by different parameters
such as dietary LCFAs and MCFAs and by fat sensing receptor (G protein-coupled receptor
120, free fatty acid receptor 1) [54]. The circulating ghrelin is additionally submitted to clear-
ance and rapid de-acylation or degradation. For instance, a ghrelin deacylation enzyme (acyl-
protein thioesterase-1, APT1) has recently been described, that can des-acylate ghrelin in the
plasma [55]. Moreover, acylated ghrelin has been shown to form a complex with larger proteins
like immunoglobulins (Ghrelin-reactive IgG) [56] that protects the acylated form from degra-
dation. Some studies assaying total ghrelin in plasma have also reported lower levels in obese
subjects, due to lower levels of unacylated ghrelin, whereas acylated ghrelin remained stable,
suggesting a specific decreased degradation of acylated ghrelin in obese [56]. In humans, it has
also been shown that the GOAT enzyme was present in the blood, which could modify the bal-
ance between de-acylation and re-acylation [57]. In a study on the role of the gustatory G-pro-
tein in the sensing of FAs for the octanoylation of ghrelin, ingested MCFAs increased stomach
acylated ghrelin but did not change the plasma ghrelin concentration [58]. For all these rea-
sons, the concentration of both the acylated and unacylated plasma ghrelin may not simply
reflect the stomach concentration [59]. In the present study, we observed decreased unacylated
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ghrelin and stable acylated ghrelin concentrations in the plasma and decreased total ghrelin in
the stomach, with tricaprylin consumption. We can therefore speculate that the secretion of
ghrelin from the stomach to the plasma remained unchanged with tricaprylin consumption.
The stable levels of stomach GOAT mRNA (S4 Fig) in the MF animals also suggest that C8:0
had no effect on ghrelin octanoylation but the activity of the enzyme was not assessed. Interest-
ingly, high levels of acylated ghrelin were measured in the MF-0 rats receiving no dietary C8:0.
Thus, the low stomach C8:0 level observed in the MF-0 group (Table 3) could be enough to
supply the octanoyl-CoA co-substrate used to acylate the proghrelin. Some studies suggested
that the availability of MCFAs are rate-limiting for the acylation and activation of ghrelin [60]
but our results showed stable concentrations of plasma acylated ghrelin whatever the dietary
C8:0 levels and decreasing concentrations of its corresponding unacylated form.

These results raised the question of the physiological impact of the increased acylated/total
ghrelin ratio resulting from stable plasma acylated ghrelin and decreased unacylated ghrelin.
The acylated ghrelin is best known for its orexigenic actions in the central nervous system,
involved in the regulation of food intake and thereby in weight control [61]. In the present
study, we did not observe any effect of dietary C8:0 on body weight gain and food intake levels
in the MF groups (Fig 5). The rats fed with the HF diets (S5B, S5D and S5F Fig) displayed the
same weight gain, final body weight and cumulative energy intake than rats fed with the MF
diets. Even fed ad libitum with the high fat diets, these rats have controlled their food intake at
a similar level than the MF rats. This may explain why the plasma ghrelin level in HF groups
was unchanged compared with MF groups. In the CR groups (S4A, S4C and S4E Fig), the same
weight gain and final body weight were observed, but with a trend to decreased final body
weight with MF-21 diet consumption. These results are consistent with the stable concentra-
tions of plasma acylated ghrelin and suggest the absence of physiological effects of the
increased acylated/total ghrelin ratios. Indeed an intracerebral acylated ghrelin administration
increased body weight by stimulating food intake and by inhibiting energy expenditure and fat
catabolism [62]. However, ghrelin-null mice did not exhibit altered food intake nor altered
expression of hypothalamic neuropeptides involved in the regulation of appetite. This explains
why the essentiality of endogenous ghrelin in the regulation of food intake now appears contro-
versial [63]. In addition, when related to dietary lipids and especially dietary MCFAs, the
importance of the so-called GOAT-ghrelin-GHSR-1a axis on these parameters is unclear.
Nishi et al [48] found no effect on body weight and food intake after feeding mice during two
weeks with diets enriched in tricaprylin or tricaprin compared to control diets. However, feed-
ing GOAT-null mice with MCT-enriched diets during 8 weeks resulted in significantly lower
body weight compared with control mice [26]. By contrast, the use of MCT-enriched diets in
the limitation of adiposity has been somewhat successful in humans [14,15,64,65] and in rats,
when substituted for LCFAs in excess [11,12,66]. A systematic review of the literature con-
cluded that MCTs had effectively a short-term reducing effect on weight gain in rats but that
this effect disappeared in the long term studies [67], probably due to metabolic adaptation to
this diet. In the present study, because dietary C8:0 was shown to be rapidly catabolized, the
energy expenditure may have been increased. This may in turn have had an additional inverse
effect on ghrelin which is a key component of the regulation of energy balance.

No effects of the dietary C8:0 levels and increasing acylated/total ghrelin ratios were neither
shown on the plasma glucose and circulating lipids (S1 Table) in the MF, HF or CR groups.
Acylated ghrelin was previously described as a modulator of glucose homeostasis [68], but the
implication of the GOAT-ghrelin system was recently shown to be unessential for the mainte-
nance of euglycemia during a prolonged calorie restriction [69].

Finally, since little or no effects of the increased acylated/total ghrelin ratio or decreased
unacylated ghrelin were shown on the previously described physiological parameters, we
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wondered if other parameters involved in the ghrelin-GOAT system regulation could be mod-
ulated. Since the acylated ghrelin has a major role to facilitate GH secretion [70], we therefore
measured the liver insulin-like growth factor-1 (IGF-1) mRNA levels (Fig 7) in order to obtain
an assessment of the average amount of GH being produced. The expression of IGF-1 was sig-
nificantly higher in the MF-21 rats than in the control group. Because plasma acyl ghrelin was
constant in our study, we could hypothesize that the increased ratio of acylated/total ghrelin
may have led to the activation of IGF-1 transcription via the GH releasing activity of GHSR-1a.
Several studies have shown that unacylated ghrelin may act as a competitive inhibitor of acyl-
ated ghrelin for the GHSR-1a receptor [71,72]. Therefore, the decrease in plasma unacylated
ghrelin may increase the binding of stable acylated ghrelin to its receptor.

In addition, the animals consuming tricaprylin displayed an increase in the mean diameter
of adipocytes in subcutaneous adipose tissue with no increase in the fat mass (Fig 6). This result
can be explained either by a lower differentiation of preadipocytes into adipocytes leading to
hypoplasia and/or by a hypertrophy of adipocytes. The link between MCFAs and adiposity is
unclear since they decreased lipid accumulation in mouse 3T3-L1 preadipocytes [73] but not
in human adipocytes [74]. In the present study, it seems difficult to relate the increase in adipo-
cyte diameter given the low presence of C8:0 in adipose tissue. Concerning now the effects of
acylated and/or unacylated ghrelin on adipogenesis, bibliographic data are also conflicting
[75]. The action of ghrelin on adipogenesis may first be independent on its binding with the
Growth Hormone Secretagogue Receptor 1a (GHSR-1a), as demonstrated in several studies
[76,77], and we can hypothesize in the present study that the decrease in plasma total ghrelin
with tricaprylin consumption led to a decreased differentiation of preadipocytes or increased
hypertrophy of adipocytes. The action of ghrelin on adipogenesis could secondly be dependent
on the GHSR-1a, and we can then hypothesize that the increased plasma acylated/total ghrelin
ratio with C8:0 consumption decreased the differentiation of adipocytes.

To conclude, daily feeding with dietary C8:0 increased the C8:0 level in the stomach cells
more than all the other tissues and affected the plasma acylated/total ghrelin ratio by decreas-
ing the concentration of unacylated ghrelin. This increased ratio was however not associated
with increased body weight or dysregulation of food consumption, which were previously asso-
ciated with the ghrelin-GOAT-GHSR-1a axis. In western countries, total dietary MCFAs repre-
sent less than 2% of total dietary energy including 1 to 2% of caprylic acid in milk fat. In terms
of dietary recommendations, these results do not give any argument to limit the current con-
sumption of foods containing caprylic acid [78]. Further studies are however needed to clarify
the dose effect of caprylic acid on adipocyte differentiation.

Supporting Information
S1 Fig. Effect of tricaprylin on acylated and unacylated ghrelin concentrations in HF
groups (fed state). (a) Acylated and unacylated ghrelin concentrations after 3 weeks of diet.
Kruskal-Wallis test (K-W): (i) acylated ghrelin, P = 0.201; (ii) unacylated ghrelin, P = 0.04,
Dunn’s post tests, �P<0.05; (iii) total ghrelin, P = 0.033, Dunn’s post tests, $P<0.05. (b) Acyl-
ated and unacylated ghrelin concentrations after 5 weeks of diet. K-W test: (i) acylated ghrelin,
P = 0.304; (ii) unacylated ghrelin, P = 0.023; Dunn’s post tests, �P<0.05; (iii) total ghrelin,
P = 0.2938. (c) Acylated/total ghrelin ratios after 3 weeks of diet. K-W test: P = 0.0669. (d)
Acylated/total ghrelin ratios after 5 weeks of diet. K-W test: P = 0.0653.
(TIF)

S2 Fig. Effect of tricaprylin on acylated and unacylated ghrelin concentrations in CR
groups (fed state). (a) Acylated and unacylated ghrelin concentrations after 3 weeks; Kruskal-
Wallis test (K-W): (i) acylated ghrelin, P = 0.0714; (ii) unacylated ghrelin, P = 0.1321; (iii) total
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ghrelin, P = 0.1321. (b) Acylated and unacylated ghrelin concentrations after 5 weeks; K-W
test: (i) acylated ghrelin, P = 0.9929; (ii) unacylated ghrelin, P = 0.6286; (iii) total ghrelin,
P = 0.9929. (c) Acylated/total ghrelin ratios after 3 weeks; K-W test, P = 0.0250, Dunn’s post
tests, �P<0.05. (d) Acylated/total ghrelin ratios after 5 weeks; K-W test, P = 0.2071.
(TIF)

S3 Fig. Effect of tricaprylin on acylated and unacylated ghrelin concentrations in HF
groups (fasted state). (a) Acylated and unacylated ghrelin concentrations after 2 weeks; Krus-
kal-Wallis test (K-W): (i) acylated ghrelin, P = 0.0958; (ii) unacylated ghrelin, P = 0.5380; (iii)
total ghrelin, P = 0.3532. (b) Acylated and unacylated ghrelin concentrations after 4 weeks;
K-W test: (i) acylated ghrelin, P = 0.6808; (ii) unacylated ghrelin, P = 0.8580; (iii) total ghrelin,
P = 0.9826. (c) Acylated/total ghrelin ratios after 2 weeks; K-W test, P = 0.0076, Dunn’s post
tests, �P<0.05, ��P<0.01. (d) Acylated/total ghrelin ratios after 4 weeks, K-W test, P = 0.2248.
(TIF)

S4 Fig. Effect of C8:0 in the MF groups on stomach GOAT (MBOAT4) expression. GOAT
mRNA level (in fold change). K-W test, P>0.05. Results are expressed as mean ± SEM.
(TIF)

S5 Fig. Effect of tricaprylin on body weight gain and food intake in CR groups (70% of ad
libitum) and HF groups. (a) Body weight gain (in gram) in CR groups. Two-way repeated
measurement ANOVA: effect of the diet, P = 0.0662. (b) Body weight gain (in gram) in HF
diets. Two-way repeated measurement ANOVA: effect of the diet, P = 0.5743. (c) Final Body
weight (in gram) after 6 weeks on CR diets. Kruskal-Wallis test (K-W): P = 0.0714. (d) Final
Body weight (g) after 6 weeks on HF diets. K-W test: P = 0.5097 (e) Cumulative energy intake
after 6 weeks of CR diets (in Kcal); SEM is equal to zero because the rats ate their whole daily
food ration; (f) Cumulative energy intake after 6 weeks on HF diets (in Kcal). K-W test:
P = 0.9286 Results expressed as mean ± SEM.
(TIF)

S6 Fig. Effect of tricaprylin on body fat percentage in MF, CR and HF groups.Masses of
mesenteric, epididymal, subcutaneous and retroperitoneal relate to total body weight. K-W
test: MF groups, P = 0.9384; HF groups, P = 0.6737; CR groups, P = 0.096.
(TIF)

S1 Table. Effect of the diets in the MF groups on the C16:0 availability in different tissues.
Results expressed as mean ± SEM.
(TIF)

S2 Table. Effect of tricaprylin on triglyceridemia, cholesterolemia and glycemia in MF, CR
and HF groups. Results expressed as mean ± SEM.
(TIF)

Acknowledgments
The authors thank N. Boulier-Monthéan and Dr. D. Catheline for their technical assistance, F.
Boissel for animal cares and lipid extractions, X. Blanc (UPAE, INRA, Jouy-en-Josas, France)
for the preparation of the diets, Dr. C. Bourlieu for the analysis of plasma free fatty acids and
Dr. A. Fautrel (H2P2, Fédération de Recherche, Biosit, University of Rennes 1) for the morpho-
metric analysis and the immunohistochemistry.

Physiological Effects of Dietary Caprylic Acid

PLOS ONE | DOI:10.1371/journal.pone.0133600 July 21, 2015 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133600.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133600.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133600.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133600.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133600.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133600.s008


Author Contributions
Conceived and designed the experiments: FL EB PL VR. Performed the experiments: FL SD
CD. Analyzed the data: FL SD EB VR. Contributed reagents/materials/analysis tools: FL SD
CD. Wrote the paper: FL VR PL.

References
1. Jensen RG, Ferris AM, Lammi-Keefe CJ, Henderson RA. Lipids of bovine and human milks: a compari-

son. J Dairy Sci. 1990; 73: 223–40. PMID: 2184172

2. 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 Suppl 1: 320–323. PMID:
18296368

3. Bach AC, Babayan VK. Medium-chain triglycerides: an update. Am J Clin Nutr. 1982; 36: 950–62.
PMID: 6814231

4. Clark SB, Brause B, Holt PR. Lipolysis and Absorption of Fat in the Rat Stomach. Gastroenterology.
1969; 56: 214–222. doi: 10.1016/S0016-5085(69)80120-4 PMID: 5764591

5. Perret JP. [Gastric lipolysis of maternal milk triglycerides, and gastric absorption of medium chain fatty
acids in the young rabbit (author’s transl)]. J Physiol (Paris). 1980; 76: 159–166.

6. Lai HC, Ney DM. Gastric digestion modifies absorption of butterfat into lymph chylomicrons in rats. J
Nutr. 1998; 128: 2403–2410. PMID: 9868188

7. You YQ, Ling PR, Qu JZ, Bistrian BR. Effects of medium-chain triglycerides, long-chain triglycerides, or
2-monododecanoin on fatty acid composition in the portal vein, intestinal lymph, and systemic circula-
tion in rats. JPEN J Parenter Enter Nutr. 2008; 32: 169–75.

8. 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: 423–7. PMID: 19926929

9. Papamandjaris AA, MacDougall DE, Jones PJ. Medium chain fatty acid metabolism and energy expen-
diture: obesity treatment implications. Life Sci. 1998; 62: 1203–15. PMID: 9570335

10. Bach AC, Ingenbleek Y, Frey A. The usefulness of dietary medium-chain triglycerides in body weight
control: fact or fancy? J Lipid Res. 1996; 37: 708–26. PMID: 8732772

11. Geliebter A, Torbay N, Bracco EF, Hashim SA, Van Itallie TB. Overfeeding with medium-chain triglycer-
ide diet results in diminished deposition of fat. Am J Clin Nutr. 1983; 37: 1–4. PMID: 6849272

12. Baba N, Bracco EF, Hashim SA. Role of brown adipose tissue in thermogenesis induced by overfeed-
ing a diet containing medium chain triglyceride. Lipids. 1987; 22: 442–4. PMID: 3613876

13. Han J, Hamilton JA, Kirkland JL, Corkey BE, GuoW. Medium-chain oil reduces fat mass and down-reg-
ulates expression of adipogenic genes in rats. Obes Res. 2003; 11: 734–44. PMID: 12805394

14. Tsuji H, Kasai M, Takeuchi H, Nakamura M, Okazaki M, Kondo K. Dietary medium-chain triacylglycer-
ols suppress accumulation of body fat in a double-blind, controlled trial in healthy men and women. J
Nutr. 2001; 131: 2853–9. PMID: 11694608

15. St-Onge MP, Bosarge A, Goree LL, Darnell B. Medium chain triglyceride oil consumption as part of a
weight loss diet does not lead to an adverse metabolic profile when compared to olive oil. J Am Coll
Nutr. 2008; 27: 547–52. PMID: 18845704

16. Hu FB, Stampfer MJ, Manson JE, Ascherio A, Colditz GA, Speizer FE, et al. Dietary saturated fats and
their food sources in relation to the risk of coronary heart disease in women. Am J Clin Nutr. 1999; 70:
1001–8. PMID: 10584044

17. Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K. Ghrelin is a growth-hormone-releas-
ing acylated peptide from stomach. Nature. 1999; 402: 656–60. PMID: 10604470

18. Hosoda H, Kojima M, Matsuo H, Kangawa K. Ghrelin and des-acyl ghrelin: two major forms of rat ghre-
lin peptide in gastrointestinal tissue. Biochem Biophys Res Commun. 2000; 279: 909–913. doi: 10.
1006/bbrc.2000.4039 PMID: 11162448

19. Howard AD, Feighner SD, Cully DF, Arena JP, Liberator PA, Rosenblum CI, et al. A receptor in pituitary
and hypothalamus that functions in growth hormone release. Science. 1996; 273: 974–7. PMID:
8688086

20. Wang Q, Liu C, Uchida A, Chuang J-C, Walker A, Liu T, et al. Arcuate AgRP neurons mediate orexi-
genic and glucoregulatory actions of ghrelin. Mol Metab. 2014; 3: 64–72. doi: 10.1016/j.molmet.2013.
10.001 PMID: 24567905

21. Delporte C. Structure and physiological actions of ghrelin. Scientifica. 2013; 2013: 518909. doi: 10.
1155/2013/518909 PMID: 24381790

Physiological Effects of Dietary Caprylic Acid

PLOS ONE | DOI:10.1371/journal.pone.0133600 July 21, 2015 18 / 21

http://www.ncbi.nlm.nih.gov/pubmed/2184172
http://www.ncbi.nlm.nih.gov/pubmed/18296368
http://www.ncbi.nlm.nih.gov/pubmed/6814231
http://dx.doi.org/10.1016/S0016-5085(69)80120-4
http://www.ncbi.nlm.nih.gov/pubmed/5764591
http://www.ncbi.nlm.nih.gov/pubmed/9868188
http://www.ncbi.nlm.nih.gov/pubmed/19926929
http://www.ncbi.nlm.nih.gov/pubmed/9570335
http://www.ncbi.nlm.nih.gov/pubmed/8732772
http://www.ncbi.nlm.nih.gov/pubmed/6849272
http://www.ncbi.nlm.nih.gov/pubmed/3613876
http://www.ncbi.nlm.nih.gov/pubmed/12805394
http://www.ncbi.nlm.nih.gov/pubmed/11694608
http://www.ncbi.nlm.nih.gov/pubmed/18845704
http://www.ncbi.nlm.nih.gov/pubmed/10584044
http://www.ncbi.nlm.nih.gov/pubmed/10604470
http://dx.doi.org/10.1006/bbrc.2000.4039
http://dx.doi.org/10.1006/bbrc.2000.4039
http://www.ncbi.nlm.nih.gov/pubmed/11162448
http://www.ncbi.nlm.nih.gov/pubmed/8688086
http://dx.doi.org/10.1016/j.molmet.2013.10.001
http://dx.doi.org/10.1016/j.molmet.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24567905
http://dx.doi.org/10.1155/2013/518909
http://dx.doi.org/10.1155/2013/518909
http://www.ncbi.nlm.nih.gov/pubmed/24381790


22. Zhao T-J, Liang G, Li RL, Xie X, Sleeman MW, Murphy AJ, et al. Ghrelin O-acyltransferase (GOAT) is
essential for growth hormone-mediated survival of calorie-restricted mice. Proc Natl Acad Sci. 2010;
107: 7467–7472. doi: 10.1073/pnas.1002271107 PMID: 20231469

23. Gutierrez JA, Solenberg PJ, Perkins DR, Willency JA, KniermanMD, Jin Z, et al. Ghrelin octanoylation
mediated by an orphan lipid transferase. Proc Natl Acad Sci U A. 2008; 105: 6320–5.

24. Yang J, BrownMS, Liang G, Grishin NV, Goldstein JL. Identification of the acyltransferase that octanoy-
lates ghrelin, an appetite-stimulating peptide hormone. Cell. 2008; 132: 387–96. doi: 10.1016/j.cell.
2008.01.017 PMID: 18267071

25. Nishi Y, Hiejima H, Hosoda H, Kaiya H, Mori K, Fukue Y, et al. Ingested medium-chain fatty acids are
directly utilized for the acyl modification of ghrelin. Endocrinology. 2005; 146: 2255–64. PMID:
15677766

26. Kirchner H, Gutierrez JA, Solenberg PJ, Pfluger PT, Czyzyk TA, Willency JA, et al. GOAT links dietary
lipids with the endocrine control of energy balance. Nat Med. 2009; 15: 741–5. doi: 10.1038/nm.1997
PMID: 19503064

27. Barnett BP, Hwang Y, Taylor MS, Kirchner H, Pfluger PT, Bernard V, et al. Glucose and weight control
in mice with a designed ghrelin O-acyltransferase inhibitor. Science. 2010; 330: 1689–92. doi: 10.1126/
science.1196154 PMID: 21097901

28. Hosoda H, Kangawa K. Standard sample collections for blood ghrelin measurements. Methods Enzy-
mol. 2012; 514: 113–126. doi: 10.1016/B978-0-12-381272-8.00008–8 PMID: 22975050

29. Chen C-Y, LeeW-J, Chong K, Lee S-D, Liao Y-D. Impact of intracerebroventricular obestatin on plasma
acyl ghrelin, des-acyl ghrelin and nesfatin-1 levels, and on gastric emptying in rats. Mol Med Rep. 2012;
6: 191–196. doi: 10.3892/mmr.2012.901 PMID: 22562076

30. Legrand P, Beauchamp E, Catheline D, Pedrono F, Rioux V. Short Chain Saturated Fatty Acids
Decrease Circulating Cholesterol and Increase Tissue PUFA Content in the Rat. Lipids. 2010; 45: 975–
86. doi: 10.1007/s11745-010-3481-5 PMID: 20924709

31. Guillou H, Martin P, Jan S, D’Andrea S, Roulet A, Catheline D, et al. Comparative effect of fenofibrate
on hepatic desaturases in wild-type and peroxisome proliferator-activated receptor alpha-deficient
mice. Lipids. 2002; 37: 981–9. PMID: 12530558

32. Rioux V, Catheline D, Bouriel M, Legrand P. Dietary myristic acid at physiologically relevant levels
increases the tissue content of C20:5 n-3 and C20:3 n-6 in the rat. Reprod Nutr Dev. 2005; 45: 599–
612. PMID: 16188210

33. Ezanno H, Beauchamp E, Catheline D, Legrand P, Rioux V. Beneficial impact of a mix of dairy fat with
rapeseed oil on n-6 and n-3 PUFAmetabolism in the rat: A small enrichment in dietary alpha-linolenic
acid greatly increases its conversion to DHA in the liver: Better conversion of dietary ALA to DHA when
mixed with butterfat. Eur J Lipid Sci Technol. 2015; 117:281–290 doi: 10.1002/ejlt.201400304

34. Rioux V, Pedrono F, Blanchard H, Duby C, Boulier-Monthean N, Bernard L, et al. Trans-vaccenate is
Delta13-desaturated by FADS3 in rodents. J Lipid Res. 2013; 54: 3438–52. doi: 10.1194/jlr.M042572
PMID: 24070791

35. Yamauchi T, Waki H, Kamon J, Murakami K, Motojima K, Komeda K, et al. Inhibition of RXR and
PPARγ ameliorates diet-induced obesity and type 2 diabetes. J Clin Invest. 2001; 108: 1001–1013.
PMID: 11581301

36. Kubota N, Terauchi Y, Miki H, Tamemoto H, Yamauchi T, Komeda K, et al. PPARγmediates high-fat
diet–induced adipocyte hypertrophy and insulin resistance. Mol Cell. 1999; 4: 597–609. PMID:
10549291

37. Knockaert L, Berson A, Ribault C, Prost P-E, Fautrel A, Pajaud J, et al. Carbon tetrachloride-mediated
lipid peroxidation induces early mitochondrial alterations in mouse liver. Lab Invest. 2011; 92: 396–410.
doi: 10.1038/labinvest.2011.193 PMID: 22157718

38. Castaneda TR, Tong J, Datta R, Culler M, Tschöp MH. Ghrelin in the regulation of body weight and
metabolism. Front Neuroendocrinol. 2010; 31: 44–60. doi: 10.1016/j.yfrne.2009.10.008 PMID:
19896496

39. Chia DJ. Mechanisms of growth hormone-mediated gene regulation. Mol Endocrinol. 2014; Available:
http://press.endocrine.org/doi/abs/10.1210/me.2014-1099.

40. Sun Y, Asnicar M, Saha PK, Chan L, Smith RG. Ablation of ghrelin improves the diabetic but not obese
phenotype of ob/ob mice. Cell Metab. 2006; 3: 379–386. PMID: 16679295

41. Leidy HJ, Dougherty KA, Frye BR, Duke KM, Williams NI. Twenty-four-hour Ghrelin Is Elevated after
Calorie Restriction and Exercise Training in Non-obeseWomen. Obesity. 2007; 15: 446–455. doi: 10.
1038/oby.2007.542 PMID: 17299118

42. Legrand P, Morise A, Kalonji E. Update of French nutritional recommendations for fatty acids. World
Rev Nutr Diet. 2011; 102: 137–43. doi: 10.1159/000327800 PMID: 21865827

Physiological Effects of Dietary Caprylic Acid

PLOS ONE | DOI:10.1371/journal.pone.0133600 July 21, 2015 19 / 21

http://dx.doi.org/10.1073/pnas.1002271107
http://www.ncbi.nlm.nih.gov/pubmed/20231469
http://dx.doi.org/10.1016/j.cell.2008.01.017
http://dx.doi.org/10.1016/j.cell.2008.01.017
http://www.ncbi.nlm.nih.gov/pubmed/18267071
http://www.ncbi.nlm.nih.gov/pubmed/15677766
http://dx.doi.org/10.1038/nm.1997
http://www.ncbi.nlm.nih.gov/pubmed/19503064
http://dx.doi.org/10.1126/science.1196154
http://dx.doi.org/10.1126/science.1196154
http://www.ncbi.nlm.nih.gov/pubmed/21097901
http://dx.doi.org/10.1016/B978-0-12-381272-8.00008&ndash;8
http://www.ncbi.nlm.nih.gov/pubmed/22975050
http://dx.doi.org/10.3892/mmr.2012.901
http://www.ncbi.nlm.nih.gov/pubmed/22562076
http://dx.doi.org/10.1007/s11745-010-3481-5
http://www.ncbi.nlm.nih.gov/pubmed/20924709
http://www.ncbi.nlm.nih.gov/pubmed/12530558
http://www.ncbi.nlm.nih.gov/pubmed/16188210
http://dx.doi.org/10.1002/ejlt.201400304
http://dx.doi.org/10.1194/jlr.M042572
http://www.ncbi.nlm.nih.gov/pubmed/24070791
http://www.ncbi.nlm.nih.gov/pubmed/11581301
http://www.ncbi.nlm.nih.gov/pubmed/10549291
http://dx.doi.org/10.1038/labinvest.2011.193
http://www.ncbi.nlm.nih.gov/pubmed/22157718
http://dx.doi.org/10.1016/j.yfrne.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19896496
http://press.endocrine.org/doi/abs/10.1210/me.2014-1099
http://www.ncbi.nlm.nih.gov/pubmed/16679295
http://dx.doi.org/10.1038/oby.2007.542
http://dx.doi.org/10.1038/oby.2007.542
http://www.ncbi.nlm.nih.gov/pubmed/17299118
http://dx.doi.org/10.1159/000327800
http://www.ncbi.nlm.nih.gov/pubmed/21865827


43. Zammit VA. Mechanisms of regulation of the partition of fatty acids between oxidation and esterification
in the liver. Prog Lipid Res. 1984; 23: 39–67. PMID: 6152703

44. Carriere F, Barrowman JA, Verger R, Laugier R. Secretion and contribution to lipolysis of gastric and
pancreatic lipases during a test meal in humans. Gastroenterology. 1993; 105: 876–888. PMID:
8359655

45. Gargouri Y, Pieroni G, Rivière C, Lowe PA, Saunière JF, Sarda L, et al. Importance of human gastric
lipase for intestinal lipolysis: an in vitro study. Biochim Biophys Acta. 1986; 879: 419–423. PMID:
3778930

46. Egelrud T, Ollvecrona T, Helander H. Studies on gastric absorption of lipids in the suckling rat. Scand J
Gastroenterol. 1971; 6: 329–333. PMID: 5561179

47. Rioux V, Catheline D, Legrand P. In rat hepatocytes, myristic acid occurs through lipogenesis, palmitic
shortening and lauric acid elongation. Animal. 2007; 1: 820–826. doi: 10.1017/S1751731107000122
PMID: 22444745

48. Nishi Y, Mifune H, Yabuki A, Tajiri Y, Hirata R, Tanaka E, et al. Changes in Subcellular Distribution of n-
Octanoyl or n-Decanoyl Ghrelin in Ghrelin-Producing Cells. Front Endocrinol. 2013; 4: 84. doi: 10.3389/
fendo.2013.00084

49. Fukumori R, Sugino T, Shingu H, Moriya N, Kobayashi H, Hasegawa Y, et al. Ingestion of medium
chain fatty acids by lactating dairy cows increases concentrations of plasma ghrelin. Domest Anim
Endocrinol. 2013; 45: 216–223. doi: 10.1016/j.domaniend.2013.09.005 PMID: 24209506

50. Patterson M, Murphy KG, le Roux CW, Ghatei MA, Bloom SR. Characterization of ghrelin-like immuno-
reactivity in human plasma. J Clin Endocrinol Metab. 2005; 90: 2205–2211. doi: 10.1210/jc.2004-1641
PMID: 15657369

51. Delhanty PJD, Huisman M, Julien M, Mouchain K, Brune P, Themmen APN, et al. The acylated (AG) to
unacylated (UAG) ghrelin ratio in esterase inhibitor-treated blood is higher than previously described.
Clin Endocrinol (Oxf). 2015; 82: 142–146. doi: 10.1111/cen.12489

52. Lee H-M, Wang G, Englander EW, Kojima M, Greeley GH Jr. Ghrelin, a new gastrointestinal endocrine
peptide that stimulates insulin secretion: enteric distribution, ontogeny, influence of endocrine, and die-
tary manipulations. Endocrinology. 2002; 143: 185–190. PMID: 11751608

53. Cummings DE, Foster-Schubert KE, Overduin J. Ghrelin and Energy Balance: Focus on Current Con-
troversies. Curr Drug Targets. 2005; 6: 153–169. doi: 10.2174/1389450053174569 PMID: 15777186

54. Gong Z, Yoshimura M, Aizawa S, Kurotani R, Zigman JM, Sakai T, et al. G protein-coupled receptor
120 signaling regulates ghrelin secretion in vivo and in vitro. Am J Physiol—Endocrinol Metab. 2014;
306: E28–E35. doi: 10.1152/ajpendo.00306.2013 PMID: 24222669

55. ChenW, Enriori PJ. Ghrelin: a journey fromGH secretagogue to regulator of metabolism. Transl Gas-
trointest Cancer. 2014; 4: 14–27.

56. Takagi K, Legrand R, Asakawa A, Amitani H, François M, Tennoune N, et al. Anti-ghrelin immunoglobu-
lins modulate ghrelin stability and its orexigenic effect in obese mice and humans. Nat Commun. 2013;
4. doi: 10.1038/ncomms3685

57. Goebel-Stengel M, Hofmann T, Elbelt U, Teuffel P, Ahnis A, Kobelt P, et al. The ghrelin activating
enzyme ghrelin-O-acyltransferase (GOAT) is present in human plasma and expressed dependent on
body mass index. Peptides. 2013; 43: 13–19. doi: 10.1016/j.peptides.2013.02.011 PMID: 23454172

58. Janssen S, Laermans J, Iwakura H, Tack J, Depoortere I. Sensing of Fatty Acids for Octanoylation of
Ghrelin Involves a Gustatory G-Protein. PLoS ONE. 2012; 7: e40168. doi: 10.1371/journal.pone.
0040168 PMID: 22768248

59. Nishi Y, Hiejima H, Mifune H, Sato T, Kangawa K, Kojima M. Developmental changes in the pattern of
ghrelin’s acyl modification and the levels of acyl-modified ghrelins in murine stomach. Endocrinology.
2005; 146: 2709–2715. doi: 10.1210/en.2004-0645 PMID: 15746259

60. Nishi Y, Mifune H, Kojima M. Ghrelin acylation by ingestion of medium-chain fatty acids. Methods Enzy-
mol. 2012; 514: 303–315. doi: 10.1016/B978-0-12-381272-8.00019–2 PMID: 22975061

61. Kamegai J, Tamura H, Shimizu T, Ishii S, Sugihara H, Wakabayashi I. Chronic central infusion of ghre-
lin increases hypothalamic neuropeptide Y and Agouti-related protein mRNA levels and body weight in
rats. Diabetes. 2001; 50: 2438–2443. PMID: 11679419

62. Tschöp M, Smiley DL, HeimanML. Ghrelin induces adiposity in rodents. Nature. 2000; 407: 908–913.
doi: 10.1038/35038090 PMID: 11057670

63. Albarran-Zeckler RG, Sun Y, Smith RG. Physiological roles revealed by ghrelin and ghrelin receptor
deficient mice. Peptides. 2011; 32: 2229–2235. doi: 10.1016/j.peptides.2011.07.003 PMID: 21781995

64. St-Onge MP, Jones PJ. Physiological effects of medium-chain triglycerides: potential agents in the pre-
vention of obesity. J Nutr. 2002; 132: 329–32. PMID: 11880549

Physiological Effects of Dietary Caprylic Acid

PLOS ONE | DOI:10.1371/journal.pone.0133600 July 21, 2015 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/6152703
http://www.ncbi.nlm.nih.gov/pubmed/8359655
http://www.ncbi.nlm.nih.gov/pubmed/3778930
http://www.ncbi.nlm.nih.gov/pubmed/5561179
http://dx.doi.org/10.1017/S1751731107000122
http://www.ncbi.nlm.nih.gov/pubmed/22444745
http://dx.doi.org/10.3389/fendo.2013.00084
http://dx.doi.org/10.3389/fendo.2013.00084
http://dx.doi.org/10.1016/j.domaniend.2013.09.005
http://www.ncbi.nlm.nih.gov/pubmed/24209506
http://dx.doi.org/10.1210/jc.2004-1641
http://www.ncbi.nlm.nih.gov/pubmed/15657369
http://dx.doi.org/10.1111/cen.12489
http://www.ncbi.nlm.nih.gov/pubmed/11751608
http://dx.doi.org/10.2174/1389450053174569
http://www.ncbi.nlm.nih.gov/pubmed/15777186
http://dx.doi.org/10.1152/ajpendo.00306.2013
http://www.ncbi.nlm.nih.gov/pubmed/24222669
http://dx.doi.org/10.1038/ncomms3685
http://dx.doi.org/10.1016/j.peptides.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23454172
http://dx.doi.org/10.1371/journal.pone.0040168
http://dx.doi.org/10.1371/journal.pone.0040168
http://www.ncbi.nlm.nih.gov/pubmed/22768248
http://dx.doi.org/10.1210/en.2004-0645
http://www.ncbi.nlm.nih.gov/pubmed/15746259
http://dx.doi.org/10.1016/B978-0-12-381272-8.00019&ndash;2
http://www.ncbi.nlm.nih.gov/pubmed/22975061
http://www.ncbi.nlm.nih.gov/pubmed/11679419
http://dx.doi.org/10.1038/35038090
http://www.ncbi.nlm.nih.gov/pubmed/11057670
http://dx.doi.org/10.1016/j.peptides.2011.07.003
http://www.ncbi.nlm.nih.gov/pubmed/21781995
http://www.ncbi.nlm.nih.gov/pubmed/11880549


65. Nagao K, Yanagita T. Medium-chain fatty acids: functional lipids for the prevention and treatment of the
metabolic syndrome. Pharmacol Res Off J Ital Pharmacol Soc. 2010; 61: 208–212. doi: 10.1016/j.phrs.
2009.11.007

66. Crozier G, Bois-Joyeux B, Chanez M, Girard J, Peret J. Metabolic effects induced by long-term feeding
of medium-chain triglycerides in the rat. Metabolism. 1987; 36: 807–814. PMID: 3298941

67. Ferreira L, Lisenko K, Barros B, Zangeronimo M, Pereira L, Sousa R. Influence of medium-chain triglyc-
erides on consumption and weight gain in rats: a systematic review. J Anim Physiol Anim Nutr. 2014;
98: 1–8. doi: 10.1111/jpn.12030

68. Briggs DI, Andrews ZB. A recent update on the role of ghrelin in glucose homeostasis. Curr Diabetes
Rev. 2011; 7: 201–207. PMID: 21539509

69. Yi C-X, Heppner KM, Kirchner H, Tong J, Bielohuby M, Gaylinn BD, et al. The GOAT-ghrelin system is
not essential for hypoglycemia prevention during prolonged calorie restriction. PloS One. 2012; 7:
e32100. doi: 10.1371/journal.pone.0032100 PMID: 22363801

70. Zhang Y, Fang F, Goldstein JL, Brown MS, Zhao T-J. Reduced autophagy in livers of fasted, fat-
depleted, ghrelin-deficient mice: reversal by growth hormone. Proc Natl Acad Sci U S A. 2015; 112:
1226–1231. doi: 10.1073/pnas.1423643112 PMID: 25583513

71. Kumar R, Salehi A, Rehfeld JF, Höglund P, Lindström E, Håkanson R. Proghrelin peptides: Desacyl
ghrelin is a powerful inhibitor of acylated ghrelin, likely to impair physiological effects of acyl ghrelin but
not of obestatin A study of pancreatic polypeptide secretion frommouse islets. Regul Pept. 2010; 164:
65–70. doi: 10.1016/j.regpep.2010.06.005 PMID: 20619300

72. Inhoff T, Mönnikes H, Noetzel S, Stengel A, Goebel M, Dinh QT, et al. Desacyl ghrelin inhibits the orexi-
genic effect of peripherally injected ghrelin in rats. Peptides. 2008; 29: 2159–2168. doi: 10.1016/j.
peptides.2008.09.014 PMID: 18938204

73. Han J, Farmer SR, Kirkland JL, Corkey BE, Yoon R, Pirtskhalava T, et al. Octanoate attenuates adipo-
genesis in 3T3-L1 preadipocytes. J Nutr. 2002; 132: 904–10. PMID: 11983812

74. Sarda P, Lepage G, Roy CC, Chessex P. Storage of medium-chain triglycerides in adipose tissue of
orally fed infants. Am J Clin Nutr. 1987; 45: 399–405. PMID: 3812339

75. Bays HE, González-Campoy JM, Bray GA, Kitabchi AE, Bergman DA, Schorr AB, et al. Pathogenic
potential of adipose tissue and metabolic consequences of adipocyte hypertrophy and increased vis-
ceral adiposity. Expert Rev Cardiovasc Ther. 2008; 6: 343–368. doi: 10.1586/14779072.6.3.343 PMID:
18327995

76. Thompson NM, Gill DAS, Davies R, Loveridge N, Houston PA, Robinson ICAF, et al. Ghrelin and des-
octanoyl ghrelin promote adipogenesis directly in vivo by a mechanism independent of the type 1a
growth hormone secretagogue receptor. Endocrinology. 2004; 145: 234–242. doi: 10.1210/en.2003-
0899 PMID: 14551228

77. Toshinai K, Yamaguchi H, Sun Y, Smith RG, Yamanaka A, Sakurai T, et al. Des-Acyl Ghrelin Induces
Food Intake by a Mechanism Independent of the Growth Hormone Secretagogue Receptor. Endocri-
nology. 2006; 147: 2306–2314. doi: 10.1210/en.2005-1357 PMID: 16484324

78. Astrup A, Dyerberg J, Elwood P, Hermansen K, Hu FB, Jakobsen MU, et al. The role of reducing
intakes of saturated fat in the prevention of cardiovascular disease: where does the evidence stand in
2010? Am J Clin Nutr. 2011; 93: 684–8. doi: 10.3945/ajcn.110.004622 PMID: 21270379

Physiological Effects of Dietary Caprylic Acid

PLOS ONE | DOI:10.1371/journal.pone.0133600 July 21, 2015 21 / 21

http://dx.doi.org/10.1016/j.phrs.2009.11.007
http://dx.doi.org/10.1016/j.phrs.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/3298941
http://dx.doi.org/10.1111/jpn.12030
http://www.ncbi.nlm.nih.gov/pubmed/21539509
http://dx.doi.org/10.1371/journal.pone.0032100
http://www.ncbi.nlm.nih.gov/pubmed/22363801
http://dx.doi.org/10.1073/pnas.1423643112
http://www.ncbi.nlm.nih.gov/pubmed/25583513
http://dx.doi.org/10.1016/j.regpep.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20619300
http://dx.doi.org/10.1016/j.peptides.2008.09.014
http://dx.doi.org/10.1016/j.peptides.2008.09.014
http://www.ncbi.nlm.nih.gov/pubmed/18938204
http://www.ncbi.nlm.nih.gov/pubmed/11983812
http://www.ncbi.nlm.nih.gov/pubmed/3812339
http://dx.doi.org/10.1586/14779072.6.3.343
http://www.ncbi.nlm.nih.gov/pubmed/18327995
http://dx.doi.org/10.1210/en.2003-0899
http://dx.doi.org/10.1210/en.2003-0899
http://www.ncbi.nlm.nih.gov/pubmed/14551228
http://dx.doi.org/10.1210/en.2005-1357
http://www.ncbi.nlm.nih.gov/pubmed/16484324
http://dx.doi.org/10.3945/ajcn.110.004622
http://www.ncbi.nlm.nih.gov/pubmed/21270379

