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Abstract

Background: Ketones are the brain’s main alternative fuel to glucose. Dietary medium-chain
triglyceride (MCT) supplements increase plasma ketones, but their ketogenic efficacy relative to
coconut oil (CO) is not clear.

Objective: The aim was to compare the acute ketogenic effects of the following test oils in healthy
adults: coconut oil [CO; 3% tricaprylin (C8), 5% tricaprin (C10)], classical MCT oil (C8-C10; 55% C8,
35% C10), C8 (>95% C8), C10 (>95% C10), or CO mixed 50:50 with C8-C10 or C8.

Methods: In a crossover design, 9 participants with mean = SD ages 34 * 12y received two 20-mL
doses of the test oils prepared as an emulsion in 250 mL lactose-free skim milk. During the control
(CTL) test, participants received only the milk vehicle. The first test dose was taken with breakfast
and the second was taken at noon but without lunch. Blood was sampled every 30 min over 8 h for
plasma acetoacetate and B-hydroxybutyrate (3-HB) analysis.

Results: C8 was the most ketogenic test oil with a day-long mean * SEM of +295 + 155 pmol/L
above the CTL. C8 alone induced the highest plasma ketones expressed as the areas under the
curve (AUCs) for 04 and 4-8 h (780 = 426 umol - h/L and 1876 * 772 ymol - h/L, respectively);
these values were 813% and 870% higher than CTL values (P < 0.01). CO plasma ketones peaked
at +200 pymol/L, or 25% of the C8 ketone peak. The acetoacetate-to-B-HB ratio increased 56%
more after CO than after C8 after both doses.

Conclusions: In healthy adults, C8 alone had the highest net ketogenic effect over 8 h, butinduced
only half the increase in the acetoacetate-to-B-HB ratio compared with CO. Optimizing the type
of MCT may help in developing ketogenic supplements designed to counteract deteriorating
brain glucose uptake associated with aging. This trial was registered at clinicaltrials.gov as
NCT 02679222. Curr Dev Nutr 2017;1:1-5.

Introduction

The ketones acetoacetate and B-hydroxybutyrate (3-HB)” are the brain’s principal alterna-
tive fuel to glucose under conditions when carbohydrate intake is significantly reduced, or
during fasting or strenuous aerobic exercise (1, 2). Ketones replace glucose and supply
=80% of the brain’s energy requirements during medically supervised starvation of 40-60 d
(3, 4). The very-high-fat ketogenic diet has been used for many years to treat refractory child-
hood epilepsy and increases plasma ketones by virtue of extreme carbohydrate restriction and
hypoinsulinemia (5).

An alternative means of moderately increasing ketones without radically altering food
intake or restricting carbohydrate is by consuming medium-chain TGs (MCTs; FAs of
8-12 carbons atoms) (2, 6-9). MCTs induce mild to moderate ketonemia when added to
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a regular meal because they are quickly absorbed via the portal vein
and rapidly B-oxidized to acetyl-CoA in the liver (2, 10). In contrast,
common long-chain dietary FAs are absorbed as chylomicrons via
the lymphatic system and distributed throughout the circulation be-
fore being metabolized. Unlike long-chain FAs, medium-chain FAs
do not need to be activated by carnitine in order to access the inner
mitochondrial membrane for B-oxidation (7).

MCTs are typically purified from coconut oil (CO). To our
knowledge, the ketogenic effect of different MCTs in humans has
not been directly compared among themselves or with CO. There-
fore, we aimed to compare the acute ketogenic effect of CO with
that of tricaprylin alone (C8), tricaprin alone (C10), a typical MCT
mixture (C8-C10), or CO mixed 50:50 with C8-C10 or C8 alone.
The 8-h metabolic study day protocol was designed to compare
the ketogenic effect of the dose of test oil taken with a meal (break-
fast) with the same dose taken at midday but without an accompa-
nying meal.

Methods

Participants

Ethical approval for this study was obtained from the Research Eth-
ics Committee of the Integrated University Health and Social
Services of Eastern Townships—Sherbrooke University Hospital Cen-
ter, which oversees all human research conducted at the Research
Center on Aging (Sherbrooke, Quebec, Canada). All of the partici-
pants provided written informed consent before beginning the study
and were recruited from August to December 2015. They underwent
a screening visit, including an analysis of a blood sample collected
after a 12-h overnight fast. Exclusion criteria included the fol-
lowing: smoking, diabetes or glucose intolerance (fasting glu-
cose >6.1 mmol/L and glycosylated hemoglobin >6.0%), strenuous
aerobic exercise >3 times/wk, CO allergy, untreated hypertension,
dyslipidemia, and abnormal renal, liver, heart, or thyroid function.
This project is registered at clinicaltrials.gov (NCT02679222).

Test oils

The composition of the CO (President’s Choice, Loblaws) is shown
in Table 1. The MCT oil was 55% C8, 35% C10 (Captex 355; Abitec).
The C8 oil was 95% pure tricaprylin (Captex 8000; Abitec). The C10
oil was 95% pure tricaprin (Captex 1000; Abitec). A 20-mL dose of
each test oil was mixed with 250 mL lactose-free skim milk (Natrel,
Agropur) by using a blender (Magic Bullet, Homeland Houseware,
LLC). CO and CI10 are solid at room temperature, so they were
melted in a water bath at 60°C before blending into the milk base.

Experimental design

The protocol involved 7 separate but identical metabolic study days
for each participant, hence a repeated or longitudinal measurements
design during which the test substances were evaluated in random
order: vehicle [control (CTL); 250 mL lactose-free skim milk] or
20 mL of the test oils mixed with 250 mL lactose-free skim milk
[CO, C10, C8, C8-C10, CO+C8-C10 (50:50), CO+C8 (50:50)] taken
twice, once at breakfast and once at midday. Participants were
single-blinded and crossed over from one treatment to the next
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TABLE 1 Test oils given on the metabolic study days’

Composition, % Quantity/dose, mL

co Cc8 c10 cs c10
CTL 0 0 0 0 0
CO 100 0 0 0.6 1
C8-C10 0 60 40 12 8
CO + C8-C10 50 30 20 6.3 4.5
CO +C8 50 50 0 10.3 0.5
C8 0 100 0 20 0
C10 0 0 100 0 20

"CO FA composition (%): C8:0 (3); C10:0 (5); C12:0 (45); C14:0 (18); C16:0 (15);
C18:0 (7); C18:1 (7). CO, coconut oil; CTL, control; C8, tricaprylin; C10, tricaprin.

during the trial course. The test sequence was determined a priori
by the investigator, and the participants were randomly assigned
to sequences. On each metabolic study day, the participants arrived
at 0730 after a 12-h overnight fast and a minimum of 24 h without
alcohol intake. A forearm venous catheter was installed, and a base-
line blood sample (time 0) collected. Participants then received a
standard breakfast during which they consumed the test beverage.
The breakfast consisted of 2 pieces of toast with raspberry jam, a
piece of cheese, and 2 scrambled eggs. A second dose of the test bev-
erage was given alone for lunch (i.e., with no other food) (Table 1).
Water was available ad libitum throughout the study day. Blood sam-
ples were taken at baseline (predose) and every 30 min during 8 h,
with the first postdose sample being taken 30 min after the test bev-
erage was consumed. Blood samples were centrifuged at 2846 X g
for 10 min at 4 C, and plasma stored at —80°C until analyzed.

Plasma metabolite analyses

Plasma B-HB and acetoacetate were measured by an automated col-
orimetric assay as previously described (9). Briefly, for acetoacetate,
25 pL plasma was mixed with 330 pL fresh reagent [Tris buffer,
pH 7.0, 100 mmol/L; 20 mmol sodium oxamate/L; 0.15 mmol
NAD(H)/L, and 1 U B-HB dehydrogenase (3-HBDH)/mL]. For
B-HB, the reagent was Tris buffer (pH 9.0; 20 mM sodium oxamate,
1 mmol NAD/L; and 1 U 3-HBDH/mL). Tris, oxamic acid, DL-B-HB
sodium salt, Li-acetoacetate standard, and NAD were purchased
from Sigma; NAD(H) was purchased from Roche; and B-HBDH
was purchased from Toyobo. The change in absorbance at 340 nm
between 15 and 120 s after the addition of the reagent was measured
by using an automated clinical chemistry analyzer (Dimension
Xpand Plus; Siemens). The assay was calibrated with freshly di-
luted standards from frozen aliquots of a 10-mmol/L standard of Li-
acetoacetate or DL-B-HB sodium salt, which are stable at —20°C for
2 and 6 mo, respectively. Calibrations and quality controls were
performed for each assay to ensure the precision of the kits (CV
between tests: 5% * 1%). Plasma glucose, lactate, TGs, cholesterol
(Siemens Medical Solutions USA, Inc.), and FFAs (Randox Labo-
ratories Ltd.) were analyzed by using commercial kits. Glycated
hemoglobin was measured by HPLC-723G7, a fully automated
HPLC instrument-reagent system (Tosoh Bioscience).

Statistical analysis
All of the results are given as means = SEMs. The sample size cal-
culation was based on a previous study in which 8 participants were
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TABLE 2 Baseline demographic and biochemical variables of
the participants’

Characteristics Values
Age, y 34 =12
Weight, kg 72 =10
Height, cm 175 £ 6
BMI, kg/m? 24 +3
Plasma metabolites
Glucose, mmol/L 43 *+0.2
Ketones,? umol/L 90 * 61
Glycated hemoglobin, % 52+04
Total cholesterol, mmol/L 43 +0.9
TGs, mmol/L 0.7 0.3

"Values are means = SDs, n = 9.
2 Acetoacetate + B-hydroxybutyrate.

sufficient to measure a significant difference (8 = 0.80) in plasma ke-
tones after consuming 30 g MCT oil (9). Our sample size was n = 9
for the present study in case of a dropout during 1 of the 7 tests. All of
the statistical analyses were carried out by using SPSS 23.0 software
(SPSS, Inc.). Plasma ketone data are all reported in relation to time
0 (baseline). When plasma ketones are given in the plural, this refers
to the total of acetoacetate and B-HB combined. The second test
dose was given 4 h after the first, so the half-day periods are reported
as 0-4 and 4-8 h. For total ketones, the AUCs fromOto4 and 4to 8 h
were calculated according to the trapezoid method (11). Because the
data were not normally distributed (n < 30), results of the 7 tests
were compared by using Friedman’s test, and the effect of the treat-
ments as well as changes over time were determined in each group
by using Wilcoxon’s Signed Rank test. False discovery rate proce-
dures for multiple comparisons were used to control for incorrect re-
jection of the null hypothesis (12). Spearman correlations were used
to measure the statistical dependence between 2 variables. Differ-
ences were considered significant at P =< 0.05. Graphs were prepared
with the use of Prism version 6.0 (GraphPad Software, Inc.).

Results

Seven men and 2 women (total n = 9) completed all of the tests
except for C10 (n = 8; Table 2). The participants’ baseline biochem-
ical variables corresponded to normal reference values from the
Sherbrooke University Hospital Center (9). No significant gastroin-
testinal side effects were reported. There were no differences in
plasma glucose, lactate, TG, or FFA responses among the 7 metabolic
days (data not shown).

Plasma ketones

Compared with the CTL, there was no difference in plasma ketones
during the metabolic day on which CO was evaluated (P = 0.11; Fig-
ure 1). C10 alone significantly elevated plasma ketones by up to
2-fold between 5 and 6.5 h compared with the CTL (P < 0.01). Com-
pared with the CTL, C8 alone significantly increased plasma ketones
by +288 = 190 pwmol/L above baseline at 0.5-1.5 h (P < 0.01), after
which ketones returned to CTL values by 4 h. The second dose of C8
at midday again significantly elevated plasma ketones compared
with the CTL, reaching a maximal peak concentration from 4.5 to
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6.5 h of +797 + 285 pwmol/L above baseline (P < 0.01). Compared
with the CTL, C8-C10 also induced a significant increase in ketones
at 1 h (+250 £ 106 pmol/L above baseline; P < 0.01). In the second
half of the metabolic day, C8-C10 significantly increased plasma ke-
tones from 4.5 to 7 h, with a maximum of +646 * 256 pwmol/L above
baseline (P < 0.05). Both CO+C8-C10 and CO+C8 produced interme-
diary effects on plasma total ketones that were significantly higher
than the CTL at 0.5 and 1 h (+126 * 55 and +129 * 113 pmol/L
above baseline; P < 0.01) and significantly higher again at 5.5 and
6 h (+341 * 169 and +483 = 206 pwmol/L, respectively, above base-
line) in comparison with the CTL (P < 0.01; data not shown).
Mean ketones averaged over the whole metabolic study day were
5.3 times and 4.3 times higher with C8 alone and C8-C10 alone
than with the CTL (P < 0.05).

There was no difference in the plasma ketone AUC over the first
4-h period between the CTL, CO, and C10 (P < 0.12; Figure 2A).
However, the AUC from 4 to 8 h of CO and C10 was significantly
higher than the CTL (+88% and +171%, respectively; P < 0.05). C8
alone induced the highest plasma ketone AUCs from 0-4 h
(780 = 348 pmol - h/L) and from 4-8 h (1876 * 564 pmol - h/L),
values that were 26% and 21% more than C8-C10 alone and 813%
and 870% more than the CTL, respectively (P < 0.01). The 2 half-
day AUCs (0-4 and 4-8 h) were significantly different from each
other during all tests (P < 0.05).

Plasma acetoacetate-to-3-HB ratio

CO significantly increased the plasma acetoacetate-to-B-HB ratio
compared with C8 from O to 4 h and from 4 to 8 h (P < 0.05; Figure
2B). Acetoacetate:B-HB was also higher after C10 than after C8 dur-
ing both time periods (P < 0.05). The acetoacetate-to-B-HB ratios
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FIGURE 1 Plasma concentration and summed daily means (far right)
during the metabolic study days for total ketones (3-HB and AcAc)
obtained without an added test oil (CTL; @) or after taking two 20-mL
doses of CO alone (A), C10 alone (J), medium-chain TGs (C8-C10;
*), or C8 alone (¢). The open arrow indicates when the breakfast
plus test oil was consumed; the solid arrow indicates when the test oil
alone was consumed without an accompanying meal at midday. Data
for metabolic study days on which CO+C8-C10 and CO+C8 were
tested are not shown here for clarity, but their AUC data are shown in
Figure 2. Values are means * SEMs; n = 9/point. *Different from CTL,
P < 0.05. AcAc, acetoacetate; CO, coconut oil; CTL, control; C8,
tricaprylin; C10, tricaprin; B-HB, B-hydroxybutyrate.
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FIGURE 2 Plasma concentration and summed means of 0- to 4-h
and 4- to 8-h AUCs for plasma total ketones (i.e., AcAc and B-HB
combined) (A) and for the mean AcAc-to-B-HB ratio (B). Bars
represent no test oil consumed (CTL) or values after taking 2 doses
of CO alone, C10 alone, medium-chain TGs (C8-C10), C8 alone,
CO+C8-C10 (50:50), or CO+C8 (50:50). Values are means = SEMs;
n = 9. The AUC for 0-4 h was significantly different from the AUC for
4-8 h under all conditions. Labeled means without a common letter
differ@<b<c<d<eandA<B<C<D<E),P<0.05.
AcAc, acetoacetate; CO, coconut oil; CTL, control; C8, tricaprylin;
C10, tricaprin; B-HB, B-hydroxybutyrate.

for 0-4 and 4-8 h with the CTL treatment were not significantly dif-
ferent from those of any of the test oils (1.02 * 0.50 for 0-4 h and
0.72 = 0.27 for 4-8 h; P > 0.05). Plasma acetoacetate-to-B-HB ratios
were significantly higher with CO+C8-C10 and with CO+C8 than
with C8 alone (P < 0.01; Figure 2B). The ratio of acetoacetate to
B-HB was significantly higher during 0-4 h than during 4-8 h, re-
gardless of the test substance (P < 0.05).

Plasma ketones compared with dose of test oil
The AUCs for 0-4 and 4-8 h for the increase in plasma total ketones
after C8 were significantly positively correlated to the total dose of
C8 given (p = 0.9, P = 0.008, and p = 0.9, P = 0.008, respectively; Fig-
ure 3A). Plasma total ketone AUCs after C10 were not significantly
correlated with the dose of C10 (P = 0.34; Figure 3B).

Discussion
Our main observation was that C8 was the most ketogenic of the

MCTs tested (Figure 2A). When C8 was mixed with CO in a
50:50 ratio, the combination dampened the net ketogenic effect by
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75% * 27% compared with that of C8 alone. Hence the 5-10%
medium-chain FA content of CO was only sufficient to modestly
stimulate ketone production and only without a meal (4-8 h in
our study day). In contrast, when given alone, C8 induced a
3.4-fold higher total plasma ketone daily mean response than
CO alone (Figure 1). During the CTL test, total ketones increased
at 7-8 h due to the low carbohydrate content in the CTL beverage
(vehicle for all of the tests); this increase during the CTL test was
not different from that observed during the CO and C10 tests.
The significant positive correlation of medium-chain FA intake
and plasma ketone response was only observed for C8 (Figure 3A)
but not for C10 (Figure 3B), suggesting that C8 drives the keto-
genic effect of MCTs containing a mixture of C8 and C10. C8
and C10 differ in chain length by only 2 methylene groups, but
C8 was clearly more ketogenic under our conditions. A family of
medium-chain fatty acyl-CoA dehydrogenases catalyzes the first
step of B-oxidation of C6-C12 FAs with a higher specific activity
for C8 (13). As seen in astrocytes in culture (14), C8 also appears
to be preferentially B-oxidized over C10 in humans, resulting in
more rapid formation of acetyl-CoA, the substrate for ketogenesis.
Although C10 is not very ketogenic, it may have an indirect effect
on brain fuel availability because it promotes glycolysis and stim-
ulates lactate release in isolated cultured astrocytes (14).
Nutritional state has an important effect on ketogenesis, with
fasting stimulating ketone production more than the postprandial
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FIGURE 3 Direct, linear relation between the 0-4 h (@) or 4-8 h
(O) AUCs for plasma total ketones in relation to the dose of C8 (A) or
C10 (B) consumed. Values are means * SEMs; n = 9/point (P < 0.05).
C8, tricaprylin; C10, tricaprin.
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state for any given load of C8 (15). FA synthesis is generally de-
creased under fasting or very low food intake conditions in which
acetyl-CoA generation is unchanged or increased, which results in
a larger acetyl-CoA pool and increased ketogenesis. This could ex-
plain the higher plasma ketone response during our 4- to 8-h study
period compared with the 0- to 4-h period.

Despite its relatively poor ketogenic effect, CO induced a signif-
icantly higher acetoacetate-to-B-HB ratio than did C8 or C8-C10
(Figure 2B). During ketogenesis, 3-HB and acetoacetate are ex-
ported from the liver into the bloodstream for use by extrahepatic
tissues such as the brain (16). It is acetoacetate that is metabolized
to carbon dioxide, so B-HB needs to undergo conversion to acetoac-
etate via 3-HBDH before it can affect ATP production (17). A higher
acetoacetate-to-B-HB ratio could therefore potentially favor more
direct energy availability from ketones. However, it is not clear
that the acetoacetate-to-B-HB ratio observed in plasma represents
the same ratio in mitochondria, so the implications of a higher or
lower plasma acetoacetate-to-B-HB ratio need further investigation.

Brain glucose uptake is lower in Alzheimer disease (AD) (2, 18).
This problem develops gradually before cognitive symptoms are
present, continues as symptoms progress, and becomes lower
than the brain glucose hypometabolism occurring in normal aging
(19, 20). In contrast to glucose, brain ketone uptake in AD is sim-
ilar to that in cognitively healthy, age-matched controls (2, 18). For
ketones to be a useful energy source in glucose-deprived parts of
the AD brain, the estimated mean daily plasma ketone concentra-
tion needs to be >200 pmol/L (21). With a total 1-d dose of 40 mL
C8, plasma ketones peaked at 900 pmol/L and the day-long mean
was 363 * 93 wmol/L, whereas with the same amount of CO, they
peaked at 300 and 107 * 57 wmol/L, respectively. Our 2-dose test
protocol (breakfast and midday) generated 2 peaks of plasma total
ketones throughout 8 h, with the second dose inducing 3.5 and 2.4
times higher ketones with C8 than with CO, respectively. The first
dose taken with a meal would be a more typical pattern but re-
sulted in less ketosis that without a meal. One limitation of this
study design is that the metabolic study period was only 8 h. A
longer-term study lasting several weeks to months would be useful
to assess the impact of regular MCT supplementation on ketone
metabolism.

In summary, C8 was the most ketogenic MCT tested in this
acute 8-h study and its ketogenic effect was significantly higher
in the absence of an accompanying meal. Despite a low net keto-
genic effect, CO may still be of interest because of its effect on
plasma acetoacetate-to-B-HB ratio. With the help of positron emis-
sion tomographic imaging and the ketone tracer 'C-acetoacetate
(2, 18, 20), it is now possible to investigate the impact on tissue
ketone uptake of various ketogenic interventions.
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