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Abstract: Medium-chain triglycerides (MCT) have demonstrated a wide range of neuroprotective
effects, although the mechanisms still remain poorly understood. Animal models are indispensable
for such research. Metabolic effects of regular diet supplementation with fats must be considered.
Male Wistar rats aged 2.5 months received (o/g) 3 g/kg/day of MCT oil, lard, or water (control) as a
supplement to standard chow for 28 days. On the 17th day, the animals were tested in Y-maze. On
the 28th day, blood was collected for biochemical testing (glucose, triglycerides (TG), total
cholesterol (TC), HDL cholesterol). In a separate experiment, animals received 3 g/kg MCT, or lard,
or water, and were then sacrificed 30 or 120 min after. Blood was collected for biochemical testing
(glucose, lactate, pyruvate, acetoacetate, 3-hydroxybutyrate (BHB), TC, TG, aspartate transaminase
(AST), alanine transaminase (ALT)). In the Y-maze test, the MCT-fed rats demonstrated an increased
frequency of spontaneous alterations compared to both the control and lard groups, indicating
improved working memory. Chronic administration of neither fat affected the blood glucose, TG,
TC, HDL cholesterol. Acutely, MCT supplementation elevated blood BHB, while lard did not. Lard
increased blood TG, TC, and ALT, while MCT did not. Daily supplementation of standard feed with
MCT led to mild intermittent ketosis and improved working memory in rats. Neither chronic nor
acute MCT administration had any adverse effect on metabolic health markers. This animal model
may be used to study the mechanisms of the cognitive-enhancing effects of MCT.

Keywords: medium-chain triglycerides; ketosis; neuroprotection; working memory; metabolic
health; malondialdehyde; cholesterol
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1. Introduction

Medium-chain triglycerides (MCT) are triglycerides (TG), which contain saturated fatty acids
with a chain length from 6 to 10 carbon atoms (medium-chain fatty acids, MCFAs). MCFAs and long-
chain fatty acids (LCFAs) are metabolized differently. When absorbed by enterocytes, LCFAs trigger
chylomicron formation and are transported in the lymph, while MCFAs are primarily directed to the
liver through the portal vein. In hepatocytes, MCFAs mostly avoid activation in the cytosol and enter
mitochondria bypassing the carnitine transport system, which is limiting the LCFA transport to
mitochondria when enough glucose is available [1]. Therefore, the main fate of MCF As in hepatocytes
is to be oxidized in the mitochondria, generating an excess of acetyl-CoA, while LCFAs are primarily
esterified for TG storage, phospholipid synthesis, and excretion in very-low-density lipoprotein
(VLDL) particles [2]. When MCFAs are rapidly oxidized in the mitochondria, the amount of acetyl-
CoA, which exceeds the tricarboxylic acid (TCA) cycle capacity, can be redirected to various
metabolic pathways, including ketogenesis in the mitochondria, as well as de novo lipogenesis and
cholesterol synthesis in the cytosol. The ketone bodies (KB) produced in the liver (including
acetoacetate (AcAc) and p-hydroxybutyrate (BHB)), can be excreted into the blood and transported
to other organs, including the brain, where the KB can be converted back to acetyl-CoA and enter the
TCA cycle to produce ATP [1]. For LCFAs, the ketogenesis pathway only becomes significant under
conditions such as starvation, high-fat-low-carbohydrate diet ketogenic diet (KD), or diabetes.
MCEFAs, on the other hand, are ketogenic even in a well-fed state in the presence of carbohydrates
[3.4].

It is well established that KD and its mechanistic mediators KB possess neuroprotective
properties [5-7]. Various approaches have been developed to raise the blood KB levels without the
challenge of adhering to KD, including the use of MCT, and BHB salts and esters [6]. Aging and
Alzheimer’s disease (AD) are often accompanied by reduced glucose but intact KB metabolism in the
brain [8,9]. Both single and chronic ingestion of MCT have been shown to increase brain energy
metabolism [10,11]. In several human studies, both chronic supplementation and acute oral
administration of MCT offered beneficial effects on cognition in elderly individuals with normal
cognition [12], elderly individuals suffering from mild cognitive impairment (MCI) [13,14], APOE4-
negative AD patients [15]. Although MCT supplementation studies are usually conducted with the
rationale that the KB produced by the liver are the mediators of the beneficial effects, MCFAs may
also exert certain protective effects on nervous cells via mechanisms independent of KB metabolism
[16,17]. In fact, some studies reported that MCFA but not BHB concentrations were elevated in the
brain of animals fed diets enriched with MCT [17,18]. One study reported that the biochemical effects
of MCT supplementation were brain-region-specific and phenotype-specific [19]. While MCT
supplementation is undoubtfully a promising approach to support cognitive function, the
mechanisms remain poorly understood.

A potential concern with the MCT supplementation approach (as opposed to a KD) is that
although MCT doses of less than 1 g/kg are generally considered safe [20], the excess of acetyl-CoA,
produced during rapid MCFA oxidation in the liver, has the potential to feed the de novo lipogenesis
and cholesterol synthesis pathways in the cytosol and may also limit the LCFA oxidation, pushing
the LCFAs towards TG storage and VLDL excretion, depending on many factors, such as the
underlying physiological condition and the proportions of carbohydrates and various fatty acids in
the diet. In various studies, MCFA-rich diet compared to LCFA-rich diet increased [21], decreased
[22], or had no effect [23] on TG accumulation in the liver; increased [24], decreased [21], or had no
effect on [25] fasting plasma TG concentration; increased [24], decreased [26], or had no effect on [27]
fasting plasma total cholesterol concentrations. While human clinical trials of MCT effects on
cognitive functions generally do not include participants with metabolic disorders [13,14,28], obesity,
insulin resistance, and diabetes are common risk factors for developing AD, and they share
dyslipidemia as a pathological mechanism [29]. The long-term effects of MCT supplementation of a
regular diet on metabolic and cardiovascular health are still unknown.

The present study aimed to assess metabolic effects of acute and chronic administration of MCT
in concentrations high enough to elicit neuroprotective effects in young adult male rats.
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2. Materials and Methods

The study was performed on male Wistar rats aged 2.5-3.5 months with an average weight
(M+SD) of 316.3+28.03 g at the beginning of the experiments and 371.5+38.64 g at the end of the
experiments. The animals with an average weight of about 160-180 g and 4-5 weeks of age were
purchased from the State Breeding Farm “Rappolovo” (Leningrad region, Russia), and housed under
standard conditions with ad libitum access to standard chow and tap water for 1 month prior the
study and 1.5 months during the study. The room temperature was controlled at 24-26 °Cina 12 h
light/dark cycle. All experiments were conducted in compliance with the regulations of the European
Communities Council Directive 2010/63/EU and were approved by the ethics authorities of the
Institute of Experimental Medicine, St. Petersburg, Russia.

To study the acute effects of medium-chain triglyceride supplementation on biochemical
markers in the blood serum, 2.5 m.o. animals received 3 g/kg MCT (C8 & C10 mixture, “Jarrow
Formulas® MCT QOil”, n = 5), or lard (n = 5), or water (n = 11) through oral gavage, and were then
sacrificed by decapitation 30 or 120 min after. Blood was collected for biochemical testing, stored at
+4 °C overnight, centrifuged at 2000 g for 20 min. Serum was distributed into 0.6 ml tubes and stored
at -70 °C until biochemical analyses.

The levels of 3-hydroxybutyrate (BHB), acetoacetate (AcAc), glucose, lactate, pyruvate, total
cholesterol, HDL cholesterol, triglycerides (TG), malondialdehyde (MDA), and aspartate
transaminase (AST) and alanine transaminase (ALT) activities were measured in the serum samples
without deproteinization using commercial kits according to the manufacturers’ instructions
(“Sigma-Aldrich,” MO, USA (BHB, AcAc); “Olvex Diagnosticum” (AST, ALT), “Vital Development
Corp.,” St. Petersburg, Russia). All analyses were performed by enzymatic colorimetric assays. The
final colored products” absorbance was measured on ImmunoChem-2100 Microplate Reader (High
Technology, Inc., MA, USA) at 340 nm (BHB, AcAc, AST, ALT), 532 nm (MDA), or 500-510 nm.

To study the effects of chronic MCT supplementation on the biochemical markers in the blood
serum and the performance in the Y-maze, the animals were first tested in Y-maze (8 min, 3 equal
arms) to evaluate the baseline total number of arm entries and spontaneous alternations performance
(consecutive visits to three different arms). 9 days after the testing, animals started to receive
orogastrically 3 g/kg/day of either MCT oil (n = 8), or lard (n = 8), or water (control, n = 9) as a
supplement to standard chow for 28 days. On Day 17 of the supplementation regime, the Y-maze
task was repeated (prior to the supplement administration on that day). On Day 28, animals were
sacrificed (20 h after the final orogastric administration) and blood was collected for biochemical
testing (glucose, triglycerides, total cholesterol, HDL cholesterol, MDA, AST and ALT activity),
performed as described above.

Statistical analysis and graph plotting were performed using GraphPad Prism v.8 (GraphPad
Software, Inc., CA, USA). D’ Agostino—Pearson and Shapiro-Wilk tests were used for assessing the
normality of the data distribution. Inter-group differences were analyzed by ANOVA with Tukey’s
post hoc test and 2-way repeated measures (rm)-ANOVA with Holm-Sidak post hoc test. Linear
regression differences with slope comparison were used to assess the effects of MCT and Lard
treatment on the dynamics of the blood biochemical parameters after single administration. The
graphs are plotted as M+SEM. Significant differences were accepted at P <.05.

3. Results

In the Y-maze test, the number of total arm entries was lower during the second trial in all
experimental groups (Figure 1a; 2-way rm-ANOVA: F @, 2 = 36.9, P < .0001; Holm-Sidak post hoc
Before vs. After: Ctrl t =4.7, P =.0003, Lard t = 3.4, P =.0045, MCT t = 2.3, P = .02) with no statistical
difference among groups (Figure 1b; ANOVA: F ¢, 2 = 1.18, P = .32), indicating that the fat
supplements had no effect on locomotive activity. The frequency of spontaneous alterations tended
to decrease significantly during the second trial in the control and the lard-fed animals but not in the
MCT-fed animals (Figure 1c; 2-way rm-ANOVA: F (1,22 = 36.9, P <.0012 (effect of trial), F ¢, 22=3.24,
P = .05 (effect of trial x treatment interaction); Holm-Sidak post hoc Before vs. After: Ctrl t=3.1, P =
011, Lard t = 3.2, P = .011, MCT t = .04, P = .96). The value of the treatment-induced change in the
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frequency of spontaneous alternations relative to baseline was greater in the MCT-fed rats (compared
to both the control and the lard groups), indicating improved working memory (Figure 1d; ANOVA:
F 2 2)=4.809, P = .0185; Tukey’s post hoc: Ctrl vs. Lard q =.161, P=.99, Ctrl vs. MCT q=3.79, P = .035,
Lard vs. MCT q = 3.84, P = .0325).
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Figure 1. Effects of chronic MCT and lard administration (3 g/kg) on locomotive activity (a-b) and
working memory (c-d). (a) The number of arm entries in the Y-maze test before and after treatment,
plotted for each animal separately, (b) the average change in the number of arm entries compared to
the baseline value in each group, (c) the frequency of spontaneous alternations, plotted for each
animal separately, (d) the average change in the frequency of spontaneous alternations compared to
the baseline value in each respective group. t — significant difference vs. Lard; # — significant
difference vs. Control; n = 8-9 rats per group; P < .05.

Chronic administration of neither fat affected the blood glucose, triglycerides, total cholesterol,
HDL cholesterol levels, as well as the AST and ALT activities and their ratio (de Ritis ratio), as well
as the MDA level (Figure 2; P > .05).

Acutely, MCT supplementation elevated blood BHB level, while lard did not (Figure 3a; linear
regression comparison: F ¢,28 =34.32, P <.0001; ANOVA 30 min: F 2,14 =140.4, P <.0001; ANOVA 120
min: F ¢ 11)=63.56, P <.0001). The AcAc level did not significantly change after the administration of
either fat (Figure 3b; P > .05). The cumulative level of both ketone bodies was significantly elevated
after the MCT but not the lard treatment (Figure 3c; linear regression comparison: F (1,26 = 19.5, P =
.0002; ANOVA 30 min: F 13 =43.1, P <.0001; ANOVA 120 min: F 211 =30.01, P <.0001).

Lard administration increased blood TG (Figure 3d; linear regression comparison: F , 35 =10.18,
P =.003), cholesterol levels (Figure 3f; linear regression comparison: F ¢,37=15.00, P =.0004), and ALT
activity (Figure 3j; linear regression comparison: F ¢, 37 = 9.34, P = .004), while MCT did not.

The glucose level was found to be decreased 30 min after MCT ingestion compared to control
(Figure 3e; ANOVA: F,18 =3.67, P =.046, Tukey’s post hoc Control vs. MCT: q=3.78, P =.039), while
this parameter was unchanged in the lard-fed animals. The HDL cholesterol level increased 30 min
after lard but not MCT treatment compared to control animals (Figure 3g; ANOVA:F ¢,19=4.95, P =
.019, Tukey’s post hoc Control vs. Lard: q = 4.43, P = .015).

The level of pyruvate increased 120 min after the MCT but not the lard treatment compared to
control (Figure 31; ANOVA:F 17 =3.81, P =.043, Tukey’s post hoc Control vs. MCT: q =3.87, P =.036).
As the lactate level did not change after either fat administration (Figure 3m; P > .05), the ratio of
lactate/pyruvate in MCT-fed animals was lower compared to control 120 min after the treatment
(Figure 3n; ANOVA: F @17 = 3.63, P =.048, Tukey’s post hoc Control vs. MCT: q = 3.67, P = .045).
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Figure 2. MCT or Lard oral gavage during 28 consecutive days (3 g/kg/day) did not change the blood
glucose, triglycerides, total cholesterol, HDL cholesterol level, AST and ALT activity 20 h after the last
orogastric injection. n = 8-9 rats per group.

4. Discussion

The MCT dose used in this study (3 g/kg) corresponds to the amount typically given to human
subjects in clinical trials [12,15,30], adjusted for metabolic rate [31]. This dose was sufficient to achieve
mild ketosis, elevating the blood KB levels (AcAc + BHB) 4-5-fold with the peak concentration at
around 2 h. Our results demonstrate that this amount of MCT, when given as a supplement to
standard feed for 28 days, is sufficient to achieve a measurable beneficial effect on cognition in young
adult rats. A higher frequency of spontaneous alternations (SA) in the Y-maze test indicates better
working memory [32]. In our study, chronic MCT supplementation increased the SA frequency by
37% compared to baseline. The test was conducted before MCT was administered on that day.
Therefore, the improved performance cannot be attributed to KBs acting as an alternative energy
source immediately during the test. Instead, it should be regarded as a cumulative effect of 16 days
of MCT supplementation. In line with our findings, LCFA-based KD improved performance in the
Y-maze [33], and that supplementation with MCFA-rich oil improved spatial memory [34] in healthy
adult rats. Conversely, MCT-based KD failed to improve cognitive performance in 2 murine
transgenic models of AD [35], while MCT supplementation reduced anxiety in rats with high but not
normal baseline anxiety levels [19]. In our study, MCT had no effect on locomotive activity. The
effects of MCT treatment on cognitive functions appear to depend on the investigated trait and the
phenotype. More research is needed to define the scope of impairments, for which the
neuroprotective effects can be achieved with MCT supplementation.

In our study, 28 days of supplementation of standard feed with MCT (3 g/kg) had no significant
effect on any of the measured markers of metabolic health. In contrast, 4 g/kg MCT added to a
fructose-rich diet for 12 weeks has been reported to exacerbate the liver damage associated with
fructose feeding in mice [36]. In another study, when 10 g/kg/day MCT were given to juvenile rats
for 28 days with standard feed, the livers of the rats were enlarged, and the HDH cholesterol level
was reduced [37]. It appears that the dose used in our study is high enough to improve cognition in
young adult rats fed with standard rodent chow, but low enough to avoid hepatotoxic effects.
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Figure 3. Acute effects of MCT and lard administration (3 g/kg) on the biochemical and metabolic
parameters in the blood. % — MCT vs. Lard difference: linear regression; # — fat vs. control
difference: ANOVA and Tukey’s post hoc; + — MCT vs. the respective-time-point Lard difference:
ANOVA and Tukey post hoc. %, #, + — P <.05; %%k, ##, t+ — P <.01; %k %%, ##4, +++ — P <.001;
Kk k%, #444, tttt — P <.0001. n=5-11 rats per group.

We assessed the acute effects of our supplementation protocol. The effects of a single oral dose
of MCT on serum glucose, lactate and pyruvate mostly agree with the classical studies in non-fasted
rats [38]. However, in our study, we observed an increase (instead of a decrease) of pyruvate level at
120 min post-administration and a parallel decrease of the lactate/pyruvate ratio. These discrepancies
may be due to differences in experimental protocols. The elevation of pyruvate level may be related
to the inhibitory effect of KB on pyruvate dehydrogenase [39]. Enzymatic activities of ALT and AST
are commonly used as biochemical markers of liver injury. MCT administration reduced blood ALT
activity, while lard administration increased it, consistent with some previous reports [40,41]. In our
study, MCT had a slight lowering effect on TG and cholesterol levels 120 min after MCT
administration. This is consistent with some previous reports where MCT was given to healthy
human subjects together with a carbohydrate-rich product and can be explained by reduced
chylomicron formation when ingesting MCT [42,43]. Both MCT and lard ingestion resulted in a small
increase of malondialdehyde (MDA), which is the main end product of lipid peroxidation used as a
marker of oxidative stress. Fats typically affect postprandial MDA levels stronger than proteins and
carbohydrates [44]. Although 28 days of our protocol had no lasting effect on the blood MDA level,
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it is unknown what the effect might be over a longer period or in the case of pre-existing pathological
conditions. Elevated MDA levels are associated with heart disease [45]. More studies are necessary
to determine which doses offer the most benefits under varying conditions, as well as whether long-
term MCT supplementation is safe for cardiovascular health.

5. Conclusions

Daily supplementation of regular feed with 3 g/kg/day MCT improved working memory in
young adult rats without adverse effects on markers of metabolic health. The working memory
assessment test was conducted when the serum KB concentration has already returned to baseline,
therefore MCT supplementation resulted in a long-lasting effect on the brain. Similar administration
procedures and concentrations may be used in future research to investigate the mechanisms of the
MCT effects on cognition. More studies are needed to determine long-term consequences of MCT
supplementation of regular diet on cardio-vascular health and metabolic health.
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