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Abstract:

Post-traumatic stress disorder (PTSD) is characterized by

neuroinflammatory and neurotrophic dysregulation, and effective

interventions remain limited. Medium-chain triglyceride (MCT) oil, a

dietary source of ketone bodies, may offer a practical means to

elevate circulating B-hydroxybutyrate (BHB), a molecule with

reported anti-inflammatory and neuroprotective properties. This

study investigated whether oral adminisiration of MCT oil modulates

behavioral and molecular stress responses in a single prolonged

stress (SPS) rat model of PTSD. Repeated oral MCT administration

significantly increased circulating BHB levels and reduced anxiety-

like behavior in the elevated plus maze, without affecting locomotor

activity. Under acute restraint stress, serum brain-derived

neurotrophic factor (BDNF) levels were significantly lower in MCT-

treated rats than in long-chain triglyceride (LCT)-treated controls.

Inflammatory cytokine expression remained unchanged in serum and



brain tissue. These findings suggest that oral MCT oil attenuates

anxiety-like behavior under SPS conditions and is associated with

differences in serum BDNF responses during acute stress. Therefore,

MCT oil may represent a feasible dietary approach for influencing

stress-related behavioral responses.

Keywords: Post-traumatic stress disorder, Medium-chain

triglyceride, B-hydroxybutyrate, Brain-derived neurotrophic factor,

Anxiety-like behavior



Introduction

Post-traumatic stress disorder (PTSD) is a debilitating psychiatric

condition that develops after exposure to severe trauma, such as

war, disasters, or interpersonal violence. It is characterized by four

core symptom clusters: intrusive re-experiencing, persistent

avoidance, negative alterations in cognition and mood, and

hyperarousal. Additionally, PTSD is frequently associated with

anxiety, mood, and substance use disorders!. Although selective

serotonin reuptake inhibitors (SSRIs) and psychological therapies

are standard treatments, 20-50% of patients show poor or no

response?. Therefore, the development of novel therapeutic

strategies is crucial.

Recent studies have suggested that the pathophysiology of PTSD

involves complex interactions among brain regions, including the

hippocampus, amygdala, and prefrontal cortex (PFC)3. Dysregulation

of neuroinflammatory processes*-6 and neurotrophic factors’ has also



been implicated as an important mechanism underlying this disorder.

Preclinical studies have shown that hippocampal mRNA levels of

interleukin-1beta (IL-1B) and tumor necrosis factor-alpha (TNF-a) are

increased in a rat model of PTSD, and that substances ameliorating

PTSD-related behaviors attenuate the elevation of hippocampal

inflammatory cytokine mRNAS8.9, Furthermore, a recent meta-analysis

reported that some inflammation-related biomarkers, including TNF-

o and IL-1B, are higher in individuals with PTSD than in healthy

controls#6. In addition to neuroinflammation, brain-derived

neurotrophic factor (BEDNF) —a neurotrophin involved in neuronal

survival and synaptic plasticity—has been implicated in PTSD. Rodent

models of PTSD exhibit decreased BDNF levels, particularly in the

hippocampus, PFC and amygdalal®1l, Similarly, clinical studies have

reported reduced serum and plasma BDNF levels in patients with

PTSD!2, These findings suggest that substances targeting these

pathological pathways may represent novel treatment candidates for



PTSD.

B -hydroxybutyrate (BHB) is a ketone body primarily known for

supporting mammalian survival during energy-deficit states by

serving as an alternative energy substrate to glucosel3.14, Beyond its

principal metabolic role, BHB reduces the release of inflammatory

cytokines by inhibiting activation of the NOD-like receptor family

pyrin domain-containing 3 (NLRP3) inflammasomel®. Furthermore,

experimental studies have demonsirated that BHB increases BDNF

expression in hippocampal and cortical neurons, in vitro and in vivo,

supporting the notion that BHB functions as a signaling molecule

informing neurons of metabolic state shifts!6.17,

We previously demonstrated that BHB exerts antidepressant effects

in rodent models of depression by inhibiting neuroinflammation!8.19,

Additionally, our laboratory has shown that BHB administration

attenuates anxiety-like behavior and suppresses inflammatory

cytokines in a single prolonged stress (SPS)-induced rat model of



PTSD20, However, in that study, BHB was administered

subcutaneously, which poses practical limitations for clinical

application.

Medium-chain triglycerides (MCTs) —composed of fatty acids with

carbon chain lengths of C6-C122!—are naturally present in coconut

oil, dairy products, and human breast milk?2-24, Unlike long-chain

triglycerides (LCTs), which require specific membrane transporters

and carnitine-dependent mitochondrial import, medium-chain fatty

acids (MCFAs) derived from MCTs are absorbed rapidly via the portal

vein and directly iransported into mitochondria without the need for

a carnitine shuttle?>. In the liver, MCFAs undergo B-oxidation to

generate acetyl-CoA, which, when exceeding the capacity of the citric

acid cycle, is converted into ketone bodies—primarily BHB, and to a

lesser extent acetoacetate. These ketone bodies are transported to the

brain, muscles, and other peripheral organs26.27, This rapid conversion

makes MCT oil an efficient oral precursor for increasing systemic BHB



levels and offers a practical alternative to parenteral administration.

Based on these characteristics, we hypothesized that oral

supplementation with MCT o0il could provide a feasible and

noninvasive strategy to elevate circulating BHB levels and exert

therapeutic effects similar to those observed with subcutaneous BHB

administration. Therefore, we investigated whether daily oral

administration of MCT oil attenuates anxiety-like behavior in rats

subjected to the SPS paradigm. We also examined whether these

behavioral effects are associated with changes in neuroinflammatory

and neurotrophic factors.



Results

Time course of blood BHB levels following oral MCT oil

administration

To evaluate the time-dependent effects of MCT oil on blood BHB

concentrations, rats were administered a single dose of MCT or LCT

oil (0.8 mL) via oral gavage, and blood BHB levels were measured at

0 (pre-administration), 15, 30, and 60 min, and at 3 and 6 h post-

administration. Mann-Whitney U tests were performed at each time

point to compare the two groups. Significant differences in BHB

levels were observed at 15 min (p = 0.016), 30 min (p = 0.019), 60

min (p = 0.019), and 3 h (p = 0.033), with the MCT group exhibiting

higher BHB concentrations than the LCT group. No significant

differences were detected at baseline or at 6 h (Fig. 1). The MCT

group consisted of 5 rats, and the LCT group consisted of 4 rats.



Figure 1. Time course of blood BHB concentrations following
oral MCT oil administration
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SPS-induced changes in anxiety-related behavior in the EPM
First, we assessed the behavioral effects of SPS exposure in an
independent cohort (Experiment 1) by examining anxiety-related

behaviors in the EPM. Consistent with our previous findings29, SPS-



exposed rats exhibited increased anxiety-like behavior compared to

control rats. Although the anxiety index (p = 0.065) (Fig. 2a) and

time spent in the open arms (p = 0.065) (Fig. 2b) did not reach

statistical significance, both measures showed a trend toward

increased anxiety-like behavior. The number of open-arm entries was

significantly lower in the SPS group (p = 0.029) (Fig. 2c). These

findings are consistent with those of previous studies and suggest

that SPS exposure leads to heightened anxiety-related behaviors in

the EPM. Locomotor activity, assessed by the total distance traveled

in the open field test (OFT), did not differ significantly between the

groups (p = 1.00) (Fig. 2d). The time spent in the center zone of the

OFT did not differ between groups (p = 0.80) (Supplementary Fig.

1). All groups consisted of 6 rats.
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Next, in a separate cohort tested in an independent experimental

batch (Experiment 2), we investigated whether repeated oral

administration of MCT oil modulated anxiety-like behavior in SPS-

exposed rats. In the EPM, MCT-treated rats showed a significant

reduction in the anxiety index compared to the LCT group (p =

0.035) (Fig. 3a). MCT oil significantly increased the time spent in the
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open arms (p = 0.040) (Fig. 3b) and tended to increase the number

of open-arm entries (p = 0.051) (Fig. 3c¢). Locomotor activity in the

OFT was not significantly altered (p = 0.81) (Fig. 3d). The time spent

in the center zone of the OFT did not differ (p = 0.28)

(Supplementary Fig. 1). All groups consisted of 16 rats.

Figure 3. Oral MCT oil treatment attenuated anxiety-like

behavior in SPS-exposed rats
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MCT alone did not alter anxiety-like behavior, locomotor

activity, or body weight



To determine whether MCT oil alone affects anxiety-related

behavior, we assessed rats after 2 weeks of oral MCT administration

without exposure to the SPS paradigm in a separate cohort

(Experiment 3). MCT treatment did not alter the anxiety index (p =

0.29), time spent in the open arms (p = 0.69), or the number of open-

arm entries (p = 0.73) in the EPM. Furthermore, locomotor activity

in the OFT did not differ between groups (p = 0.78). The time spent

in the center zone of the OFT did not differ (p = 0.54)

(Supplementary Fig. 1). Detailed behavioral data are presented in

Supplementary Fig. 2. To assess the safety of repeated oral MCT

administration, body weight was monitored during the experimental

period in stress-naive rats. Body weight increased over time in both

groups, and no significant differences were observed between the

MCT- and LCT-treated rats at either 1 week (p = 0.135) or 2 weeks

(p = 0.196) (Supplementary Fig. 3). All groups consisted of 16 rats.



Effects of MCT oil on baseline serum BDNF and cytokine

levels in SPS rats

To evaluate the baseline molecular effects of oral MCT oil

administration in SPS-exposed rats, BDNF and cytokine levels were

measured without additional acute stress. The following three

groups were compared: non-SPS + LCT, SPS + LCT, and SPS +

MCT. After 2 weeks of daily MCT or LCT oil administration, BDNF,

IL-1B, interleukin-6 (IL-6), and TNF-a were quantified in the serum

(protein levels). No significant group differences were found in

serum BDNF and cytokine levels (Supplementary Fig. 4). All groups

consisted of 7 rats.

MCT oil was associated with differences in BDNF responses to

acute restraint stress in SPS rats

To investigate molecular responses to acute restraint stress in SPS-

exposed rats and the potential modulatory effects of MCT oil, we



conducted a second experiment in which animals were subjected to a

1-h restraint stress immediately before euthanasia. Under these

conditions, serum BDNF levels were significantly lower in the SPS +

MCT group than in the SPS + LCT group (p = 0.002). No significant

differences were observed between the non-SPS + LCT group and

either the SPS + LCT or SPS + MCT groups (p = 0.72 for both) (Fig.

4a). In the PFC, BDNF mRNA expression did not differ significantly

among groups; however, the SPS + MCT group showed a non-

significant trend toward lower expression compared with the SPS +

LCT (p = 0.15) and non-SPS + LCT (p = 0.13) groups. No difference

was observed between the non-SPS + LCT and SPS + LCT groups (p

= 1.00) (Fig. 4b). In the hippocampus, BDNF mRNA expression did

not differ significantly among groups. No significant group

differences were detected in IL-1pB, IL-6, or TNF-a expression in the

serum or across any brain regions under these acutely stressed

conditions (Supplementary Fig. 5). All groups consisted of 13 rats.



Figure 4. MCT oil was associated with differences in BDNF

responses to acute restraint stress in SPS rats
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Discussion

This study examined the effects of orally administered MCT oil on

behavioral and molecular stress responses in rats subjected to the

SPS paradigm, a stress model widely used in PTSD research. Daily

MCT supplementation increased circulating BHB levels and was

associated with reduced anxiety-like behavior. In addition, repeated

MCT administration did not affect body weight compared with LCT-

treated controls. At the molecular leve!, MCT treatment was

accompanied by lower serum BDNF levels under conditions of acute

restraint stress in SPS-exposed rats compared with the LCT-treated

group. In the PFC, BDNF mRNA expression did not show statistically

significant group differences, although a similar directional trend to

that observed in serum BDNF was noted. These behavioral effects

occurred in parallel with differences in serum BDNF responses

during acute stress, suggesting a potential association between

metabolic changes and stress-related molecular responses. However,



it should be noted that the behavioral assessments in the present

study were limited to anxiety-related behavior under SPS conditions

and did not capture the full spectrum of PTSD-related phenotypes.

Recently, ketone bodies have attracted increasing attention as

potential therapeutic agents for mood and anxiety-related disorders.

Animal and human studies have suggested beneficial behavioral

effects of exogenous ketone supplementation. We previously

reported that BHB administration ameliorated behavioral

abnormalities in animal models of depression!8.19 and PTSD29, and

that MCT administraticn improved depressive-like behavior in

depression models28. We also hypothesized that inhibition of NLRP3

inflammasome activation by BHB contributes to the prevention of

stress-related disorders29. Preclinical experiments have shown that

exogenous ketone supplementation reduces anxiety-like behavior in

rodents3?, whereas a clinical pilot study demonstrated that a

ketogenic diet supplemented with BHB salts produced clinically



meaningful improvements in PTSD symptoms and quality of life3!.

Although preliminary, these findings suggest that BHB-based

metabolic interventions may be feasible and potentially effective

under stress-related conditions. In the present study, repeated MCT

administration did not affect body weight, supporting its short-term

tolerability under our experimental conditions. However, the

mechanisms underlying its behavioral effects remain unclear, and

neurotrophic modulation—particularly through BDNF—has been

proposed as a possible pathway.

Supporting this hypothesis, numerous studies have linked PTSD to

alterations in EDNF signaling. In clinical populations, patients with

chronic PTSD often exhibit reduced serum or plasma BDNF levels,

suggesting that long-term suppression of BDNF may serve as a

peripheral marker of disease chronicity32. In contrast to these

chronic changes, BDNF levels can acutely increase in response to

stress exposure. In healthy humans, the Trier Social Stress Test



induces a transient rise in serum BDNF33, and similar effects have

been observed in rodents following acute immobilization or restraint

stress34.35, Clinical evidence also supports this biphasic pattern:

shortly after trauma, serum BDNF levels are often elevated, as

reported in patients with acute stress disorder or newly diagnosed

PTSD, before declining with symptom improvement36. Supporting

this, individuals evaluated within 1 year after trauma exposure

exhibited significantly higher serum BDNF levels than healthy

controls, whereas this effect was absent in those evaluated more

remotely from the trauma3’. Moreover, elevated BDNF levels

measured immediately after a motor vehicle accident have been

associated with an increased risk of subsequent PTSD symptom

development38. These observations suggest that transient BDNF

elevation following acute stress may contribute to the formation or

consolidation of trauma-related memories, preceding the decline

observed in chronic PTSD.



In the present study, we did not observe a clear increase in serum

BDNF following acute restraint stress in SPS rats. However, group

differences were observed under stress conditions, with MCT-treated

animals showing lower serum BDNF levels during acute restraint

stress. These findings raise the possibility that MCT administration

may alter BDNF responses during stress re-exposure, although the

functional significance of such changes and their relationship to

behavioral outcomes remain unclear. In this context, animal studies

have suggested that reactivation of stress-related memories in PTSD

models is associated with changes in BDNF expression. In particular,

region-specific increases in BDNF have been reported in the medial

prefrontal cortex and amygdala, indicating dynamic synaptic

plasticity within fear-related circuits during memory retrieval

following secondary stress exposure3?. Importantly, both that study

and the present work focused on molecular responses elicited by

additional stressors applied after PTSD-like pathology had been



induced, rather than on baseline alterations, highlighting a shared

emphasis on BDNF responses during re-exposure to stress. In the

present study, MCT administration was associated with lower serum

BDNF levels following acute restraint stress, whereas BDNF mRNA

expression in the PFC did not differ significantly among groups.

Accordingly, these findings should be interpreted with caution;

however, they raise the possibility that changes in EDNF responses

during re-exposure to stress may be involved in PTSD-related

pathophysiology.

This study has several limitations. First, the behavioral assessment in

the present study focused primarily on anxiety-like behavior

evaluated using the EPM. PTSD encompasses a broad range of

symptoms, including hyperarousal and exaggerated startle

responses, which were not assessed in the current experimental

design. Paradigms such as foot shock-induced fear conditioning and

fear-potentiated startle are widely used to model these features of



PTSD and have been pharmacologically validated for translational

relevance?. Incorporating such behavioral assays in future studies

would enable a more comprehensive evaluation of PTSD-like

phenotypes and provide deeper insight into the therapeutic potential

of MCT or BHB interventions. Therefore, caution is warranted when

interpreting the present findings in relation to the broader

pathophysiology of PTSD. Second, the behavioral experiments were

conducted in separate experimental batches at different time points

using independent cohorts. The magnitude of the SPS effect

appeared to differ across experiments, which may reflect variability

between experimental batches. Because stress condition was

confounded with batch, the datasets were not pooled for a factorial

two-way ANOVA. Accordingly, the results were interpreted within

the context of each experiment rather than directly compared across

experiments. Future studies in which all four groups are generated

and tested concurrently will be required to enable formal factorial



inference. Third, only male rats were used, and potential sex

differences were not examined. The prevalence, severity, and burden

of PTSD are generally higher in women than in men#!. Future studies

incorporating female animals are needed to explore possible sex-

dependent effects. Fourth, BDNF expression was assessed at only

two time points—2 weeks after SPS and 1 h after acute restraint

stress. This limited sampling precludes a comprehensive

understanding of the temporal BDNF dynamics. Clinical studies have

frequently reported reduced BDNF levels in individuals with chronic

PTSD, suggesting a hiphasic trajectory characterized by a transient

increase following acute stress and a subsequent decline with

prolonged exposure. Therefore, future research should include

additional time points to clarify these temporal patterns. Fifth,

molecular analyses were confined to the serum, PFC, and

hippocampus. The amygdala—a key region involved in fear memory

and emotion regulation—was not examined. Including this and other



relevant regions in future studies may help elucidate region-specific

patterns of neuroplasticity. Sixth, BDNF was assessed as total BDNF

in the present study, without distinguishing between its functionally

distinct isoforms, such as mature BDNF (mBDNF) and proBDNF.

Because these isoforms are known to exert different effects on

synaptic plasticity through distinct receptor systems?2, it remains

unclear which component of BDNF signaling contiributes to the

observed behavioral and molecular effects. Future studies employing

isoform-specific analyses wili be niecessary to clarify the relative

roles of mBDNF- and proBDNF-dependent signaling pathways in

stress-induced neuroplastic changes. Seventh, although BHB is

known to act through multiple molecular pathways—including

inhibition of histone deacetylases (HDACSs), activation of

hydroxycarboxylic acid receptor 2 (HCAR2)4344, and modulation of

mitochondrial function?® and cellular energy metabolism22—these

mechanisms were not directly assessed in the present study. In



addition, MCT may influence brain function through BHB-

independent mechanisms such as alterations in gut microbiota%6.

Therefore, the precise pathways through which MCT administration

influenced behavioral and molecular responses in this study remain

unclear.

In summary, oral MCT oil administration attenuated anxiety-like

behavior under SPS conditions and was associated with differences

in serum BDNF responses under acute stress. These findings suggest

that MCT-derived metabolic changes may influence stress-related

behavioral responses. further studies are required to clarify the

underlying mechanisms and the potential translational relevance of

these findings for stress-related disorders.



Methods

Animals and housing

Male wild-type Sprague-Dawley (SD) rats (6 weeks old, weighing

200-220 g), with no prior exposure to drugs or experimental

procedures, were obtained from Charles River Laboratories

(Yokohama, Japan). Rats were group-housed, three per cage, under

controlled environmental conditions: a 12-h light/dark cycle (lights

on at 7:30 AM and off at 7:30 PM), constant temperature (25°C), and

ad libitum access to standard rodent chow (Rodent Diet CE-2, CLEA

Japan, Tokyo, Japan) and tap water. Prior to the initiation of

experimental procedures, rats were acclimated to housing conditions

for 7 days. After the experiments, rats were euthanized by

decapitation without drug administration. All procedures were

conducted in accordance with the ethical guidelines of the Tottori

University Animal Care and Use Committee (IRB approval number:

h34-Y004) and complied with institutional regulations. Every effort



was made to reduce the number of animals used and to minimize

pain, discomfort, and distress. The study is reported in accordance

with ARRIVE guidelines.

MCT and LCT oil administration

Nisshin MCT Oil® (Nisshin Oillio, Tokyo, Japan) was used as the

MCT source. To match calorie content and dosage between groups,

Nisshin Salad Oil® (Nisshin Oillio, Tokvo, Japan) was used as the

LCT source. MCT or LCT oil was administered intragastrically at a

volume of 0.8 mL per rat once daily in the morning, starting the day

after SPS exposure and continuing until the day of euthanasia.

Measurement of blood BHB concentration

To assess the temporal profile of blood BHB concentration following

oral oil administration, rats were divided into two groups receiving

either MCT oil or LCT oil. Each rat received 0.8 mL of the assigned



oil via intragastric gavage (MCT group, n = 5; LCT group, n = 4).

Approximately 10 pL of blood was collected from the tail vein of the

same rats at the following time points: prior to oil administration

(baseline) and at 15 min, 30 min, 1 h, 3 h, and 6 h post-

administration. Blood BHB levels were measured using a handheld

glucose/BHB meter (FreeStyle Precision Neo; Abbott, Japan)20,

SPS procedure

The SPS protocol was used to induce PTSD-like phenotypes in rats.

On the day of the procedure, rats were first subjected to 2 h of

immobilization stress, followed immediately by a 20-min forced swim

in a plastic container (32 cm diameter x 47 cm height) filled with

water to a depth of 34 cm. After swimming, the rats were allowed a

15-min recovery period before exposure to diethyl ether to achieve

light anesthesia, as previously described*’-48. Following exposure to

the stressors, rats were group-housed (three per cage) and left



undisturbed except for routine oil administration and behavioral

testing.

Experimental design

To examine the effects of MCT o0il in an animal model of PTSD, two

sets of experiments were conducted: (1) behavioral experiments and

(2) assessment of serum protein and brain mRNA expression levels.

Rats were randomly assigned to each experimental group without

consideration of baseline characteristics. All experimental

procedures were standardized within each experiment to minimize

confounders.

1) Behavioral experiments

Three independent behavioral experiments were conducted to

evaluate the effects of MCT oil on anxiety-like behavior in the

context of PTSD.



Experiment 1: Validation of the SPS procedure as a PTSD model.

Rats were divided into two groups: unstressed controls and SPS-

exposed rats (n = 6 per group). Behavioral testing was performed to

confirm the emergence of anxiety-like behaviors following SPS

exposure.

Experiment 2: Evaluation of anxiety-like behavior in SPS-exposed

rats following MCT administration. On day 1, rats underwent SPS.

From days 2 to 15, they received a daily dose of 0.8 mL of either

MCT or LCT oil (control) via intragastric gavage in the morning (n =

16 per group). On day 8, rats were habituated to the EPM as

previously described?0. The OFT was conducted on day 14, followed

by the EPM test on day 15.

Experiment 3: Evaluation of MCT effects in stress-naive rats. Rats

were divided into MCT-treated and LCT-treated groups (n = 16 per

group) without exposure to SPS. From days 1 to 15, rats received a

daily dose of 0.8 mL of either MCT or LCT oil via intragastric gavage



in the morning. Behavioral testing followed the same schedule as in

Experiment 2. This experiment determined whether MCT oil alone

could alter baseline anxiety levels without SPS exposure. Body

weight was measured at baseline and weekly during the

experimental period to monitor potential effects of repeated oil

administration on general physiological status. All behavioral tests

were performed during the light phase in a dedicated testing room.

The experimental design is illustrated in Fig. 5a. Because the

behavioral experiments (Experiments 1-3) were conducted as

independent experimental batches at different time points using

separate cohorts, the datasets were not pooled for a factorial

analysis across stress conditions, and the results were interpreted

within each experiment rather than directly compared across

experiments.

OFT



The OFT was performed to evaluate locomotor activity and anxiety-

like behavior. Rats were individually placed in a square open-field

arena (90 x 90 x 45 cm; LE800S-S, Panlab, USA) and allowed to

explore freely for 10 min. The center zone was defined as the central

50% of the total arena area*?. The arena was thoroughly cleaned

between trials to eliminate scent cues, and all sessions were

conducted under standard lighting conditions2®. Animal movements

were recorded using a video-tracking system (SMART 3.0, Panlab,

USA), and the total distance traveied and the time spent in the

center zone were nicasured.

EPM Test

The EPM (LE840A-S, Panlab, USA) was used to assess anxiety-like

behavior. The apparatus consisted of two open arms (50 X 10 cm)

and two closed arms (50 X 10 cm, enclosed by 30 cm-high walls),

arranged in a plus shape and elevated 50 cm above the floor. On day



8, rats were habituated to the maze for 5 min to reduce the risk of

falling, and the formal test was conducted on day 15. Both sessions

were conducted in the dark to minimize external stress. In each

session, rats were placed at the end of a closed arm facing the center

and allowed to explore the maze freely for 5 min. All trials were

recorded and analyzed by an observer blinded to the group

allocation. The apparatus was cleaned thoroughly after each trial20.

Arm entry was defined as a rat entering an arm with more than half

of its body. The following parameters were recorded: time spent in

open and closed arms, number of entries into each arm type, and

total arm entries. To quantify anxiety-like behavior, an anxiety

index9, was calculated as follows:

Anxiety index

Time in open arms Number of open - arms entries
Total time on maze Total arm entries

/2

The index ranges from 0 to 1, with higher values indicating greater

anxiety-like behavior.



Figure 5. Experimental design and timeline of behavioral and
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molecular analyses



(2) Assessment of serum protein levels and mRNA expression

in the brain

Two independent experiments were conducted to investigate the

effects of MCT oil on molecular responses in the PTSD model.

Behavioral testing was not performed in either experiment to

eliminate potential confounding effects of testing-related stress. In

both experiments, rats were assigned to three groups: non-SPS +

LCT, SPS + LCT, and SPS + MCT (n = 7 per group in the first

experiment; n = 13 per group in the second experiment). On day 1,

rats in the SPS groups were subjected to the SPS procedure. From

day 2 onward, all rats received a daily dose of 0.8 mL of either MCT

or LCT oil via intragastric gavage.

The first experiment aimed to evaluate baseline expression levels of

serum BDNF and cytokines in PTSD model rats and to determine the

modulatory effects of MCT oil on these molecular markers. On day



16, rats were euthanized, and blood samples were collected. Serum

BDNF and cytokine protein levels were analyzed (Fig. 5b).

The second experiment aimed to evaluate molecular responses to

acute restraint stress in a PTSD rat model and to determine whether

oral MCT oil modulates BDNF and cytokine responses to stress. On

day 15, rats were subjected to a 1-h restraint stress immediately

before decapitation, after which they were euthanized and blood

samples were collected. Serum BDNF and cytokine protein levels, as

well as mRNA expression of BDNF and cytokines in the PFC and

hippocampus, were analyzed (Fig. 5c¢).

Serum BDNF and cytokine measurement

Blood samples were collected and stored at 4°C overnight. After

centrifugation, the supernatant was collected and stored at —80°C

until analysis. Serum levels of BDNF, TNF-«, IL-1p and IL-6 were

measured using commercially available ELISA kits according to the



manufacturer’s instructions (BDNF: ab213899; TNF-a: ab236712; IL-

1B: ab255730; IL-6: ab100772; all from Abcam, Cambridge, United

Kingdom).

mRNA expression analysis in the brain

Total RNA was extracted from the PFC and hippocampus. After

homogenization using the Multi-beads Shocker (Yasui Kikai

Corporation, Osaka, Japan), RNA was purified with the RNeasy Plus

Universal Mini Kit (QIAGEN, Venlo, Netherlands) following the

manufacturer’s protocol. First-strand cDNA synthesis was performed

using 2 ng of RNA according to standard methods. Quantitative real-

time PCR was conducted using the ViiA 7 Real-Time PCR System

(Thermo Fisher Scientific, Waltham, MA, USA) along with TagMan

Gene Expression Assays (Thermo Fisher Scientific) to evaluate the

expression levels of TNF-a, IL-13, IL-6, BDNF, and B-actin (ACTB)

mRNA. After confirming with a small number of samples that there



were no issues with the amplification efficiency of each gene, each

target gene was measured in duplicate, and the mean threshold cycle

(Ct) values were used for analysis. Relative gene expression was

calculated using the comparative threshold cycle method (AACt), with

ACTB as the internal control. Ct values =36 were considered below

the detection threshold and were included in the statistical analysis.

Statistical analyses

All statistical analyses were performed using EZR (Saitama Medical

Center, Jichi Medical University, Japan), a modified version of R

Commander that includes additional functions commonly used in

biostatistics5l. Sample sizes for behavioral and molecular

experiments were determined based on data from our previous study

investigating the effects of BHB20. To confirm the increase in blood

BHB levels following MCT oil administration, Mann-Whitney U tests

were performed. The Mann-Whitney U test was also used for



comparisons between two groups (e.g., behavioral tests). For

comparisons among three groups (e.g., serum cytokine

measurements), pairwise Mann-Whitney U tests were performed,

and p-values were adjusted using the Holm method to correct for

multiple comparisons.

Data are presented as scatter plots with medians and interquartile

ranges. Statistical significance was set at p < 0.05.

3Rs in this study

This study used rats to investigate the in vivo effects of MCT oil on

PTSD-related pathophysiology and stress responses. The minimum

number of animals required to achieve statistical validity was

estimated before the start of the study, and all efforts were made to

avoid unnecessary animal use. Although procedures such as SPS,

oral gavage, and behavioral testing may have caused transient

physical or psychological stress, every effort was made to minimize



pain, suffering, and distress. Animals were monitored daily for health

and well-being, and all experimental protocols were conducted in

accordance with institutional and national guidelines for animal care

and use.
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Figure legends

Figure 1. Time course of blood BHB concentrations following

oral MCT oil administration

Rats were orally administered 0.8 mL of MCT or LCT oil, and blood

samples were collected at baseline and at 15 min, 30 min, 1 h, 3 h,

and 6 h post-administration. BHB concentrations were significantly

higher in the MCT group than in the LCT group at 15 min (median

[IQR]; LCT: 0.70 [0.67-0.70], MCT: 2.20 [2.20-2.40], p = 0.016), 30

min (LCT: 0.55 [0.50-0.60], MCT: 2.90 [2.80-3.20], p = 0.019), 1 h

(LCT: 0.65 [0.55-0.70], MCT: 2.80 [2.40-3.40], p = 0.019), and 3 h

(LCT: 0.40 [0.38-0.45], MCT: 0.70 [0.60-0.90], p = 0.033). No

significant differences were observed at baseline (p = 0.70) orat 6 h

(p = 0.51). These results indicate that oral MCT oil rapidly and

transiently elevated circulating BHB levels compared with LCT oil.

Data are shown as line plots indicating the median and IQR. The



Mann-Whitney U test was used for statistical comparisons. Sample

sizes: MCT group, n = 5; LCT group, n = 4.

BHB, B-hydroxybutyrate; MCT, medium-chain triglyceride; LCT, long-

chain triglyceride; IQR, interquartile range; *p < 0.05.

Figure 2. SPS-induced changes in anxiety-related behavior in

the EPM

Rats were exposed to the SPS paradigm, after which anxiety-related

behavior was evaluated using the EPM, and locomotor activity was

assessed using the OFT.

(a) Anxiety index: SPS rats showed a higher anxiety index than

controls (median [IQR]; Control: 0.63 [0.50-0.77], SPS: 0.87 [0.85-

0.90], p = 0.065).

(b) Time spent in open arms: SPS rats spent less time in the open

arms of the EPM than controls (Control: 78.00 [32.25-122.25], SPS:

9.00 [8.00-14.50], p = 0.065).



(c) Number of open-arm entries: SPS rats made significantly fewer

open-arm entries than controls (Control: 7.50 [5.50-9.50], SPS: 2.00

[1.25-2.00], p = 0.029).

(d) Locomotor activity: No significant difference was observed

between groups in total distance traveled in the OFT (Control:

4,254.81 [3,361.84-5,292.37], SPS: 4,612.97 [4,055.98-5,327.68], p

= 1.00).

These results indicate that SPS exposure 1s associated with anxiety-

like behavior changes without affecting locomotor activity.

Data are shown as scatter plots indicating the median and IQR. The

Mann-Whitney U test was used for statistical comparisons. Time

variables are expressed in seconds, and distance is expressed in

centimeters. Sample size: n = 6 per group.

EPM, elevated plus maze; OFT, open field test; SPS, single prolonged

stress; IQR, interquartile range.



Figure 3. Oral MCT oil treatment attenuated anxiety-like

behavior in SPS-exposed rats

Rats were subjected to the SPS procedure and subsequently

administered 0.8 mL of either LCT oil or MCT oil daily for 2 weeks.

Anxiety-like behavior was evaluated using the EPM, and locomotor

activity and anxiety-related behavior were assessed using the OFT.

(a) Anxiety index: The MCT group showed a significantly lower

anxiety index compared with the LCT group (median [IQR]; LCT:

0.50 [0.43-0.55], MCT: 0.39 [0.34-0.45], p = 0.035).

(b) Time spent in the open arms: MCT-treated rats spent significantly

more time in the open arms of the EPM than LCT-treated controls

(LCT: 133.50 [119.75-168.75], MCT: 176.50 [144.50-207.50], p =

0.040).



(c) Number of open-arm entries: MCT treatment tended to increase

open-arm entries (LCT: 10.00 [9.00-13.25], MCT: 12.50 [11.50-

15.25], p = 0.051).

(d) Locomotor activity: No significant difference was observed

between groups in total distance traveled in the OFT (LCT: 9,724.60

[7,904.94-10,866.50], MCT: 9,959.53 [8,270.52-11,085.61], p =

0.81).

These results indicate that oral MCT oil administration affected

anxiety-like behavior in SPS-exposed rats without affecting

locomotor activity. Data are shown as scatter plots indicating the

median and IQR. The Mann-Whitney U test was used for statistical

comparisons. Time variables are expressed in seconds, and distance

is expressed in centimeters. Sample size: n = 16 per group.

EPM, elevated plus maze; OFT, open field test; MCT, medium-chain

triglyceride; LCT, long-chain triglyceride; SPS, single prolonged

stress; IQR, interquartile range.



Figure 4. MCT oil was associated with differences in BDNF

responses to acute restraint stress in SPS rats

Rats were subjected to 1 h of acute restraint stress immediately

before euthanasia, and serum and brain samples were collected for

BDNF analysis.

(a) Serum BDNF levels (median [IQR]; non-SPS + LCT: 261.3 [163.1-

417.1], SPS + LCT: 366.6 [258.9-385.0], SPS + MCT: 205.4 [142.3-

304.4]). Pairwise comparisons: non-SPS + LCT vs. SPS + LCT, p =

0.72; non-SPS + LCT vs. SPS + MCT, p = 0.72; SPS + LCT vs. SPS +

MCT, p = 0.002.

(b) BDNF mRNA expression in the PFC (median [IQR]; non-SPS +

LCT: 0.732 [0.525-1.014], SPS + LCT: 0.774 [0.543-1.000], SPS +

MCT: 0.448 [0.328-0.578]). Pairwise comparisons: non-SPS + LCT



vs. SPS + LCT, p = 1.000; non-SPS + LCT vs. SPS + MCT, p = 0.13;

SPS + LCT vs. SPS + MCT, p = 0.15.

(c) BDNF mRNA expression in the hippocampus (median [IQR]; non-

SPS + LCT: 0.993 [0.763-1.395]; SPS + LCT: 0.824 [0.712-0.933];

SPS + MCT: 0.824 [0.511-1.014]). Pairwise comparisons: non-SPS +

LCT vs. SPS + LCT, p = 0.28; non-SPS + LCT vs. SPS + MCT, p =

0.54; SPS + LCT vs. SPS + MCT, p = 0.88.

These findings indicate that serum BDNF levels under acute

restraint stress were significantly iower in the MCT-treated group

than in the LCT-treated group. No significant differences were

detected in BDNF mRNA expression in the PFC or hippocampus;

however, a non-significant trend toward lower expression was

observed in the MCT-treated group in the PFC.

Data are presented as scatter plots showing the median and IQR.

Pairwise Mann-Whitney U tests were performed for group

comparisons, and p-values were adjusted using the Holm method.



Serum BDNF concentrations are expressed in pg/mL as measured by

ELISA, whereas PFC and hippocampal BDNF values represent

relative mRNA expression levels calculated using the 27~-AACt

method. Sample size: n = 13 rats per group.

BDNF, brain-derived neurotrophic factor; PFC, prefrontal cortex;

SPS, single prolonged stress; LCT, long-chain triglyceride; MCT,

medium-chain triglyceride; IQR, interquartile range.

Figure 5. Experimential design and timeline of behavioral and

molecular analyses

(a) Behavioral experiments

Three independent behavioral experiments were conducted to

evaluate the effects of MCT oil on anxiety-like behaviors in PTSD. In

Experiment 1, rats were divided into non-stressed (non-SPS) and

SPS-exposed groups (n = 6 each) to validate the SPS model.



Experiment 2 examined whether MCT oil reduced anxiety-like

behavior in SPS-exposed rats. On day 1, rats underwent SPS,

followed by daily oral administration of 0.8 mL MCT or LCT oil via

intragastric gavage from days 2 to 15 (n = 16 each). On day 8, rats

were habituated to the EPM, followed by the OFT on day 14 and the

EPM test on day 15 to assess anxiety-like behavior. Experiment 3

investigated whether MCT oil influenced baseline anxiety levels in

stress-naive rats, which received MCT or LCT oil under the same

dosing schedule (n = 16 each) without SPS exposure. All behavioral

tests were performed during the light phase.

(b) Molecular analysis under non-stress conditions

This experiment examined the effects of MCT oil on baseline BDNF

and cytokine expression in SPS rats. Rats were assigned to three

groups: non-SPS + LCT, SPS + LCT, and SPS + MCT (n = 7 each).

SPS was performed on day 1, followed by daily oral administration of



0.8 mL MCT or LCT oil. On day 16, rats were euthanized, and serum

samples were collected for BDNF and cytokine analyses (ELISA).

(c) Molecular analysis after acute restraint stress

This experiment evaluated whether MCT oil modulates molecular

responses to acute stress in SPS rats. Rats were assigned to three

groups: non-SPS + LCT, SPS + LCT, and SPS + MCT (n = 13 each).

After 2 weeks of oil administration, rats were subjected to 1-h

restraint stress immediately before decapitation on day 15. Serum,

PFC, and hippocampal sampies were collected to measure BDNF and

cytokine protein and mRNA levels.

SPS, single prolonged stress; EPM, elevated plus maze; OFT, open

field test; LCT, long-chain triglyceride; MCT, medium-chain

triglyceride; BDNF, brain-derived neurotrophic factor; PFC,

prefrontal cortex.



