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Abstract: Stress and anxiety are significant psychological challenges in modern society, which have
led to a rapidly growing market for functional foods, including those reported to relieve stress,
as alternatives to psychoactive drugs. Among these, diacyl glyceryl ethers (DAGE) derived from
deep-sea shark liver oil have gained attention for their strong antioxidant properties and potential
mental health benefits. Building on preliminary evidence suggesting DAGE’s efficacy in enhancing
stress resilience and modulating biochemical pathways associated with reduced oxidative stress, the
present study aimed to examine their effects on stress responses in two specific mouse strains. Each
mouse was fed either a DAGE-infused diet or a control diet for three weeks. Their stress responses
were evaluated using three behavioral tests: the elevated plus maze, open-field, and forced swimming
tests. The DAGE-fed mice displayed lower stress responses than the control mice in the initial trial
of each test. Specifically, DAGE-fed mice demonstrated increased time spent in the open arms in
the elevated plus maze and more time spent in the center of the open field, suggesting reduced
anxiety. Additionally, in the forced swimming test, DAGE-treated mice displayed reduced immobility
times, indicating potential antidepressant effects on the mice. These findings suggest the potential of
DAGE to bolster stress resilience in mice, emphasizing their promise for further studies in human
stress management.

Keywords: stress; anxiety-related behavior; mice; diacyl glyceryl ethers; functional foods

1. Introduction

In contemporary society, the use of nutritional supplements to enhance quality of
life is gaining popularity. These supplements are often associated with significant health
benefits [1–6]. For instance, research involving mice suggests that prebiotics can bolster
resistance to depression and mitigate the effects of chronic stress [7]. Historically, polyun-
saturated fatty acids obtained from sources such as fish and sesame oils have been used for
alleviating pain and addressing cardiovascular issues [2,3,5,8]. Furthermore, combinations
of shark and sesame oils have shown promise in reducing depression in animal studies,
indicating their potential as effective supplements [8]. Notably, eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) derived from salmon oil are well-regarded for their roles
in stress and anxiety management [1,2,9].

Recently, diacyl glyceryl ethers (DAGE) extracted from deep-sea shark liver oil have
been recognized for improving sleep quality and stress responses in humans. DAGE play
a crucial role in the body’s antioxidant defenses by serving as a precursor to plasmalo-
gens [10]. These compounds help combat oxidative stress in the brain, thereby safeguarding
the nervous system [11]. Studies indicate that sleep deprivation can reduce plasmalogen
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levels, negatively affecting cognitive and emotional health [12]. Thus, increasing DAGE in-
take could enhance the brain’s resilience to oxidative stress and support mental well-being
by maintaining cognitive function and mood stability [13]. Human perception of stress
can be influenced by numerous factors, making it a complex phenomenon to study. This
variability underscores the importance of using animal models, such as those involving
mice, in research. Mice provide a controlled, consistent environment for examining the
mechanisms through which DAGE influence anxiety-related behaviors and contribute to
stress management. This study aimed to deepen our understanding of the psychological
benefits of DAGE, with the goal of potentially guiding future dietary recommendations for
mental health optimization [14].

We conducted three behavioral experiments, including the elevated plus maze (EPM)
test [15,16], open-field test (OFT) [17,18], and forced swimming test (FST) [19–21], to eval-
uate the potential effects of DAGE on anxiety-related behavior in two mouse strains,
BALB/cCrSIc and C57BL/6NCrSIc, which are known for their differing stress response
strategies. The EPM test examined the ameliorative effects of DAGE on the exploratory
behavior of mice in novel environments and their anxiety stemming from conflict behav-
iors due to the elevated open arms. The OFT was designed to measure whether DAGE
ameliorate general anxiety behavior in mice. The FST was designed to investigate the
antidepressant effects of DAGE in mice. Additionally, our research sought to explore
behavioral differences between two testing sessions across these experiments [16,22–29].
By using the BALB/c and C57BL/6 strains, both of which are commonly used in anxiety
behavior studies [30], our goal was to deepen our understanding of the capacity of DAGE
to mitigate various stress forms. Our objective was not only to advance the studies using
animal models but also to uncover evidence with significant implications for enhancing
human mental health.

2. Materials and Methods
2.1. Diacyl Glyceryl Ethers

Diacetyl glyceryl ethers (DAGE), derived from deep-sea shark liver oil, has garnered
interest as a functional food with potential anxiolytic and antidepressant properties, at-
tributed to its strong anti-inflammatory and antioxidant capabilities [11–13]. The diets for
the present study, including the DAGE-enriched and control chow, were custom-made
(see Table 1 for details). The concentration of DAGE was established at the highest safe
intake level, as determined by a two-week toxicity study in mice. We selected a single dose
of DAGE based on specific safety and efficacy outcomes reported in the prior study [13],
which demonstrated that a particular dose (360 mg/day) improved REM sleep quality
and stress responses in humans. Adjusting for body weight differences between humans
and mice, we administered DAGE at 1.5% (w/w) of the feed. This dosage aligns with
the effective levels established in the prior research [13] and was confirmed to be safe in
prior toxicological evaluations (unpublished results from Bozo Research Center Inc. Tokyo,
Japan), showing no adverse health effects even at higher concentrations. The raw material
for DAGE was sourced from a commercial deep-sea shark liver oil product provided by
Maruha Nichiro Co., Ltd (Tokyo, Japan).

Table 1. Composition of the DAGE and control foods.

DAGE Food Control Food

Composition
Basic formula: 94% (w/w)

DAGE: 1.5% (w/w)
Safflower oil: 4.5% (w/w)

Basic formula: 94% (w/w)
Safflower oil: 6% (w/w)

Basic formula: AIN-93M soybean oil-free mature rodent feed (Research Diets, Inc. New Brunswick, NJ USA);
DAGE, diacyl glyceryl ethers.



Foods 2024, 13, 3765 3 of 17

2.2. Experimental Animals

Forty-eight male mice, specifically 24 BALB/cCrSIc and 24 C57BL/6NCrSIc, each
six weeks old and weighing between 19–24 g, were sourced from Kumagai-shigeyasu
Co., Ltd., Sendai, Japan. The experimental protocols involving these mice adhered to the
guidelines for experimental animals and received approval from the Ethics Committee
of the Center for Laboratory Animal Research at Tohoku University, Japan (Approval no.
2020BUNDOU-001). The mice were housed under standard conditions free from specific
pathogens, with a temperature maintained at 23 ± 2 ◦C and a 12:12 h light/dark cycle.
Prior to the experiments, all mice underwent a three-week adaptation period where they
were fed commercial chow provided by Oriental Yeast Co., Ltd.(Tokyo, Japan). Following
this, they were randomized and assigned to various groups (N = 24/group) as outlined in
Table 2.

Table 2. Experimental group allocation.

Strain Number of Mice Treatment

BALB/cCrSIc 12 DAGE-enriched diet
BALB/cCrSIc 12 Control diet
C57BL/6NCrSIc 12 DAGE-enriched diet
BALB/cCrSIc 12 Control diet

DAGE, diacyl glyceryl ethers.

2.3. Behavioral Assessments
2.3.1. Elevated Plus Maze Test

In this study, we assessed the anxiolytic effects using the EPM test, a widely validated
method for evaluating anxiety-related behaviors [15,16,31]. The EPM, known for its high
sensitivity, effectively measures the impact of both anxiolytic and anxiogenic drugs [32].
The apparatus, supplied by O’HARA & CO., Ltd. (Tokyo, Japan), features two open arms
(25 × 5 × 0.5 cm) intersecting with two enclosed arms, which have 16 cm high walls, and a
central platform (5 × 5 × 0.5 cm). The open arms are bordered by minimal walls (0.5 cm
high) to prevent the mice from falling. Positioned 50 cm above the ground and within a
protective enclosure, the maze ensures safety during the tests. Testing began by placing
a mouse at the maze’s center, facing a closed arm, allowing free movement [15]. Each
session lasted 10 min and was documented via a video camera. Post-test, the apparatus
was meticulously cleaned: first wiping away any waste, then washing with tap water,
followed by disinfection with super hypochlorite solution, and a final wipe to remove
olfactory traces. Behavioral data recorded included the latency to entering the open arms,
total distance traveled, and the percentage of time spent in the open arms (PTOA), which
served as indicators of anxiolytic activity.

2.3.2. Open-Field Test

The OFT is a widely recognized model for assessing anxiety-related behaviors in
animals and is appreciated for its straightforward methodology and the reliability of its
data [17,18]. In this study, the OFT was employed to examine whether DAGE could
mitigate anxiety in mice introduced to a new environment. The OFT apparatus consisted
of a circular polyvinyl chloride washtub measuring 35 cm in diameter and 13.5 cm in
height, with a central area diameter of 17.5 cm. During the test, mice were individually
placed at the center of the apparatus and allowed to explore for 10 min. We recorded the
percentage of time spent in the central area, the number of entries into the central area, and
the total distance traveled as measures of anxiety. Following each session, the apparatus
was cleaned using the same procedure as described for the EPM test, ensuring the removal
of any residues and olfactory cues.
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2.3.3. Forced Swimming Test

The FST is a well-established method for evaluating potential antidepressant effects in
rodent models. In this test, rodents are placed in a water tank to measure their escape-driven
movements, which are carefully quantified [19–21]. This experiment aimed to determine if
the continuous intake of DAGE enhances antidepressant-like behaviors in mice.

For the FST, we utilized a transparent Plexiglas columnar tank measuring 55 cm in
height and 22 cm in diameter. The water was maintained at a level of 15 cm from the
bottom, with a temperature kept between 23 and 25 ◦C. Mice were gently lowered into
the water by the tail to avoid submerging their heads, and they were allowed to float for
a duration of 6 min [19]. The test concluded if the mice began diving or could no longer
maintain a floating posture.

The primary focus of the behavioral analysis in the FST was to accurately measure the
duration of immobility, which is indicative of depressive behavior. Immobile behavior is
defined as the minimum movement necessary to keep the head above water and stabilize
the body [19]. Additionally, a state of floating characterized by minimal motion following a
period of active movement was also considered an indication of immobility, representing a
cessation of effort due to expended kinetic energy.

2.4. General Protocol

The animals were divided into DAGE-treated and control groups, receiving their
respective substances for three weeks. The anxiolytic and antidepressant effects were
evaluated using the EPM test, OFT, and FST. Over an 8-day behavioral testing period, all
mice underwent these experiments sequentially, starting with the EPM test, followed by
the OFT, and concluding with the FST, as illustrated in Figure 1.
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Figure 1. Behavioral experiment procedure. EPM, elevated plus maze; OFT, open-field test; FST,
forced swimming test.

The OFT was conducted one day after the EPM test, based on evidence from previous
studies [9,33] indicating that this sequence does not influence the outcomes of the OFT. The
FST, being the most stressful of the three tests, was conducted last to avoid any potential
impact on the results of the EPM test and OFT.

2.5. Statistical Analysis
2.5.1. Elevated Plus Maze

Behavioral data were collected and analyzed using MouBeAT, developed by Elísabet
Bello-Arroyo at the Centro Nacional de Investigaciones Cardiovasculares Carlos III, Madrid,
Spain, based on the public domain Image J program [34]. Behavioral data were analyzed
using two groups (control group vs. DAGE-treated) × two test days (1st day vs. 2nd day), a
two-way repeated measure of analysis of variance (ANOVA), followed by post hoc analysis
(Turkey). Probability values less than 0.05 (p < 0.05) were considered statistically significant.

2.5.2. Open-Field Test

Behavioral data were collected and analyzed using MouBeAT [34]. In each strain of
mice in the two groups during the two test days, behavioral data were analyzed using two-
way (2 Groups × 2 Test days) repeated measures of ANOVA, followed by post hoc analysis
(Turkey). Probability values less than 0.05 (p < 0.05) were considered statistically significant.
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2.5.3. Forced Swimming Test

The experimental protocol for the FST typically lasts 6 min from start to end. However,
in general, only the last 4 min of the test were analyzed, as mice display high levels of
activity during the initial 2 min, which may mask the effects of the treatment [19].

In the FST, for each strain of mice in the two groups during the two test days, the
immobility time was analyzed using two-way (2 Groups × 2 Test days) repeated measures
of ANOVA, followed by post hoc analysis (Turkey). Probability values less than 0.05
(p < 0.05) were considered statistically significant.

2.5.4. Changes in Body Weight per Food Intake

Several studies have shown that stress can either increase or decrease food intake in
both rodents and humans [35–37]. In order to further investigate whether DAGE alleviates
stress responses, such as stress-induced feeding deficits, following the three behavioral
experiments, we conducted an unpaired t-test on the food intake (food consumption relative
to body weight) within 24 h following each test. Probability values less than 0.05 (p < 0.05)
were considered statistically significant. It is important to note that following the second
session of the FST, all mice were humanely euthanized. Consequently, data on food intake
post-FST are only available for the 24 h period following the first session of this test. This
measure acts as a physiological reference to further clarify the relationship between stress
relief and DAGE treatment.

3. Results
3.1. Behavioral Assessments
3.1.1. Elevated Plus Maze Test

The results of the anxiolytic effects of DAGE in the BALB/c strain, evaluated through
the EPM test, are presented in Figure 2A–C. The data from the first test day showed a
significant difference between the DAGE-treated mice and the control group. Specifically,
DAGE-treated mice exhibited a significantly shorter latency to first entering the open arms
(p < 0.05), as shown in Figure 2A. Additionally, the total distance traveled by DAGE-treated
mice was significantly greater (p < 0.001) than that of the control mice on the first test day
(Figure 2B). Moreover, PTOA was significantly longer for the DAGE-treated mice compared
to the control group on the same day (p < 0.05), indicating a reduced anxiety level, as
depicted in Figure 2C.

We further analyzed the relationship between the effect of DAGE and anxiety-related
behavior in the DAGE-treated and control mice. The PTOA was used as an index of anxiety
relief. Figure 3A displays negative correlations between PTOA and latency to entering the
open arms among DAGE-treated mice (orange symbols in Figure 3A, R2 = 0.405, p < 0.05),
which was not observed in the control group (green symbols in Figure 3A; R2 = 0.208,
p = 0.136) on the first test day. These correlation curves and their shifting toward higher
levels after DAGE treatment suggest the role of DAGE in relieving anxiety-related behaviors
on the first test day.

In the C57BL/6 strain, DAGE’s effect on reducing anxiety is evident from the results
shown in Figure 4A–C. On the first day of testing, DAGE-treated mice demonstrated
a significantly shorter latency to first entering the open arms compared to the control
mice, indicating reduced anxiety (p < 0.05), as depicted in Figure 4A. Moreover, these
mice traveled a significantly greater distance throughout the test period than their control
counterparts (p < 0.001), as shown in Figure 4B. Furthermore, Figure 4C shows that DAGE-
treated mice spent a significantly greater percentage of time in the open arms on the first
test day compared to controls (p < 0.05). Additionally, the data reveal a significant reduction
in the percentage of time spent in the open arms for both treated and control groups on the
second test day relative to the first (p < 0.01).
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Figure 2. Box-and-Whisker Plots of Behavioral Metrics in BALB/c Mice: The plots illustrate the
distribution of the following: (A) Latency to first entering the open arms; (B) Total distance traveled;
(C) Percentage of time spent in open arms for DAGE-treated and control (non-DAGE-treated) groups.
The boxes represent the 25th and 75th percentiles, while the whiskers extend to the 5th and 95th
percentiles. The black lines within the boxes denote median values, and the “+” symbols indicate
mean values. Asterisks indicate significance levels, with * and *** representing p-values less than 0.05
and 0.001, respectively.
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Figure 3. Correlation Between DAGE Treatment and Relief of Anxiety-Related Behavior: The latency
to the open-arm end is used to present exploratory behavior. The PTOA is used to denote an anxiety
state. (A) Shows a linear relationship between PTOA and latency to the open-arm end in DAGE-
treated mice (orange symbols and line) as well as between PTOA and latency to the open-arm end
in control mice (green symbols and line), indicating the correlation between the effect of DAGE-
treatment and the relief of anxiety-related behavior on the first test day. (B) Demonstrates that on
the second test day, the correlation was not observed (DAGE-treated, R2 = 0.092, p = 0.336; Control,
R2 = 0.033, p = 0.572).
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Figure 4. Box-and-Whisker Plots of Behavioral Metrics in C57BL/6 Mice: The plots illustrate the
distribution of the following: (A) Latency to first entering the open arms; (B) Total distance traveled;
(C) Percentage of time spent in open arms for DAGE-treated and control (non-DAGE-treated) groups.
The boxes represent the 25th and 75th percentiles, while the whiskers extend to the 5th and 95th
percentiles. The black lines within the boxes denote median values, and the “+” symbols indicate
mean values. Asterisks indicate significance levels, with *, **, and *** representing p-values less than
0.05, 0.01, and 0.001, respectively.

To further explore the impact of DAGE treatment on reducing anxiety-related behav-
iors, we analyzed the correlation between PTOA and latency to entering these arms across
both groups of mice. Figure 5A reveals a significant negative correlation in DAGE-treated
mice on the first test day, indicated by blue symbols (R2 = 0.501, p < 0.05), suggesting
that increased time in open arms correlates with faster entry. Conversely, no significant
correlation was found in the control group, as shown by the yellow symbols (R2 = 0.018,
p = 0.674).
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lation was found in the control group, as shown by the yellow symbols (R2 = 0.018, p = 
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Figure 5. Correlation Between DAGE Treatment and Relief of Anxiety-Related Behavior: The latency
to reaching the end of the open arms is used to assess exploratory behavior. The PTOA is used to
denote an anxiety state. (A) Shows a linear relationship between PTOA and latency to the open-arm
end in DAGE-treated mice (blue symbols and line) as well as between PTOA and latency to the
open-arm end in control mice (yellow symbols and line), indicating a correlation between DAGE
treatment and the relief of anxiety-related behavior on the first test day. (B) Demonstrates that on
the second test day, this correlation was not observed (DAGE-treated, R2 = 0.119, p = 0.272; Control,
R2 = 0.32, p = 0.06).

3.1.2. Open-Field Test

The OFT was utilized to evaluate anxiety-related behaviors and exploratory activi-
ties in BALB/c mice, with results displayed in Figure 6A–C. On the first day of testing,
DAGE-treated mice showed significant anti-anxiety effects, as evidenced by an increased
percentage of time spent in the central area (p < 0.05; Figure 6A) and a higher number
of entries into this area (p < 0.05; Figure 6B). These metrics are commonly employed
to gauge anxiety levels in the OFT. Additionally, DAGE-treated mice covered a signifi-
cantly greater total distance compared to controls (p < 0.001), indicating enhanced activity
(Figure 6C). However, the anti-anxiety effects of DAGE treatment were notably diminished
on the second test day (p < 0.01), with no significant differences observed compared to the
control group.
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incursions into the central area; (C) Total distance traveled through DAGE-treated and Control.
The boxes represent the 25th and 75th percentiles, while the whiskers extend to the 5th and 95th
percentiles. The black lines inside the boxes denote median values, and the “+” symbols indicate
mean values. Asterisks indicate significance levels, with *, **, and *** representing p-values less than
0.05, 0.01, and 0.001, respectively.

In contrast, for the C57BL/6 strain, DAGE-treated mice exhibited significant anti-
anxiety effects during the OFT. On the first test day, these mice spent a significantly longer
percentage of time in the central area (p < 0.001; Figure 7A), entered the central area more
frequently (p < 0.001; Figure 7B), and traveled a greater total distance compared to the
control group (p < 0.001; Figure 7C). The results on the second test day also showed that
DAGE-treated mice outperformed the control group in all assessed metrics: percentage of
time spent in the central area (p < 0.001), number of entries into the central area (p < 0.05),
and total distance traveled (p < 0.001). These findings underscore the sustained anti-anxiety
effects of DAGE treatment in this mouse strain.
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3.1.3. Forced Swimming Test

The antidepressant effect of DAGE was evaluated using the FST, with results displayed
in Figures 8 and 9. Figure 8 illustrates the significant antidepressant effect of DAGE in
BALB/c mice on the first test day, showing that chronic DAGE treatment significantly
reduced immobility time (p < 0.05). However, on the second test day, immobility time
significantly increased for all groups (p < 0.01).
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Figure 8. Box-and-Whisker Plots of Immobility Time for BALB/c Mice: These plots show the distribution
of immobility times in BALB/c mice, comparing DAGE-treated and control groups. The boxes represent
the 25th and 75th percentiles, while the whiskers extend to the 5th and 95th percentiles. Black lines
inside the boxes denote median values, and “+” symbols indicate mean values. Asterisks represent
statistical significance, with * and ** denoting p-values less than 0.05 and 0.01, respectively.
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Figure 9. Box-and-Whisker Plots of Immobility Time for C57BL/6 Mice: These plots display the
distribution of immobility times among C57BL/6 mice, comparing DAGE-treated mice to the control
group. The boxes illustrate the 25th and 75th percentiles, while the whiskers extend to the 5th and
95th percentiles. Black lines inside the boxes represent median values, and “+” symbols indicate
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Figure 9 illustrates the effects of DAGE treatment on C57BL/6 mice during the FST.
On the first test day, DAGE-treated mice exhibited a significant reduction in immobility
time compared to the control group (p < 0.01).

3.2. Changes in Body Weight per Food Intake
3.2.1. Elevated Plus Maze

Figure 10 illustrates the food consumption of each group during the 24 h following
the EPM test. The data indicate that mice chronically treated with DAGE did not show
significant changes in eating patterns, such as inhibited ingestion or binge eating behaviors
after the EPM (p = ns). In contrast, the control group exhibited distinct behaviors: BALB/c
mice demonstrated significantly reduced food intake after both test days (first test day:
t = 2.773, df = 11, p < 0.05; second test day: t = 2.477, df = 11, p < 0.05), as shown in
Figure 10A. C57BL/6 mice, displayed in Figure 10B, engaged in binge eating behaviors
within the 24 h following the first test day (t = 2.336, df = 11, p < 0.05), indicating a significant
increase in food intake.
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Figure 10. Impact of Long-term DAGE Consumption on Ingestive Behavior Following the EPM Test
in Mice. This figure shows the changes in food consumption relative to body weight in mice before
and after exposure to the EPM test. (A) Shows changes in food intake per unit of body weight in
BALB/c mice. (B) Shows similar data for C57BL/6 mice. Icons represent different measurement
points: the circle icon denotes the baseline mean value of food consumed before any behavioral tests
were conducted. The square icon represents the average food intake during the 24 h period following
the first EPM exposure. The triangle icon reflects the average intake within 24 h after the second EPM
trial. * means p < 0.05.

3.2.2. Open-Field Test

Figure 11 presents the food consumption of each group within 24 h after participating
in the OFT. The data indicate that mice receiving long-term DAGE treatment did not show
significant changes in eating behaviors, such as inhibited ingestion or binge eating, after
the OFT (p = ns). However, for the control group, BALB mice (Figure 11A) displayed
significantly reduced food intake following both test days (first test day: t = 2.929, df = 11,
p < 0.05; second test day: t = 2.799, df = 11, p < 0.05), indicating inhibited ingestion behaviors.
In contrast, C57BL/6 mice (Figure 11B) exhibited binge eating behaviors within 24 h
following the first test day (t = 2.497, df = 11, p < 0.05), indicating a significant increase in
food consumption.
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Figure 11. Impact of Long-term DAGE Consumption on Ingestive Behavior Following the OFT Test
in Mice. This figure shows the changes in food consumption relative to body weight in mice before
and after exposure to the OFT test. (A) Shows changes in food intake per unit of body weight in
BALB/c mice. (B) Shows similar data for C57BL/6 mice. Icons represent different measurement
points: the circle icon denotes the baseline mean value of food consumed before any behavioral tests
were conducted. The square icon represents the average food intake during the 24 h period following
the first OFT exposure. The triangle icon reflects the average intake within 24 h after the second OFT
trial. * means p < 0.05.
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3.2.3. Forced Swimming Test

Figure 12 details the food consumption of each group within 24 h after the FST. The
data showed that BALB mice in the control group exhibited a significant increase in food
intake after the FST (t = 2.872, df = 11, p < 0.01). In C57BL/6 mice, both control (t = 3.104,
df = 11, p < 0.01) and DAGE-treated (t = 2.452, df = 11, p < 0.05) groups experienced
significant increases in food intake within 24 h post-test
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Figure 12. Impact of Long-term DAGE Consumption on Ingestive Behavior Following the FST. This
figure shows food consumption relative to body weight in mice before and after the FST. (A) Shows the
changes in food intake per unit of body weight in BALB/c mice before and after the FST. (B) Depicts
similar data for C57BL/6 mice. The baseline (represented by a circle icon) indicates the mean value
of food consumed before any behavioral tests were conducted. The square icon shows the average
food intake during the 24 h following the initial FST exposure. It is important to note that after the
second FST session, all mice were humanely euthanized, limiting data availability to the 24 h period
following the first test only. * and ** mean p < 0.05 and 0.01.

4. Discussion

In this study, we assessed the effects of DAGE treatment on anxiety- and depression-
related behaviors in BALB/c and C57BL/6 mice using behavioral tests including the EPM,
OFT, and FST. Our findings demonstrated that DAGE exerted pronounced anxiolytic effects in
both strains, as shown by enhanced exploratory behaviors in the EPM and increased activity
in the central areas of the OFT. Additionally, DAGE treatment resulted in reduced post-stress
inhibited ingestion in BALB/c mice and decreased binge eating in C57BL/6 mice.

However, findings regarding the antidepressant effects of DAGE were less conclusive.
Initial reductions in immobility time during the FST suggested possible antidepressant
properties, but these were not consistently observed in the second test. This inconsistency
implies that while DAGE treatment is effective in reducing anxiety, its effects on depres-
sive behaviors are more variable and may depend on factors such as the mouse strain
and specific stressors applied [38,39]. Consequently, while DAGE holds promise as an
anxiolytic agent, further studies are needed to fully understand its potential in treating
depressive symptoms.

The literature suggests that DAGE not only inhibit the reduction of leukocytes during
radiotherapy but also enhance the production of immunoglobulins in saliva [10,40–42]. As
a precursor to plasmalogens [10], DAGE facilitate the scavenging of reactive oxygen species
through their vinyl ether bond, functioning as endogenous antioxidants [11]. Studies have
shown that oxidative stress, particularly in sleep-deprived individuals, leads to decreased
plasmalogen levels [12]. By consuming DAGE, the precursor to plasmalogens, one can
increase plasmalogen levels, thereby mitigating brain oxidative stress. This reduction in
stress is believed to enhance sleep quality and reduce anxiety [13]. Our findings align
with this perspective, which demonstrate that DAGE supplementation not only increases
activity levels but also the desire to explore in the Elevated Plus Maze and Open Field Tests.
These increases in activity and exploration consequently lead to improvements in anxiety-
related behaviors. Although previous research has pointed to antioxidant mechanisms as
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the basis for the anxiety-reducing properties of DAGE [11,13], this study did not directly
measure oxidative stress markers. Future research should measure plasmalogen levels to
validate the impact of DAGE on anxiety- and depression-related behaviors. Additionally,
incorporating biochemical assays and brain imaging could provide deeper insights into the
underlying biological mechanisms.

DAGE have demonstrated potential for alleviating symptoms related to anxiety and
depression, with the most notable effects observed on the first test day. In our study, the
mice receiving DAGE treatment exhibited significantly greater behavioral improvements in
stressful and despairing environments than those given standard control food. Moreover,
DAGE treatment enhanced overall activity levels, as evidenced by increased total distance
traveled, and boosted exploratory behavior, as indicated by reduced latency to exploring.
These findings position DAGE as a promising supplement for the prevention and miti-
gation of anxiety and depression [13]. However, while the initial data are encouraging,
verifying these effects through clinical trials is crucial to confirm the efficacy of DAGE
supplementation in a clinical setting.

Despite ongoing debates regarding the inherent anxiety levels of BALB/c and C57BL/6
mice [9,33,43–45], our study demonstrated that both strains, when treated with DAGE
supplementation, showed significant reductions in anxiety and depressive behaviors on the
initial test day compared to the controls. Notably, DAGE-treated BALB/c mice displayed
variability in their OFT performance across the first and second days, suggesting that
genetic factors may influence the effectiveness of DAGE treatment. This variability was
also observed in the EPM in the C57BL/6 group, indicating potential genetic interactions
that affect treatment outcomes [46]. Additionally, the control groups of both BALB/c and
C57BL/6 mice exhibited distinct feeding responses to stress. While BALB/c mice reduced
their food intake in response to stressors, including the EPM and OFT, C57BL/6 mice
exhibited binge eating patterns under similar conditions. Following the FST, however,
both strains increased their food intake, which is consistent with the findings of previous
research [35,36]. These observations emphasize that different mouse strains may adopt
varying adaptive strategies to cope with stress [38,39]. Future research should focus on
identifying genetic determinants that influence responses to DAGE treatment, which could
elucidate the mechanisms driving stress-related behaviors in diverse strains.

Behavioral differences observed across the two test days are typically attributed to
various emotional responses. For instance, in the EPM, behaviors on the first test day are
predominantly influenced by anxiety, whereas on the second test day, they are more driven
by fear [16,22,47]. Similarly, in the FST, immobile behavior on the first day is often linked to
depression-like emotions, while on the second day, it tends to be associated with unpleasant
memories [48]. Given these findings, the less pronounced effects of DAGE treatment on
the second test day may be partially due to shifts in emotional states; that is, while DAGE
treatment is effective in alleviating anxiety and depression, its impact may diminish when
these conditions transition to fear or unpleasant memories. However, limitations of our
study, such as budget constraints that restricted access to necessary equipment, prevented
us from confirming whether DAGE can cross the blood-brain barrier to directly influence
brain states and functions, unlike fatty acids, such as DHA [49,50]. Further research is
needed to determine the in vivo effects of DAGE and their interactions to fully understand
the neural mechanisms underlying their effects on behavior.

In human studies, nutritional supplements containing a combination of DHA, EPA,
and DAGE have been shown to enhance sleep quality [13], particularly by increasing the
proportion of non-rapid eye movement (REM) sleep stage N3 and REM sleep stage R. These
supplements also reduced daytime dysfunction and improved mood states, with partici-
pants reporting lower depression and tension scores and overall reduced mood disturbance.
These benefits were particularly notable in individuals with low vigor and high stress levels,
suggesting that the supplement offers significant anti-stress advantages [13]. However, it
is important to note that these supplements also contained DHA and EPA, both of which
have been previously documented to positively impact stress management [1,2]. Therefore,
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the specific contributions of DAGE to the observed improvements in sleep and anxiety
cannot be conclusively isolated. While our results do support the potential effectiveness of
DAGE supplementation in reducing anxiety and depression [13], our initial exploratory
study did not include direct comparisons with traditional anxiolytic medications, such as
benzodiazepines or SSRIs. Future research should aim to compare these supplements with
conventional medications to more accurately delineate their mechanisms of action and
relative efficacy.

The present study revealed a potential alleviating effect of DAGE on anxiety-related
behaviors in mice. However, it is crucial to acknowledge certain limitations that highlight
areas for further research. Firstly, the duration of the study was limited to a few weeks,
which restricted our understanding of the long-term effects and sustainability of DAGE’s
benefits. To address this, future studies should consider extended observation periods
to more thoroughly investigate potential long-term side effects and changes in efficacy.
Secondly, environmental factors such as housing conditions, which were not varied in
this study, could significantly influence behavioral outcomes. Subsequent research should
include these environmental variables (such as multi-cage environment and enriched
environment) to determine their impact on the efficacy of DAGE and ensure that the results
are robust across different settings. Finally, our study employed only male mice, which
may limit the generalizability of the findings across genders. Including female mice in
future research will not only help explore potential gender-related behavioral differences
but also shed light on hormonal influences that could affect the efficacy of DAGE.

5. Conclusions

To our knowledge, this study is the first to investigate the anxiolytic and antidepressant
effects of DAGE, a compound derived from deep-sea shark liver oil. The current results
suggest that DAGE, derived from deep-sea shark liver oil, has potential anxiolytic and
antidepressant effects. Our results indicate that DAGE-treated mice exhibited significant
reductions in anxiety and depressive behaviors on the initial test day. These effects appear
to be linked to DAGE’s role in mitigating oxidative stress within the brain. Our research
enhances the understanding of the potential of DAGE treatment in stress management,
highlighting how it interacts with various stress types, which could be relevant for human
applications. Future research should focus on verifying the benefits of DAGE across
repeated stress exposures and delve deeper into its active components and the underlying
mechanisms of action. This will help solidify its use as a viable option for managing
stress-related conditions in humans.
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