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n-3/n-6 unsaturated fatty acids exert pleiotropic effects on vascular
diet endothelial cells, inflammatory cells, and platelets, suppress lesion
myocardial infarcted mouse formation and plaque instability, prevent recurrence of vascular
adhesion events and cardiac death in patients with ischemic heart disease.

Since around 2010, attention has been focused on the n-3 fatty
acids and DHA of edible “seaweed oil” extracted from algae.
However, no previous studies have reported how dietary con-
taining marine algae oil and nutritional oral taking habits affect
post-operative adhesions.

The purpose of this study was to investigate the effects of diets
with different n-3/n-6 fatty acid content on adhesions in thoracic
cavity.

Methods: Four-week-old mice were randomly divided into three
groups and housed in separate cages. The groups of animals were
continuously provided with three different diets for 1 month (the
Control group (n=4), DHA-containing “marine algae oil” diet; the
DHA group (n=4), the HF group (n=>5)). MI model mice were
induced by a trained animal surgical expert. After operation,
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evaluated items were 1) body weight, 2) echocardiography for
cardiac function, and 3) adhesions. Evaluations of 1) and 2) were
performed before MI preparation, 1 day, and 7 days after MI, and
assessment of 3) was evaluated the adhesion at 7 days after ML
Results: The results were 1) there were no significant differences in
body weight among the three groups, 2) cardiac function in the HF
group tended to deteriorate, and on post-operative day 7, the DHA
group tended to deteriorate less than the Control group and 3)
adhesions tended to be worse in the HF group and mild in the DHA
group.
Conclusion: Adhesions tended to be the worst in the HF group and
mild in the DHA group. The results in this study indicated that the
type of diet affects adhesion levels following MI.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of
European Society for Clinical Nutrition and Metabolism. This is an
open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Adhesions after thoracic surgery led to more difficult sternal re-entry and surgical dissection,
blunted visibility of mediastinal tissues, potential injury to cardiovascular structures, an increased risk
of surgical bleeding, and more time-consuming procedures [1]. For patients undergoing surgery,
physical distress caused by symptoms or secondary complications can be a factor that negatively affects
the patient's psychiatric condition and quality of life. The hypothesis generation study showed pre-
liminary evidence that increased coronary artery bypass grafting (CABG) wasting may be associated
with pathogen burden, inflammation, and endothelial activation [2]. Adhesion prevention in MI pa-
tients is important to avoid adverse events [3].

Adhesion formation is a process in which organs and tissues that are distant from each other adhere
due to an inflammatory reaction caused by surgery [3]. The pathogenesis of postsurgical adhesions is a
multistep process, and the key factors are loss of mesothelial cells, accumulation of fibrin in areas
devoid of mesothelial cells, loss of normal pericardial fibrinolysis, and local inflammation [4]. And there
is a growing body of evidence suggesting that alterations in macrophage function are involved in the
pathophysiology of adhesion formation. It is known that the development of adhesions may be the
result of an inflammatory process [5]. To avoid adverse events, it is important to conduct surgical
procedures carefully [3,6—13], and uppression of cardiac fibroblast activity can be achieved by
administering substances [3,7,8].

In the other hands, the risk of myocardial infarction increases in the presence of coronary risk
factors such as obesity, glucose or metabolic disorders, and dyslipidemia attributable to Western diet
and aging [14—16]. In recent years, polyunsaturated fatty acids have attracted attention from a dietary
[17] and the n-3 series eicosapentaenoic acid (EPA) in fish is thought to suppress inflammation and
arteriosclerosis, and the n-6 series arachidonic acid (AA) produces an inflammatory effect [18]. Also,
long-term administration of EPA has been shown to improve the prognosis of cardiac remodeling after
chronic MI by regulating the activity of pro-inflammatory M1 macrophages [19—23].

Recent molecular and cell biology studies have shown that n-3 unsaturated fatty acids exert
pleiotropic effects on vascular endothelial cells, inflammatory cells, and platelets, suppress lesion
formation and plaque instability, prevent recurrence of vascular events and cardiac death in patients
with ischemic heart disease [24—32]. Since around 2010, attention has been focused on the n-3 fatty
acids and DHA of edible “seaweed oil” extracted from algae, because fish oil is a limited resource and
fish cannot produce large amounts of long-chain omega-3 fatty acids [33—35]. However, no previous
studies have reported how dietary containing marine algae oil and nutritional oral taking habits affect
post-operative adhesions.

The purpose of this study was to investigate the effects of diets with different n-3/n-6 fatty acid
content using algae oil on adhesions developed at the MI site in mice.
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Materials and methods
Ethical issues

Animal welfare and animal protection were considered in the experimental design and the minimal
number of animals was used to meet the purpose of the study. The experimental protocol incorporated
ethical considerations and pain was minimized by the use of anesthesia. In addition, breeding man-
agement was performed in an appropriate environment (Yokohama City University Animal Experi-
ment Committee : Approval number F-A-15-04, redacted).

Animals and diet characteristics

Eight-week-old male mice C57BL/6 (Japan SLC inc.) were used in this study. Four-week-old animals
were purchased for pre-administration of three kinds of diet with different fatty acid content, which
were fed to each group until the age of eight weeks. Thereafter, the mice (the Control group, the DHA-
containing diet (DHA) group, the high-fat diet (HF) group; n = 4, 4, 5, respectively) were subjected to
ML The MI model was adopted because it results in the artificial induction of adhesions/wounds, which
enables the study of adhesion formation and resolution.

Test diets

The dietary composition was based on AIN-93G. The approximate compositions of the test diets are
shown in Table 1. An oil extracted from the cultured microalgae Aurantiochytrium limacinum (NIES-3737
strain) was used as the DHA source. The algae, a generous gift from Euglena Co. Ltd, was lyophilized and
the lipid was extracted using the Bligh and Dyer method [36]. The extracted lipid contained about 30%
(w/w) DHA. The compositions of the major fatty acids in the test diet are shown in Table 1.

Procedures and data collection
Feeding method

Four-week-old mice were randomly divided into three groups and housed in separate cages. The
groups of animals were continuously provided with three different diets (the Control group, the DHA
group, and the HF group) for 1 month. For each cage, 100 g of diet was prepared and changed twice a
week. Filtered tap water in a water bottle and each kind of diet were freely available. Table 1 shows the
characteristics of the feeding.

Table 1
Fatty acid composition and characteristics of each diet ( g/kg )
Control *! DHA *2 HF *3

b-Cornstarch* 397 397 210
Casein* 200 200 200
a-Cornstarch* 132 132 60
Sucrose** 100 100 100
Soybean Oil*** 70 26.4 70
Algal oil**** 0 43.6 0
Beef tallow*** 0 0 259
Cellulose Powder* 50 50 50
AIN-93G Mineral Mix.* 35 35 35
AIN-93G Vitamin Mix.* 10 10 10
L-Cystine*** 3 3 3
Choline Bitartrate**x* 2.5 2.5 25
t-BHQ*** 0.014 0.014 0.014

*Standard diet for mice with corn starch.
*2 NIES-3737 Oil-rich DHA-rich diet.
*3 High-fat diet containing beef tallow.
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Method for producing MI model mouse

MI model mice were induced by a trained animal surgical expert referring to a previously published
method [37].

1) Put the mouse in a small container and weigh it, and then, start anesthesia with isoflurane at a
concentration of 4% (200 ml/min) and reduce the dose to 3.5%, 3.0%, 2.5%, 2.0% every 30 seconds.

2) Fix the mouse on the treatment table and intubate the outer cylinder of the indwelling needle (20G)
except awakening (about 15—30 seconds).

3) Confirm the synchronization of respiration and the disappearance of pain reflex with an artificial
respirator (SN-480-7 manufactured by Shinano Co., Ltd.) connected to a vaporizer with 2.0% (-1.5%)
anesthesia.

4) When opening the chest, use a thoracotomy device to open the 4th intercostal space, and then ligate
left anterior descending coronary artery (LAD) using 7—0 nylon ligature at the point about 1-1.5
mm from the starting root of LAD without injuring LAD.

5) When closing the chest, ligate the intercostal space with 1 needle with 5—0 nylon thread, and then
ligate the skin with 3 needles with 5—0 nylon thread. Turn off anesthesia, check spontaneous
breathing, remove the ventilator, and extubate.

6) Wiait for recovery on a hot sheet, and put it in a newly prepared cage after awakening.

Parameters evaluated

The animals were evaluated for 1) body weight, 2) echocardiography for cardiac function, and 3)
adhesions. Evaluations of (1) and (2) were performed before MI preparation, 1 day after MI treatment,
and 7 days after MI treatment, and assessment of (3) was evaluated the adhesion at 7 days post-MI by
evaluation index of Izumi et al. [38].

Echocardiographic assessment [38,39]

Echocardiographic assessment was conducted to determine infarct size. The specific echocardi-
ography method is as follows. Each mouse is weighed and placed in an anesthesia chamber where
they were anesthetized with isoflurane of 4.0% (200ml/minute) at the starting point and decreased
each 0.5% per 30 seconds till 2.0%. Following confirmation of anesthesia, the mouse is secured to the
surgical table with tape and continuously provided with 1.0—1.5% isoflurane via a nasal mask. The
animals were placed on the table so that the torso is on the midline, with the limbs spread apart.
One joint forefinger less smell hair removal cream was spread and keep a few minutes on the chest,
and the hair is removed from the chest. Echocardiography was then performed on the unconscious
animal. Long-axis cross-sectional images of the left ventricle were obtained and measured values
were obtained from the M-mode screen. A heart rate of 450—550 beats/min was maintained
by adjusting the anesthetic concentration accordingly. After completion of echocardiography, the
mice were allowed to regain consciousness on a heating plate prior to being returned to their home
cage.

Evaluation by masson trichrome staining
Seven days after the MI procedure, the heart was dissected, fixed with formalin and alcohol, paraffin

embedded, and tissue slices were prepared. Fibrosis at the MI site was visually confirmed and evalu-
ated by Masson trichrome staining, thereby confirming the infarction.
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Evaluation of adhesions (adhesion scale, izumi et al., 2012) [38]

Adhesions were evaluated according to the evaluation index (adhesion severity: a modified version
of the classification) of Izumi et al. [38]. In this evaluation, the degree of adhesion is judged based on
whether blunt or sharp peeling is possible and the ratio relative to the length of thoracotomy.

Data analysis

After the collected echo data were entered into database sheet, a two-group of all combinations of
EF in the Control, the DHA and the HF groups using the Mann-Whitney U test and three-groups
comparison using the Kruskal-Wallis test were formed respectively. As there were no significant dif-
ferences, average reference values from the prior literature [40] and all experimental animal data
acquired were calculated. Pre-operative measurements of eight parameters (IVSTd, IVSTs, LVIDd, LVIDs,
LVPWTd, LVPWTs (mm), EF, FS (%)) were performed on each mouse in triplicate by experienced
technicians to calculate an average value (Table 2). The Wilcoxon's signed rank test was used to
compare pre- and post-MI values as well as between days 1 and 7 post-MI. Between group compari-
sons of adhesion severity values were performed using the Kruskal-Wallis test. The statistical software
SPSS 27.0 J was used for the statistical analyses. The period of this study was from August 22, 2018 to
the end of November 2018.

Table 2
List of abbreviations
IVSTd intraventricular septal thickness in diastole
IVSTs intraventricular septal thickness in systole
LVIDd left ventricle internal diameter in diastole
LVIDs left ventricle internal diameter in systole
LVPWTd left ventricular posterior wall thickness in diastole
LVPWTs left ventricular posterior wall thickness in systole
EF ejection fraction
FS fractional shortening

Echocardiographic evaluation measured six parameters: IVSTd, IVSTs, LVIDd, LVIDs, LVPWTd, and LVPWTs. EF and FS were
obtained using the Cubed method. Values of EDV, ESV, EF, and FS were calculated according to the following formulae, EDV (Left
ventricular end-diastolic volume: Cubed method ) =LVDdv3, ESV (Left ventricular end systolic volume: Cubed method ) =
LVDsv3, EF=(EDV-ESV)/EDV and FS=(LVDdv-LVDsv)/LVDdv x 100.

Results
Effect of diet on weight

Changes in body weight of the animals in the Control, the DHA, and the HF groups are as shown in
Figure 1. The average body weight at the beginning of the diet administration period (4 weeks old),
before surgery (8 weeks old), 1 and 7 days after surgery were 12.59 g, 24.17 g, 22.30 g, and 24.20 g in the
Control group, respectively. The average body weight in the DHA group was 12.93 g, 25.73 g, 24.31 g,
and 25.65 g, and that in the HF group was 12.41 g, 25.16 g, 23.79 g, and 24.66 g. Additionally, no
statistical differences were observed between the three groups at the start of diet administration
through to the day of MI treatment. Furthermore, on the 1 post-operative day, the Control, the DHA
and the HF groups lost 1.88 g, 1.42 g, and 1.38 g, respectively, with no significant differences in body
weight observed one week later.

Effect of diet on echocardiographic parameters

Changes in the echocardiography parameters for the Control, the DHA, and the HF groups are shown
in Figures 2—4.
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Figure 1. Changes in body weight of the animals in the Control, the DHA, and the HF groups are as shown. Data were expressed as
mean=+SD. No statistical differences were observed between the three groups at the start of diet administration through to the day of
MI treatment, on the 1% post-operative day, in body weight observed one week later.
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Figure 2. IVSTd is a measure of the average wall thickness, and values obtained before treatment, and on post-operative days 1 and 7.
Data were expressed as mean+SD. No significant differences were observed between the groups at the pre- and post-operative times.
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Figure 3. [VSTs values obtained before treatment, and on post-operative days 1 and 7. Data were expressed as mean+SD. No sig-
nificant differences were observed between the groups at the pre- and post-operative times.

Effect of diet on IVSTd

IVSTd is a measure of the average wall thickness, and values obtained before treatment, and on post-
operative days 1 and 7 were 0.69 mm, 0.66 mm, and 0.66 mm in the Control group, 0.66 mm, 0.66 mm,
and 0.65 mm in the DHA group, and 0.67 mm, 0.66 mm, and 0.66 mm in the HF group. No significant
differences were observed between the groups at the pre- and post-operative times.

Effect of diet on IVSTs

IVSTs values obtained before treatment, and on post-operative days 1 and 7 were 1.22 mm, 0.75
mm, and 0.72 mm in the Control group, 1.16 mm, 0.70 mm, and 0.74 mm in the DHA group, and 1.15
mm, 0.73 mm, and 0.70 mm in the HF group. No significant differences were observed between the
groups at the pre- and post-operative times.

Effect of diet on EF

EF values obtained before treatment, and on post-operative days 1 and 7 were 77.28%, 46.05%, and
42.87% in the Control group, 78.08%, 49.6%, and 49.08% in the DHA group, and 77.07%, 48.37%, and 46.17%
in the HF group. A significant decrease in EF, relative to the pre-treatment value, was observed in the HF
group on post-operative days 1 and 7. Furthermore, when comparing the three groups, the mean EF value
was significantly lower in the Control group than in the DHA group on post-operative day 7 (p <0.05).
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Figure 4. EF values obtained before treatment, and on post-operative days 1 and 7. Data were expressed as mean+SD. A significant
decrease in EF, relative to the pre-treatment value, was observed in the HF group on post-operative days 1 and 7 (p <0.05).
Comparing the three groups, the mean EF value was significantly lower in the Control group than in the DHA group on post-
operative day 7 (p <0.05).

* Wilcoxon signed rank test and Mann-Whitney U test.

Evaluation by masson trichrome staining and adhesion severity

On post-operative day 7, the fibrosis at the MI site was evaluated by Masson trichrome staining, and
infarction was confirmed. Adhesion severity in the Control group was Grade 1 in 1 (25%) and Grade 3 in
3 (75%) cases, while that in the DHA group was Grade 2 in 3 (75%) and Grade 3 in 1 (25%), and that in the
HF group was Grade 3 in all cases (Table 3). Comparing the treatment groups indicated that the grade of
adhesions tended to be worse in the HF group, but no significant difference was observed between any
combinations of two groups. Regarding observational evaluation, the adhesion and pericardial fat in
the DHA group were visually assessed as being smoother than in the HF group (Figure 5).

Discussion

These results of the present study demonstrated the effects of diets with different n-3/n-6 fatty acid
content on adhesions at the site of myocardial infarction (MI) in mice. Since around 2010, attention has
been focused on the n-3 fatty acids and DHA of edible “seaweed o0il” extracted from algae, because fish

Table 3
Adhesion severity of each group
Control (n=4) DHA (n=4) HF (n=5)
Gradel 1(25%) 0 0
Grade2 0 3 (75%) 0
Grade3 3 (75%) 1(25%) 5 (100%)

*There is no Grade 0 and Grade 4.
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Figure 5. On post-operative day 7, comparing the treatment groups among the Control group, the DHA group, and the HF group,
indicated that the grade of Adhesion severity [38] tended to be worse in the HF group, but no significant difference was observed
between any combinations of two groups. Regarding observational evaluation, the adhesion and pericardial fat in the DHA group
were visually assessed as being smoother than in the HF group.

oil is a limited resource and fish cannot produce large amounts of long-chain omega-3 fatty acids
[33—35]. Basically, almost oral taking algae is not digested. From this reason, in this study the diet
containing “marine algae oil” was selected for the DHA group.

Weight evaluation

Average body weight was observed to gradually increase in all experimental groups. There were no
differences in weight change among three groups prior to MI treatment. In all groups, average weight
decreased by about 5—11% on the 1% day after treatment and returned to a weight similar to the pre-MI
weight by the 7™ day in the Control and the HF groups. In contrast, the weight of the DHA group did not
recover as quickly. However, there were no significant differences in weight change among three
groups on the 7™ day after MI.

Changes in cardiac function in measured echocardiographic values

Tanaka et al. reported an index value for IVSTd in allogeneic mice of 0.7 + 0.1 mm [40]. In this
experiment, the mean values of IVSTd among the groups ranged from 0.663 to 0.685 mm, and the
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average values after one week were 0.651—0.663, which was within the normal variation of the index
value. Similarly, the index value for IVSTs reported by Minegishi et al. was 1.21 + 0.03 mm [41], and the
average IVSTs before surgery ranged from 1.148 to 1.224 mm in all groups, and 0.701—-0.737 mm after
one week. As described above, the average values measured before MI were similar in all three groups,
the values on days 1 and 7 post-MI were different, with no subsequent changes observed between days
1 and 7. Thus, the data indicate that there was no movement in the front wall and no change in the
thickness after MI attributable to the dietary differences.

Additionally, significant decreases in EF, which is an indicator of cardiac function, were observed
in the HF group before the treatment, as well as on days 1 and 7 post-MI. On the 7 day post-MI,
the mean EF value was significantly lower in the Control group compared to the DHA group (p
<0.05).

As described above, wall thickness did not differ among the three groups; however, differences in
cardiac function were observed among the groups at each assessment point. The HF group was fed a
diet rich in beef tallow. A significant increase in the total amount of ceramide (intercellular lipids)
produced in the heart results in differences in signals for cell death and autophagy, which are believed
to affect myocardial remodeling [42,43]. It is thought that the absence of an observed effect on wall
thickness was due to the final evaluation being conducted at 7 days post-MI, which may be an
insufficient duration for myocardial remodeling to occur. Moreover, excess accumulation of ceramide is
believed to cause blood circulation disorders [44], intracellular abnormalities, or reactions that may
affect cardiac outcomes. In future studies, it will be important to conduct studies that evaluate minute
changes in heart cells.

The state of adhesion

Evaluation of adhesion tissue formation between the heart and the chest wall was performed on
the 7™ day after MI using the adhesion severity scale of [zumi et al. [38]. In the Control group, Grade 3
(75%) adhesions were the most prevalent. In comparison, Grade 2 (75%) adhesions were the most
prevalent in the DHA group, whereas all HF animals were categorized as Grade 3. Statistical com-
parison of the treatment groups indicated that no significant differences were found between any
two groups. However, the level of adhesions was high in the HF group, while the adhesion tended to
be less prominent in the DHA group. The adhesions and pericardial fat in the DHA group were
visually assessed as being smoother than in the HF group. Moreover, it is possible that the compo-
nents constituting adipose tissue and adhesions are different. Serhan et al. reported that metabolites
derived from n-3 fatty acids in human report are present in the exudate during late stage inflam-
mation, and that these metabolites produce an anti-inflammatory effect [45]. These findings indicate
that it is possible that the state of the surrounding adipose tissue and the constituents of the
adhesion may affect the degree of adhesion formation. The results of this research showed that
taking the fatty diet not only HF but also DHA accumulate the fat in thoracic cavity comparing normal
diet. Even taking DHA, unlimited fat intake can be possible to be a risk factor of potential adhesions.
In this study, the DHA diet of containing “marine algae oil” was used after changed almost 60% of
soybean oil to “marine algae oil”. It will be important in future studies to further examine the
pericardial fat component in each group and find the detailed mechanism to prevent to occur post-
operative complication related to adhesion. And it is needed that an appropriate fatty-acid con-
taining of the DHA diet will be fixed.

As shown above, there were no differences in body weight, IVSTd, and IVSTs among the three
groups, whereas EF was diminished in the HF group, and EF in the DHA group was significantly higher
than the Control group on day 7 post-ML. This suggests that the consumption of a DHA-containing diet
may improve the situation related to EF. In addition, the degree of adhesions in the DHA group tended
to improve slightly, suggesting that the difference in fatty acid content may affect adhesions. Since the
1980s, it has been shown that adhesions have various causes. Examination of how factors related to
patients' lifestyle choices, such as diet and nutrition, affects a beneficial inflammatory balance on
prevention of cardiovascular disease [45—47] will lead to practical suggestions for nursing concreate
support in the future. It is necessary to continue experimental studies using MI model mice to evaluate
various factors affecting adhesion formation.

97



Y. Chiba, I. Nakamura, K. Ishihara et al. Clinical Nutrition Open Science 49 (2023) 88—100
Limitations and strengths of the study

This experimental research was a novel mouse study in the field of nursing that used daily diet
containing DHA to address clinically relevant questions. The surgical techniques used in this research
were highly technical and required a high level of surgical training. We are exploring how to further
develop this project. In future research, it is necessary to evaluate the effect of diet preparation, extend
the study to include molecular biology, and to utilize a more appropriate research design that focuses
on evidence-based preventive nursing intervention.

Conclusion

The purpose of this study was to investigate the effect of diets with different n-3/n-6 fatty acid
content on adhesions at the site of MI in an experimental mouse MI model.

1) Body weight change among the three groups parallelly decreased on the 1t day post-MI.

2) Cardiac function in the HF group tended to deteriorate, and on the 7™ day post-MI, the DHA group
tended to deteriorate less than the Control group.

3) Adhesions tended to be the worst in the HF group and mild in the DHA group.
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