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Abstract

Recent approaches to the management of dementia have focused mainly on continual preventive treatment.
In this study, we investigated whether intake of 297 mg docosahexaenoic acid (DHA) and 137 mg
eicosapentaenoic acid (EPA) per day, which is a smaller amount than in previous reports, would maintain
higher cognitive function in healthy elderly people. Eighty-seven participants were enrolled in this 12-month
randomized, double-blind, placebo-controlled trial. Cognitive function test, blood biochemical analysis and
anthropometry were conducted at baseline, 6 and 12 months of DHA beverage intake. Intake of DHA-
enriched milk beverage for 6 and 12 months significantly increased erythrocyte plasma membrane DHA
and EPA levels. Furthermore, intake of DHA-enriched milk beverage for 12 months protected against age-
related cognitive decline. The preventive mechanism of this small amount of DHA is not known. Thus,
futhetfurther investigation is needed to reveal the mechanism underlying its role in cognitive function.Trial
registration: UMIN Clinical Trial Registry, UMIN000031699.

Keywords: Docosahexaenoic acid; Short-term memory; Recall; Red blood cell plasma membrane; Clinical trial

1 Introduction

Aging and extended lifespan worldwide have led to increased risk of various aging-associated diseases. In particular,
the population with dementia is rapidly growing around the world (Alzheimer’s Disease International, 2015). Diagnosis
of dementia may be categorized into early, middle, and late stages according to progression. Cognitive function is

notably impaired in patients in the late stage, which decreases their quality of life as well as that of their caregivers.

Various hypotheses about the mechanism of dementia have been proposed, but the detailed molecular mechanism of
dementia onset remains unknown and no fundamental remedy has yet been established. Therefore, recent approaches
to the management of dementia have focused mainly on continual preventive treatment rather than medical treatment.
Many studies have reported on the relationship between dementia prevention and consumption of particular foods,
especially those high in docosahexaenoic acid (DHA) (Weiser, Butt, & Mohajeri, 2016, Hashimoto, Hossain et al.,
2017).

DHA, an w-3 poly unsaturated fatty acid, is suggested to play an important role in nerve cell membrane structure and

function in the brain. DHA is known to be essential for the phospholipid layers of nerves. In fact, about 60% of the



brain is composed of lipids, 22% of which is DHA (Sinclair, 1975). DHA is important in brain and eye development
from early childhood (EFSA Panel on Dietetic Products, Nutrition and Allergies, 2014). Even in the elderly, DHA
consumption is positively correlated with higher brain function (Dacks, Shineman, & Fillit, 2013; Noel et al., 2006;
Solfrizzi et al., 2009; Yurko-Mauro, Alexander, & Van Elswyk, 2015). Particularly notable is that DHA is substantially
decreased in the brain and serum of patients with Alzheimer’s disease (AD), who comprise the majority of all dementia
patients (Soderberg, Edlund, Kristensson, & Dallner, 1991).

In general, the absorbability of DHA is lower than that of other fatty acids (Chen et al., 1987). Ikeda et al. (1995) found
that triglycerides consisting of DHA and eicosapentaenoic acid (EPA) are more slowly hydrolyzed by pancreatic lipase
and have lower absorbability than triglycerides consisting of oleic acid. In another study, lipase secretion was halved in
a group of elderly people aged 65 years or older compared with a group aged less than 65 years, even in those with
normal lipase secretion (Ishibashi, 1999). In other words, DHA absorption was further decreased in the elderly group.
DHA is often ingested as an encapsulated dietary supplement because it is susceptible to oxidative degradation, but its
absorbability is notably higher when consumed as a constituent of food, such as fish (e.g., smoked salmon) (Visioli,
Risé, Barassi, Marangoni, & Galli, 2003).

Cholecystokinin, a hormone involved in bile acid secretion, is important for the digestion and absorption of lipids.
Cholecystokinin secretion is mainly stimulated by food constituents such as lipids and proteins (Liddle, Goldfine,
Rosen, Taplitz, & Williams, 1985). Sakaguchi, Haraguchi, Oda, and Ueda (2013) noted that the DHA absorption rate
is markedly higher when DHA is ingested after a meal compared with before. These reports suggest that meal timing
and hormone secretion are associated with DHA absorption. In other words, efficient DHA digestion and absorption
could be induced by the intake of food containing DHA, which may affect higher cognitive function, even if the
amount of DHA intake is lower than previously reported (480 mg per day; Bo et al., 2017).

In this study, we investigated intake of a dairy milk beverage containing a small amount of DHA compared with
amounts reported in previous studies investigating brain function. We examined whether intake of this beverage would

maintain higher cognitive function in healthy elderly people.

2 Materials and methods
2.1 Participants

This was a 12-month randomized, double-blind, placebo-controlled, parallel-armed study. The participants were
volunteers who underwent a medical examination that included anthropometry, blood biochemical assessment, and
cognitive function and mental health tests. Participants were excluded if there was evidence of a medical disorder
(including cognitive impairment, renal, respiratory, cardiac, or hepatic disease, diabetes mellitus, and endocrine,
metabolic, or hematological disturbances) or use of any psychotropic drug/supplement that might significantly influence
the outcomes of the study, or if they had hypersensitivity or allergy to low-fat milk beverages.

After screening, 87 participants were included in the investigation. The study was carried out in accordance with the
principles of the Declaration of Helsinki and Good Clinical Practice. The protocol was approved by the Ethics
Committee of Shimane University (study number: 2899) and all participants provided written informed consent before

participation.

The participants were randomly divided into two groups: a placebo group (n =41), who ingested 200 mL of a low-fat
milk beverage containing soybean oil; and a DHA group (n = 46), who ingested 200 mL of the same low-fat milk
beverage containing 297 mg DHA (C22:6 [n — 3]) and 137 mg EPA (C20:5 [n — 3]) (Fig. 1). The group allocation
was performed by stratified random assignment according to sex and age, as described previously (Sumiyoshi et al.,
2019; Hashimoto, Matsuzaki et al., 2020; Hashimoto, Tanabe et al., 2020). The placebo and DHA beverages were
consumed once daily for 12 months and were served in identical single-serving paper packages. The compositions of
the placebo beverage and the DHA-enriched beverage are shown in Table 1. Both the participants and the researchers
were blinded to group allocation. Both of the low-fat milk beverages were produced by Omu Milk Products Co., Ltd.
(Fukuoka, Japan). The DHA-rich oil (PRORARE™) and soybean oil were provided by Fuji Oil Co., Ltd. (Osaka,
Japan). We used soybean oil for the placebo low-fat milk beverage because soybean oil was one of the components of
the DHA-rich oil (PRORARE™).



| 124 participants |

Excluded (n=37)
= Did not meet inclusion criteria (n=37)

87 randomly allocated

41 assigned low-fat milk placebo beverage
containing DHA 0 mg + EPA 0 mg

46 assigned low-fat milk beverage
containing DHA 297 mg + EPA 137 mg

Excluded (n=5)
* Discase (n=5)

3

Excluded (n=3)
= Disease (1=3)

—>

3

36 assigned low-fat milk placebo beverage
not containing DHA & EPA (placebo beverage)

43 assigned low-fat milk beverage
containing DHA & EPA (DHA-enriched beverage)

Flow diagram of participants through the study. DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.

Table 1
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Composition of placebo and DHA-enriched beverages.

Per 200 mL Placebo beverage DHA-enriched beverage
Energy (kcal) 100.2 100.2

Protein (g) 7.1 7.1

Carbohydrate (g) 10.4 10.4

Fat (g) 34 34

Ash (g) 1.5 1.5

DHA (mg) 0 297

EPA (mg) 0 137

Ingredient composition was measured by the following methods: air oven method to determine percent moisture content;
combustion method (nitrogen conversion factor = 6.38) to measure protein content; Reese-Gottlieb method to measure amount of
lipids; direct incineration method to determine amount of ash content; subtraction [100-{moisture (g) + protein (g) + lipid (g) + ash
(g)}] to measure carbohydrates; gas chromatography to measure the amount of DHA and EPA. Energy was calculated assuming
4 kcal/g protein, 4 kcal/g carbohydrate and 9 kcal/g fat. DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.

2.2 Anthropometry, body composition, and assessment of dietary intake

Body weight, height, waist circumference, and systolic and diastolic blood pressure were measured by hospital nurses.
Body composition was determined by bio-electrical impedance analysis (WB-150, Tanita Corporation, Tokyo, Japan).
To investigate the effects of intake of the placebo and DHA milk beverages on health status and lifestyle during
interventional trials, a general questionnaire was administered that posed lifestyle questions including those related to
medical history. Dietary intake was estimated using a brief self-administered dietary history questionnaire for Japanese
adults.

Dietary intake before and after the intervention was assessed using a validated, self-administered, brief diet history
questionnaire (BDHQ) (Kobayashi et al., 2011). The BDHQ is a 4-page questionnaire with fixed portion sizes that
inquires about the consumption frequency of selected food items to estimate the dietary intake of 58 food and beverage
items in the preceding month. The food and beverage items listed on the BDHQ were selected from among foods
commonly consumed in Japan, mainly from a food list used in the National Health and Nutrition Survey of Japan.
Based on the provided responses to the BDHQ, an ad hoc computer algorithm estimated the amounts of 98 nutritional

factors consumed during the previous month.
2.3 Blood sampling

Blood samples were collected at baseline before milk beverage intake and at 6 and 12 months of intervention in the
morning or afternoon, after ascertaining that the participants had not consumed breakfast or lunch. The samples were
separated into two sets of tubes: tubes containing a serum isolator for blood biochemical analysis and tubes containing

ethylenediaminetetraacetic acid (EDTA) for fatty acid analysis. After the clinical parameters were measured, the



samples were separated into serum, plasma, and erythrocyte (red blood cell [RBC]) aliquots, and after measuring the

clinical parameters, the remaining serum and RBCs were stored at —80 °C within 8 h of collection until analysis.
2.4 Blood biochemical analysis and apolipoprotein E4 measurement

DHA and EPA levels in plasma and the RBC plasma membrane (RBC-PM) were determined by direct
transmethylation (Hashimoto, Matsuzaki et al., 2020; Hashimoto, Tanabe et al., 2020), as described previously (
Hashimoto et al., 1999). Briefly, 100 uL of RBCs was suspended by vigorous mixing in 1.2 mL of 4 mM EDTA
solution containing 0.005% 2,6-di-t-butyl-4-methylphenol (BHT) and centrifuged at 10,000g for 15 min at 4 °C. After
the supernatant was discarded, the resultant pellet was re-suspended by vigorous mixing in 1 mL Dulbecco’s
phosphate-buffered saline (PBS) (—) containing 0.005% BHT and centrifuged at 10,000g for 15 min at 4 °C. This
procedure was repeated once. The final pellet was homogenized in 250 uL Dulbecco’s PBS (—) containing 0.5%
saponin and 0.005% BHT by using an ultrasonic homogenizer (Bioruptor”; Cosmobio Co., Tokyo, Japan) and
subjected to measurement of fatty acid and protein concentration. The fatty acid concentrations in plasma and the RBC-
PM suspension were measured by capillary gas chromatography of the corresponding methyl esters prepared by
transesterification with acetyl chloride. Chromatography was performed using an Agilent 6850A gas chromatograph
(Agilent Technologies, Santa Clara, CA) with a flame ionization detector and an automatic sampler utilizing a 25-m
fused-silica column with an internal diameter of 0.25 mm (DB-WAX P/N 122-7032; J&W Scientific, Folsom, CA).
The identities of the peaks were established by comparison with those of reference compounds and partially by gas

chromatography-mass spectrometry.

Plasma total cholesterol, low- and high-density lipoprotein cholesterol, triglyceride, and glucose levels were determined
using an automatic analyzer (BiOLiS 24; Tokyo Boeki Medical System Ltd., Tokyo, Japan). HbAlc was measured
using a kit from TFB, Inc. (Tokyo, Japan).

Apolipoprotein E (APOE) gene mutations were measured as previously described (Hashimoto, Kato et al., 2017).
APOE single nucleotide polymorphism genotyping was carried out by real-time polymerase chain reaction (7900HT;
Applied Biosystems, Foster City, CA) using the TagMan single nucleotide polymorphism genotyping assay for
1s429358 and rs7412 with identification numbers C 3084793 20 and C__ 904973 10, respectively (Applied

Biosystems).
2.5 Cognitive function evaluation test

Cognitive function was assessed using the Mini-Mental State Examination (MMSE) (Folstein, Folstein, & McHugh,
1975), Hasegawa’s Dementia Scale-Revised (HDS-R) (Imai & Hasegawa, 1994), and the Japanese version of the
Montreal Cognitive Assessment (MoCA-J) (Fujiwara et al., 2010).

2.6 Statistical analysis

Results are expressed as means + standard deviation (SD). Independent uniformly distributed data were compared
using Student’s -test and independent non-uniformly distributed data were compared using Welch’s z-test. Participant
characteristics, cognitive test scores, and erythrocyte plasma membrane fatty acid levels at baseline, 6 months, and
12 months were analyzed by two-way (group X time) repeated measures analysis of variance (ANOVA) followed by
Tukey’s test. BDHQ values at baseline and 12 months were also analyzed by two-way repeated measures ANOVA.
All analyses were performed using SPSS ver 13.0 (IBM, Armonk, NY), and p-values < 0.05 were considered

significant.

3 Results

3.1 Demographic and clinical characteristics of the participants and assessment of dietary intake

Of the initial 124 participants, 87 healthy elderly participants met the eligibility criteria (Fig. 1). These 87 participants
were randomly assigned into one of two groups, which were confirmed to have no significant differences in age, sex,
cognitive function, blood parameters, and frequency of APOE €2, APOE €3, and APOE ¢4 alleles (Table S1).

The 12-month trial was completed by 36 placebo group participants and 43 DHA group participants (Fig. 1). Except
for those who withdrew from the study, the participants showed high adherence to the study protocol for 12 months
(98.4% = 0.03% for placebo group and 97.1% = 0.06% for DHA group). Data obtained from the general
questionnaire on lifestyle habits and medical history showed no differences between baseline and the end of the trial

(12 months) (data not shown). No side effects that disturbed the daily lives of the participants were noted in either
group.

There were no significant differences between the two groups in dietary intake information based on responses to the
BDHQ (Table 2). Serum biochemical parameters did not differ between the two groups at 12 months (Table 3),
indicating that DHA-enriched milk beverage intake did not affect hepatic function, renal function, or blood lipid

metabolism.



@ The table layout displayed in this section is not how it will appear in the final version. The representation below is solely

purposed for providing corrections to the table. To preview the actual presentation of the table, please view the Proof.

Dietary intake assessed using the BDHQ before and after intervention in the placebo and DHA groups.

Energy (kcal)
Protein (g)

Fat (g)
Carbohydrate (g)

Total dietary fiber (g)

Saturated fat (g) Monounsaturated fat

()

Polyunsaturated fat (g)
n-6 Polyunsaturated fat (g)

n-3 Polyunsaturated fat (g)

a-Linolenic acid (C18:3,n-3) (mg)

EPA (C20:5, n-3) (mg)

DHA (C22:6,n-3) (mg)

Baseline 12 months

Placebo DHA Placebo DHA

1961 £601 1846 =441 1948 =556 1837 =453
758 £285 747x216 782%287 77.6=%185
535+21.0 513+146 529+19.1 53.0%15.0
2693 +£78.8 243.5+£69.3 257.1+73.8 2373665
129+5.1 13344 129 %511 129 +4.4
143 £59 133 £43 140£52 13.5+£4.0
189 +£7.38 182 £5.7 185+£7.0 18.7£538
128 £4.8 126 £3.4 13.1£49 13443
99+35 97+27 102 +3.7 104+34
28+14 28+09 28+14 30£1.1
1506 £579 1490 £ 491 1562 £ 601 1619 £ 623
393 £280 399 £215 390 £297 411 =207
659 +442 664 +442 645 +447 687 £320

12 months — baseline

Placebo

—13 £569

24 +£349

—0.7+224

—122+78.1

00+54

-03+64

—04 +8.1

0355

03+39

0017

56 =659

—2 +388

—14 £ 599

DHA

-9 +463

2.8 +£23.1

1.7+£15.7

—6.0 703

—04+3.6

02+48

05+57

0.8+39

0.7+3.0

02+1.1

126 £514

12 £245

22 +382

Values are means (per day) + SD. There were no significant differences between the groups. Placebo group, n = 36; DHA group,

n=43.DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.

Table 3
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Participant characteristics at baseline, 6 months, and 12 months in the placebo and DHA groups.

Participants (men/women)
Age (years)
Height (cm)

BMI (kg/m?)

Blood pressure (mmHg)
Systolic

Diastolic

Serum biochemical parameters
GOT (U/L)

GPT (U/L)

y-GTP (IU/L)

Albumin (g/dL)

Total cholesterol (mg/dL)

Baseline
Placebo
36 (16/20)
70.1 £5.6
156.0 £9.1

244 +32

149.8 £20.3

853 +£94

26.7+0.7

224 %85

43.7£50.3
43+03

210.8 £45.0

DHA
43 (22/21)
71159
157.6 £8.6

226+34

1541 £185

81.5+£103

26.7+93
221102
455 %509
44+03

206.9 +£32.7

6 months

Placebo

243 +34

1379 £16.3

758 £9.9

26.6 £13.4

249 £16.2

40.9 £47.0

44+02

198.8 +27.4

DHA

223+33

2313 £18.0

70.7 £10.1

275+139

23.8+13.3

41.6 £44.0

43+03

191.6 £27.8

12 months

Placebo

244+33

147.0 £16.1

86.1 £9.9

275+129

27.6 £18.7

47.7 £68.5

44+03

213.0 +£36.9

DHA

227+35

1408 £17.5

79.7 £11.7

275=x115

23.6+13.1

379 £34.9

4403

206.5 £33.9



HDL cholesterol (mg/dL) 63.6+158  67.0x21.0 607145 632+19.6 659+168 673+214

LDL cholesterol (mg/dL) 126.3 £40.1 1225 +£29.8 118.8+21.9 109.2+£28.0 126.1 £31.5 1193 £28.6
Triglyceride (mg/dL) 142.8 £759 1255+63.4 136.1 £79.0 1348 +804 139.6 £77.0 136.6 £67.8
Glucose (mg/dL) 114.6 £20.8 110.6 £20.7 1149 +18.1 1209 +30.6 119.1 £24.1 1173 +234
HbAlc (NGSP) (%) 59+03 6.0+0.6 58+03 5704 59+04 6.0+0.7
Blood urea nitrogen (mg/dL)  17.5 £6.1 16.8 £4.8 189 £59 188 £4.6 18458 18.1 5.5
Creatinine (mg/dL) 0.8+0.2 0.8+0.2 0.8+0.2 0.8+0.2 0.8+0.2 0.8+0.2

Values are means + SD. There were no significant differences between groups. Placebo group, n =36; DHA group, n =43. BMI, body
mass index; DHA, docosahexaenoic acid; GOT, glutamate-oxaloacetate transaminase; GPT, glutamate-pyruvate transaminase; y-GTP,
gamma-glutamyl transpeptidase; HbAlc, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein;
NGSP, National Glycohemoglobin Standardization Program; SD, standard deviation.

These results suggest the potential safety of consuming the DHA -enriched milk beverage for 12 months.
3.2 Cognitive function

Mean total MMSE, HDS-R, and MoCA-J scores of all the participants were 27.9 =+ 3.3/27.1 £ 4.0,
27.3 £3.8/26.1 £5.7, and 23.6 + 4.5/22.9 + 5.4 (placebo group [n = 41)/DHA group [n = 46]), respectively, which
were suggestive of age-related cognitive decline (Table S1). There were no differences between the two groups in the
baseline scores according to the total cognitive function evaluation (Table 4). Additionally, no significant differences

were found for any values compared with baseline in either group (Table 4).

Table 4
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Cognitive test scores of participants who completed the study.

Baseline 6 months 12 months Change (12 months - baseline)

Placebo DHA Placebo DHA Placebo DHA Placebo DHA
MMSE 28.0%+33 274+35 276%x33 273+39 277+£37 274+45 —-03zx18 —0.1+23
HDS-R  272+39 266%+53 266%x52 265+54 266+54 265+£58 —0.6=x2.7 —02+18
MoCA  23.7x46 235%x49 245+52 23.6£57 246+£53 241+£55 08x23 05+23

Values are means + SD. There were no significant differences between groups. Placebo group, n = 36; DHA group, n = 43. DHA,
docosahexaenoic acid; HDS-R, Hasegawa’s Dementia Scale-Revised; MMSE, Mini-Mental State Examination; MoCA, Montreal
Cognitive Assessment; SD, standard deviation.

However, analysis of the MMSE and HDS-R subitems, which were categorized as short-term memory, revealed a
significantly greater mean change in scores from baseline to 12 months in the DHA group than in the placebo group for
MMSE subitem 5 “Recall: ask for the 3 objects repeated above” (Fig. 2A) and HDS-R subitem 7 “Recall: recall 3
words for each word” (Fig. 2B). In contrast, there were no significantly different changes in the other subitems of the
MMSE, HDS-R, and MoCA-J between the two groups.
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Changes in subitem test scores. Values are means + SD. *p < 0.05 compared with the placebo value. Placebo group, n = 36; DHA
group, n =43. (A) MMSE subitem 5 “Recall: ask for the 3 objects repeated above”. (B) HDS-R subitem 7 “Recall: recall 3 words for
each word”. DHA, docosahexaenoic acid; HDS-R, Hasegawa’s Dementia Scale-Revised; MMSE, Mini-Mental State Examination; SD,
standard deviation.

3.3 Erythrocyte plasma membrane profiles

No differences were observed in the baseline values of any fatty acid component between the two groups (Table 5).
Two-way ANOVA showed significant interaction effects of month of measurement and group on EPA (p < 0.0001),
DHA (p = 0.016), docosapentaenoic acid (p = 0.031), n-6/n-3 ratio (p = 0.01), DHA/AA (p = 0.006), and EPA/AA
(p =0.002) levels of the erythrocyte plasma membrane (Table 5). After 6 and 12 months of dairy beverage intake, the
DHA group exhibited higher EPA, docosapentaenoic acid, and DHA concentrations as well as higher
DHA /arachidonic acid (AA) and EPA/AA ratios, but lower n-6/n-3 ratio compared with baseline (Table 5). After
6 months of dairy beverage intake, the placebo group displayed lower EPA/AA ratios compared with baseline (Table 5

).
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Fatty acid profiles (mol%) of erythrocyte plasma membrane at baseline, 6 months, and 12 months in the placebo and DHA groups.

Baseline 6 months 12 months

Placebo DHA Placebo DHA Placebo DHA
Palmitic acid 22.8+1.30 22.6 +£1.05 22.0+1.28 219 +1.31 22.0+0.16 222 +0.94
Palmitoleic acid 0.5+033 0.5+0.19 05+0.24 04+0.17 0.5+0.06 0.5+0.17
Stearic acid 172 +£1.57 174 +1.34 172 £0.87 17.0 £1.02 170 +£0.11 17.0 £0.83
Oleic acid 159 +141 16.1 £1.18 147 +£1.19 147 +1.15 14.7+0.16 14.8 £1.05
Linoleic acid 11.8+£1.48 115+1.71 114 +1.59 104 £ 1.46 11.8 £0.27 112 +1.65
a-Linolenic acid 02+£0.09 0.2 +0.05 02+£0.07 02+£0.05 02+£0.01 02+£0.07
Arachidonic acid 129 +1.77 129 +1.54 129 +£1.65 122 +1.88 129 +£0.26 123 +£1.36
Eicosapentaenoic acid 1.9+0.78 1.9+£0.73 1.8 £0.63 2.5+£0.73% 22+0.14 2.7+0.83%
Docosapentaenoic acid 1.7+£0.31 1.7+£0.24 1.8+£0.26 2.0+0.33* 1.8 £0.04 1.9 £0.25%
Lignoceric acid 3.9+049 39+043 5.0+0.46 5.0£0.56 4.7+0.07 4.6 £0.50
Docosahexaenoic acid 8.0+£1.30 8.0+1.34 8.7+£1.36 9.7 £ 1.44%* 85+0.17 9.1 £0.98*
n-6/n-3 224049 2.1 £047 2.0+041 1.6 £0.30* 2.0+£0.07 1.7+£031%
DHA/AA 0.6+£0.14 0.6 +0.15 0.7+0.15 08 +0.17* 0.7 £0.02 0.8 +0.13*

EPA/AA 02+0.08 0.2 £0.08 0.1 £0.06* 02+0.08 0.2 +0.01 0.2 £0.09



Values are means + SD. *, significant difference compared with baseline in each group at p <0.05. Placebo group, n = 36; DHA
group, n =43. AA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; SD, standard deviation.

4 Discussion

We aimed to determine the effects of DHA-enriched milk beverage intake on cognitive function, RBC-PM fatty acid
profile, serum lipid profiles, and serum hepatic and renal function biomarkers in healthy elderly Japanese. To our
knowledge, this study is the first long-term, randomized, double-blind, placebo-controlled trial to evaluate the effects of
DHA -enriched milk beverage intake on cognitive function and health in healthy elderly Japanese. DHA-enriched milk
beverage intake for 12 months daily significantly increased RBC-PM DHA levels and concomitantly protected against
age-related cognitive decline. Intake did not affect health, including blood pressure, serum lipid profiles, or serum
hepatic and renal function biomarkers. In addition, no adverse events were reported in either group, indicating that

long-term intake of the DHA -enriched milk beverage is safe.

This investigation clearly showed that mean changes in the MMSE subitem “Recall” and HDS-R subitem “Recall”
scores, which were categorized as short-term memory function, from baseline to 12 months were significantly larger in
the DHA group than in the placebo group (Fig. 2). These results are partially consistent with our two previous
interventional studies that found greater changes in MMSE subitem scores for “Language: coping” (Hashimoto et al.,
2012) and “Registration” (Hashimoto, Kato et al., 2017) from baseline to 12 months in a DHA-enriched food group
than in a placebo group. The recall of three objects has been reported to be a specific and age-sensitive item on the
MMSE (Anthony, LeResche, Niaz, Von Korff, & Folstein, 1982). This subitem has also been demonstrated to be
affected in patients with AD (Small, Viitanen, & Backman, 1997). A meta-analysis also showed that low levels of
plasma w-3 polyunsaturated fatty acids were associated with development of dementia (Lin, Chiu, Huang, & Su, 2012
). An observational study conducted in 6158 individuals aged >65 years found that high fish consumption had a
protective effect on cognitive decline (Yurko-Mauro et al., 2015). In another trial with 485 participants with mild
memory complaints, memory was found to improve after intake of 0.9 g/day of DHA for 24 weeks (Yurko-Mauro et
al., 2010). Furthermore, analysis of human cadaver brains found less DHA in the frontal lobe and hippocampus in
people with AD compared with unaffected individuals (De Mel & Suphioglu, 2014). These investigations are
consistent with our finding that DHA-enriched milk beverage intake might also protect against age-related cognitive
decline in elderly Japanese particpants with very mild cognitive impairment and that the effect is similar to that of
ingesting fish sausage containing a higher amount of DHA (0.3 vs. 1.7 g DHA) (Bo et al., 2017).

Although we found positive effects of DHA-enriched milk beverage intake on age-related cognitive decline in the
elderly, the mechanism underlying the role of DHA in this cognitive decline remains largely unknown. DHA is
indicated to protect against memory impairment in amyloid 3 (Af)-peptide-infused AD model rats (Hashimoto et al.,
2002; Hashimoto, Tanabe et al., 2005) and DHA-deficient elderly rats (Gamoh et al., 1999). Furthermore, DHA-
induced neuroprotection was accompanied with increases in DHA/AA molar ratios, which can serve as an anti-
oxidative indicator (Gamoh et al., 1999; Hashimoto et al., 2002; Hossain, Hashimoto, Gamoh, & Masumura, 1999).
This may relate to the in vivo anti-oxidative effect of DHA (Hossain et al., 1999).

Moreover, DHA is reported to decrease amyloid burden in the brains of AD rats (Hashimoto et al., 2002; Hashimoto et
al.,, 2005) by inhibiting Af oligomerization, Ap-fibrillation, and Af-induced neurodegeneration (Hashimoto et al.,
2008, Hossain et al., 2009). DHA improves learning and memory by facilitating the formation of pre- and postsynaptic
proteins that enable synaptic transmission and long-term potentiation (Cao et al., 2009, Hashimoto et al., 2018).
Moreover, EPA and DHA derivatives, such as resolvins and protectins, are involved in the resolution of inflammation
processes (Bazan, Molina, & Gordon, 2011). The activities of these lipid mediators shut off inflammatory reactions and
might inhibit AB-induced oxidative stress and inflammation. Long-term DHA and EPA administration is suggested to
counteract age-related increases in oxidative stress, with subsequent positive effects of DHA-derived docosanoids on
synaptic plasticity and cognition in aged rats (Hashimoto et al., 2015). Furthermore, low levels of DHA-derived lipid
mediators, including neuroprotectin D1, which protects neurons, are seen in AD brains (Lukiw et al., 2005). Also,
DHA stimulates in vitro neurogenesis and the in vivo adult brain (Kawakita, Hashimoto, & Shido, 2006). In contrast to
cognitive function, significantly high levels of RBC-PM DHA and EPA were observed in the DHA group at 6 months.
Increasing the RBC-PM DHA and EPA levels before a change in cognitive function leads to early induction of DHA
mediators. EPA has stronger anti-inflammatory properties compared with DHA (Schunck, 2016). In addition, clinical
trials have shown that EPA has stronger mood-regulating and antidepressant effects compared with DHA (Milte et al.,
2011; Su et al., 2014). However, EPA levels are commonly reported to be several orders of magnitude lower in the
brains of humans and rodents due to its rapid and extensive beta-oxidation (Chen and Bazinet, 2015). Indeed, DHA
accounts for about 60% of polyunsaturated fatty acid in the human postmortem brain, whereas EPA accounts for 0.1%
or less (Hamazaki, Hamazaki, & Inadera, 2013). Thus, the long-term effects of DHA and DHA-derived mediators

might directly prevent age-related cognitive decline in the elderly.

In previous interventional studies, participants consumed DHA-enriched solid food (fish sausages) containing 1.7 g
DHA and 0.4 g EPA per day (Hashimoto et al., 2012). However, the participants in the present study consumed DHA-



enriched milk beverage containing 0.3 g DHA and 0.15 g EPA per day. The DHA-enriched milk beverage was
determined to protect against age-related decline in cognitive function in these healthy Japanese elderly participants.
The milk beverage had much lower levels of DHA than the fish sausage, but had the same effect on cognitive function,
with associated increases in DHA and EPA levels of RBC-PM. Previous reports showed that pre-emulsification of
long-chain polyunsaturated fatty acids such as DHA and EPA promoted fatty acid absorption (Garaiova et al., 2007;
Raatz, Redmon, Wimmergren, Donadio, & Bibus, 2009). Sausage is a solid food, whereas milk beverage is a natural
emulsion. After ingestion, the sausage must first be mechanically digested and then emulsified in the intestine. Later, the
sausage-derived emulsion undergoes enzymatic degradation (de-esterification), and the lipid emulsion is absorbed in the
jejunum. However, the advantage of the milk beverage emulsion is that it spends less time and/or leaves less residue in
the stomach than the solid sausage. Thus, the milk beverage may help to absorb more fatty acids than the sausage. This
may partially explain why the smaller amount of DHA in the milk beverage had a similar effect on RBC-PM DHA

profile and short-term memory.

5 Conclusion

We investigated the effect of DHA-enriched milk beverage intake on cognitive function in healthy elderly Japanese.
Although the amount of DHA was lower than that previously reported, the long-term intake of the DHA emulsion
increased DHA levels in the RBC-PM and prevented age-related cognitive decline. Limitations of this study include its
relatively small sample size and localized sample population (i.e., a cohort of only Japanese individuals from one town).
Furthermore, the preventive mechanism by the small amount of DHA (297 mg per day) remains unknown. Thus,
further investigation of the effect of DHA in a larger and more diverse population, and the mechanism underlying its

role in cognitive functions is needed.
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