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Perilla seed oil in combination with nobiletin-rich
ponkan powder enhances cognitive function in
healthy elderly Japanese individuals: a possible
supplement for brain health in the elderlyt
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Perilla (Perilla frutescens) seed oil (PO), rich in a-linolenic acid (ALA), can improve cognitive function in
healthy elderly Japanese people. Here, supplements containing either PO alone or PO with nobiletin-rich
air-dried immature ponkan powder were examined for their effects on cognitive function in 49 healthy
elderly Japanese individuals. Patients were enrolled in a 12-month randomized, double-blind, parallel-
armed study. Randomized participants in the PO group received soft gelatin capsules containing 1.47 mL
(0.88 g of ALA) of PO daily, and those in the PO + ponkan powder (POPP) group received soft gelatin cap-
sules containing both 1.47 mL of PO and 1.12 g ponkan powder (2.91 mg of nobiletin) daily. At the end of
intervention, the POPP group showed significantly higher cognitive index scores than the PO group. The
pro-cognitive effects of POPP treatment were accompanied by increases in ALA and docosahexaenoic
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acid levels in red blood cell plasma membranes, serum brain-derived neurotropic factor (BDNF) levels,
and biological antioxidant potential. We demonstrate that 12-month intervention with POPP enhances
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1. Introduction

Perilla (Perilla frutescens) seed oil (PO) is mainly composed of
a-linolenic acid (ALA; C18:3 w-3; 54-64%), which is an essen-
tial ©-3 polyunsaturated fatty acid (PUFA).' ALA has been
reported to be an antithrombotic,> antiarrhythmic,® anti-
inflammatory,” and neuroprotective® fatty acid. PO also exhi-
bits antidepressant properties, and PO consumption amelio-
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serum BDNF and antioxidant potential, and may improve age-related cognitive impairment in healthy
elderly people by increasing red blood cell ®-3 fatty acid levels. Clinical Trial Registry, UMINO0O0040863.

rates cognitive function by generating new hippocampal
neural membrane structures. It has also been shown to induce
the expression of specific proteins involved in numerous func-
tions, including regulation of energy metabolism, cytoskele-
ton, transport, apoptosis, and neurogenesis in rats.® An epide-
miological study reported that serum ALA level was negatively
associated with the risk of disabling dementia.” Recently, we
have shown the potential benefits of consistent PO intake on
mental traits, such as depression and apathy, in healthy
Japanese adults® and on mental status and cognitive function
in healthy Japanese elderly.’

ALA is converted to other w-3 PUFAs, including docosahex-
aenoic acid (DHA, C22:6) and eicosapentaenoic acid (EPA,
C20:5), in animals. Omega-3 PUFAs, especially DHA, are
known to have beneficial effects on brain function.'™"" Our
previous randomized, double-blind, placebo-controlled studies
reported that foods rich in DHA prevented age-related cogni-
tive impairment in elderly Japanese.'>'® However, in humans,
the metabolic conversion of ALA to other w-3 PUFAs, particu-
larly DHA, is very limited."* Accordingly, it is important to
study whether ALA consumption can provide EPA and DHA to
critical organs. Interestingly, rodent and epidemiological

This journal is © The Royal Society of Chemistry 2022
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studies indicate that the conversion of ALA to EPA and DHA is
increased via the simultaneous nutritive consumption of
flavonoids.">*®

Citrus peel is rich in poly-methoxylated flavones and has
been widely used as a crude drug in traditional herbal medi-
cine. Nobiletin is a flavonoid that is abundant in the peel of
citrus fruits such as Citrus poonensis (ponkan). Nobiletin was
found to improve cognitive and motor dysfunction in various
animal models of neurodegenerative disorders by exerting ben-
eficial effects against pathological features, including neuroin-
flammation, oxidative stress, amyloid-f pathology, tau hyper-
phosphorylation, cholinergic neurodegeneration, dysfunc-
tional synaptic plasticity, and related signalling cascades."”*°
However, few intervention studies have been conducted in
healthy elderly individuals to verify the effects of nobiletin sup-
plementation on cognitive function.

ALA and nobiletin are characteristic compounds in plant-
based neuroprotective diets. Therefore, taking ALA and nobile-
tin together may have a greater beneficial effect on cognitive
function than taking either alone. However, to our knowledge,
there have been no intervention studies assessing the com-
bined effects of ALA and nobiletin on cognitive function in the
elderly. In this study, we prepared two types of soft gelatine
capsules (SGCs) containing either PO alone or PO combined
with nobiletin-rich immature ponkan powder, and conducted
a 12-month randomized, double-blind, intervention study in
healthy elderly Japanese individuals to compare the effects of
the two supplements on brain function. Our study presents a
beneficial and easy-to-consume dietary supplement for main-
taining cognitive function in the elderly.

2. Materials and methods

2.1. Participant selection and study design

Healthy elderly individuals aged 60 to 85 were recruited from
Shimane Prefecture, Japan, and a 12-month, randomized,
double-blinded, parallel-armed study was carried out. All vol-
unteers underwent a medical examination, including assess-
ments of anthropometry, blood biochemical levels, haematolo-
gical parameters, cognitive function, and mental health.
Volunteers were excluded if there was any evidence of a
medical disorder, including respiratory, hepatic, renal, or
cardiac disease; diabetes mellitus; endocrine, metabolic, or
haematological diseases; allergy or hypersensitivity; or use of
any psychotropic drugs/supplements that might significantly
affect the results of the study. Volunteers with a total Mini-
Mental State Examination (MMSE; see section 2.4) score of 23
or less were excluded.

This study was approved by the Shimane University Ethics
Committee (Study No.: 3194, 3497) and was performed accord-
ing to the principles of the Declaration of Helsinki and Good
Clinical Practice. All volunteers provided written informed
consent prior to their participation. This intervention trial was
performed between 2018 and 2020. Before deciding on the
final participants, volunteers who wanted to participate were
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asked to respond to a self-reported general lifestyle question-
naire, which included questions related to their medical/medi-
cation history.

Two types of SGCs were produced by Sankyo Holdings Co.,
Ltd, Fuji, Japan. Taking into account the ease of swallowing
one capsule, the maximum amount of PO in the capsule was
set to 0.098 mL. Therefore, one SGC contained 0.098 mL of PO
(58.8 mg ALA) alone, and the other contained 0.098 mL of PO
and 0.075 g of nobiletin-rich air dried immature ponkan
powder (nobiletin-rich ADPP; 0.19 mg nobiletin). The nutrient
compositions of PO and ADPP are shown in Tables 1 and 2,
respectively. ADPP is high in flavonoids, such as nobiletin,
hesperidin, and narirutin.

Forty-nine subjects (24 men and 25 women) were distribu-
ted in two groups, and each took 15 SGCs in three even doses
each day for 12 months, between or immediately after meals.
The PO group (n = 24) received 1.47 mL daily of PO alone, and
the PO plus ADPP (POPP) group (n = 25) received both 1.47 mL
of PO and 1.12 g of nobiletin-rich ADPP daily. Group allocation
was performed by stratified random assignment according to
total MMSE score, sex, and age, as described previously.>?°7>?
Randomized code lists were generated by the medical statistics
advisor, and the investigators, participants, and sponsor were
blinded to these codes. Neither the participants nor the
researchers knew which capsules were being consumed. Prior

Table 1 Nutrient composition of perilla seed oil

Proximate

analysis N=5 Fatty acids N=5
Energy (kcal) 931 +22 Palmitic acid (C16:0) (g) 5.8+0.1
Protein (g) 0 Stearic acid (C18:0) (g) 2.1+0.1
Fat (g 101+2 Oleic acid (C16:1 @-9) (g) 13.4%0.6
Carbohydrate (g) 0 Linoleic acid (C18:2 w-6) (g) 13.2+0.4
Fiber (2) 0 a-linolenic acid (C18:3 w-3) (g) 62.9+1.5
Moisture (g) 0

Ash (2) 0

Values are means + SE. Nutritional values per 100 g of perilla seed oil.
Data on proximate analysis was obtained from the Shimane Institute for
Industrial Technology (Matsue, Japan) and data on fatty acids were
obtained from Japan Food Research laboratories (JFRL, Tokyo, Japan). N,
number of samples analysed.

Table 2 Nutrient composition of air-dried immature ponkan powder

Proximate Mineral and

analysis materials

Energy (kcal) 257 Sodium (mg) 3
Protein (2 9.0

Fat (2) 2.1 Hesperidin (2) 16
Carbohydrate  (g) 22.5  Nobiletin (mg) 260
Fiber (2) 56.1  Narirutin (2) 1.2
Moisture (2 6.6 Other Polyphenols  (g) 4.1
Ash (2) 3.7

Nutritional values per 100 g of dry powder. Data was obtained from
Hiyoshi Co., Shiga, Japan (ESI 1,f Table 2). The value of “other
polyphenols” is the value excluding hesperidin, nobiletin and
narirutin.
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to the intervention trial, a blind sensory test was performed to
confirm that there was no difference in the appearance or taste
of the two SGCs (data not shown).

2.2. Anthropometry, body composition, and analysis of
dietary intake

The body weight, height, and abdominal circumference of all
participants were measured. Body composition was analysed
using a bioelectrical impedance analyser WB-150 (TANITA Co.,
Tokyo, Japan).

To demonstrate the effects of PO and POPP treatment on
health status and lifestyle in participants, all participants were
asked to record their daily SGC intake and health/mental
status during the trials. Dietary intake before and after
12 months of intervention trial was approximated using a vali-
dated, brief, self-administered diet history questionnaire
(BDHQ) for the Japanese elderly.*?

2.3. Blood sampling

Blood was sampled in the morning or afternoon at the begin-
ning of the trial (baseline) and after 12 months, after confirm-
ing that the participants had not eaten breakfast or lunch,
respectively. After preparations to measure haematological
parameters, blood was separated into serum and red blood
cells (RBCs). Fresh serum samples were used to measure blood
biochemical items, brain-derived neurotrophic factor (BDNF),
and biological antioxidant potential (BAP). RBC samples were
used to measure the fatty acid profiles of RBC plasma mem-
branes (RBC-PM), and the remaining serum was stored at
—80 °C within 4 h of collection until use.

2.4. Evaluation of cognitive function and mental health in
participants

Cognitive abilities were assessed using the Hasegawa’s
Dementia Scale-Revised (HDS-R),>* the MMSE,* and the
Japanese version of the Montreal Cognitive Assessment
(MoCA-]).*® The MMSE test is commonly used to assess the
cognitive impairments seen in association with dementia
status, especially in Alzheimer’s disease patients and elderly
people with mild cognitive impairment (MCI).>> The HDS-R
contains nine simple questions and has been widely accepted
in Asian populations for clinical use and for the epidemiologi-
cal screening of cognitive dysfunction.** The MoCA-J is a
reliable and valid cognitive screening test designed to assist
Health Professionals in the detection of MCI.>®

Apathy and depression were assessed using the Japanese
version of the apathy scale’’ and the Zung Self-Rating
Depression Scale (SDS),”® respectively. The apathy scale was
developed as a tool for measuring apathy resulting from brain-
related pathology.>” This test is commonly used in clinical
trials and epidemiological surveys aimed at evaluating apathy.
SDS is an established norm-referenced screening measure
used worldwide to identify the presence of depressive symp-
toms in adults.”®

Tests were performed before treatment (baseline) and again
after the 12-month intervention period.
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2.5. Blood biochemical analysis, fatty acid profile, and
apolipoprotein E genotyping in participants

Blood biochemical analyses included evaluation of the levels of
gamma-glutamyl transpeptidase, alanine aminotransferase, aspar-
tate aminotransferase, albumin, total cholesterol, blood urea
nitrogen, triglycerides (TG), creatinine, blood sugar, and high-and
low-density lipoprotein cholesterol levels using an automatic ana-
lyser, the BiOLis 24i (Tokyo Boeki Medical System, Tokyo, Japan).
In addition, haemoglobin Alc levels were determined using a
commercially available kit (TFB Inc., Tokyo, Japan).

Haematological analyses included evaluation of the
number of RBCs, white blood cells, and platelets, and the
levels of haemoglobin, mean corpuscular volume, mean cor-
puscular haemoglobin, and mean corpuscular haemoglobin
concentration using an automated haematology analyser
(XS-1000i, Sysmex Corporation, Kobe, Japan).

Serum BDNF levels were quantified using an enzyme-linked
immunosorbent assay kit (Mature BDNF ELISA Kit Wako,
FUJIFILM Wako Pure Chemical, Osaka, Japan) according to
the manufacturer protocol.

Serum BAP levels were measured using a corresponding
measurement kit (BAP test; Wismerll Co. Ltd, Tokyo, Japan) as
previously described.’ This test is based on the ability of the
serum to reduce ferric (Fe’") to ferrous (Fe>*) ions, according to
the principle of the ferric reducing antioxidant power assay.>®
RBC-PM fatty acid profile,"**° and apolipoprotein E (APOE)
gene statuses'” were determined as previously described.

2.6. Statistical analysis

Results are indicated as the mean + standard error (SE). Data
distribution was assessed using the Shapiro-Wilk test. The com-
parison between baseline and endpoint (12 months) values for
each group was assessed by paired ¢-tests or Wilcoxon signed-
rank tests. Comparisons between the two groups were per-
formed using an independent ¢-test or Mann-Whitney U-test.
Allelic distribution of the APOE gene was analysed by the
Pearson Chi-square test. Correlations were evaluated using
Pearson’s correlation coefficients. Analysis of covariance was
used to compare the differences between groups regarding cog-
nitive outcomes, serum BDNF, and BAP levels. Multiple linear
regression analyses were conducted using cognitive outcomes
as the dependent variable, and serum levels of BDNF and BAP
as independent variables. For the analysis, baseline value of
outcomes, blood biochemical levels, and participant character-
istics (e.g., age, sex, BMI) were included in the models as covari-
ates. All analyses were performed using PASW Statistics software
(version 23.0, SPSS Inc., Chicago, IL, USA). All statistical tests
were two-tailed, and significance was set at p < 0.05.

3. Results

3.1. Clinical characteristics and demographics of
participants and evaluation of dietary intake

The 12-month study was completed by 21 PO and 23 POPP
group participants (Fig. 1). The five participants who left the

This journal is © The Royal Society of Chemistry 2022
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I 49 volunteers randomly assigned I

PO POPP
(n=24) (n=25)

[ Droup-out (n=3) [ Drop-out (n=1)
.personal problem| .personal problem
(n=3) (n=1)

6 months

> Drop-out (n=1)
.personal problem
(n=1)

PO (n=21) and POPP (n=23) groups were analysed at the
baseline and at 6 months and 12 months post-intervention

Fig. 1 Flow diagram of participant selection. PO, perilla seed oil group;
POPP, PO and nobiletin-rich air-dried immature ponkan powder group.
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study did not drop out due to participation-related illness or
side effects, but withdrew for personal reasons, including the
inconvenience of taking 15 SGCs daily. We used pre-protocol
analysis instead of intention-to treat analysis in this study.

The final participants (n = 44) showed high adherence to
the study protocol for 12 months (93.9 + 3.2% for the PO
group and 96.1 + 2.0% for the POPP group). Data obtained
from the general questionnaire on medical/medication history
and lifestyle habits at baseline and after 12 months of inter-
vention indicated no remarkable differences between time
points. During the intervention trial, participants in both
groups experienced no significant harmful effects (e.g,
stomach irritation, allergic reactions, palpitations, etc.) that
influenced their daily lives. Participant characteristics at base-
line and at 12 months are shown in Table 3. There were no sig-
nificant differences in baseline anthropometry, blood
pressure, blood biochemical parameters, or haematological
parameters between the two groups.

Table 3 Participant characteristics at baseline and after 12 months of intervention

PO (n=21) POPP (n = 23) Change (12 months-baseline)

Baseline 12 months Baseline 12 months PO POPP
Anthropometry
Sex (male/female) 21 (11/10) . 23 (12/11) —
Age (years) 70.2 + 1.4 71.3+1.3 68.7 + 1.2 69.7 +1.2
Height (cm) 157.1+1.5 157.3+1.4 159.8 + 2.0 158.6 £ 1.8 0.2 £0.5 -1.1+0.3
Body weight (kg) 54.1+2.0 53.9 +2.0 59.7 + 2.6 60.0 + 2.6 -0.3+0.3 0.3 +0.4
Body mass Index (kg m™?) 21.8+ 0.6 21.8+0.6 23.2+0.6 23.3 £ 0.6 -0.1+0.1 0.1+0.1
Waist circumference (cm) 81.5+2.2 80.7 £ 2.1 84.4+2.2 84.0£2.2 -0.8+0.4 —0.4+0.4
Body fat (%) 24.82 +1.29 25.11 £ 1.30 27.62 +1.33 28.40 +1.39** 0.29 + 0.3 0.80 + 0.3
Blood pressure (BP)
Systolic BP (mmHg) 141 +5 140 + 4 144 + 4 143 + 4 —1+3 -1+3
Diastolic BP (mmHg) 85+4 84+3 81+2 80+3 -1+2 -1+2
Blood biochemistry
GOT (U L_l) 26.7 + 2.7 27.9+3.5 23.7+1.0 22.7+0.8 1.2+24 -0.9+1.0
GPT (U Lq) 19.8 £ 1.5 20.3 +1.8 21.6 +2.0 21.6 +1.3 0.5+£1.6 0.0+1.8
y—GTP (IU L_l) 30.7 £ 8.0 32.7+89 35.3+5.6 38.0+5.5 2.0+1.4 2.6 £2.9
Albumin (g dL™) 4.26 +0.05 4.44 + 0.05** 4.35+0.05 4.33 £0.03 0.18 + 0.05 —0.02 + 0.02""
Total cholesterol (mg dL_l) 211.8+8.1 219.2 +7.6 213.6+7.1 210.7 £ 5.7 7.5+£4.9 -3.0+6.4
Triglyceride (mg dL71) 120.94 £ 13.8 98.44 + 11.75** 97.79 +10.0 98.57 +10.2 —23.11 +10.2 0.78 +10.7
BUN (mg dL_l) 15.8 £ 0.7 17.9 £ 0.7** 17.7 £ 0.7 18.9+0.8 2.0£0.5 1.2+ 0.6
Creatinine (mg dL™") 0.8 +0.04 0.8 +0.03 0.8 +0.03 0.7 + 0.04 0.01 + 0.01 —0.02 + 0.02
Blood sugar (mg dL_l) 104.6 = 3.8 95.3 £ 2.3%* 109.6 = 4.8 108.3 £ 3.1 -9.3£3.6 -1.3+5.1
HDL-C (mg dL ™) 67.3+3.9 67.6+3.5 64.0 +3.3 63.2 +3.1 0.2+1.8 —0.8+1.6
LDL-C (mg dL_l) 125.0 £ 6.2 132.1+£6.3 123.7 £ 6.6 125.3 £ 6.0 7.1+4.0 1.7+5.7
HbA1lc (NGSP) (%) 5.7 +0.09 5.7 +0.1 5.8 +0.08 5.8 +0.1 —0.03 + 0.03 —0.04 + 0.05
Hematological parameters
WBC (><103 pL_l) 5.5+04 55+0.4 5.7+0.3 5.8+0.3 —0.05+0.3 0.08 +0.2
RBC (x10* uL ™) 434.8+ 8.6 445.7 + 8.2%* 4415 + 8.7 444.3 + 8.4 10.9 + 4.2 2.8+3.7
Hemoglobin (g dL_l) 13.65 £ 0.16 13.94 + 0.17** 13.92 £ 0.31 14.00 £ 0.30 0.29+0.1 0.08 +0.1
Hematocrit (%) 40.66 + 0.65 41.40 + 0.56* 40.74 £ 0.8 40.76 £ 0.7 0.74+0.4 0.02+ 0.4
Platelet (><104 pL_l) 20.5+1.3 20.8 +1.2 22.0+1.0 22.7+1.1 0.3 £0.6 0.7 £0.5
MCV (fL) 93.67 £ 0.85 93.10 + 0.86** 92.32 £ 0.56 91.82 + 0.67 -0.57 £ 0.3 —-0.50 £ 0.3
MCH (pg) 31.5+04 31.3+04 31.5+0.3 31.5+0.3 -0.1£0.1 0.0+0.1
MCHC (g dL™") 33.6+0.2 33.7+0.2 34.1+0.2 34.3+0.2 0.1+0.1 0.2 +0.1

Values are means + SE. Significant differences from the baseline values, **p < 0.05, 0.05 < *p < 0.1. Significant differences from the PO group, ##p
< 0.05. BUN, Blood urea nitrogen; GOT, glutamate oxaloacetate transaminase; GPT, glutamic pyruvic transaminase; y-GTP, y-glutamyl
transpeptidase; HbAlc, haemoglobin Alc; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MCH, mean
corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concentration; MCV, mean corpuscular volume; PO, perilla seed oil group;
POPP, PO and nobiletin-rich air-dried immature ponkan powder group; RBC, red blood cell; WBC, white blood cell.

This journal is © The Royal Society of Chemistry 2022
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Table 4 Dietary intake evaluated by the BDHQ at baseline and after 12 months of intervention

PO (n=21) POPP (n = 23) Change (12 months-baseline)

Baseline 12 months Baseline 12 months PO POPP
Energy (K] d™") 7945 + 461 8280 + 615 7886 + 518 7178 + 254 334 + 450 ~709 + 430
Protein (g d_l] 75.2+5.9 79.4+7.4 77.1+£6.4 68.8 +3.8 4.2 +6.8 —8.4 +£6.3
Fat (gd™) 53.5+4.5 56.6 + 5.1 52.9+4.3 49.1+3.1 3.1+£5.3 -3.8+4.1
Carbohydrate (g d_l) 254.2 +16.1 263.6 + 23.5 234.4 +16.9 218.6 +10.1 9.4 +14.8 —15.8 £15.6
Total dietary fibre (g d™") 12.9+1.2 13.8+1.6 13.1+1.2 12.8+1.1 09+1.3 -0.3+1.0
Saturated fat (g d_l) 14.1+£1.3 149+1.4 13.9+1.3 13.1+£1.0 0.8 £ 1.5 -0.7+£1.2
Monounsaturated fat (g d™") 18.7 £ 1.6 19.6 £ 1.9 18.3+1.4 17.0+ 1.1 0.9+2.0 -1.3+14
Polyunsaturated fat (g d™*) 13.2 + 1.0 14.3+1.2 13.3+ 1.1 12.4 + 0.8 1.2+1.2 —-0.9+ 1.0
6 polyunsaturated fat (g d ") 10.2 £ 0.7 11.1 £ 0.8 10.2 £ 0.8 9.8+0.6 0.9+0.8 -0.5+0.7
®-3 polyunsaturated fat (g d™) 3.0+0.3 3.2+04 3.0+0.3 2.6+0.2 0.2+0.4 -0.4+0.3
ALA (C18:3 ©-3) (g d ™) 1.55 +0.11 1.77 £ 0.15 1.56 + 0.14 1.52 % 0.11 0.21+0.14 —0.04 +0.11
EPA (C20:5 »-3) (g d_l) 0.42 + 0.07 0.43 £ 0.10 0.45 + 0.08 0.34 £ 0.04 0.01 £ 0.09 —0.11 £ 0.10
DHA (C22:6 ©-3) (gd ™) 0.71 + 0.11 0.70 + 0.15 0.74 + 0.12 0.57 + 0.06 —0.01+0.14 —-0.17 +0.14

Values are means + SE. ALA, o-linolenic acid; BDHQ, brief-type self-administered diet history questionnaire; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid; PO, perilla seed oil group; POPP, PO and nobiletin-rich air-dried immature ponkan powder group. The intake of perilla
seed oil in SGCs was not reflected in dietary intake after 12 months of intervention.

APOE-¢4 alleles are known to be the strongest and most
prevalent genetic risk factor for sporadic late-onset
Alzheimer’s disease, and individuals carrying alleles with the
apolipoprotein E-e4 have an increased risk of developing this
condition.”*? The frequency of different APOE alleles was sur-
veyed in the PO or POPP group. The frequencies of the APOE2/
2, APOE2/3, and APOE3/3 genotypes were 18 (85.7%) in the PO
group and 15 (65.2%) in the POPP group. The frequencies of
the APOE2/4 and APOE3/4 genotypes were 3 (14.3%) in the PO
group and 8 (34.8%) in the POPP group. The frequency of the
APOE4/4 genotype was 0 (0%) in both groups. These results
indicate that there were no significant differences in the distri-
bution of APOE alleles between the two groups (p > 0.05).

There were no significant differences in mean nutritional
intake based on BDHQ reports between baseline and
12-month responses in either the PO or POPP group (Table 4),
nor in the overall change for either group, indicating that treat-
ment did not influence nutritional intake.

Subject characteristics after 12 months of treatment are
shown in Table 3. Comparing baseline and 12-month charac-
teristics, serum albumin, blood urea nitrogen, RBC, and hae-
moglobin levels were significantly elevated, and serum TG,
blood sugar, and mean corpuscular volume levels were signifi-
cantly decreased in the PO group. Similarly, body fat levels
were significantly increased in the POPP group at 12 months
compared to baseline levels. The remaining parameters were
unchanged in both the PO and POPP groups (Table 3). The
mean change in serum albumin levels was higher in the POPP
group than in the PO group. The mean change in the remain-
ing parameters of anthropometry, blood pressure, and blood
biochemical parameters, excluding serum albumin after
12 months of intervention, showed no significant differences
between the two groups.

In both groups, some parameters, such as serum albumin
and blood sugar, at 12 months showed significant fluctuations
compared to before the study, but all of them were within stan-
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dard values, and it was considered that there were no clinical
problems. Taken together, these results indicate that no
adverse events were reported in this study, and that long-term
intake of either PO or POPP capsules did not alter hepatic
function, renal function, lipid metabolism, or haematopoiesis,
suggesting the potential safety of consuming PO or POPP cap-
sules for 12 months.

3.2. Cognitive function and mental health assessment

The mean HDS-R, MMSE, and MoCA-] total scores of all sub-
jects (n = 44) at baseline were 28.5 + 0.3/30, 28.5 + 0.3/30, and
26.4 + 0.5/30, respectively. Comparing the cognition index
before and at 12 months after the intervention trial, MMSE
total scores were significantly increased in the POPP group (p
= 0.044), but not in the PO group (Table 5). The total HDS-R
and MoCA-J scores showed no significant changes across the
12 months in both the PO and POPP groups.

When analysing the scores for the MMSE and HDS-R subi-
tems and the MoCA-] subscales, MMSE subitem “attention
and calculation” (p = 0.013) and “language” (p = 0.022) scores,
the HDS-R subitem “serial subtractions” score (p = 0.043), and
the MoCA-] subscale “attention, concentration and working
memory” (p = 0.016) score in the POPP group were signifi-
cantly increased over the 12 months (Table 5). Similarly, the
MMSE subitem “attention and calculation” score (p = 0.057)
and the MoCA-]J subscale “short-term memory recall task”
score (p = 0.070) in the PO group tended to increase over the
12 months (Table 5).

The mean changes in the MMSE subitem “orientation”
score (p = 0.042) and the MoCA-J subscale “orientation” score
(p = 0.049) were significantly greater in the POPP group than
in the PO group (Table 5). The mean changes in the HDS-R
subitem “orientation in times” score (p = 0.079) and the
MoCA-] subscale “attention, concentration, and working
memory” score (p = 0.069) tended to be higher in the POPP
group than in the PO group. The remaining subitems or sub-
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Table 5 Cognitive and mental scores at baseline and after 12 months of intervention

PO (n =21) POPP (n = 23) Change (12 months - baseline)
Score Baseline 12 months Baseline 12 months PO POPP
Cognitive index
MMSE
Total 28.7 £ 0.3 29.1+0.3 28.3+0.4 29.2 + 0.2*%* 0.4+04 0.8+0.4
Subitem “orientation” 10.0 = 0.00 9.81 £ 0.11 9.96 + 0.04 10.0 £ 0.00 —0.19 £ 0.11 0.04 + 0.04™
Subitem “attention and calculation” 4.43 +0.16 4.81 +0.11* 4.17 £ 0.20 4.65 + 0.14** 0.38 £ 0.19 0.48 £ 0.18
Subitem “language” 8.76 £ 0.12 8.86 + 0.08 8.78 £ 0.09 9.00 + 0.00** 0.10 £ 0.12 0.22 + 0.09
HDS-R
Total 28.5+0.3 28.6 £ 0.3 28.4+0.4 28.8+0.3 0.0+0.4 0.4+0.4
Subitem “orientation in times” 4.00 + 0.00 3.86 £ 0.08 4.00 + 0.00 4.00 + 0.00 —0.14 £ 0.08 0.00 + 0.00"
Subitem “serial subtractions” 1.81 + 0.09 1.91 £ 0.07 1.74 £ 0.09 1.91 + 0.06** 0.10 £ 0.10 0.17 £ 0.08
MoCA]
Total 26.4 + 0.6 27.0+0.8 26.4 + 0.6 26.9 £ 0.5 0.6 £ 0.5 0.5+0.5
Subscale “SMRT” 2.8+0.4 3.5 +£0.4% 3.0+£0.4 3.1+£0.3 0.7+04 0.2 +0.3
Subscale “ACWM” 5.57 £0.19 5.52 +0.18 5.39 £ 0.15 5.70 £ 0.13** —0.05 £ 0.20 0.30 + 0.12"
Subscale “orientation” 6.00 = 0.00 5.86 + 0.08 5.96 + 0.04 6.00 = 0.00 —0.14 £ 0.08 0.04 + 0.04™
Emotional index
SDS 34.8+1.6 329+1.2 34.7£1.3 34.3+1.5 -1.9+1.1 —-0.3+£1.1
Apathy 10.5+1.2 10.0 £ 1.0 10.1 £+ 1.2 8.9+1.1 —-0.5+0.8 —-1.2+£0.8

Values are means + SE. Significant differences from the baseline values, **p < 0.05, 0.05 < *p < 0.1. Significant differences from the PO, ##p <
0.05, 0.05 < #p < 0.1. ACWM, attention, concentration and working memory; HDS-R, Hasegawa’s dementia scale-revised; MMSE, Mini-Mental
State Examination; MoCA-J, Japanese version of Montreal Cognitive Assessment; PO, perilla seed oil group; POPP, PO and nobiletin-rich air-dried
immature ponkan powder group. SDS, Self-rating depression scale; SMRT, short-term memory recall task.

scales for MMSE, HDS-R, and MoCA-] were not significantly 3.3 Fatty acid profiles of RBC-PM
different before and after 12 months of intervention trial in
both groups. Therefore, the mean change scores of the remain-
ing subitems or subscales of the MMSE, HDS-R, and MoCA-J
showed no notable differences between the two groups
(Table 5).

There were no noteworthy differences in apathy and SDS
scores between baseline and 12 months in either group
(Table 5).

Table 6 shows the RBC-PM fatty acid profiles at baseline and
after 12 months of intervention. Comparing the fatty acid
levels of RBC-PM in the PO group at 0 and 12 months, the
ALA, arachidonic acid, EPA, and docosapentaenoic acid levels
significantly increased, whereas palmitic acid, lignoceric acid,
and nervonic acid levels significantly decreased, but the DHA
levels did not change. Similarly, in the POPP group, the ALA,
arachidonic acid, docosapentaenoic acid, and DHA levels sig-

Table 6 Fatty acid profiles (mol%) of the red-blood cell plasma membranes at baseline and after 12 months of intervention

PO (n=21) POPP (n = 23) Change (12 months - baseline)

Baseline 12 months Baseline 12 months PO POPP
PLA (C16:0) 24.4 + 0.88 22.8 £ 0.32** 24.8 + 0.86 22.7 +0.24** —-1.6 £ 0.72 -2.1+0.74
STA (C18:0) 17.2 £ 0.22 16.8 £ 0.26 17.6 £ 0.41 16.9 £ 0.25 —0.4 £ 0.35 —0.7 £0.38
OLA (C18:1 (0-9) 15.1+1.16 15.8 £0.37 17.0 £ 0.52 16.2 £ 0.35 0.7 £1.04 —-0.8 £0.39
LLA (C18:2 (0-6) 13.0 £ 0.56 12.3 £ 0.38* 11.9+£0.36 12.0 £ 0.31 —0.8 £ 0.40 0.1+0.30
ALA (C18:3 (0—3) 0.25 = 0.02 0.32 + 0.01** 0.23 = 0.02 0.31 + 0.02** 0.07 £ 0.02 0.08 + 0.02
AA (C20:4 m—6) 11.1 £ 0.89 12.8 £ 0.39** 10.2 £ 0.80 12.6 £ 0.23** 1.7 £0.76 2.5+0.73
EPA (C20:5 0)-3) 1.7+£0.13 2.1 +0.14%* 1.7 £0.17 2.0 + 0.15* 0.3 £0.15 0.1+0.17
DPA (C22:5 m-S) 1.5+£0.11 1.8 £ 0.06** 1.3+£0.13 1.7 £ 0.07** 0.3 £0.12 0.4 +£0.12
C24:0 4.7 +0.11 4.2 £ 0.09** 4.7 +0.14 4.3 £ 0.09** —0.5 +0.10 —-0.5+£0.1
DHA (C22:6 u)—3] 6.7 £ 0.57 7.4 +£0.25 6.1 £0.59 7.4 + 0.33%* 0.7 £ 0.54 1.3+0.44
C24:1 3.8 £0.09 3.3 £ 0.07** 3.9+£0.10 3.4 + 0.06%* —0.4 £ 0.09 —-0.4 £0.10
®-6/w-3 2.6 £0.21 2.2 £0.10* 2.8+0.24 2.3 +0.14** —0.4 £ 0.21 —0.5 £ 0.21

Values are means + SE. Significant differences from the baseline values, **p < 0.05, 0.05 < *p < 0.1. PO, perilla seed oil group; POPP, PO and
nobiletin-rich air-dried immature ponkan powder group. AA: arachidonic acid; ALA: a-linolenic acid; C24:0: lignoceric acid; C24:1: nervonic acid;
DHA: docosahexaenoic acid; DPA: docosapentaenoic acid; EPA: eicosapentaenoic acid; LLA: linoleic acid; OLA: oleic acid; PLA: palmitic acid;
STA: stearic acid.
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Table 7 Serum BDNF and BAP levels at baseline and after 12 months of intervention

Change (12 months -

PO (n =21) POPP (n = 23) baseline)

Baseline 12 months Baseline 12 months PO POPP
BDNF (pg mL_l) 3652 + 356 3803 +453 3636 + 298 4304 + 393** 151 £ 306 668 + 269
BAP (mmol L_l) 2443 +104 2608 + 118** 2375+ 82 2584 + 108** 164 =41 209 =48

Values are means + SE. Significant differences from the baseline values, **p < 0.05. BAP, biological antioxidant potential; BDNF, brain-derived
neurotrophic factor; PO, perilla seed oil group; POPP, PO and nobiletin-rich air-dried immature ponkan powder group.

nificantly increased, and the palmitic acid, lignoceric acid,
nervonic acid, and o-6/w-3 levels significantly decreased. The
significant increase in DHA levels in the POPP group, but not
in the PO group, may suggest flavonoid-induced DHA
synthesis.

The mean changes in the RBC-PM fatty acid profiles indi-
cated no significant variations between the two groups (Table 6).

3.4. Serum levels of BDNF and BAP

Table 7 shows serum BDNF and BAP levels in participants. At
baseline, there were no noticeable differences in serum levels of
BDNF and BAP between both groups. Comparing data at 0 and
12 months, the BDNF levels significantly increased during the
intervention trial in the POPP group, but not in the PO group,
and the serum BAP levels significantly increased in both
groups. The mean changes in the levels of serum BDNF and
BAP were not significantly different between the two groups.

3.5. Correlation between cognitive test scores, RBC-PM fatty
acid profiles, and serum levels of BDNF and BAP

Participants showed a positive (r = 0.358, p = 0.023) baseline
correlation between serum BDNF and BAP levels (Fig. 2A).

At 12 months, the MMSE total score was positively (r =
0.357, p = 0.022) correlated with serum BDNF levels (Fig. 2B),
and tended to be slightly positively (7 = 0.264, p = 0.099) corre-
lated with serum BAP levels (Fig. 2C). Furthermore, the MMSE
subitem “language” score tended to be positively (r = 0.301, p =
0.056) correlated with serum BDNF levels (data not shown). At
12 months after the intervention trial, serum BAP levels were
positively (r = 0.514, p = 0.001) correlated with RBC-PM DHA
levels (Fig. 2D).

The mean changes in the HDS-R subitem “orientation in
time” scores tended to be positively (r = 0.278, p = 0.078) corre-
lated with serum BDNF levels (data not shown).

Serum BDNF and BAP levels were identified as the signifi-
cant factors associated positively with each cognitive score,
and serum BDNF was a more effective predictor than BAP
(Table 8).

4. Discussion

In this study, we reported that a 12-month intervention with a
combination of PO and ADPP supplementation significantly

2774 | Food Funct., 2022,13, 2768-2781

improved age-related decline in cognitive function in healthy
elderly Japanese participants compared to PO supplemen-
tation alone. The observed improvement was related to
increases in RBC-PM ALA and DHA levels and increases in
serum BDNF and BAP levels. Furthermore, our findings indi-
cated that consistent intake of PO or POPP supplementation
daily for 12 months at the indicated doses was not associated
with any significant harmful effects. Participant compliance
was also excellent in regard to consuming 15 SGCs daily for
12 months. To the best of our knowledge, this is the first long-
term, double-blind, randomized, controlled trial to evaluate
the combined efficacy of ALA-rich PO and nobiletin-rich ADPP
on cognitive function in elderly Japanese individuals with age-
related cognitive decline.

The results of increased levels of ALA in the RBC-PMs in
both the PO and POPP groups indicate an effective incorpor-
ation of »-3 PUFAs into the RBC-PMs through ingestion of PO.
The results are consistent with our recent investigation, in
which we reported that dietary intake of PO (7 mL day™ ") for
12 months was associated with an increase in RBC-PM ALA
levels, with a concomitant alleviation of age-related cognitive
decline in healthy elderly Japanese individuals.® Similarly, a
community-based prospective study in Japan reported that
serum ALA levels, but not those of EPA or DHA, were negatively
correlated with the risk of dementia.” ALA exhibits neuropro-
tective and plasticity-enhancing properties in the brain.** In
this study, the intake of PO-only significantly increased the
levels of ALA in the RBC-PMs (Table 6), but did not affect cog-
nitive function in healthy elderly Japanese individuals
(Table 5). Consistent with the current findings, Kamalashiran
et al. (2019)* also reported that the intake of PO, along with
standard clinical therapy, in patients with mild to moderate
dementia did not affect cognitive outcomes. The exact mecha-
nism(s) by which the PO only group in this study, with the
same 12 months of intervention as the groups in our previous
study, did not show a change in cognitive ability remains to be
clarified. However, the discrepancy may relate to the differ-
ences in dosage of PO between the two intervention.’ The
amount of PO ingested in this study was 1.47 mL daily; the
amount of dietary PO intake in our previous two interventional
trials was 7 mL daily. The reduced dose in this study was due
to two factors. First, the dose of ponkan powder was set based
on the amount of nobiletin confirmed as safe and

effective.’®?” Second, dosage was limited due to the logistical

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Correlation analysis of BDNF, BAP, MMSE score and/or DHA levels. Scatter plot of the relationship (A) between serum levels of BDNF and BAP
at baseline of the intervention; between MMSE total scores and serum (B) BDNF and (C) BAP levels at 12 months after the intervention; and (D)
between DHA levels in erythrocyte plasma membranes and BAP levels in serum at 12 months after the intervention. PO (open circle), perilla seed oil
group; POPP (gray circle) PO and nobiletin-rich air-dried immature ponkan powder group. BAP, biological antioxidant potential; BDNF, brain-
derived neurotrophic factor. DHA, docosahexaenoic acid; MMSE, Mini-Mental State Examination.

Table 8 Multiple regression analysis for the relationship between cognitive outcomes versus serum BDNF and BAP

Dependent variable Independent variable Standardized coefficient, t P R*

MMSE (total) BDNF 0.319 2.836 0.008 0.399
BAP 0.181 1.495 0.112

MMSE (language) BDNF 0.322 2.577 0.021 0.316
BAP —0.06 —0.622 0.583

HDS-R (total) BDNF 0.392 2.586 0.014 0.369
BAP 0.19 1.456 0.151

HDS-R (serial subtractions) BDNF 0.362 2.881 0.022 0.435
BAP 0.319 2.174 0.036

Adjustment factors were baseline value of cognitive outcomes, biochemical and age, sex, body mass index. BAP, biological antioxidant potential;
BDNF, brain-derived neurotrophic factor; HDS-R, Hasegawa’s dementia scale-revised; MMSE, Mini-Mental State Examination.
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reasons described in section 2.1. Thus, a lower dose of PO was
used in this study to demonstrate the effect of PO alone or
with ADPP on cognitive function in the elderly. We believe that
the differences in the PO intake caused a difference in the ben-
eficial effects on the brain cognition-related outcomes in the
elderly.

ALA can act as a precursor molecule for ®-3 PUFA, EPA, and
DHA, which is thought to prevent age-related decline in
memory cognition.*® However, conversion ability in humans is
low, with only 0.1-21% of ALA converted to EPA and 0.1-0.9%
to DHA."* More importantly, the enzymes (e.g., desaturase and
elongase) used to biosynthesize long chain DHA are most
highly expressed in the liver as compared to brain.>*™*' This
corresponds to more than 30-fold higher rates of DHA syn-
thesis in the liver than those in the brain.*” Consequently,
DHA synthesis does not contribute significantly to brain DHA
homeostasis.”? In this study, both PO and POPP supplemen-
tation for 12 months significantly increased levels of RBC-PM
ALA and EPA, but not those of DHA (Table 6). These findings
agree with those of Hamazaki et al., (2006)** who showed that
ALA-rich PO consumption did not affect DHA levels in human
plasma or phospholipid fraction. The increases in ALA and
EPA, but not DHA, following PO intervention observed in this
study are also consistent with the results of our two recent PO
intervention studies®® and other ALA intervention studies.*’
Barcel6-Coblijn et al. (2008)*® also reported that 2.4-3.6 g d™*
ALA intake for 10 weeks increased ALA and EPA, but not DHA,
content in RBCs. In contrast, Bemelmans et al. (2002)"
suggested that long-term ALA supplementation for two years
increased blood DHA levels, indicating that fatty acid compo-
sition of erythrocytes is affected in a dose- and time-dependent
manner. Therefore, the lack of increase in DHA in the PO
group observed in the present study was likely due to an
inadequate ALA dose. In this study, POPP supplementation for
12 months, however, significantly increased DHA levels in the
RBC-PM, although there was no significant difference in the
mean change of RBC-PM DHA levels between the PO and
POPP groups (Table 6). This led us to infer that the polyphe-
nols and flavonoids contained in the ADPP contributed to the
enhancement of DHA levels in the POPP group. The specu-
lation is supported by Toufektsian et al., (2011)'® who reported
that chronic consumption of the plant-derived flavonoid
anthocyanin increased plasma EPA and DHA levels in rats.
This was further corroborated by Wu et al (2017),*® who
reported that dietary consumption of ALA with curcumin, a fla-
vonoid polyphenol, enhanced the synthesis of DHA from ALA
and related enzymes. Contrarily, Burak et al. (2017)* showed
that the chronic consumption of the flavonoid quercetin did
not increase EPA or DHA in serum phospholipids and erythro-
cytes, suggesting that quercetin did does affect the conversion
of ALA to EPA and DHA.

In this intervention trial, the mean changes in the MMSE
subitem “orientation” score and the MoCA-] subscale “orien-
tation” score from baseline measurements to month 12 were
notably greater in the POPP group than in the PO group
(Table 5). This indicates a greater beneficial effect of POPP

2776 | Food Funct,, 2022,13, 2768-278]1

View Article Online

Food & Function

supplementation over that of PO only on age-related cognitive
decline. Apart from anthocyanin, curcumin, and quercetin,
nobiletin, an O-methylated flavonoid (methoxy flavonoid), iso-
lated from citrus peels, has also been reported in a multicen-
tre, randomized, double-blind, placebo-controlled study to
have beneficial effects for improving memory dysfunction in
healthy elderly subjects.*® One clinical study found that nobile-
tin-rich citrus peel extract reduced cognitive impairment in
Alzheimer’s disease patients on donepezil therapy.®® In numer-
ous animal models of dementia, nobiletin has also been
shown to ameliorate cognitive impairment by exhibiting neuro-
protective effects against neuroinflammation and oxidative
stress.”® Interestingly, nobiletin has been shown to augment
hippocampal aminomethylphosphonic acid receptor-mediated
synaptic transmission, improving in memory cognition.>
Moreover, nobiletin and its bioactive metabolites can easily
penetrate the blood-brain barrier,”® and are thought to be a
promising phytomedicine against neurodegenerative and age-
related cognitive decline.'”*® Cognitive dysfunction is crucially
correlated with oxidative damage, and reinforcement of anti-
oxidant ability could defend cognitive functions in the
elderly.”> Moreover, nobiletin regulates gene expression associ-
ated with oxidative and endoplasmic reticulum stress, as well
as protein activities related to synaptic plasticity and memory
formation. In this study, serum BAP levels, which represent
total antioxidant capacity® increased by a greater extent in the
POPP group than in the PO group (P < 0.05; Table 7).

Antioxidant capacity is highly correlated with the tissue
DHA level.>**® In this study, we observed that POPP, but not
PO supplementation alone, for 12 months significantly
increased RBC-PM DHA levels (Table 6), and that the serum
BAP levels were positively correlated with the RBC-PM DHA
levels (Fig. 2D), reinforcing the association between RBC-PM
DHA and serum BAP levels in the elderly. Given this evidence,
it is plausible that the cognitive amelioration seen in the POPP
group may be due, at least in part, to the effects of nobiletin.
Although the significant ingredient of ADPP is unclear, nobile-
tin might is a likely candidate for the improved cognitive
improvement of the POPP subjects. In addition to nobiletin,
flavonoid diglycosides, such as hesperidin and narirutin, con-
tained in the ADPP (Table 2) may contribute to the increased
cognitive ability of the POPP group. Flavanones can cross the
blood-brain barrier, localize in the brain,*® and exert anti-
inflammatory and antioxidative activities®” in the hippo-
campus, striatum, and frontal cortex.’® Further research is
needed to clarify the mechanisms underlying the potential
effects of POPP on the conversion of ALA to DHA, and on cog-
nitive improvement.

Regardless of mechanism for increased DHA levels (either
from ALA or indirectly by flavonoid induction), elevated DHA
levels contribute to cognitive abilities. DHA is generally
decreased in the brain and RBC-PM of the elderly and in
patients with Alzheimer’s disease.”® Epidemiological and
animal studies have reported that DHA may be useful for pre-
venting dementia.'®'" Our previous intervention trials have
reported that DHA-enriched food'>*® and beverage intake®®

This journal is © The Royal Society of Chemistry 2022
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prevents age-related decline in cognitive function in healthy
elderly Japanese people,'* and these observations were associ-
ated with increases in RBC-PM DHA levels. Therefore, an
increase in DHA levels and/or DHA synthesis by the intake of
POPP supplementation may have contributed to the improve-
ment of cognitive function in the POPP group.

Epidemiological studies have reported that high serum TG
levels are associated with decline in memory function in a
middle-aged population,®* and with MCI in an older popu-
lation.®> Animal studies have also shown a similar effect of
hypertriglyceridemia on cognitive impairment.®*®* In this
study, serum TG levels significantly decreased in the PO group,
but not in the POPP group after 12 months of treatment
(Table 3). These findings correspond with a previous report by
Egert et al., (2009)°®> who found that fasting serum TG concen-
trations in normolipidemic individuals significantly decreased
in ALA intervention trials. These results suggest that the lower-
ing effects on serum TG levels by PO intervention may prevent
cognitive impairment in elderly people with MCI.

Nobiletin-rich ADPP intake did not affect the lipid profiles
or haematological parameters after intervention in the POPP
group compared to those in the PO group (Table 3). It remains
unclear why TG levels decreased only in the PO group.
Although the effects of PO°®®® and/or polyphenols on TG
levels in animals®® are well known, their effects on human TG
levels are yet to be clarified. In humans, polyphenols have
been paradoxically reported both to reduce and have no effects
on TG levels.”® Similarly, vegetable oils containing w3-PUFAs
have been reported to reduce TG levels in hyper-triglyceridemic
individuals, and to either reduce or have no effects on TG
levels in normo-triglyceridemic subjects”* This indicates that
the effects of w3-PUFAs on TG metabolism may be inconsist-
ent. We speculate that the hypo-triglyceridemic effect observed
in this study was largely influenced by baseline TG levels,
which were 23% higher in the PO group than in the POPP
group. In order to reduce plasma TG levels, the unsaturated
fatty acids in the PO and/or the polyphenols in the ADPP must
have the ability to inhibit TG absorption, hepatic synthesis,
and secretion. This could occur through the VLDL to LDL
dilapidation cascade, increasing energy expenditure from TG,
and leading to its excretion through biliary paths. In the
present study, it remains unknown what stages of TG metab-
olism were affected by the 3-PUFAs in PO to reduce serum TG
levels in the PO group. Similarly, it is not known whether this
process was interrupted by ADPP polyphenols in the POPP
group. Additionally, the reason why the POPP group did not
exhibit haematological changes remains to be explained in
future investigations.

We evaluated the effects of PO and POPP supplementation
on the serum levels of BDNF, a key molecule involved in
plastic changes related to learning, memory, and cognition.
Although several studies have reported a positive correlation
between serum BDNF levels and cognitive abilities,”>”® other
did not find an association.”*”® This discrepancy led us to
examine the correlation between BDNF and MMSE scores,
which were significantly correlated after 12 months of inter-

This journal is © The Royal Society of Chemistry 2022
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vention. Total MMSE score was positively correlated with
serum BDNF levels (Fig. 2), and the score of MMSE subitem
“language” tended to be positively correlated with BDNF levels
(p = 0.056). Moreover, a significant correlation of serum BDNF
as the independent variable persisted in a multiple regression
analysis with cognitive outcomes as the dependent variable
(Table 8). These results suggest an association between serum
BDNF levels and cognitive function in the Japanese elderly.
While other confounding factors may act on this correlation, it
is important to note that this relationship was observed only
in the POPP group and not in the PO group. Therefore, we
believe that DHA levels contribute to the relationship between
BDNF and cognition. Oral administration of ®-3 PUFAs,
including DHA and EPA, increased serum BDNF levels concur-
rently with serum DHA levels in an amyloid-p-treated
Alzheimer’s disease rat model.”® These results suggest that the
relationship between mean change in DHA levels (ADHA) and
serum BDNF after 12 months of intervention trials contributed
to the cognitive improvements observed. BDNF-induced
increases in neural spine density, synaptogenesis, and thereby
synaptic function,””””® and could potentially account for the
improvement of cognitive scores after prolonged intake of
ADPP. However, why PO alone had no impact on serum BDNF
levels in remains to be clarified.

We have recently reported that 7 mL of daily dietary PO
intake for 12 months has the potential to improve mental con-
ditions, such as depression and apathy in Japanese adults®
and the healthy elderly.” However, contrary to these results, we
observed in this study that both the apathy and SDS scores in
both groups remained unchanged during the 12-month inter-
vention trial (Table 5). It is possible that the difference in PO
dosage reduced the beneficial effects on brain function in the
elderly. However, further studies are required to clarify these
differences.

This study had several limitations. First, the participants
were healthy elderly people without cognitive impairments due
to physical or psychological illness, so observed impairments
in cognition and mental health were mostly age-related.
Therefore, there was no significant difference in total test
scores for cognitive function and mental health between the
PO and POPP groups. Future research is needed to study the
impact of consuming SGCs containing either PO or PO with
nobiletin-rich ADPP on participants with cognitive dysfunction
and mental illness, including neurodegenerative disorders.
Second, the conversion efficiency of ALA to EPA and DHA in
humans is much lower than that in rodents, and thus, to accu-
rately elucidate the mechanism of ALA action, it is necessary to
determine whether it is an action by ALA alone or an action via
EPA and DHA. This distinction cannot be clarified in human
intervention studies. Third, the sample size in this study was
relatively small, with subjects from a localized population,
which limits the generalizability of our present results. Fourth,
we had no information of the subjects other than APOE status,
and did not pursue follow-up after the end of the trial. Fifth,
we could not add two control groups, a placebo group and a
group taking nobiletin-rich ADPP alone, in this intervention

Food Funct., 2022,13, 2768-2781 | 2777


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fo03508h

Open Access Article. Published on 09 February 2022. Downloaded on 6/28/2026 10:45:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

trial, since participants in this study were volunteers who did
not want to take daily 15 SGCs that had no and/or unknown
effects. As a result, the power of this intervention trial was
weaker than that in a case with all four experimental groups.
Further intervention trials on these four groups are needed in
the future.

5. Conclusions

Taking the PO combined with nobiletin-rich ADPP supplement
was clinically safe, and improved cognitive function in healthy
elderly Japanese individuals, presumably due to the increased
BDNF associated with increased -3 PUFAs in the brain.
Although further research is needed to clarify the mechanisms
underlying the beneficial effects of PO and PO combined with
nobiletin-rich ADPP on cognitive function, these effective and
easy-to-consume dietary supplements may be a feasible and
accessible option for maintaining brain health in the elderly.
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