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Abstract: Eggplant (Solanum melongena) is a globally popular vegetable and its significant health
effect has not been reported in randomized controlled trials. Recently, we reported that eggplant
was rich in choline esters, including acetylcholine (ACh), and had an antihypertensive effect in
spontaneously hypertensive rats. Here, we evaluated the effects of a continuous intake of eggplant
powder on blood pressure (BP), stress, and psychological state (PS) in 100 stressed participants
with normal-high BP or grade 1 hypertension in a randomized, double-blind, placebo-controlled,
parallel-group comparative study. The participants were randomly assigned to the eggplant or
placebo group. Participants in the eggplant group ingested capsules containing eggplant powder
(1.2 g/day; 2.3 mg of ACh/day) for 12 weeks, whereas participants in the placebo group ingested
placebo capsules. The primary outcome assessed was hospital BP. Secondary outcomes were stress
and PS. Eggplant powder intake significantly decreased the hospital diastolic blood pressure (DBP) at
week 8 overall and in the normal-high BP group, and the systolic blood pressure (SBP) and DBP at
week 12 overall and in the grade 1 hypertension group, compared to those of the placebo group. It
also improved negative PSs at week 8 or 12 in the normal-high BP group. This is the first evidence of
the BP- and PS-improving effects of eggplant intake in humans. The functional substance responsible
for the effects was estimated to be eggplant-derived choline ester, namely ACh.

Keywords: acetylcholine; eggplant; blood pressure; psychological state; randomized controlled study

1. Introduction

According to a report published on World Health Day, cardiovascular disease accounts for
approximately 17 million deaths per year, corresponding to almost one third of total global mortality [1].
Hypertension accounts for 9.4 million deaths worldwide every year, contributing to at least 45% of
deaths attributed to heart disease and 51% of those attributed to stroke. Hypertension also contributes
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to kidney failure, premature mortality, and disability [1]. Therefore, prevention and management
of hypertension are major public health challenges worldwide. Several studies have shown that
lifestyle modifications, including dietary changes, physical exercise, and weight loss, can contribute to
the primary prevention of hypertension and significantly reduce blood pressure (BP) in people with
established hypertension [2—4]. Functional foods with antihypertensive effects are also expected to
prevent and manage hypertension [5]. In Japan, functional foods for people with higher than normal
BP are commercially available as government-approved “Food for Specified Health Uses” or “Foods
with Function Claims” with the food business operator’s own responsibility.

Eggplant (Solanum melongena) is a globally popular vegetable consumed daily, and an agronomically
and economically important cultivated crop. Eggplant is low in calories, carbohydrate, and protein,
and rich in dietary fiber and minerals [6]; thus, it is recommended for reducing caloric intake and body
weight (BW) to prevent type-2 diabetes [7-9]. Our research found only two clinical trials investigating
eggplant related to the cholesterol-lowering effects in hypercholesterolemic participants [10] and its
efficacy in reducing fat mass in overweight women [11].

Acetylcholine (ACh) is well-known as a neurotransmitter and present in the nervous system of
not only mammals but also almost all organisms, including those used as food for humans [12]. Food
materials such as eggplant, bamboo shoots (Phyllostachys bambusoides), and shiitake mushroom (Lentinus
eddoes) are reported to contain ACh [12,13]. We have reported the isolation of ACh and lactoylcholine
from lactic acid bacteria-fermented food with a hypotensive effect in spontaneously hypertensive
rats (SHRs) and reported that choline esters might be responsible for the BP-lowering effect [14,15].
Recently, we presented the antihypertensive effects of orally administered eggplant powder rich in
ACh in SHRs [16] and suggested that ACh in eggplant suppressed sympathetic nervous activity to
cause the effect. Bethanechol, an artificial cholinergic agent, stimulates the parasympathetic nervous
system through muscarinic ACh receptor [17] and lowers BP. Therefore, ACh in orally administered
eggplant was estimated to promote parasympathetic nervous activity and then suppress sympathetic
nervous activity by reciprocal innervation. Stress and psychological state (PS) are closely related to
sympathetic nervous activity [18,19]. Psychosocial factors are also related to blood pressure and may
lead to hypertension [20]. Therefore, eggplant ingestion may improve stress and PSs, in addition to BP.

Thus, this study aimed to examine the long-term antihypertensive, anti-stress, and PS-improving
effects of eggplant in human participants with normal-high BP (130 mmHg < systolic blood pressure
(SBP) < 139 mmHg and 85 mmHg < diastolic blood pressure (DBP) < 89 mmHg) and/or grade 1
hypertension (140 mmHg < SBP < 159 mmHg and 90 mmHg < DBP < 99 mmHg) by a randomized,
double-blind, placebo-controlled, parallel-group comparative study.

2. Materials and Methods

2.1. Study Population

We screened 189 volunteers on screening visit, and 100 Japanese participants were enrolled in
the study. Participants with any of the following were excluded from the study: participants under
a physician’s advice, treatment, or medication for hypertension, schizophrenia, depressive disorder,
mania neurologic disorder, arrhythmia, or bradycardia; participants with a body mass index (BMI) of
>30 kg/m?; pre- or post-menopausal women complaining of obvious physical changes; participants
at risk of having allergic reactions to drugs or foods, especially those based on eggplant, secondary
hypertension, serious cerebrovascular, cardiac, hepatic, renal, gastrointestinal diseases, or affected
with infectious diseases requiring reports to the authorities; participants with history of major surgery
relevant to the digestive system; participants with unusually high or low blood pressure, or abnormal
hematological data; participants with severe anemia; participants who regularly received medicine,
functional foods, or supplements that would affect BP or stress; participants with alcohol addiction or
an eating disorder; participants who donated either 400 mL of whole blood within 16 weeks (women)
or 12 weeks (men), 200 mL of whole blood within 4 weeks (men and women), or blood components
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within 2 weeks (men and women) prior to the current study; participants who were participating in
other clinical studies, or participated within the last 4 weeks prior to the current study; pregnant or
lactating women; women who expected to be pregnant during this study; and participants with any
other medical or health reasons unfavorable in the current study. Eligible participants were randomly
assigned to either the eggplant (capsules containing eggplant powder) group or placebo (capsules
containing dextrin powder) group, stratified by sex, age, and hospital SBP and DBP during the first visit.
The characteristics of participants in each group are summarized in Table 1. Assignment of food was
conducted through the use of block randomization method by using a computer at a third-party data
center (Media Educational Center, Hokkaido Institute of Information Technology, Ebetsu, Hokkaido,
Japan). Clinical research collaborators were blinded to the assignment information during the study
period. The assignment information was opened after analysis data was finalized.

Table 1. Characteristics of participants and intake rates of test foods in the eggplant and placebo groups.

Characteristic Unit Placebo Eggplant P
Subjects n 41 36 -
Male n 16 9 0.228
Age years 544 +6.2 542+72 0.886
Height cm 163.1 £ 8.4 159.6 £7.5 0.065
Body mass index kg/m? 229+27 225+32 0.596
Visual analogue scale mm 424 +185 419 +16.3 0.901

Hospital systolic blood pressure =~ mmHg  138.3 + 8.8 1371+78 0518
Hospital diastolic blood pressure ~ mmHg 86.1 +£8.5 85.0+79 0.578
Intake rate % 99.0+1.8 989+ 1.8 0.947

2.2. Power Analysis of Sample Size

We calculated that a sample size of 80 (40 in each group) was necessary using the effect size of
0.63 which was detected by the result of pilot study over an 8 week treatment period (registered at
https://upload.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?recptno=R000032943; registration number,
UMINO000028785; date of registration, August 13, 2017) with a statistical power of 80% and an « of 5%.
Assuming a 20% loss in the follow-up rate, 100 participants (50 in each group) were enrolled.

2.3. Preparation of Eggplant Powder and Capsules

Eggplant powder was made from eggplant fruit juice containing excipient through dry powdering.
The test food was defined as a daily dose of eggplant-derived choline ester (ACh). The amount of ACh
was set as 2.3 mg/day.

Eggplants cultivated in Kochi prefecture (Japan) were used as raw materials. Fresh eggplant
fruits were washed, cut into pieces, heated to prevent degeneration, and then squeezed to remove the
pulp, generating eggplant juice. Dextrin was added to the juice, which was then lyophilized. This lot
of lyophilized eggplant powder containing 1.92 mg/g of eggplant-derived choline ester (ACh) was
obtained with a yield of 4.08% from the raw materials, and then encapsulated to afford 300 mg capsules.
Placebo capsules contained only dextrin powder, without eggplant powder. The eggplant and placebo
capsules were prepared under strict quality-controlled protocols and were identical in appearance.
Analyses of the nutrient composition of eggplant and placebo capsules were conducted using the
methods established by the Japan Food Research Laboratories (Tokyo, Japan), and the results are
presented in Table 2. ACh was measured by using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) at Shinshu University, as described below. In the clinical trial, the participants received
daily ingestion of 1200 mg eggplant powder (300 mg powder containing 25% dextrin x 4), which was
produced from approximately 22 g of the fresh eggplant.
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Table 2. Nutrient composition of the eggplant and placebo capsules administered per day.

Composition Placebo  Eggplant
Calories (kcal) 4.35 4.39
Water (g) 0.03 0.03
Proteins (g) 0.00 0.11
Lipids (g) 0.00 0.02
Carbohydrates (g) 1.09 0.95
Ash (g) 0.00 0.09
Sodium (mg) 0.00 0.30
Choline ester (Acetylcholine, mg) 0.00 2.30
v-Aminobutyric acid (GABA, mg) 0.00 7.65
Chlorogenic acid (CA, mg) 0.00 12.3

2.4. Treatment

This clinical trial was conducted at Hokkaido Information University, Health Information Science
Research Center, Ebetsu, Hokkaido, Japan. The participants ingested four eggplant powder capsules
containing 2.3 mg of ACh or four placebo capsules every day for 12 weeks. Instructions were to swallow
two capsules in the morning (after breakfast) and two capsules in the evening (before sleep). Medical
interviews, vital sign and body composition measurements, urinary assessments, hematological and
biological assessments, and questionnaire completion were conducted during the baseline, week 4,
week 8, week 12, and week 16 (four weeks after the end of ingestion). During the entire course of
this study, participants were asked to maintain their daily activities, including food consumption and
exercise habits, and to avoid consuming any supplements, eggplant, and bamboo shoot, including
processed foods containing them, and they recorded their daily activities. Bamboo shoot is known to
contain a similar level of ACh as eggplant, and the test food was the only ACh-rich food allowed to be
consumed by the participants.

The primary outcome assessed was hospital BP comprising SBP and DBP. The secondary outcomes
assessed were home BP (morning and evening), stress assessed by using the visual analogue scale
(VAS) questionnaire, and PSs assessed by using the full-length version of the ‘Profile of Mood States
2nd Edition (POMS-2) for Adults’.

2.5. Quantitation of Hypotensive Ingredients in Eggplant Capsules

The quantitation of ACh was performed by the standard addition method according to the method
described in our applied patent [21] with minor changes. A portion of the test food was added to
(2-aminoethyl) trimethylammonium pivaloylamide (EN; internal standard, synthesized at Shinshu
University) and then extracted with 50 mM hydrochloric acid (HCI) three times. The extract was
mixed together and applied to a weak acidic cation exchange cartridge (Inertsep CBA 100 mg/1 mL; GL
Science Inc., Tokyo, Japan). The fraction containing ACh was eluted with 1 M HCl and collected into a
measuring flask. After being filled up to appropriate amount with the mobile phase, the solution was
dispensed into three aliquots and spiked with different amount of standard ACh to make dilution series.
ACh and EN in the samples were analyzed by LC-MS/MS with following condition. The separation
was performed using isocratic mobile phase (33% (v/v) methanol containing 0.010% formic acid) on a
YMC Triart-PFP column (4.6 mm X 250 mm, 5 um; YMC. Co., Ltd., Kyoto, Japan). ACh and EN were
detected by positive multiple reaction monitoring mode (MRM) at the following MRM transitions,
146.15 > 87.10 (ACh) and 187.30 > 128.15 (EN). The quantitative value of ACh was corrected by the
recovery of EN. The quantitation of y-aminobutyric acid (GABA) and chlorogenic acid (CA) was
also performed in a similar manner at the following MRM transitions 104.15 > 87.20 (GABA) and
355.10 > 163.20 (CA).
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2.6. Hospital BP and Home BP Assessments

Hospital BP was measured by a doctor or nurse using an Automatic Blood Pressure Monitor
HEM-7080IC (Omron Healthcare Co., Ltd., Kyoto, Japan) using the upper arm of the nondominant
arm after a >10-min rest. Three sequential measurements were performed, and the median of the
measurements was taken at each evaluation point.

Home BP was measured by the participants using an Automatic Blood Pressure Monitor
HEM-7080IC using the upper arm of the nondominant arm. Participants measured BP daily for
one week prior to visits 2-6, within 1 h after waking up (morning BP), and before going to bed (night
BP). Three sequential measurements were performed, and the median of the measurements was taken
each day. The average BP during three days prior to each evaluation point was evaluated.

2.7. Physical, Hematological, Biochemical, and Urinary Tests

Blood was collected from the participants after a 12 h fasting and used for the following
hematological examinations: white blood cell (WBC), red blood cell (RBC), hemoglobin (Hb), hematocrit
(Hct), and blood platelet (Plt) count. Biological examinations included liver function (aspartate
aminotransferase (AST), alanine aminotransferase (ALT), gamma-glutamyl transpeptidase (y-GTP),
alkaline phosphatase (ALP), and lactate dehydrogenase (LDH) levels); renal function (blood urea
nitrogen (BUN), creatinine (CRE), and uric acid (UA) levels); lipid profiles (total cholesterol (TC),
low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and
triglyceride (TG) levels); and blood glucose profiles (fasting plasma glucose (FPG) and hemoglobin
(Hb) Alc levels).

First void urine was collected, and the sample was used for qualitatively assessments of pH, sugar,
protein, occult blood, urobilinogen, and ketones.

Blood and urine tests were analyzed at Sapporo Clinical Laboratory, Inc. (Hokkaido, Japan). Body
composition (BW, body fat rate (BFR), and BMI) was assessed using a Body Composition Analyzer
DC-320 (Tanita Corp, Tokyo, Japan).

2.8. VAS Questionnaire Assessing Stress and Profile of PSs by POMS-2

We used a VAS questionnaire to assess participants’ stress. Participants were instructed to place
an “X” along a 100 mm line to provide a rating from the worst condition (the left end, 0 mm) to
best condition (the right end, 100 mm) for each question based on their current health condition.
The questionnaire results were assessed by evaluating the length from the beginning of the line on the
left to the “X”, and the increase of score considered as improvement stress.

The POMS-2 questionnaire was used to evaluate the effects of eggplant on PSs. Participants
were instructed to complete it prior to taking the capsules. Anger-hostility, confusion-bewilderment,
depression-dejection, fatigue-inertia, and tension-anxiety were defined as negative PSs, whereas
vigor-activity and friendliness were defined as positive PSs. All PSs were assessed using the POMS-2
full version for adults, which comprised 65 questions (Success Bell, Tokyo, Japan). Participants selected
one of five answers ranging from “not at all” to “quite a lot” based on their PS over the previous
week. Total mood disturbance scores, which were comprehensively expressed as negative PSs, were
calculated by adding anger-hostility, confusion-bewilderment, depression-dejection, fatigue-inertia,
and tension-anxiety scores, and then subtracting the vigor-activity and friendliness scores.

For assessing the antistress effects of eggplant, participants first ingested two capsules and then
completed the Uchida—Kraepelin Psychodiagnostic Test (UKT) for 15 min to induce mental stress [22].
The VAS questionnaire was completed two times: before intake of test food and after completion of
the UKT.
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2.9. FFQg

In addition, all participants completed a Food Frequency Questionnaire Based on Food Groups
(FFQg) (Kenpakusha, Tokyo, Japan) during the second to sixth visits. The FFQg was used to estimate
nutrient (calories, protein, fat, carbohydrates, dietary fiber, and salt) intake based on the participants’
regular diet. Participants reported their weekly amount and frequency of food intake about 29 food
groups and 10 types of cooking methods.

2.10. Ethics

The current clinical study was conducted in accordance with the Declaration of Helsinki and
the ethical guidelines on medical research with humans (Ministry of Education, Culture, Sports,
Science and Technology, and Ministry of Health, Labor and Welfare). Written informed consent was
obtained from participants after reading a study consent form of clinical trial prior to being enrolled.
The study protocol was approved by the ethics committee of Hokkaido Information University
(Ebetsu, Hokkaido, Japan; approved on 25 May 2018; approval number: 2018-06). This study is
registered at https://upload.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?recptno=R000037995 (registered
on 10 July 2018; registration number: UMIN000033330).

2.11. Statistical Analysis

Student’s t-test was used to analyze the primary and secondary outcomes, safety outcomes, and
food frequency questionnaire values by comparing the changes in participant values between the
two groups. Changes in participant values were analyzed using repeated measures of analysis of
variance between groups. For participant characteristics, Fisher’s exact probability test was used
for sex and the Mann—-Whitney U test was used for intake rate; Student’s t-test was used for other
participant characteristics. In a subgroup analysis, we analyzed hospital BP in participants with
SBP of 130-139 mmHg or DBP of 85-89 mmHg (normal-high BP participants) and those with SBP of
140-159 mmHg or DBP of 90-99 mmHg (gradel hypertension participants). All statistical analyses were
performed using SPSS v25 (IBM Japan, Ltd., Tokyo, Japan). Exploratory data analysis using measured
values were also performed in the same manner. All results are expressed as the mean + standard
error. It was considered a statistically significant difference when p-value was less than 0.05.

3. Results

3.1. Participant Dropouts and Characteristics

Participant involvement throughout the study period and study schedule are shown in Figure 1.
Volunteers who provided informed consent (n = 189) were assessed for eligibility, and after screening,
100 participants were enrolled in this study. All enrolled participants were randomized into one of
two intervention groups (placebo group, n = 50; eggplant group, n = 50). Four participants (personal
reason, n = 4) dropped out prior to study initiation, and nine participants dropped out during the
study for the adverse events or personal reason (placebo group, adverse event such as pneumonia
(n = 1), colonic diverticulitis (n = 1), dyslipidemia (n = 1), and hives (1 = 1); eggplant group, adverse
event such as injury (n = 2), mild liver dysfunction (n = 1) and nephropathy (n = 1), personal reason
(n = 1)). Finally, 87 participants completed this study: 42 in the eggplant group and 45 in the placebo
group. Ninety-six participants, excluding the four participants who dropped out because of personal
reasons before the start of the study, were included in the safety analysis. We excluded 10 participants
in the efficacy analysis because of abnormal variation (outside of the reference range (1 = 1), and >120%
changes compared to the baseline among safety outcomes (1 = 1)) in values or mild sickness (allergies
unrelated to the test food (1 = 2)), compliance problems, or participant not meeting the criteria (n = 3),
without stress at the beginning of treatment (1 = 1), missing primary outcomes owing to the absence of
BP measurement (n = 2). The efficacy analysis comprised of 36 participants in the eggplant group and
41 in the placebo group. Sex ratio, mean age, height, BMI, hospital SBP, hospital DBP, and intake rate
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for each group are shown in Table 1. There were no differences between the two groups regarding

these characteristics.
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Figure 1. Flowcharts of (a) participant election and (b) study schedule.

3.2. Efficacy of Eggplant on Hospital BP

Eggplant powder intake significantly improved DBP at week 8, compared to that in the placebo
group (p = 0.024) (Figure 2a, Table S1). In a subgroup analysis, the DBP increase was significantly
suppressed at week 8 (p < 0.001) following ingestion of eggplant in participants with normal-high BP
(placebo: n = 26; eggplant: n = 27) (Figure 2b, Table S1). Exploratory data analysis showed significantly
lower SBP at week 12 in the eggplant group than in the placebo group (p = 0.046) (Figure 2¢, Table S2).
The SBP and DBP of participants with grade 1 hypertension (placebo: n = 15; eggplant: n = 9) were
significantly lower at week 12 in the eggplant group than in the placebo group (SBP: p = 0.037, DBP:
p = 0.041) (Figure 2d, e, Table S2). Moreover, the significance of the time—-food interaction of hospital
SBP overall (change and measured value, p = 0.018) and the grade 1 hypertension group (change and
measured value, p = 0.043) and hospital DBP in the normal-high BP group (change and measured value,
p = 0.028) also supported the BP lowering effect of the eggplant powder ingestion (Tables S1 and S2).
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Figure 2. Changes in hospital BP (different values from week 0: (a) and (b); measured values: (c),
(d), and (e)). (a) DBP of all participants. (b) DBP of participants with normal-high BP. (¢) SBP of all
participants, (d) SBP of participants with grade 1 hypertension, (e) DBP of participants with grade 1
hypertension. Student’s t-test was conducted for data analysis. Statistical significance: * p < 0.05 and
%%

p < 0.001 vs. placebo group. Values are presented as mean + standard error. BP: blood pressure;
DBP: diastolic blood pressure; SBP: systolic blood pressure.

3.3. Efficacy of Eggplant on Home BP

Significant effects of eggplant powder on home BP (different values from week 0) are shown in
Figure 3. Intake of eggplant powder significantly decreased morning SBP (Figure 3a, p = 0.017) and
DBP (Figure 3a, p = 0.032) at week 4, compared to those in the placebo group. In addition, subgroup
analyses showed a significant decrease in morning SBP (Figure 3b, p = 0.041) and DBP (Figure 3b,
p = 0.008) at week 4 and significant suppression in the evening DBP increase at week 4 (Figure 3c,
p = 0.044) and week 8 (Figure 3¢, p = 0.029) in normal-high BP participants in the eggplant group
compared to those in the placebo group. There was no significant difference in the measured values
between the placebo and eggplant groups.
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Figure 3. Changes in home BP (different values from week 0). (a) Morning SBP and DBP of
all participants, (b) Morning SBP and DBP of participants with normal-high BP, (c) evening DBP
of participants with normal-high BP. Student’s ¢-test was conducted for data analysis. Statistical
significance: * p < 0.05 and ** p < 0.01 vs. placebo group. Values are presented as mean + standard
error. BP: blood pressure; DBP: diastolic blood pressure; SBP: systolic blood pressure.

3.4. Efficacy of Eggplant on Stress and PSs

To assess the effects of eggplant on stress and PSs, changes in VAS scores, which indicated stress,
and POMS-2 scores, which indicated PSs, were evaluated (Tables S3 and S4). There were no differences
in VAS scores between the eggplant and placebo groups, both before and after UKT. Subgroup analyses
showed that the difference in POMS-2 scores from week 0, ‘vigor-activity” at week 4, and ‘friendliness’
at week 8 of participants with grade 1 hypertension in the eggplant group were significantly superior
to those in the placebo group (Figure 4). Exploratory data analysis showed significant improvement
in ‘confusion-bewilderment’ in all participants at week 12 and negative PSs (‘depression-dejection’
at week &; ‘confusion-bewilderment’, ‘anger-hostility’, and ‘total mood disturbance” at week 12) in
participants with normal-high BP in the eggplant group (Figure 4).
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Figure 4. Changes in POMS-2 scores (different values from week 0: (a) and (b); measured values:
(c), (d), (e), (f), and (g)). (a) Friendliness and (b) vigor-activity of participants with grade 1
hypertension. (c) Confusion-Bewilderment scores of all participants. (d) Depression-dejection,
(e) confusion-bewilderment, (f) anger-hostility, and (g) total mood disturbance in participants with
normal-high BP. * p < 0.05 vs. placebo group. Values are presented as mean + standard error. BP: blood
pressure; POMS-2: Profile of Mood States 2nd Edition.

3.5. Assessment of Dietary Nutrients of Participants During the Study

For the assessment of dietary nutrients, the participants completed FFQg (Table S5). Lipid and
dietary fibers at week 12 in the eggplant group were significantly lower than those in the placebo group
(p = 0.009 and 0.035, respectively). However, there were no statistically significant differences in the
intake of calories, proteins, carbohydrates, and salt between the eggplant and placebo groups.

3.6. Assessment of Safety of Eggplant

To analyze the safety of eggplant, we evaluated the body composition, complete blood count,
liver function, renal function, lipid profiles, and blood glucose profiles of participants (Table S6).
Additionally, we qualitatively assessed urinary parameters (Table S6). All changes in the values were
within the reference value ranges. Adverse effects were observed in each group. However, the principal



Nutrients 2019, 11, 2797 11 of 15

investigator inferred that all adverse effects were not related to the test food according to the protocol
criteria. Thus, the eggplant powder intake had no or minimal unfavorable effects, at the raw eggplant
dose of 22 g/day, which contained 2.3 mg of eggplant-derived choline ester (ACh).

4. Discussion

The randomized, double-blind, placebo-controlled, parallel group comparison study showed
that continuous intake of eggplant powder containing 2.3 mg/day of eggplant-derived choline ester
(ACh) improved BP in participants with normal-high BP and grade 1 hypertension. Subgroup analysis
confirmed the effect of the eggplant powder on normal-high BP participants. A thorough search of
the literature confirmed that this is the first clinical trial providing evidence of the beneficial effects of
eggplant on BP. In addition, this study showed that eggplant intake improved positive and negative PSs.

Hospital DBP, which is the primary outcome in this study, was improved overall and specifically
in the normal-high BP group. Interestingly, the improvement in DBP upon eggplant intake was more
significant in the normal-high BP group (p < 0.001) than overall (p = 0.024). Improvements in hospital
SBP overall and in the grade 1 hypertension group, as well as hospital DBP in the grade 1 hypertension
group, were also shown through exploratory data analysis. Eggplant intake improved DBP in the
normal-high BP group, and SBP and DBP in the grade 1 hypertension group, indicating that eggplant
exerted different BP-improving effects for different BP categories.

The secondary outcomes, home SBP and DBP, were also improved by eggplant intake. The morning
SBP and DBP overall and in the normal-high BP group, as well as the evening DBP of the normal-high
BP group were also improved, supporting the hospital BP-improving effects of the eggplant intake.
Management of morning BP is important in heart failure prevention [23,24]. It has also been reported
that morning and night BPs of patients with anxiety disorder are significantly higher than those
of healthy participants [25,26], and one of the causes was estimated to be sleeping disorder due to
sympathetic overactivity [27]. Thus, we speculated that eggplant intake suppressed sympathetic
nervous activity in the participants during sleep, thereby improving the morning BPs of participants
with stress.

Previously, we reported the BP-lowing effect of eggplant in SHRs [16]. Daily oral intake of
low-dose eggplant powder (0.821 mg/kg BW) significantly prevented increases in both the SBP and DBP
of SHRs, and the effective dose of the eggplant powder for an adult person (60 kg) was calculated to be
13.1 mg/day by Kleiber’s law [28]. The efficacy of ACh in eggplant may be lower in human participants
with normal-high BP and grade 1 hypertension than in SHRs that developed high-grade hypertension.
In the SHR study, urinary catecholamine level was decreased by ACh in eggplant by acting on the M3
muscarinic ACh receptor (M3 mAChR), suggesting that ACh in eggplant lowers BP by suppressing
sympathetic nervous activity through M3 mAChR in the digestive system [16]. M3 mAChR is present
on epithelial cells of the stomach and intestine [29], and orally administrated eggplant-derived ACh
may act on it to stimulate the parasympathetic nervous system. This stimulation travels to the medulla
oblongata, where sympathetic nervous activity is automatically reduced due to reciprocal innervation.
Abnormal neuromodulation is considered a cause of BP elevation in SHRs. Blood catechol amine level
in SHRs was reported to be higher than that in normotensive Wister Kyoto (WKY) rats, which was
attributed to abnormal acceleration of sympathetic nervous activity in SHRs [30,31]. The sensitivity of
the baroreceptor reflex function in SHRs was also reported to be lower than that in WKY rats [32]. It
was suggested that neuromodulation to control BP varied among BP categories, and ACh in eggplant
reduced BP more efficiently in participants with grade 1 hypertension versus those with normal high
BP. Regarding the primary outcome, hospital BP, eggplant intake improved only DBP in normal-high
BP participants, but it improved both SBP and DBP in grade 1 hypertension participants. The difference
in BP between the eggplant and placebo groups was —5.6 mmHg for DBP in the normal-high BP
participants, and —7.6 mmHg for SBP and —7.3 mmHg for DBP in the grade 1 hypertension participants.

Stress and negative PSs increase sympathetic nervous activity; thus, suppression of sympathetic
nervous activity could reduce stress and improve PSs. Therefore, participants with stress were
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employed in the study to evaluate the effect of eggplant on stress and PSs using VAS and POMS-2
questionnaires, respectively. A very simple VAS questionnaire was used to evaluate stress after oral
intake tests in another work [33]. PSs are reported to be involved in the development and state
of hypertension [34,35], and the POMS-2 test was therefore used to assess PSs [36]. Results of the
VAS and POMS-2 tests indicated that long-term intake of eggplant powder had no effect on stress
but improved PSs. The antistress effect of eggplant should be further examined with an objective
method instead of the subjective assessment with the VAS questionnaire. In the POMS-2 test, eggplant
intake improved negative PSs (‘confusion-bewilderment’ of all participants and ‘depression-dejection’;
‘confusion-bewilderment’, ‘anger-hostility’, and ‘total mood disturbance’) in the normal-high BP group
and positive PSs (‘friendliness” and ‘vigor-activity’) in the grade 1 hypertension group. The results
of the POMS-2 test also indicated different efficiency of eggplant for participants in different BP
categories. The trend of improvement in the PS from week 0 to week 4 was suggested to be an effect
of acclimatization. At week 8, PSs seemed to deteriorate; this may be because of an earthquake that
occurred on September 6, 15 days prior to the week 8 examination, although there was no impact on
the test overall.

Dietary intervention in this study included the intake of eggplant powder capsules and avoidance
of daily ACh-rich foods, including eggplant and bamboo shoot. The daily dose of eggplant powder
in the treatment group capsules was 1.2 g, which contained 4.39 kcal. The placebo capsules also
contained 4.35 kcal, without the eggplant powder. Therefore, we concluded that the observed BP- and
PS-improving effects were due to the test food. In addition to ACh, eggplant contains GABA [37]
and CA [38], which are compounds with hypotensive effect. The effective doses of GABA and CA
(derived from coffee) for antihypertensive effect in adult individuals are 12.3 mg/day and 271 mg/day,
respectively, according to the “Foods with Function Claims” in Japan. The test food in this study
contained 7.65 mg/day of GABA (62.2% of the effective dose) and 12.3 mg/day of CA (4.54% of the
effective dose), which were both lower than the respective effective doses. We have reported that
eggplant-derived ACh, not GABA or CA, is the main compound responsible for the hypotensive effects
of eggplant in SHRs [16]. This result should be applied when considering the active ingredient in
eggplant to reduce BP in a clinical trial of participants with relatively higher blood pressure. Both GABA
and CA in the test food were estimated to be ineffective alone because of the low dose. No data
indicating a synergistic effect enhancing the individual hypotensive effects have been reported. It is
reasonable to assume that the antihypertensive effect was from the ACh. Therefore, the BP-improving
effects of GABA and CA in the test food should be limited in this study, and the main antihypertensive
component in the eggplant powder was concluded to be ACh. A study on the antihypertensive effect of
orally administered ACh is currently being conducted, and we expect positive results. This randomized
controlled trial confirmed the safety of eggplant powder at a dose equivalent to 22 g/day of raw eggplant.

In conclusion, eggplant powder intake significantly improved BP and PSs, compared with those
in the control group. Changes in hospital and home BPs overall and in the normal-high BP group
were transiently improved at week 4 and 8. The reasons were estimated to be environmental factors.
It is well-known that BP, including hospital and home BP, varies by the season [39]. From summer
to winter, BP increases with decreasing temperature. The clinical trial was conducted from the end
of summer to early winter, and the average temperature dropped from approximately 27.9 °C to
9.6 °C, corresponding with an estimated 3.5 mmHg increase in BP [39]. The increase in BP due to
temperature decrease and the BP-lowering effect of eggplant powder intake could be mediated through
neuromodulation, and both effects may have competed against each other, thus attenuating the effect
of eggplant after 4 or 8 weeks from beginning of the test. The measured hospital BPs overall and in
the grade 1 hypertension group were also transiently improved at week 12, which should be caused
by prolonged intake of eggplant powder. These characteristic effects of eggplant powder seemed to
be mild and gradual, which was different from the effects of current antihypertensives. Therefore,
continuous intake of eggplant is expected to improve BP in a person with normal-high BP or grade 1
hypertension. Eggplant is recognized as safe. This clinical trial confirmed the safety as well as the BP
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and PSs improving effects of eggplant powder. These novel effects were expected to support the use of
the ACh-containing eggplant powder as a safe treatment for BP and mental health.

5. Conclusions

A randomized, double-blind, placebo-controlled, parallel-group comparative study showed that
ingestion of eggplant powder for 12 weeks improved BP and PSs without side effect. The eggplant
powder dose was 1.2 g/day contained 2.3 mg of eggplant-derived choline ester (ACh), which was a
novel functional food factor. This was the first evidence of the antihypertensive and PS-improving
effects of eggplant. Eggplant is expected to be utilized as a safe treatment for BP and mental health.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/11/2797/s1,
Table S1: Changes in blood pressure from week 0; Table S2: Blood pressure (measured value); Table S3: VAS scores
indicating stress and POMS-2 scores indicating psychological state (measured value); Table S4: Changes in VAS
and POMS-2 scores from week 0; Table S5: Dietary nutrients consumed by participants during the study; Table Sé6:
Body composition, complete blood count, liver function, renal function, lipid profiles, blood glucose profiles, and
urinary tests.
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