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Abstract: Vascular disease poses a major public health problem worldwide. Trigonelline isolated from
Raphanus sativus cv. Sakurajima Daikon (Sakurajima radish) induces nitric oxide production from
vascular endothelial cells and enhances vascular function. Here, we investigated the characteristics
of trigonelline and its effects on endothelial function after consumption of Sakurajima radish by
humans. Our results show that Sakurajima radish contains approximately 60 times more trigonelline
than other radishes and squashes. Additionally, no significant differences were observed between
varieties of Sakurajima radish, suggesting that any type of Sakurajima radish can be ingested for
trigonelline supplementation. The effects of cooking and processing Sakurajima radish were also
evaluated, as were the effects of freezing, and changes in osmotic pressure and pH. A first-in-human
trial using Sakurajima radish showed that ingestion of 170 g/day of Sakurajima radish for ten
days increased blood trigonelline concentrations and significantly improved flow-mediated dilation,
which is a measure of vascular endothelial function. Overall, our findings suggest that the trigonelline
contained in Sakurajima radish may contribute to improved human vascular endothelial function.
Hence, Sakurajima radish may enhance vascular endothelial function as a functional food.
Keywords: clinical trial; humans; radish; trigonelline; vascular function

1. Introduction
Cerebrovascular diseases, such as stroke, and heart diseases, including angina pectoris and
myocardial infarction, are the leading causes of death worldwide. Even for patients who recover,
a major economic burden is placed on both the patient and society, as patients must undergo long-term
treatments and extended bed rest. Hence, there is a need to improve the vascular function of patients
in an effort to prevent vascular diseases. Accordingly, our laboratory has been studying the effects
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food materials on vascular function and attempting to elucidate the mechanisms through which
functional
Nutrients 2020,
12, 1872foods may prevent vascular disease [1–3].
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2.1. Materials
(Kagoshima, Japan). Porcine VECs were purchased from Cosmo Bio Co., Ltd. (Tokyo, Japan).
Sakurajima radish, Aokubi radish (Raphanus sativus var. Longipinnatus), coffee cherry (Coffea arabica),
and squash (Cucurbita maxima), cultivated in Kagoshima, Japan, were used in this study. Different
varieties of Sakurajima radish were obtained, including ‘Sakurajima Ogojo’, an F1 variety with lower
occurrence of hollow cavity and pores; ‘Native farm species’, are the largest varieties and have been
inherited for many years; and ‘Others’ which represented a mixture that do not classified other varieties.
Seeds of Sakurajima radish were obtained from the Japan Agricultural Cooperative (Kagoshima, Japan).
Porcine VECs were purchased from Cosmo Bio Co., Ltd. (Tokyo, Japan). Trigonelline and methanol for
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high-performance liquid chromatography (HPLC) were purchased from FUJIFILM Wako Chemical
Corporation (Osaka, Japan).
2.2. Quantification of Trigonelline
The roots and leaves were separated and cut into small pieces. The roots were processed using a
homogeniser and lyophilised to generate powdered raw material. One mL of methanol/H2 O/acetic acid
solvent (95.0%/9.5%/0.5%, v/v/v) was added to 25 mg raw material and mixed in a vortexer, followed
by 5 min of ultrasonic treatment. The sample was centrifuged twice at 1600× g for 10 min at 4 ◦ C
(cooling centrifuge 3500; KUBOTA Corporation Co., Ltd., Tokyo, Japan); the supernatant was then
collected and concentrated by drying. The dry sample material was weighed and dissolved in an
appropriate solvent prior to use in experiments.
After filtration through a 0.45-µm filter (Toyo Roshi Kaisha, Tokyo, Japan), the samples were
analysed by HPLC with an ultraviolet-visible adsorption detector and a photodiode array detector
(Extrema, Jasco, Tokyo, Japan). The conditions for HPLC analysis were as follows: the C18
reversed-phase column (COSMOSIL 5C18 -AR-300, 5 µm, 4.6 mm I.D., 250 mm; NACALAI TESQUE,
INC., Kyoto, Japan) was maintained at 40 ◦ C, and detection was conducted at 265 nm. The mobile
phase consisted of 10 mM phosphoric acid solution (A) and methanol (B). We used a gradient of 0 min
with 10% solution B, and 0–10 min with a direct increase in solution B of up to 40%. The flow rate was
0.7 mL/min, and the injection volume was 10 µL.
2.3. Cooking and Processing
After harvesting Sakurajima radish, 1 g of the washed product was weighed to obtain a raw
sample. The samples used for analysis of the effects of boiling were sliced thinly and boiled at 100 ◦ C
for 1, 10, 20, and 30 min; whereas the samples used for analysis of the effects of high-temperature
cooking were baked in an oven or fried in oil for 1, 5, 10, 15, and 20 min at 180 ◦ C. The samples used
for analysis of the effects of freezing were stored in a deep freezer at −80 ◦ C after initial freezing in
liquid nitrogen. In addition, salted samples were immersed in 5% salt for 24 h, and pickled samples
were boiled with vinegar (1 mL), water (1 mL), sugar (0.2 g), and salt (0.06 g; pH 3.8) for 24 h.
2.4. First Trial of Sakurajima Radish Examining the Vasodilator Property in Humans
Fourteen healthy volunteers (seven men and seven women, age 33.9 ± 6.7 years) participated in
this study. Sakurajima radish (native species) was consumed at 170 g/day (trigonelline content: 61.2 mg),
which was assumed to be sufficient for promoting NO production from VECs [1]. Other lifestyle
factors were not altered. The intake period was ten consecutive days, and participants were permitted
to either eat the entire 170-g portion, which was packaged using a vacuum packer (MINI JUMBO,
RO18765-1; Nichiwa Electric Corporation, Tokyo, Japan), at once or divide it into multiple servings.
Additionally, there were no limitations to the method used to cook the radish. Blood pressure (BP),
pulse, and weight were measured before consumption and then again after ten days of consumption of
Sakurajima radish. Blood samples were collected before consumption and then again after ten days of
consumption of Sakurajima radish, and general biochemical tests (white blood cell [WBC]; haemoglobin
[Hb]; platelet [Plt]; LDL cholesterol [LDL-C]; high-density lipoprotein cholesterol [HDL-C]; triglyceride
[TG]; fasting plasma glucose [FPG]; uric acid [UA]; blood urea nitrogen [BUN]; creatinine [Cr];
sodium [Na]; potassium [K]; chloride [Cl]; aspartate transaminase [AST]; and alanine transaminase
[ALT]) were performed. For analysis of vascular endothelial function, flow-mediated dilation (FMD)
values were determined using an ultrasonic diagnostic imaging device (UNEXEF18VG; UNEX Co.,
Nagoya, Japan), which is an automated edge detection system for measurement of brachial artery
diameter. FMD represents endothelium-dependent, largely NO-mediated, dilatation of conduit arteries
in response to an imposed increase in blood flow and shear stress and is a tool for examining the
pathophysiology of cardiovascular diseases to potentially identify individuals who are at increased
risk of future cardiovascular events [13]. FMD was automatically calculated as the percentage
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change in peak vessel diameter from the baseline value. Percentage of FMD [(peak diameter −
baseline diameter)/baseline diameter] was used for analysis [14]. Impaired endothelial function plays
an important role in the initiation of atherosclerosis, and brachial FMD is a predictor of coronary
artery disease severity [15]. To evaluate arteriosclerosis, brachial-ankle pulse wave velocity (baPWV)
values were examined using a BP pulse wave tester (BP-203RPE III; Omron Healthcare, Kyoto, Japan).
The blood concentration of trigonelline was determined by centrifugation (1000× g, 5 min) of plasma,
and values were then quantified by HPLC as described above. This test was conducted with the
approval of the institutional Ethics Review Committee by an outside expert (approval no. 31-1),
and written informed consent was obtained from all participants.
2.5. Statistical Analyses
Significant differences among groups were assessed using Student’s t-tests. Data are represented as
means ± standard deviations (SDs). Results with p values < 0.05 were considered statistically significant.
In the human trial, discrete data were presented as frequencies and percentages, and continuous
variables were presented as means ± SDs. Continuous variables were compared using either t-tests or
Mann Whitney U tests, and results with p values < 0.05 were considered statistically significant.
3. Results
3.1. Comparison of Trigonelline Content in Sakurajima Radish
Of the approximately 300 types of plants investigated, those in which trigonelline was detected
were radish, coffee, and squash. When the amount of trigonelline in the root extracts of Sakurajima
radish was measured and converted per weight of raw Sakurajima radish, raw Sakurajima radish was
found to contain 360 ng/mg trigonelline. Setting this value as 100%, Table 1 shows the relative values
of trigonelline contents in other plants. Aokubi radish contained only 1.75% the trigonelline content
as Sakurajima radish, and the same amount as squash. In contrast, fresh coffee cherry contained
approximately 81.7% of the trigonelline as Sakurajima radish. However, the source of coffee that is
often consumed does not originate from coffee cherry, but rather the seeds obtained by removing
fermentable skin and pulp from coffee cherry. In addition, coffee cherry seeds cannot be eaten in their
natural form, but instead by first be roasted at high temperatures. The trigonelline value decreased
to 17.15% after roasting at 185 ◦ C for 15 min. After extraction with hot water at 100 ◦ C (French press
method), coffee cherry lost up to 0.01% of its trigonelline content. Hence, the amount of trigonelline
consumed from Sakurajima radish is overwhelmingly high.
Table 1. Comparison of trigonelline amounts in different products.
Plant

Type

Relative Value (%)

Radish

Sakurajima
Aokubi

100
1.75

Coffee

Fruit
Roast
Extraction

81.74
17.15
0.01

Buttercup
Squash

Seeds
Fruit

1.50
1.00

3.2. Differences in Trigonelline Content between Sakurajima Radish Varieties
The average trigonelline content in Sakurajima radishes was 260–360 ng/mg, which was
significantly higher than that of other plants. However, although there was a tendency for the
amount of trigonelline in “Sakurajima Ogojo” to be higher than that in the other varieties, no significant
differences were observed as each variety showed large individual differences (Figure 2). These findings
suggest that all varieties of Sakurajima radish contained high amounts of trigonelline.
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clinically
significant.
Furthermore,
was not detected
in any after
of theten
blood
consumption
of Sakurajima
radish,although
1.6 ± 0.2trigonelline
mg/mL trigonelline
was detected
dayssamples
of
before
consumption
radish,
1.6 ± 0.2 mg/mL
trigonelline
was detected
ten days of
consumption
(Figureof
4).Sakurajima
This indicates
that trigonelline
was absorbed
following
intake ofafter
Sakurajima
consumption (Figure 4). This indicates that trigonelline was absorbed following intake of Sakurajima
radishes. In addition, the %FMD, which is normal above 6.0, was significantly improved (6.7 ± 1.6%
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of blood collected
Before
Afterfrom participants.
p Value

WBC
Hb
Plt
LDL-C
HDL-C
TG
FPG
UA
BUN
Cr
Na
K
Cl
AST
ALT

/µL
5785.7Before
± 1287.8
WBC
5785.7
1287.8
g/dL /μL
14.6 ±±1.6
Hb
14.6
1.6
27.2
± ±5.9
×104 /µLg/dL
Pltmg/dL
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27.2
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± ±21.1
LDL-C
mg/dL
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±
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79.5 ± 18.3
HDL-C
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79.5
±
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mg/dL
110.1 ± 123.4
TG
110.1±±4.4
123.4
mg/dLmg/dL 87.5
FPG
mg/dL
87.5 ± 4.4
mg/dL
4.4 ± 1.5
UA
4.4 ± 1.5
mg/dLmg/dL 13.4
± 3.0
BUN
mg/dL
13.4 ± 3.0
mg/dL
0.7 ± 0.2
Cr
mg/dL
0.7 ± 0.2
mEq/L
142.0 ± 1.4
Na
mEq/L
142.0 ± 1.4
mEq/L
4.2 ± 0.3
K
mEq/L
4.2 ± 0.3
mEq/L
101.6 ± 1.4
Cl
mEq/L
101.6 ± 1.4
IU/L
20.5 ± 4.7
AST
IU/L
20.5 ± 4.7
IU/L
16.1 ± 8.4
ALT
IU/L
16.1 ± 8.4

After ± 1658.1
p Value
6228.6
6228.6 ±14.5
1658.1
± 1.5 0.12
14.5 ±26.1
1.5 ± 5.8 0.58
26.1113.6
± 5.8 ± 29.00.10
113.6 77.7
± 29.0± 14.9 0.33
77.7 ±60.8
14.9± 33.0 0.47
60.8 ±90.4
33.0 ± 7.1 0.04
90.4 ± 7.1
4.9 ± 1.6 0.08
4.9 ± 1.6
12.6 ± 2.8 0.23
12.6 ± 2.8
0.24
0.7 ± 0.2
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140.6 ± 1.3
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4.2 ± 0.2
4.2 ± 0.2
1.00
103.1 ± 1.0
103.1 ± 1.0
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20.3 ± 4.2
0.89
16.5 ± 8.1
16.5 ± 8.1
0.65
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Following
comparison
ofof
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within
the
tested
food
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we found
that
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the
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significant
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In
fact,
the
Aokubi
radish,
which
that Sakurajima radish served as the most significant source. In fact, the Aokubi radish, which belongs
belongs to the same Japanese radish family, contains only approximately 1/57 of the trigonelline
to the
same Japanese radish family, contains only approximately 1/57 of the trigonelline content
content of Sakurajima radish. These results support those previously reported, which indicated a
of Sakurajima radish. These results support those previously reported, which indicated a high
high NO-producing capacity of Sakurajima radishes [1]. Moreover, coffee products that are
NO-producing
capacity of Sakurajima radishes [1]. Moreover, coffee products that are commonly
commonly consumed may contain low levels of trigonelline, unless prepared via specific
consumed
may
contain
low that
levels
trigonelline,
unless[16].
prepared
via specific
manufacturing
manufacturing methods
doofnot
require roasting
Although
the biosynthetic
pathwaymethods
of
that trigonelline
do not require
roasting
[16].
Although
biosynthetic
pathway
of trigonelline
not been
has not
been fully
elucidated,
thethe
production
of trigonelline
from
water-solublehas
vitamin

fully elucidated, the production of trigonelline from water-soluble vitamin nicotinic acid is likely
catalysed by N-methyltransferase [17–19]. Considering that many plants use nicotinamide and nicotinic
acid as final products, it is postulated that Sakurajima radish and coffee cherry synthesise the final
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product trigonelline via nicotinamide and nicotinic acid as intermediate products by activation of
trigonelline synthase.
The effects on trigonelline following cooking and processing were also examined, and it was shown
that trigonelline is highly stable even as a water-soluble substance. In fact, after boiling Sakurajima
radish at 100 ◦ C, trigonelline was detected in the radish for approximately 1 min, meanwhile, the amount
of trigonelline was reduced to approximately half, and detected in the infusion after boiling for 10 min.
In Japanese cuisine, Sakurajima radish is also commonly baked in the oven or fried in oil, hence,
the effects of high temperature cooking were also investigated. Interestingly, following 10 min of
baking or frying the trigonelline at 180 ◦ C remained within Sakurajima radish rather than becoming
exuded, as was observed following boiling. Furthermore, trigonelline was found to decompose when
exposed to temperatures of 180 ◦ C for more than 15 min, or temperatures ≥ 185 ◦ C for any amount
of time. This is reasonable considering the trigonelline reduction results obtained following roasting
coffee shown in Table 1.
In addition, unlike Aokubi, which can be cultivated in approximately 3 months, Sakurajima
radish requires a cultivation period of 5 to 6 months, with a harvest period of only 3 months per year.
Hence, effective preservation techniques must be employed to allow for the distribution of Sakurajima
radish throughout the entire year. Freezing, may be one such method as retention of trigonelline
in frozen Sakurajima radish was very high (95%; Figure 3A), and was found to be stable over an
11 months period. Taken together, these results suggest that Sakurajima radish can be subjected to
general cooking and processing methods while retain high trigonelline contents, consistent with the
many types of Sakurajima radish (pickles, sprinkles, rice crackers, Japanese sweets, frozen sweets, jelly
drinks, and chips) found in the market.
The first trial of Sakurajima radish examining the vasodilator property in human found no
significant differences in the blood biochemical parameters between the two groups i.e., those that
consumed radish and those that did not, save for TG values. TG-rich lipoproteins represent causal
risk factors for atherosclerotic cardiovascular diseases, and all-cause mortality [20]. A previous study
suggested that trigonelline might reduce triglyceride levels, which was supported by our data [21].
Trigonelline was not detected in any blood samples before consumption of Sakurajima radish;
meanwhile significant levels of trigonelline were detected after consumption of Sakurajima radish for
ten days. This indicates that trigonelline was absorbed following consumption of Sakurajima radish.
Furthermore, FMD is a surrogate marker of endothelial function that can complement clinical symptoms
of structural arterial disease, while facilitating early diagnosis and prediction of cardiovascular diseases
outcomes. The %FMD, which is considered normal above 6.0, was significantly improved in individuals
who consumed Sakurajima radish for ten days compared to those that did not (9.4% ± 1.9% versus
6.7% ± 1.6%, respectively; p = 0.0016). Meanwhile, the baPWV did not exhibit significant differences
between the two groups. Although endothelial dysfunction contributes to progression of structural
arterial stiffness, consumption of Sakurajima radish for ten days does not appear to be sufficient to
affect baPWV. Hence, longer periods of ingestion may be required to significantly affect baPWV and
contribute to the prevention of atherosclerosis.
Recently, trigonelline contained in coffee was reported to have various bioregulatory functions in
cells and animal models, including hepatic lipid accumulation, lipotoxicity [22], suppression of diabetes
mellitus [23], and suppression of diabetic nephropathy [24]. In addition, human studies have reported
the effects of consuming coffee containing trigonelline, including acute effects on glucose tolerance [25],
management of patients with Parkinson’s disease [26], and reduced levels of spontaneous DNA
strand breaks in WBCs [27]. However, coffee also contains abundant amounts of caffeine, which has
a stimulating effect, and during roasting, coffee metabolites undergo complex Maillard reactions,
producing melanoidins and other degradation products; thus, the results are often difficult to interpret.
Nevertheless, herein we found that the trigonelline contained in Sakurajima radish likely has the
capacity to directly contribute to improved human vascular endothelial function. Kuroda et al. found
that the underlying mechanism for stimulating NO production by trigonelline, an active constituent of
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Sakurajima radish involves endothelial NO synthase activation by the phosphorylation of Ser1177 and
the dephosphorylation of Thr495, which is triggered by elevated concentrations of cytoplasmic Ca2+ ,
resulting from the activation of Ca2+ channels in VECs [1]. The molecular mechanisms of vasodilation
in human by Sakurajima radish in this study appear consistent with those reported by Kuroda et al.
5. Conclusions
In this study, we compared the trigonelline contents of various plants, including Sakurajima
radish varieties. Importantly, we found that Sakurajima radish contained approximately 60 times more
trigonelline than Aokubi radish or squash. Furthermore, fresh coffee cherries, which contained the
second highest amount of trigonelline, showed reduced trigonelline contents after roasting, suggesting
that the coffee generally consumed by humans may be low in trigonelline. Therefore, Sakurajima
radish was identified as the most suitable source of trigonelline. Moreover, although there were
large individual variations among varieties of Sakurajima radish, the differences were not significant,
suggesting that all types of Sakurajima radish likely contained high amounts of trigonelline. Evaluation
of the effects of cooking and processing revealed that trigonelline was relatively resistant to heating
at 100 ◦ C for approximately 1 min; however, trigonelline contents in radish decreased rapidly as the
elapsed time increased and detected in the infusion. Additionally, trigonelline was decomposed after
heating for 10 min at 180 ◦ C or 1 min at 185 ◦ C and 190 ◦ C. In contrast, the compound was quite stable
after freezing for up to 11 months. Based on these results, we conducted the first trial of Sakurajima
radish consumption in humans. Ingestion of 170 g/day Sakurajima radish for ten days effectively
increased blood trigonelline concentrations and significantly improved %FMD, which represents
vascular endothelial function. Overall, our findings revealed that trigonelline contained in Sakurajima
radish is likely to directly contribute to the improvement of vascular endothelial function in humans.
Thus, Sakurajima radish may have applications as a functional food for enhanced vascular endothelial
function. Despite the strengths and positive results obtained in this study, we note that the efficacy
of Sakurajima radish was only investigated in healthy Japanese volunteers. Thus, further large-scale
clinical trials in patients with vascular disease are needed to clearly establish the clinical benefits of
Sakurajima radish.
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