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ABSTRACT: The main flavonoids were isolated from three selected onion cultivars. Three phenolic compounds were obtained by
reverse-phase HPLC, and their structures were elucidated by multiple NMR measurements. There were two known compounds,
quercetin and quercetin 3'-O-(3-p-glucopyranoside (Q3'G), and one novel compound, quercetin 3-O-f3-p-glucopyranoside-(4—1)-
p-p-glucopyranoside (Q3M), which was identified in onion for the first time. These flavonoids were found to be more abundant in
the onion peel than in the flesh or core. Their antioxidative activities were tested using the DPPH method, and their antiaging
activities were evaluated using a Caenorhabditis elegans lifespan assay. No direct correlation was found between antioxidative activity
and antiaging activity. Quercetin showed the highest antioxidative activity, whereas Q3M showed the strongest antiaging activity
among these flavonoids, which might be related to its high hydrophilicity.
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B INTRODUCTION

The common onion (Allium cepa L.) has been part of the diet
of almost every civilization in world history. In 2008, the annual
production of onions was an estimated 67 million tons (http://
faostat.fao.org), and the main areas of production were China,
India, the United States, Pakistan, Turkey, and Russia. Numerous
valuable phytonutrients have been found in the onion, including
flavonoids, fructo- ohgosaccharldes (FOS), and thiosulfinates and
other sulfur compounds.” In recent years, flavonoids have received
continuous attention due to accumulating evidence of their
beneficial properties on human health. For example, flavonoids
have been linked to a reduction in the incidence of diseases such as
inflammation, heart diseases, and cancer, which are closely con-
nected to the generation of reactive oxygen species in the body.”*

The free radical theory of aging is one of the most popular
modern aging theories and is based on the assumption that aging
is caused by lifelong accumulation of partially unrepaired oxida-
tive damage to a critical set of biological macromolecules, such as
mutations in mitochondrial DNA.> The nematode ( Caenorhabditis
elegans), a multicellular organism with a completely sequenced
genome, is widely used as an animal model in aging research because
of its relatively short lifespan, morphological simplicity, ease of
genetic manipulation, and capacity for self-fertilization, which facil-
itates the generation of genetically homogeneous populations.®™®
On the basis of the identification and unraveling of multiple mechan-
isms and corresponding genes limiting the lifespan of nematodes,
it has been clarified that the insulin signaling pathway has a close
relationship with lifetime determination. It has also been re-
ported that the homologues of these genes are preserved in
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Drosophila and mice, indicating that the aging process of organ-
isms is controlled by a universal molecular mechanism from
lower to higher animals.” "' Moreover, some of the identified
genes have been reported to affect the insulin signaling pathway
and mitochondrial function, which are of particular interest with
respect to the free radical theory of aging.'>"

The present work focuses on the isolation and characterization of
the main flavonoids from a variety of onions using HPLC and NMR.
We also analyzed the antioxidative and antiaging activities of the
flavonoids and discuss the correlativity among these activities.

Bl MATERIALS AND METHODS

Materials and Chemicals. Onions of different colors [a yellow
cultivar, Super Kita-momiji (SK); a red cultivar, Syonan-red (SR); and a
white cultivar, Aichi-shiro (AS)] were purchased from the Japan
Agricultural Cooperatives. After washing with water, the onions were
divided into three parts: the peel (dried protective outer scales), flesh
(fleshy scales), and core. Each part was cut into small pieces, frozen in
liquid nitrogen, and stored at —80 °C. All chemicals and solvents unless
otherwise stated were purchased from Wako (Osaka, Japan) or Sigma-
Aldrich (St. Louis, MO).

Sample Preparation. The onion pieces were chopped into smaller
ones and then incubated overnight with S times the volume of 80%
methanol at 4 °C. After homogenization, the mixture was stirred for 1 h
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at room temperature. After centrifugation for 10 min at 3500 rpm, the
residue of centrifugation was re-extracted using the same steps. The two
methanolic phases were mixed, filtered, and concentrated with an
evaporator. After lyophilization, the powder was stored at —80 °C.

Analytical and Preparative HPLC. Analytical high-pressure
liquid chromatography (HPLC) was used to identify the flavonoids
from different parts of every onion cultivar. Preparative HPLC was used
for the separation and purification of flavonoids from different onion
peels. HPLC analyses were carried out with a Shimadzu SCL-10ADvp
HPLC system (Shimadzu Corp., Kyoto, Japan). Analyses of flavonoids
were performed on a DOCOSIL-B 4.6 @ x 250 mm Senshu Pack HPLC
column (Senshu Scientific, Tokyo, Japan), whereas separations of
flavonoids were performed on a DOCOSIL-B 20 & x 250 mm Senshu
Pack HPLC column, equipped with a DOCOSIL-B 10 @ x 30 mm
Senshu Pack HPLC guard column (Senshu Scientific). The flow rate and
the injection volume of analytical HPLC were 1 mL/min and 20 L of a
10 mg/mL sample, respectively. For preparative HPLC, the flow rate
and the injection volume were 7 mL/min and 4 mL of a $—10 mg/mL
sample, respectively. The gradient of HPLC was from 10 to 80% MeOH
containing 0.3% trifluoroacetic acid, and detection was carried out at 280
and 350 nm. Different flavonoid fractions were collected, concentrated,
lyophilized, and stored at —80 °C for further use.

NMR Measurements. Samples were loaded in S mm diameter
NMR sample tubes with CD;0D for quercetin and quercetin 3'-O-f3-p-
glucopyranoside (Q3'G) and with D,O for quercetin 3-O-f3-D-
glucopyranoside-(4—1)-3-p-glucopyranoside (Q3M). NMR spectra
were recorded on a JNM-AS00 (Alpha series) 500 MHz NMR spectro-
meter (JEOL Ltd., Tokyo, Japan) at room temperature and 50 °C. 'H,
3C one-dimensional (1D) NMR spectra and "H—"2C HSQC spectra
were used to identify constituents. To identify Q3M, COSY, DQF-
COSY, relayed-COSY, TOCSY, and 'H—"*C HMBC were applied.

UV—Vis Spectroscopy and LC-ESI/TOF MS Measurements.
UV —vis spectra were recorded on a Shimadzu UV-2450 spectrophot-
ometer at 25 °C in the range 250—550 nm using a quartz cell with 1 cm
path length. All MS spectra were acquired in the LC-ESI/TOF mode
using a JEOL AccuTOF JMS-T100LC MS instrument (JEOL Ltd.,
Tokyo, Japan). A 0.5 4L sample solution was applied onto the sample
plate, followed by the addition of 0.5 4L of matrix solution (@-cyano-4-
hydroxycinnamic acid, S mg/mL in a mixture of acetonitrile and
0.1% v/v TFA, 50:50 v/v), and the resultant mixture was allowed to
dry at room temperature.

Total Phenolic Content Assay. The total phenolic contents of
different onion parts were measured using the Folin— Ciocalteu method**
with some modifications. Briefly, 0.125 mL of a properly diluted sample
(0.1—10 mg/mL in 50% ethanol) was added to 0.5 mL of distilled water
and was mixed with 0.125 mL of the Folin—Ciocalteu phenol reagent.
After incubation for 6 min at room temperature, 1.25 mL of 7% Na,CO;
and 3 mL of distilled water were added to the solution. The reaction
mixtures were incubated for 90 min at room temperature, and then their
absorbances at 760 nm were measured using a Shimadzu UV-2200A
spectrophotometer. A calibration curve was prepared using the standard
solution of gallic acid (0.1—0.5 mg/L, * = 0.9994). The results were
expressed as milligrams of gallic acid equivalents (GAE) per gram of dry
weight. All determinations were performed in triplicate (n = 3).

Antioxidative Activity Assay. Radical scavenging capacity was
determined according to the DPPH method"® with small modifications.
A properly diluted sample (0.1—10 mg/mL for onion extracts and
0.01—0.1 mg/mL for purified flavonoid in 80% ethanol) was added to a
0.9 mL solution containing 0.4 mM DPPH, 200 mM MES (pH 6.0), and
20% ethanol. The free radical scavenging capacity was evaluated by
measuring the absorbance at 520 nm after 20 min of reaction at room
temperature. A calibration curve was prepared using 2,5,7,8-tetramethyl-
chromane-2-carboxylic acid (Trolox) in the concentration range S—50
mmol/L (+* = 0.997). The antioxidative activity of onion extracts was

expressed as micromolar Trolox equivalents (TE) per 100 grams of dry
weight. On the other hand, the antioxidative activity of a purified flavonoid
was expressed as a percentage compared with Trolox (100%). All
determinations were performed in triplicate (n = 3).

Antiaging Activity Assay. The Bristol N2 (wild type) C. elegans
strain was maintained at 20 °C on nematode growth medium (NGM)
agar plates, supplemented with Escherichia coli feeding strain OPS0,
which is hardly affected by the tested flavonoids in S-medium (the main
medium for lifespan assay)."® The C. elegans strain and OPS0 strain were
supplied by the Tokyo Metropolitan Institute of Gerontology. Stock
solutions of all onion extracts and purified flavonoids were made in
50% ethanol. For the lifespan assay, six-well plates (Nunc A/S, Roskilde,
Denmark) were used with 2 mL of feeding mixture, which included
OPSO0 (ODgq = 0.9), 20 ug/mL purified flavonoids as a final concen-
tration.'”~"? Synchronous cultures of worms were obtained by hypo-
chlorite treatment.*® After hatching, 30 worms (L1) were transferred as
young adults (day 2 posthatching) to new plates containing the extracts
for experiments. To eliminate the influence of newborn worms, L1
worms were transferred to new plates every day for 15 days and then
every 3 days thereafter. Live and dead worms were counted daily. The
Kaplan—Meier survival curves and the logrank test for comparison of
survival curves were performed with Graphpad Prism software. Values of
p < 0.05 indicated statistically significant differences between tested
populations. All lifespan assays were performed in triplicate (1 = 3).

Quantitative RT-PCR. Synchronized L1 worms were transferred to
plates containing 20 #g/mL Q3M or to control plates and maintained
for 2 days. Three plates were prepared for each group, and approximately
100 animals were transferred to each plate. Worms were harvested
and washed with ddH,O. After total RNA isolation (TRIzol reagent,
Invitrogen) and reverse transcription (SuperScript cDNA synthesis kit,
Invitrogen), quantitative RT-PCR was performed for age-1, daf-2, daf-
16, old-1, osr-1, sek-1, and sir-2.1 on a LightCycler II real-time PCR
System (Roche Molecular Biochemicals, Mannheim, Germany) using
SYBR green (SYBR qPCR Mix, TOYOBO) and 40 cycles of amplifica-
tion using the cycle 95 °C for 5's, 55 °C for S s, and 72 °C for 30 s. The
gene expression data were analyzed using the comparative 2744
method®' considering act-1 as the internal control. The following
gene-specific primers were used: act-1, CCAGGAATTGCTGATCG-
TATGCAGAA (F) and TGGAGAGGGAAGCGAGGATAGA (R);
age-1, GATTATCGAATTGGACATCGACT (F) and GGCGATATTC
TTCACTTTTCAGA (R); daf-2, AAMMAGATTTGGCTGGTCAGAGA
(F) and TTTCAGTACAAATGAGATTGTCAGC (R); daf-16, TCAG
GGATAAGGGAGATTCG (F) and CAGATTGTGACGGATCGAG-
TT (R); old-1, AAGTGATGTGTGCAGTCG (F) and GAGAGCCAA-
ATCACGATG (R); osr-1, CCGAACGCAGAGAGATATGG (F) and
GCGATCATATTTGCAACGAG (R); sek-1, GGCTCGGTTTATCA-
ATGAGATT (F) and AAAGACTTGTTCGCCATTCG (R); sir-2.1,
TGACAATAAGTGTGTCGCGATT (F) and ATGAGCATTCGGCT-
CCAG (R). Samples were run in triplicate (n = 3).

Solubility Assay. Solubility was determined as described by
Takashi and Seibi,*> with some modifications. A 2 g portion of each
sample was suspended in 20 mL of distilled water or ethanol at 30 °C.
The suspension was stirred for 30 min and centrifuged at 10000 rpm for
10 min. The supernatant was drained into an evaporating dish and dried
at 105 °C to constant weight. The weight of the solids recovered after
drying was used to calculate the water solubility.

Statistical Analyses. All statistical analyses were carried out by
independent f test using the Graph-Pad Prism 4.0 statistical analysis
program (San Diego, CA). All results are expressed as the mean + SD.

B RESULTS

Purification and Identification of Individual Onion Ex-
tracts. The analytical HPLC chromatograms of SK (yellow),
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Figure 1. HPLC chromatograms of the methanol-extracted fractions from different parts (peel, top; flesh, middle; core, bottom) of SK (yellow), SR
(red), and AS (white) onion cultivars at 350 nm. The following components were identified: A, quercetin 3-O-f3-p-glucopyranoside-(4—1)-f3-p-
glucopyranoside (Q3M); B, quercetin 3'-O-f3-p-glucopyranoside (Q3'G); C, quercetin.

SR (red), and AS (white) at 350 nm are shown in Figure 1. Three
flavonoid peaks (A—C) were mainly observed in the extracts of
SKand SR. On the other hand, no flavonoid peak was observed in
the AS extracts. Peaks A—C were found in the outer parts of
onion, and peak C was most abundant in the peel. The three main
flavonoids from SK peels were used for further experiments.

'H, *C 1D, and 'H-"3C 2D HSQC NMR spectra were
performed to identify peaks A—C from SK peels. 'H and *C
chemical shifts were compared with those from each spectrum
?reviously reported,” >® and the connections between 'H and

3C atoms were confirmed with "H—"*C HSQC spectra. These
analyses showed that the peaks B and C were quercetin 3'-O-f3-p-
glucopyranoside (Q3'G) and quercetin, respectively. However,
peak A was identified only as a compound with an unidentified
diglycoside attached to position 3 of the quercetin moiety.
Following the application of COSY, DQF-COSY, relayed-
COSY, TOCSY, and '"H—"3C HMBC, the arrangement of the
hydroxyls of glycosides was decided, and peak A was then
identified as quercetin 3-O-f3-p-glucopyranoside-(4—1)-f3-p-
glucopyranoside (Q3M). The chemical shift values are listed
in Table 1, and the chemical structures of the three identified
flavonoids are shown in Figure 2.

In the present study, quercetin aglycone and quercetin glyco-
sides were shown to be the main flavonoids found in onion.
Although the levels of the flavonoids differed among the peel,
flesh, and core, the presence of Q3'G, Q3M, and quercetin in
each part of the onion was confirmed by HPLC (Figure 1). This
study revealed for the first time that Q3M is present in onion,
especially in the peel and flesh, based on multiple NMR
measurements. To further characterize Q3M, we measured the
UV—vis spectrum and LC-ESI/TOF MS. Q3M had a main
absorption peak at 284 nm in the UV—vis spectrum (Figure 3A),

5929

which is different from a typical spectrum of flavonoids such as
quercetin.”” On the other hand, the LC-ESI/TOF MS pattern of
Q3M (Figure 3B) was composed of four peaks: quercetin moiety
(m/z 303), quercetin 3-O-3-p-glucopyranoside moiety (m/z
465), Q3M (m/z 627), and its sodium-bound form (m/z 649).

Total Phenolic Content and Antioxidative Activity of
Onion Extracts. The total phenolic content and antioxidative
activity of the different parts of SK, SR, and AS are shown in
Table 2. The largest portion of phenolic compounds was located
in the peels of SK and SR, which also showed potent DPPH
scavenging capacities of 11300 wmol Trolox equiv/100 g and
10400 umol Trolox equiv/100 g, respectively, much higher
values than those for other vegetables and fruits.”® 3! Moreover,
a correlation was observed between the amount of phenolic
compounds and the antioxidative activity of all three cultivars.

Antioxidative Activity of Onion Flavonoids. The DPPH
scavenging capacities of purified flavonoids from SK were also
measured and were calculated as a percentage compared with
Trolox (Table 3). Quercetin showed the most potent antiox-
idative activity, which was 4.4-fold that of Trolox. On the other
hand, Q3'G and Q3M showed decreased antioxidative activity.
The antioxidative activity of flavonoids depends on the position,
amount, and state of the hydroxyls located on the benzene ring,
with the glycosylation of these hydroxyls resulting in a decrease
of antioxidative activity.”>>> Quercetin has a catechol structure
for ring C and the hydroxyl at C-3 adjacent to the carbonyl at C-4
for ring A, which guarantees its potent antioxidative activity. On
the other hand, the glycosylation at different positions in Q3'G
and Q3M causes a reduction in antioxidative activity. Most of the
quercetin present in onion is located in the peel (Figure 1), which
suggests that this flavonoid is one of the main factors involved in
the defense of the onion against outer oxidative stress."

dx.doi.org/10.1021/jf104798n |J. Agric. Food Chem. 2011, 59, 5927-5934
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Table 1. 'H and "*C NMR Spectral Data of Components

A-C

component

A

compound

Q3M

QG

quercetin

chemical shift (ppm)
1y B

3.45 61.0
3.65,3.80 61.2
3.35 69.4
3.40 70.1
3.51 73.5
3.33 74.5
3.52 76.0
3.15 76.3
3.34 76.6
3.45 76.8
S.61 94.9
5.70 99.5
4.80 101.1
4.75 103.3
104.4

6.67 115.4
7.02 116.9
7.05 122.7
124.4

135.0

145.1

147.7

156.4

156.4

160.3

163.6

177.9

3.49,3.68 60.8
3.17,3.23 69.7
3.27 73.2
3.19,3.25 75.9
3.19,3.22 76.8
6.12 92.8
592 97.7
4.68 101.8
103.0

7.30 1149
7.0S 116.0
7.25 119.7
126.0

136.5

145.3

146.3

146.5

156.7

161.0

164.2

175.9

93.0

97.8

assignment

S-12
S-6
S-10
S-8
S-11
S-9
S-2
S-S
S-3
S-4
S-8
S-6
S-1
S-7
C-10
c2
c-s
Ccl
Cc-6

S-3
S-S
C-8

S-1
C-10
Cc'2
c'-s
C-6
Cc’-1
C-3
Cc'-4
Cc'-3

C9
C-5
C-7
C-4

C-8
C-6

Table 1. Continued
chemical shift (ppm)

component compound 'H 3¢ assignment
103.1 C-10
114.5 c'2
114.8 c-s
120.2 c'-6
122.7 c-1
135.8 C-3
144.7 c'-3
146.6 C-2
147.3 C'-4
156.7 C-9
161.0 C-§
164.1 C-7
175.9 C-4

Antiaging Activity of Onion Flavonoids and Changes in
Gene Expression Level by Q3M Treatment. Our results
confirmed that the lifespan of nematodes was extended in
S-medium containing 20 @g/mL purified flavonoids. The survi-
val curves are shown in Figure 4A. In addition, the average
lifespan and p values for each flavonoid treatment are summar-
ized in Table 4. Quercetin, Q3'G, and Q3M were associated with
1.14-, 1.12-, and 1.20-fold increases in the lifespan of nematodes,
respectively. Thus, all three flavonoids from onion peel showed
the lifespan extension effect. On the other hand, rutin, which has
a structure similar to that of Q3M, did not show any lifespan
extension effect (Figure 4B).

To support the lifespan extension effects of Q3M, we verified
whether Q3M influenced the expression level of multiple genes
that are related to lifespan extension by polyphenols.'”™® As
shown in Figure S, the expression levels of daf-16, age-1, and sir-
2.1 did not show significant difference by Q3M treatment. On the
other hand, the expressions of daf-2, old-1, osr-1, and sek-1 were
enhanced by 1.38-, 15.3-, 2.85-, and 1.45-fold, respectively. This
result indicates that Q3M in fact stimulates the expression of several
related genes to lifespan extension of nematodes. In particular,
Q3M largely elevated the expression level of old-1, which is a gene
responsible for stress resistance and adult longevity.**

Solubility of Onion Flavonoids. Q3M showed the highest
antiaging activity among the three flavonoids. However, the
mechanism by which Q3M prolonged the lifespan of the
nematodes remains unclear. On the other hand, previous studies
have reported that the solubility of hesperidin was increased
10000 times by hydrolysis, which highly improved the bioavail-
ability and inhibitory activity to the loss of thighbone tissue and
the increase in blood cholesterol in mice.>>3° In addition, it has
been reported that the glycosylation of quercetin improved the
bioavailability in humans.>”** Therefore, the solubilities of the
three flavonoids were examined and are shown in Table 5. The
results showed that Q3M had the best water solubility, which
may play a role in its high bioavailability and lifespan extension
effect. In other words, hydrophilicity might be one of the
important factors affecting lifespan extension.

To examine the relationship between hydrophilicity and life-
span extension, rutin was selected for further experiments. Rutin
has a structure similar to that of Q3M but with low hydrophilicity
(Figure 2 and Table S) and high antioxidative activity. ? Rutin

5930 dx.doi.org/10.1021/jf104798n |J. Agric. Food Chem. 2011, 59, 5927-5934
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Figure 2. Chemical structures of components A, B, and C from onions and of a reference component D, rutin.
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Figure 3. UV—vis spectrum (A) and LC-ESI/TOF MS spectrum (B) of
Q3M. Q3M showed a main absorption peak at 284 nm, and the LC-ESI/
TOF MS pattern of Q3M was composed of four peaks: quercetin moiety
(m/z 303), quercetin 3-O-f3-D-glucopyranoside moiety (m/z 465),
Q3M (m/z 627), and its sodium-bound form (m/z 649).

(20 pug/mL) increased the lifespan of nematodes an average of
0.99-fold compared with the control; that is, it had no effect on
lifespan (Figure 4B). This finding confirmed the close correlation

Table 2. Total Phenolic Content and Antioxidative Activity
of Different Parts of the SK (Yellow), SR (Red), and AS
(White) Onion Cultivars

SK SR AS

451+ 0.6 0.47 £ 0.01
11300 4 4970 10400 4= 480 25.1 +0.2

peel total phenolic content®  $3.6 & 3.0

antioxidative activity”

flesh total phenolic content” 1.74 &= 0.01
613 =44

0.85+0.01 0.38£0.01
antioxidative activityl’ 676+ 17 449+27

core total phenolic content” 1.08 £0.06 ~ 0.72 £ 0.02  0.74 £ 0.07
24.3 £ 09 43.6 £ 0.6 119.0 £ 7.7

“Total phenolic content is expressed as mg gallic acid equivalents
(GAE)/g dry weight. ” Antioxidative activity is expressed as gimol Trolox
equivalents (TE)/100 g dry weight.

antioxidative activity”

Table 3. Antioxidative Activity of Q3M, Q3'G, and Quercetin
Obtained from SK Compared with Those of a Standard
Material, Trolox

Trolox Q3M QG

quercetin

550+13 856+04 437+11

“ Antioxidative activity is expressed as the relative DPPH scavenging
capacity (with the activity of the standard material Trolox taken as 100%) .

antioxidative activity” 100

between hydrophilicity and lifespan extension. In addition, it was
found that rutin does not readily dissolve in ethanol, a typical
ampbhipathic solvent, whereas Q3'G and quercetin had relatively
high solubility in ethanol (Table S). This characteristic of rutin
may be one of the reasons why it had no lifespan extension effect.

W DISCUSSION

Onions make a regular appearance on almost every dinner
table in the world and make a major contribution to the total

5931 dx.doi.org/10.1021/jf104798n |J. Agric. Food Chem. 2011, 59, 5927-5934
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Figure 4. Survival curves of C. elegans following treatment with (A) 20
ug/mL Q3M, Q3'G, and quercetin (purified from SK) and (B) 20 ug/

mL rutin.

Table 4. Average Lifespan of Nematodes following Treat-
ment with Q3M, Q3'G, and Quercetin Obtained from SK

av lifespan rel lifespan” worm count P
control 22.5+£04 1.00 90
QM 272+13 1.20 85 <0.0001
Q3G 253 +12 1.12 83 0.0274
quercetin 258+19 1.14 82 0.0010

“Relative to that of the control, which was normalized as 1.00.

20 -
18 -

[l =
[
PR

Relative RNA level
(=]

B *% *
4 .
control age-1 daf-2 daf-16 old-1 osr-1 sek-1 sir-2.1

(= ]
.
*

Figure 5. Relative RNA level of daf-2, old-1, osr-1, and sek-1 after Q3M
treatment. Compared with control, worms treated with 20 ug/mL Q3M
exhibited enhanced expression of daf-2, old-1, osr-1, and sek-1 (up-
regulation of 1.38-, 15.3-, 2.85-, and 1.45-fold, respectively). The house-
keeping gene act-1 was used as an internal control. %, p < 0.05; **, p < 0.01.

intake of dietary flavonoids. More than 50 flavonoids have been
identified so far in onion scales." Among them, quercetin and
quercetin glycosides are the most predominant flavonoids in all
onion cultivars. In the present study, quercetin and Q3'G were
identified, which is in accordance with previous results, >
and Q3M was purified for the first time in onion bulbs and
identified by multiple NMR measurements.

Table S. Solubility (Milligrams per Milliliter) of Q3M, Q3'G,
Quercetin (Obtained from SK), and a Reference Component,
Rutin

QM Q3G quercetin rutin
water 402403 0.20 £0.03 0.20 £0.05 0.10£0.02
ethanol 8.0 +02 50.1+0.5 262+02 4.0+£0.6

Although the free radical theory of aging has been put forward
for about 60 years, continuous attention is still being paid to the
relationship between the antioxidative activity and the antiaging
activity of antioxidants. In the present study, the antioxidative
activity and the antiaging activity were evaluated using the same
flavonoids to verify the correlativity between the two types of
activity. Quercetin showed more potent antioxidative activity
than Q3M or Q3'G, whereas Q3M exhibited the most powerful
antiaging activity. This result indicates that there is no direct
correlation between the antiaging activity and the antioxidative
activity of onion flavonoids. A recent study similarly reported that
a direct antioxidative effect was unlikely to be the main factor
responsible for the modulation of nematode lifespan.** One of
the reasons for this conclusion is the low bioavailability of
flavonoids: quercetin, for example, accounts for <1% of the
normal total intake due to its poor solubility, degradation caused
by digestive enzymes, and rapid excretion.”** In addition, the
concentration of flavonoids in plasma or organs is lower than the
concentrations of ascorbic acid and @-tocopherol, which are
recognized as small molecular antioxidant nutrients.** In the
present study, quercetin showed a lifespan extension effect,
whereas Q3M exhibited the most potent lifespan extension effect
probably due to ameliorated bioavailability caused by higher
hydrophilicity. The main action of Q3M is considered to be the
modulation of signal transduction and induction of stress toler-
ance, rather than antioxidants.

Q3M enhances several genes related to lifespan extension such
as daf-2, old-1, osr-1, and sek-1 (Figure S). Resveratrol is well-
known as a polyphenol with antiaging activity, and its effect on
lifespan extension is dependent on sir-2.1 but independent of daf-
16 On the other hand, the antiaging activity of quercetin is
mediated by age-1, daf-2, and sek-1 without involvement of osr-1,
which is responsible for lifespan extension induced by blueberry
polyphenols, and sir-2.1."” The genes related to the antiaging
activity of Q3M are different from those of resveratrol and are not
completely consistent with those of quercetin. Although many
possibilities exist upon Q3M exposure, one major reason might
be the improved stress resistance due to the up-regulated genes,
especially old-1 (15.3-fold).

Flavonoids do benefit health in an interesting way: the body
recognizes them as xenobiotic compounds because they are good
substrates and inducers of phase II enzymes, which are respon-
sible for removing foreign compounds.*®*” Low doses of flavo-
noids (<50 uM for various cell lines and 100 #M for nematodes
due to the low bioavailability) act as cell-signaling modulators
inside cells and may cause hormesis, a phenomenon resulting in
increased stress resistance, enhanced damage repair, and some-
times lifespan extension in diverse species and cell lines in
response to mild stressors.***** However, increased concentra-
tions (>100 uM) will activate the caspase pathway, leading to
apoptosis.”®>* Thus, the concentration of flavonoids used in the
present study (20 ug/mL, comparable to 66 uM quercetin) is
considered to be a functionally low dose, and Q3M, which was
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purified from onion bulbs for the first time and showed the most
potent lifespan extension effect among the three flavonoids
examined, may have potential for use as a health care product.
In addition, the peel of the onion, which contains considerable
quantities of quercetin and quercetin glycosides, is usually
discarded during processing and cooking. Therefore, the extrac-
tion of the flavonoids from the peel would help not only in
reducing waste but also in recovering useful compounds that
could greatly benefit human health.
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