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Quercetin is a major flavonoid in the human diet and the most commonly used in studies of biological
activity. Most of the knowledge about its biological effects has originated from in vitro studies while
in vivo data are scarce. Quercetin mostly occurs in foodstuffs as glycosides that are deglycosylated
during absorption and further submitted to different conjugation reactions. Methylation to
isorhamnetin (quercetin 3’-O-methylether) or tamarixetin (quercetin 4'-O-methylether) seems to be an
important conjugation process in quercetin metabolism. In this work, the effects of quercetin and its 3'-
and 4'-O-methylated metabolites on the phenotypic characteristics, stress oxidative resistance,
thermotolerance and lifespan of the model organism Caenorhabditis elegans have been assessed. The
three assayed flavonols significantly prolonged the lifespan of this nematode with an increase from 11%
to 16% in the mean lifespan with respect to controls. However, only quercetin significantly increased the
reproductive capacity of the worm and enlarged the body size. Exposure to the assayed flavonols also
increased significantly the resistance against thermal and juglone-induced oxidative stress, although
differences were found depending on the stage of development of the worm. Thus, quercetin offered
greater protection when thermal stress was applied in the 1st day of adulthood, whereas tamarixetin
was more efficient in worms submitted to stress in the 6th day of adulthood. Similarly, significantly
greater protection was provided by quercetin than by its methylated derivatives at the 1st day of
adulthood, whilst quercetin and isorhamnetin were equally efficient when the oxidative stress was
induced in the 6th of day of adulthood. Further evidence of antioxidant protection was obtained
checking the oxidation status of proteins by the OxyBlot™ detection kit. Analyses by HPLC-DAD-
ESI/MS confirmed that the three flavonols were taken up by C. elegans leading to the formation of
some glycosylated, sulfated and methylated metabolites, and that demethylation of these latter to
quercetin was also produced. Quantification of the levels of quercetin, isorhamnetin and tamarixetin, as
well as their detected metabolites indicated a greater uptake of quercetin than its methylated derivatives
by the nematode.

antithrombotic and anti-carcinogenic activities.® Also quercetin is
an effective inhibitor of xanthine oxidase and lipoxygenase,
enzymes involved in processes such as inflammation, atheroscle-
rosis, cancer and ageing.”® Most of the knowledge about quercetin
has originated from in vitro studies while in vivo data that take into
consideration the complex interplay of diverse processes like
uptake, metabolism and organ and tissue interactions within
a whole animal are more limited.® In order to overcome this
limitation and to gain additional knowledge about the effects of
flavonoids in an in vivo model, some studies have been carried out
with the nematode Caenorhabditis elegans, especially with respect
to stress resistance and ageing.'®® Beside others, the reasons for
using C. elegans as an in vivo model are the ease of handling, its
well-defined cell lineages and development stages that make it an

1. Introduction

A large number of epidemiological studies have demonstrated
that the intake of dietary flavonoids is inversely associated with
the risk of coronary heart disease, cancer and immuno disfunc-
tions.’™* Quercetin is the main flavonol in the human diet and the
most commonly used in studies of biological activity. Much
attention has been paid to its antioxidant and free radical scav-
enging properties® and biological activities, such as
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attractive model animal to identify physiological roles of chem-
icals, and the fact of having its complete genome sequence and the
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vast genetic information about it.?° Furthermore, the multicellu-
larity of this organism with the presence of tissue and organ
systems raises the possibility to consider the metabolism of
compounds. The worms exhibit many behavioural phenotypes
including egg laying, locomotion, chemotaxis, stress response etc.,
which are well employed in developmental biology, genetics and
neurobiology studies.'? In past decades, many key discoveries
with relevance for mammals have been made in C. elegans. This
was possible because there is a strong correlation between C.
elegans and mammals in cellular and molecular principles and for
60-80% of the human genes homologues have been identified in
C. elegans.®**!

Studies with blueberry and Ginkgo biloba extracts rich in
polyphenols have provided evidences that C. elegans responds
upon exposure to these extracts with increased stress oxidative
and thermal resistance and even extended lifespan in wild type
worms.'®!'132223 Tt has been observed that thermal stress
increased reactive oxygen species (ROS) accumulation in worms
in a time dependent manner, which suggests that an important
component of the toxicity of heat could be the elevated genera-
tion of ROS.*" Flavonols such as quercetin, kaempferol, fisetin
and rutin reduced the intracellular ROS accumulation at thermal
stress. !5 Quercetin shows higher antioxidant activity than other
flavonols, which may explain its greater protective effects against
lethal thermal stress and the reduction in accumulation of the
ageing marker lipofuscin,'*!¢ a pigment resulting from oxidative
degeneration of cellular components and also correlated with the
process of ageing in C. elegans.**** Other results suggested that in
addition to these beneficial effects, quercetin influences the
expression of the phase II metabolism enzyme glutathione S-
transferase GST-4, a marker for intracellular oxidative stress,
and also affects cellular signalling.'* Various studies have shown
that the protective and life prolonging action of quercetin in
C. elegans was not only due to its strong antioxidant capacity but
it may also be mediated by modulation of the FoxO transcription
factor DAF-16, which could have a crucial function in several
signalling cascades controlling the stress response, the process of
ageing and other important biological functions in
C. elegans.*>18

The uptake of compounds is an essential prerequisite for the
ability to cause systemic effects. However, few studies exist about
the metabolism and bioavailability of flavonoids by C. elegans.
As far as we know, the only study available concerning quercetin
was carried out in liquid medium by Kampkotter et al,'® who
observed that quercetin was taken up by C. elegans although no
possible metabolites generated by the worm were detected.

Flavonols like quercetin mostly occur in foodstuffs as glyco-
sides and, in general, in humans the first step in their metabolism
is likely to be deglycosylation before absorption in the small
intestine.?**” During transfer across the enterocyte, and, subse-
quently, in the liver, quercetin undergoes O-methylation and
other conjugation reactions, namely glucuronidation and sulfa-
tion by phase II enzymes. Although it has never been shown,
some of these reactions might also take place in C. elegans, once
the major pathways of intermediary metabolism found in
heterotrophic organisms are also present in C. elegans,® and
databases such as Wormbase, Reactome and KEGC show that
C. elegans possesses orthologs for most of the enzymes involved
in the main pathways of intermediary metabolism. Even though

the nematode has no distinct adipose tissue or liver, some of their
functions might be expressed in other tissues such as the intes-
tine.? For instance, glycosyltransferases, which function in
carbohydrate metabolism, appear to be expressed in the digestive
tract of the worm.3®3!

Methylation to isorhamnetin (quercetin 3’-O-methylether) or
tamarixetin (quercetin 4’-O-methylether) seems to be an impor-
tant step in quercetin metabolism. Conjugated metabolites are
likely to possess different biological properties than parent
compounds do. A decrease in the in vitro antioxidant activity of
quercetin following methylation of the hydroxyl groups was
found in different studies.’>3* However, to our knowledge, no
studies exist concerning the effect of methylated metabolites of
quercetin on C. elegans.

In the present work, the effects of quercetin and its 3'- and 4'-
O-methylethers (Fig. 1) on the phenotypic characteristics, stress
oxidative resistance, thermotolerance and lifespan of C. elegans
have been assessed. Furthermore, the uptake of the assayed
compounds by the worm was confirmed and some metabolites of
their biotransformation identified by HPLC-DAD-ESI/MS.

2. [Experimental
2.1. Standards and reagents

Quercetin was purchased from Sigma-Aldrich (Madrid, Spain).
Ampicillin sodium salt, nistatine, agar, yeast extract, juglone and
cholesterol were purchased from Sigma-Aldrich (St. Louis,
USA). Isorhamnetin, tamarixetin were purchased from Extra-
synthese (Genay, France). HPLC-grade methanol, acetonitrile,
dimethyl sulfoxide (DMSO), calcium chloride and magnesium
sulfate were purchased from Merck KGaA (Darmstadt, Ger-
many), CarloErba (Rodano, Italy), and Scharlau Chemie (Bar-
celona, Spain), respectively. Peptone from soybean and tryptone
medium were purchased from Fluka (Switzerland).

2.2. Strains and maintenance conditions

C. elegans strains wild type N2 were obtained from the Caeno-
rhabditis Genetics Centre at the University Minnesota
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Fig. 1 Structures of quercetin, isorhamnetin and tamarixetin.
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(Minneapolis, USA). All strains were routinely propagated at
20 °C on nematode growth medium (NGM) plates with
Escherichia coli strain OP50 as a food source.?® Some assays were
also performed using heat killed bacteria (30 min at 65 °C).3¢

Synchronisation of worm cultures was achieved by treating
gravid hermaphrodites with bleach (12% sodium hypochlorite).
The eggs were incubated in buffer M9 (3 g KH,POy, 6 g
Na,HPOy, 5 g NaCl, 1 mL 1M MgSO,4, H,O to 1 L) for one day
up to the embryos hatched at the L1 stage, and were then
transferred to NGM plates. For the assays in the presence of the
different assayed flavonols, stock solutions (200 mM) of each
compound were prepared in DMSO and incorporated into the
culture medium to a final concentration of 200 uM. Since the
studied flavonols tended to partially precipitate during
the preparation of the plates, these were placed on an ice bath so
quick solidification of the agar was produced, which avoided
compound separation. NGM plates containing DMSO at the
same final concentration as the one used in the assays with
flavonols (i.e., 0.2% DMSO, v/v) were also prepared and used as
control assays.

2.3. Lifespan assay

Age synchronized young larvae (L1) were transferred to NGM
agar plates (@ 96 mm) containing quercetin, isorhamnetin or
tamarixetin (200 uM) and grown at 20 °C, the optimal culture
temperature for C. elegans. Once the worms reached the last
larval stage (L4) they were transferred with a platinum wire to
new treatment plates (& 35 mm). This moment was considered as
the first time point for the counting of surviving worms. Fifteen
animals were transferred per plate. Assays for each compound
were performed in at least 100 nematodes. For six consecutive
days until the cessation of egg laying the worms were transferred
daily to avoid overlapping generations; further the worms were
transferred every two days. Worms were scored as dead if they
did not respond to touch stimulus with the platinum wire. Three
independent assays were carried out with each flavonol.

2.4. Body length measurement

Synchronized young larvae (L1) were transferred to treatment
plates and grown at 20 °C for 6 days to adulthood. Nematode
length was determined from about 10 individuals per trial by
means of a microscope (Leica M205 FA, Germany) equipped
with a camera (Leica DFC 420), coupled to an Leica Application
Suite V3 data processing software, after killing by heat treatment
at 45 °C for 2 h. Each assay was performed at least three times.

2.5. Reproduction assays

L4 larvae pre-treated in flavonol containing plates (10 per
treatment) were transferred individually to treatment and control
plates and moved to each day until reproduction ceased. The
offspring of each animal was counted at the L2 or L3 stage to
verify that eggs were fertile. Assays for each compound were
performed three times.

2.6. Assessment of resistance to oxidative stress

Immediately after the bleaching procedure, N2 eggs were incu-
bated in buffer M9 until the hatching of the eggs (L1 stage). L1
larvae were transferred to NGM agar plates containing the
different flavonols at a concentration of 200 uM and cultivated
to adulthood. Afterwards, adult worms were transferred to
NGM agar plates containing 150 uM juglone, a redox cycler that
generates an intracellular oxidative stress,?” and cultivated for
24 h at 20 °C. In order to evaluate if the stage of development of
the worm had an influence in the resistance against oxidative
stress, two different assays were performed, in the first one the
animals were transferred to the juglone medium the 1st day of
adulthood (young adults), and in the second one the 6th day of
adulthood. Control assays in plates prepared with only the
solvent (0.2% DMSO) without flavonols, were also performed in
parallel. The survival of the worms was monitored every 8 h and
after 24 h by touch-provoked movement. Worms that reacted to
the mechanical stimulus were scored as alive whereas non-
responding worms were considered to be dead. All assays were
performed three times using about 100 individuals per treatment
and controls.

2.7. Assessment of resistance to thermal stress

The survival of the worms at the lethal temperature 35 °C was
also evaluated at two stages of development (1st and 6th day of
adulthood). L1 nematodes were placed onto treatment and
control plates at 20 °C until they reached the first day of adult-
hood, in which they were switched to 35 °C for 8 h. Besides,
a further assay was made with worms that were kept on the
flavonol treatments five days more (6th day of adulthood) prior
to induce the thermal stress. Afterwards, dead and alive nema-
todes were counted. Assays were performed with approximately
100 nematodes per treatment.

2.8. Uptake of flavonols by C. elegans

After synchronisation, L1 larvae (wild type N2 worms) were
incubated for 4-6 days on NGM agar plates supplemented with
the different flavonols at a final concentration of 200 uM using
either live or dead E. coli OP50 as food source for the worms.
Plates prepared with 0.2% DMSO were employed as controls.
After the incubation, the worms were washed successively once
with water, followed by twice with PBST (PBS + 0.01% Tween
20), once with PBS and at lastly with water. The remaining worm
pellet was resuspended in methanol and kept at —20 °C for 12 h.
Afterwards, samples were homogenised on a Genius 3 vortex for
1 min, and sonicated for 5 min with a Labsonic 1510 (Braun,
Germany). Samples were then centrifuged for 10 min at 13,000 g
and 4 °C, the supernatant was collected and the process of
extraction repeated three times. The methanolic extracts were
combined and dried in a centrifugal concentrator micVac
(GeneVac, Ipswich, United Kingdom) The residue was dissolved
in 100 pL. methanol : water (20 : 80, v/v) for HPLC-DAD-ESI/
MS analysis.

The remaining worm pellet after the extraction process was
also collected and submitted to digestion according to Reinhart
and Ruvkun®® so as to determine the protein content by the
Bradford method.*

This journal is © The Royal Society of Chemistry 2011
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2.9. HPLC-DAD-ESI/MS analyses

Analyses were carried out in a Hewlett-Packard 1100 chro-
matograph (Agilent Technologies, Waldbronn, Germany) with
a quaternary pump and a diode array detector (DAD) coupled to
an HP Chem Station (rev. A.05.04) data-processing station. An
Ascentis ™ RP-Amide 3 pm (2.1 x 150 mm) column thermo-
statted at 30 °C was used. The solvents used were: (A) 0.1%
formic acid, and (B) acetonitrile. A elution gradient was estab-
lished from 15 to 50% B over 15 min, isocratic 50% B for 10 min,
from 50 to 75% B over 3 min, isocratic 75% B for 10 min, and re-
equilibration of the column, at a flow rate of 0.2 mL min~".
Double online detection was carried out in the DAD using
370 nm as a preferred wavelength and in a mass spectrometer
(MS) connected to an HPLC system via the DAD cell outlet. MS
detection was performed in an API 3200 Qtrap (Applied Bio-
systems, Darmstadt, Germany) equipped with an ESI source and
a triple quadrupole-ion trap mass analyzer that was controlled by
the Analyst 5.1 software. Zero grade air served as the nebulizer
gas (30 psi) and turbo gas for solvent drying (400 °C, 40 psi).
Nitrogen served as the curtain (20 psi) and collision gas
(medium). The quadrupols were set at unit resolution. The ion
spray voltage was set at —4500 V in the negative mode. Precursor
ion analysis was employed to detect all the precursor ions that
fragment to a common product ion (i.e., m/z 301 corresponding
to quercetin). Settings used were: declustering potential (DP)
—40 V, entrance potential (EP) —10 V, collision energy (CE)
—50V, and cell exit potential (CXP) —3 V. Enhanced product ion
(EPI) mode was further performed in order to obtain the
fragmentation pattern of the parent ion(s) of the studied transi-
tion in the previous experiment using the following parameters:
DP —50 V, EP —6 V, CE —25 V, and collision energy spread
(CES)0 V.

Quantitative analysis of the assayed flavonols and detected
metabolites was performed from their chromatographic peaks
recorded at 370 nm by comparison with calibration curves
obtained by injection of increasing concentrations of quercetin,
isorhamnetin and tamarixetin. The results were expressed
referred to worm protein as pg of compound/mg protein.

2.10. Quantification of mRNAs by real-time PCR

L1 larvae were transferred to NGM agar plates 8 plates, @
96 mm) containing quercetin, isorhamnetin or tamarixetin
(200 uM) and grown at 20 °C; worms cultivated in plates without
flavonols were used as controls. After 6 days they were collected
from plates, washed with water three times, frozen with liquid N,
and homogenized in a mortar maintained in liquid N,. Total
RNA was isolated from the homogenate using RNA easy kit
from Qiagen. Reverse transcription was performed using Tran-
scriptor First Strand cDNA Synthesis Kit (Roche, Mannheim,
Germany) and cDNA was produced by random priming. The
RT-PCR primers were as follow: [let-767, 5'-CGGATA
CATCACGCATCAAC, 5-TCTTTCTGAGAGCAGCAGCA,;
act-1, 5- CCAGGAATTGCTGATCGTATG, 5-GGA
GAGGGAAGCGAGGATAG; ama-1, 5-CTGACCCAAA
GAACACGGTGA, 5-TCCAATTCGATCCGAAGAAGC,;
18s,  5'-TTCTTCCATGTCCGGGATAG, 5-CCCCACT
CTTCTCGAATCAG; mRNA expression was performed in

triplicate in an Applied Biosystem 7300 real time PCR detection
system. The dissociation curve was determined to confirm
a unique amplification; act-1, ama-1 and 18s were taken as the
internal controls. The differences of expression were determined
by relative quantification method taking act-1, ama-1 and 18s
mRNA as the normalizers.

2.11. OxyBlot analysis

The oxidation status of proteins was determined using the
commercial OxyBlot™ protein oxidation detection kit (Milli-
pore, USA). L1 larvae were transferred to NGM agar plates (8
plates, @ 96 mm) containing quercetin, isorhamnetin or tamar-
ixetin (200 uM) and grown at 20 °C; worms grown in plates
without flavonols were used as controls. After 6 days they were
collected from plates and washed with water three times. The
worm pellet was resuspended in 2 volumes of ice-cold lysis buffer
(150 mM NacCl, 50 mM Tris-HCI pH 8, 1% Nonidet P40 and
protease inhibitor cocktail), and the mixture was homogenized
on a vortex during 30 min to allow cuticle breakdown. Lysates
were centrifuged at 10,000 g for 30 min and the supernatant
collected for protein analysis. Protein concentrations were
determined by the BCA method (BCA™ Protein Assay Kit,
Pierce, Rockford, USA). Afterwards, the derivatization of
protein carbonyls with DNPH solution and subsequent detection
using the Oxyblot™ protein oxidation detection kit was per-
formed. Assays were carried out in duplicate, using two amounts
of proteins: 15.5 and 6.5 pg. The protein was derivatized and
separated on SDS polyacrylamide. Following separation, the
gels were transferred to a PVDF membrane, probed with the
primary and secondary antibodies provided in the kit and
developed using enhanced chemiluminescence (ECL Plus
Western Blotting Detection System, Amersham™ Buck-
inghamshire, UK). Membrane was stripped and reprobed using
Actin (H-300):sc-10731 antibody (Santa Cruz Biotechnology,
inc., CA, USA).

2.12. Statistical analysis

The data of the lifespan assays were processed using the Kaplan-
Meier survival analysis using the PC software package SPSS
(version 13.0; SPSS Inc., Chicago). The p values were calculated
by Kaplan-Meier long-rank pair-wise comparison between the
control and the treated flavonol groups. Statistical analysis was
performed by one-way analysis of variance (ANOVA). Signifi-
cant differences were assessed with an LSD test (p < 0.05).

3. Results
3.1. Preliminary assays

Prior to the studies with C. elegans, the stability of the assayed
compounds in the culture media was checked. With this aim,
NGM media containing each of the flavonols were prepared,
distributed in plates and kept at 20 °C for 30 days. The
compounds extracted from the plates with methanol : water
(80 : 20, v/v) were analysed every 5 days by HPLC-DAD-ESI/
MS. The results obtained showed that the compounds remained
stable in the media during the assayed period, and that no
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significant decrease in their concentrations was produced (neither
products of their possible degradation were formed).

3.2. Effects of isorhamnetin, tamarixetin and quercetin on
C. elegans

A. Phenotypic characteristics. The treatment with tamarix-
etin or isorhamnetin (200 uM) did not lead to significant differ-
ences (p < 0.05) in the body length of nematodes measured at the
6th day of adulthood with respect to controls (untreated
animals). A slight reduction of the worm’s size of approximately
4% was observed in the worms exposed to tamarixetin although
it was found not to be significant. However, treatment with
quercetin significantly enlarged the body size by around 11%
(Fig. 2A).

Exposure to quercetin (200 puM) slightly but significantly
increased (p < 0.05) the reproductive capacity of C. elegans (9%)
with respect to the controls, whereas no significant differences in
total reproduction output were induced by isorhamnetin and
tamarixetin compared to the untreated worms (Fig. 2B). In all
cases the reproduction started on the first day of adulthood and
was completed on the 4th day.
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Fig. 2 Influence of isorhamnetin, tamarixetin and quercetin on nema-
todes length (A), and reproduction (B). Results were evaluated at the 6th
day of worm adulthood. Assays were performed at a concentration of
200 uM of the assayed flavonols in the culture media. The error bars
represent standard deviation (n = 20). Different letters indicate the
existence of significant differences (p < 0.05).

In order to check if this effect on reproduction may be due to
an interference of the estrogenic metabolism, the influence of the
studied flavonols on the expression of LET-767, an enzyme that
shares the highest homology with human 17-beta-hydroxysteroid
dehydrogenases (types 3 and 12), was explored. It has been
shown that mutations that inactivate LET-767 affect growth,
reproduction and development in C. elegans.*® Quantification of
mRNA of LET-767 enzyme by real time PCR was performed
using three internal controls (act-1, ama-1 and 18s). The obtained
results suggested that quercetin and isorhamnetin could signifi-
cantly up-regulate the expression of the estrogenic metabolism
gene let-767 with respect to worms without treatment when act-1
was used as internal control. However, no relevant differences in
the expression of gene let-767 with respect to the untreated
worms were observed when the other two internal controls (ama-
1 and 18s) were used.

B. Thermal stress resistance. Fig. 3 shows the rates of
survival of worms exposed to thermal stress (35 °C, 8 h) in the 1st
day (young adults) and 6th day of adulthood, after pre-treatment
with quercetin or its methylated derivatives (200 uM). In all cases
previous exposure to the flavonols significantly increased the
thermoresistance of C. elegans compared to untreated animals.

A) 1%t day of adulthood

%% survival

B) 6" day of adulthood

b b

% survival

Fig. 3 Resistance against thermal stress after pre-treatment with iso-
rhamnetin, tamarixetin or quercetin (200 uM). Results obtained at the 1st
day (A), and 6th day of worm adulthood (B). The error bars represent
standard deviation (n = 20). Different letters indicate the existence of
significant differences (p < 0.05).
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The enhancement in the survival rate produced by quercetin
(+17%) was significantly greater that the one induced by its
methylated derivatives (+5-7%) when the stress was applied at
the 1st day of adulthood (Fig. 3A). The increase in the survival
rates was higher in the worms thermally stressed at the 6th day of
adulthood (Fig. 3B), being the greatest effect observed for tam-
arixetin (+39% increase in the survival percentages in relation to
the control), although differences among the three studied
compounds were not significant (p < 0.05).

C. Ocxidative stress resistance. The efficiency of the pre-
treatment with the assayed flavonols (200 uM) to prevent
oxidative stress induced by juglone (150 uM, 24 h), a pro-oxidant
able to convert oxygen to the superoxide radical anion,*” was also
checked. As it can be observed in Fig. 4A, the rates of survival
significantly increased in the flavonol-pretreated worms when
they were exposed to juglone in the 1st day of adulthood
compared to the controls. A significantly greater protection was
provided by quercetin (increase of around 12% in the survival
rate) than by its methylated derivatives (+9 to 10%). An increase
in the survival percentages was also found in the worms treated
with quercetin or isorhamnetin (around +15% in both cases), but

A) 1% day of adulthood

% survival

% survival

Fig. 4 Resistance against juglone-induced oxidative stress after pre-
treatment with isorhamnetin, tamarixetin or quercetin (200 uM). Results
obtained at the 1st day (A), and 6th day of worm adulthood (B). The
error bars represent standard deviation (n = 20). Different letters indicate
the existence of significant differences (p < 0.05).

not in the case of tamarixetin when the oxidative stress was
induced in the 6th of day of adulthood (Fig. 4B).

To verify the oxidation status of proteins in C. elegans treated
with the different flavonols and controls, an assay using the
commercial OxyBlot™ kit was performed. Negative controls for
each of the samples were used (proteins that have not been
derivatized). Fig. 5 shows that the worms treated with flavonols
presented a marked decreased in the oxidation of proteins with
respect to untreated animals. Lower density was found in the
bands of the worms treated with quercetin, suggesting that it
provided greater protection against protein oxidation in the
worms than its methylated metabolites.

D. Lifespan. Fig. 6 shows the curves of survival of wild-type
C. elegans grown at 20 °C in media containing isorhamnetin,
tamarixetin or quercetin compared with untreated worms. In the
first stage (during the reproductive period) greater rate of worm
death was observed in the assays containing the studied
compounds than in the control. However, in further stages of
worm development a significant increase in the lifespan of
C. elegans was produced in the presence of the compounds. The
results shown in Table 1 revealed that the greatest effect was
provided by isorhamnetin with an increase of 16% in lifespan
with respect to the control (18.2 days vs. 10.5 days), whereas
quercetin and tamarixetin increased it by 11%. Isorhamnetin also
provided the maximum lifespan calculated as the mean of the
longest living 10% of each population (increase of 16% with
respect to the control). The long-rank test revealed the different
treatments with flavonols were significantly different with respect
to the controls (p < 0.05).

3.3. Uptake of quercetin, isorhamnetin and tamarixetin by
C. elegans

The uptake of the studied flavonols by C. elegans was assayed in
media containing either live or dead E. coli OP50 as a food source
for the worms. After 4-6 days of incubation at —20 °C, the
worms were collected and homogenised in methanol as described
in the experimental section, and the obtained extracts analysed
by HPLC-DAD-ESI/MS. In all cases the presence of assayed
flavonols and some related metabolites was observed in the
chromatograms (Fig. 7), confirming the incorporation of the

Fig. 5 Influence of quercetin, isorhamnetin and tamarixetin in the
protein oxidation evaluated by the OxyBlot™ kit. Non-derivatized
proteins were used as negative controls for each sample. Membrane was
re-probed with actin antibody to allow loading variation.
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Fig. 6 Rates of C. elegans survival obtained in culture media containing 200 uM of isorhamnetin, tamarixetin or quercetin, compared to a control of

untreated worms.

compounds by the worm. Identical results were obtained in the
assays performed with live and dead bacteria, confirming that the
latter were not influencing the uptake of the flavonols by
the nematodes and that the metabolites observed resulted from
biotransformation by C. elegans and not by the bacteria.

Table 2 shows the results of the HPLC-DAD-ESI/MS analyses
in the assays with the different flavonols and the tentative iden-
tification of the metabolites detected. None of the metabolites
was observed in the control assays (worms grown in media
containing 0.2% DMSO without flavonols), which confirmed
that they actually derived from transformation of the assayed
flavonols.

In the assays carried out with quercetin (chromatogram in
Fig. 7A) eight peaks corresponding to quercetin-related meta-
bolites were unequivocally detected. Peaks 1, 2 and 4 showed
Amax at 354 nm and a precursor ion at m/z 463, releasing one
fragment ion at m/z 301 (quercetin) by loss of a hexose moiety

(—162 amu), indicating that they were quercetin glycosides. Only
peak 1 could be fully identified as quercetin 3-O-glucoside by
comparison of its retention, UV and mass spectral characteristics
with our data library and a commercial standard. Peaks 6, 7 and
8 showed a precursor ion at m/z 543, and a daughter ion at m/z
301 (quercetin), suggesting the loss of one hexose (—162 amu)
and one sulfate (—80 amu) moieties. This was confirmed by
analysis in enhanced product ion (EPI) mode, where the parent
ion (m/z at 543) yielded two fragments at m/z 381 ((M-H-162]")
and at m/z 301 ([M-H-162-80]7). Thus, these compounds were
assigned as quercetin sulfate-glycosides. The successive losses of
the sugar and sulfate moieties suggest that they were located at
different positions on the quercetin, although the precise position
of substitution could not be concluded. Peaks 8 and 9 corre-
sponded to quercetin and isorhamnetin, respectively. The
formation of this latter also suggests the existence of methyl-
transferase activity by the nematode.

Table 1 Influence of quercetin, isorhamnetin and tamarixetin (200 mM) on adult lifespan of C. elegans under normal growth conditions at 20 °C?

Treatment Mean (days) Median (days) Maximum (days)” n p vs. control
Control 157 £0.5 14.0 £ 0.6 293+ 1.0 304

Quercetin 174 £ 0.5 18.0 £ 0.8 30.8 +£2.0 309 0.008
Isorhamnetin 18.2 £ 0.6 18.0 £ 0.7 34.0 + 0.6 314 0.000
Tamarixetin 17.5+£0.5 18.0 £ 0.7 28.7 £ 0.5 309 0.018

“ Maximum lifespan was determined as the mean life span of the longest living 10% of each population. > Mean + standard deviation (n = 3). Statistical
significance was calculated by long-rank testing, changes in mean lifespan are considered significant at p < 0.05.
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Fig. 7 HPLC chromatograms recorded at 370 nm of extracts of C. elegans obtained after incubation of the worms for 5 days in culture media con-
taining quercetin (A), isorhamnetin (B) or tamarixetin (C). Peaks identified as metabolites of the assayed flavonols are marked with numbers. See Table 2
for peak identities.
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In the assays carried out with isorhamnetin and tamarixetin,
their presence was also detected in the chromatograms (Fig. 7B
and 7C and Table 2), confirming their uptake by the nematode.
In both cases, quercetin was also detected in the chromatograms,
indicating a demethylating activity by C. elegans. Furthermore,
the presence of some glycosyl and sulfate-glycosyl derivatives of
these flavonols was also found (see Table 2), confirming that they
are metabolized following similar biotransformation pathways
as quercetin.

Peak 3, detected in the assays with isorhamnetin, showed a UV
spectrum with A, at 355 nm, similar to quercetin 3-O-glucoside,
but eluted at a different retention time. This compound showed
a precursor ion at m/z 625, and daughter ion at m/z 301, corre-
sponding to loss of two hexoses moieties (M-H-162-162]~ which
allowed its tentative identification as a quercetin diglycoside.

In order to compare of the uptake of the different assayed
flavonols by C. elegans, they were quantified from their chro-
matographic peaks and expressed as pg of compound per mg
worm protein. More prominent metabolites were also quantified
and expressed as quercetin equivalents. The obtained results are
shown in Table 3. Although the quantified concentration of
quercetin (19.85 pg mg~! protein) was much lower than those of
isorhamnetin and tamarixetin (48.80 and 49.85 ug mg~' protein,
respectively), the sum of the concentrations of quercetin plus its
quantifiable metabolites (89.60 pg mg~' protein) was higher than
those of isorhamnetin or tamarixetin plus their metabolites
(56.95 or 52.95 pg mg~! protein). These results suggested that
greater uptake of quercetin than its methylated derivatives by the
nematode exists. As far as we know, the only estimation of the
uptake of quercetin by C. elegans was made by Kampkotter
et al.,*® although their results cannot be compared with ours, as
the assays were carried out in liquid medium and expressed as
nmol quercetin per 1000 worm instead of per protein. No quer-
cetin metabolites were analysed in that study.

4. Discussion

Quercetin significantly increased reproductive capacity of
C. elegans and enlarged the body size, whereas no modification
of these characteristics was induced by their methylated deriva-
tives, isorhamnetin and tamarixetin.

In a study carried out by Kaempkotter e al.'®* with a Ginkgo
biloba extract containing tamarixetin as a component, no effects

on the reproduction of C. elegans were found, although the
worm’s body size decreased approximately 17%, which might
agree with the slight (not significant) reduction in the worm
length observed in our assays with tamarixetin. This effect could
be a symptom of caloric restriction mechanisms and/or explained
by the possible interaction of the compound with signalling
processes that influence the worm’s body size.'” Contrary to our
observations, no differences in the reproductive output or body
length of the nematodes exposed to 100 and 200 uM of quercetin
were found by Piestch er al.*® This discrepancy with our results
might be explained because the assays of those authors were
performed with nematodes of the F1 generation whose parents
had been exposed to quercetin.

Quantification of mRNA of let-767 gene was performed by
real time PCR in order to determine if the effects of quercetin and
its methylated metabolites on the increase of the reproductive
capacity of the worms may be related to estrogenic metabolism.
As above indicated, whereas quercetin and isorhamnetin
appeared to up-regulate the expression of the estrogenic metab-
olism gene let-767 in the worms in the assays using act-1 as an
internal control, no clear differences in the expression of this gene
with respect to untreated animals were observed in the assays
performed using the other two controls (ama-1 and 18s). This
discrepancy did not allow us to conclude that differences in the
expression of let-767 gene were responsible for the increase in the
reproductive capacity of worms. Further studies are thus
required to verify the mechanisms involved in the apparent
increase of fertility in the worms treated with flavonols.

All the assayed flavonols significantly prolonged the lifespan
of C. elegans with an increase from 11% to 16% in mean lifespan
with respect to controls (17.5 to 18.2 days vs. 15.7 days), being the
treatment with isorhamnetin the most effective. Wu er al'®
observed that tamarixetin prolonged the median lifespan of
C. elegans by 25%, whereas kaempferol, quercetin or G. biloba
extracts did not increase significantly the life of the nematode
with respect to controls. An increase of 19% in the duration of
C. elegans life was, however, observed by Kampkotter et al. '
although this result can not be fully compared with ours, since
their studies were performed in liquid medium.

Exposure to the three assayed flavonols also significantly
increased the resistance of the worms to thermal stress, although
differences were found depending on the stage of development.
Thus, quercetin offered greater protection (+17% increase in the

Table2 Retention time (Rt), wavelengths of maximum absorption (A,.x), mass spectral data, and tentative identification of metabolites detected in the
assays carried out in the presence of quercetin (Q), isorhamnetin (Is) or tamarixetin (Tm)

Peak Rt (min) Amax (nm) Precursor ion (m1/z) Fragment ions (m/z) Tentative identification Assay
1 12.7 355.2 463 301 Quercetin 3-0O-glucoside” Q

2 13.2 355.0 463 301 Quercetin glycoside Q

3 133 354.0 625 301 Quercetin diglycoside Is

4 13.8 355.0 463 301 Quercetin glycoside Q

5 14.7 342.0 543 381,301 Quercetin sulfate glycoside Q

6 15.1 — 543 381,301 Quercetin sulfate glycoside Q

7 15.5 346.8 543 381,301 Quercetin sulfate glycoside Q

8 19.5 372.0 301 — Quercetin® Q. Is, Tm
9 21.2 370.0 315 301 Isorhamnetin® Q. Is
10 21.4 370.0 315 301 Tamarixetin” Tm

“ The identity of these compounds was confirmed by comparison of their chromatographic, spectral and MS characteristics with those of real standards.
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Table3 Concentrations (ug mg~' protein) of the studied flavonols and their quantifiable metabolites determined in C. elegans cultivated in the presence

of quercetin, isorhamnetin or tamarixetin (200 pM)*

Assay
Concentration (ug mg~' protein) Quercetin Isorhamnetin Tamarixetin
Quercetin 19.85 + 2.05¢ 1.95 4+ 0.35 3.10 4+ 0.42
Isorhamnetin 15.95 + 2.47 48.80 + 5.83 nd
Tamarixetin nd nd 49.85 + 1.20
Quercetin 3-O-glucoside” 3390 + 2.83 — —
Other quercetin glycosides” 19.90 + 2.55 — —
Quercetin diglycoside” — 6.20 + 1.55 —
Total 89.60 56.95 52.95

“ nd: not detected. ® Expressed as quercetin equivalents. ¢ Mean + standard deviation (n = 3).

survival percentages in relation to controls) when thermal stress
was applied in the 1st day of adulthood, whereas tamarixetin
(+39%) was more efficient in worms submitted to stress in the 6th
day of adulthood. The different results obtained at the two stages
of development may be explained as due to worm ageing, since
stress resistance and life expectancy are generally linked.'® Some
studies have been published showing an improvement in thermal
resistance of C. elegans by different flavonols such as quercetin,
kaempferol, fisetin, and quercetin-3-O-rutinoside,'*'s as well as
by Ginkgo biloba and blueberry flavonoid-rich extracts.!! It was
reported that these compounds reduced the intracellular reactive
oxygen species (ROS) accumulation produced by thermal stress,
which is likely to be at least partially involved in the death of the
worms.'®!5 According to our knowledge, no previous studies
have been published dealing with the influence of methylated
forms of quercetin in thermal resistance of C. elegans, neither the
effects at two stage of development have been checked.

The assayed compounds also proved efficient to protect the
nematode against juglone-induced oxidative stress. A signifi-
cantly greater protection was provided by quercetin (increase of
around 12% in the survival rate compared to controls) than by its
methylated derivatives (+9-10%) at the Ist day of adulthood,
whilst quercetin and isorhamnetin were equally efficient (around
+15% of survival in both cases), but not in tamarixetin (no
significant improvement in relation to the controls), when the
oxidative stress was induced in the 6th of day of adulthood.
These results are consistent with the previously observed quer-
cetin-mediated increase in oxidative stress resistance of C.
elegans in studies carried out in liquid medium.® Similar obser-
vations were also made in assays performed with a Ginkgo biloba
extract containing quercetin and tamarixetin.’® Other flavonols
such as kaempferol and fisetin were also showed to diminish the
extent of oxidative stress in oxidatively challenged worms.*®

In order to confirm the existence of an antioxidant protective
effect, an OxyBlot analysis was performed to check the oxidation
status of proteins in the worms treated with the different flavo-
nols and controls. Carbonyl groups introduced into protein side
chains during oxidative modification by ROS and other reactive
species are a hallmark of the oxidation status of proteins, and can
be analysed by immunodetection using the OxyBlot™ reaction
Kit. The results obtained (Fig. 5) confirmed that the exposure to
flavonols induced a marked decreased in the oxidation of
proteins, which would confirm the antioxidant effect of the
studied compounds, particularly higher in the case of quercetin,

The protective effects against thermal and oxidative stress
provided by flavonoids have been suggested to be due to their
ability to decrease intracellular ROS accumulation together with
a parallel down-regulation of catalases.'™'**! In previous in vitro
studies carried out by our group® it was also found that quer-
cetin and its methylated derivatives behave as better radical
scavengers and reducing compounds than usually recognised
antioxidants like a-tocopherol. Indeed, flavonoids are widely
recognised as antioxidant compounds, although they are also
able to act as pro-oxidants in in vivo situations.*> Whereas pro-
antioxidant activity is expected to produce toxic effects, in
practice light pro-oxidant effects might also be beneficial, since
by imposing a mild degree of oxidative stress, the levels of anti-
oxidant defences and xenobiotic-metabolising enzymes might be
raised, leading to overall cytoprotection.*>*?

The concentrations of flavonols used in the culture media in
our study (200 uM) are certainly high when compared with the
levels of these compounds that might be found in human plasma
and tissues (in the nanomolar to low micromolar range).***
However, we do not know the actual extent in which the assayed
compounds are incorporated by the worm, which could be quite
low and insufficient to cause toxic pro-oxidant effects but rather
induce beneficial responses. The mechanisms of the protective
effects observed in our studies remain, thus, to be established.
Further studies are required to assess the bioavailability of the
assayed flavanols in the worm model, as well as to conclude
about the cellular and molecular mechanisms involved in
observed effects.

With the aim to have a first approach to the bioavailability of
flavonols in C. elegans, assays to evaluate their uptake by the
worm were also performed. It could be demonstrated that the
three studied flavonols were incorporated by the nematode and
partially biotransformed to different Phase II conjugated
metabolites (i.e., glycosylated and sulfated forms), some of which
could be tentatively identified. The existence of glucosyl-
transferase and sulfotransferase enzymatic activities were
described in the worm,***” which would explain the formation of
these metabolites. In C. elegans, the glycosylation machinery is
similar to that in mammals in that nematodes express glycosyl-
transferase enzymes involved in both N-linked and O-linked
glycosylation pathways. The C. elegans genome contains a total
of nine genes that express thirteen glycosyltransferase mRNAs,
all of which share significant sequence similarity and predicted
structural topology with mammalian ppGaNTases.*® Sulfation is
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catalyzed by the members of the cytosolic sulfotransferase
(SULT) enzyme family, which in mammals have been classified
into six families. C. elegans has only one SULT homologue in its
genome, in contrast to the human genome that contains 17
SULT genes. Hattori et al* identified a gene (clone
Y113G7A.11) from C. elegans, designed as ceST1 gene that was
annotated in WormBase as a cytosolic sulfotransferase, and that
was, in fact, the only such SULT homologue in the C. elegans
genome. According to Hattori ef al.*® this sulfotransferase either
forms part of the defence system against xenobiotics or regulates
germ cell proliferation in C. elegans.

The sugar(s) used by the nematode for flavonol conjugation
may derive from the hydrolysis of the polysaccharides present in
the agar medium, and similarly the sulfate residues could derive
from either the potassium sulfate added to the culture medium or
the agar that contains sulfated polysaccharides. The identifica-
tion of isorhamnetin in the assays carried out with quercetin also
suggests a methyltransferase activity in the nematode, and the
appearance of quercetin in the assays with isorhamnetin and
tamarixetin, a demethylating activity.

Quantification of the studied flavonols and their majority
metabolites revealed that higher levels of quercetin plus meta-
bolites were present in the worms in worm’s organism than those
of isorhamnetin or tamarixetin plus their respective metabolites.
This observation suggested that greater capacity of uptake of
quercetin than of the methylated derivatives by the nematode
exists, although quercetin is further biotransformed by C. elegans
in a greater extent than isorhamnetin or tamarixetin.

5. Conclusions

The results obtained in this study demonstrated that quercetin,
isorhamnetin and tamarixetin increase the resistance of C. elegans
against thermal and oxidative stress and are also able to prolong
the lifespan of the worm. The results also suggested that lifespan
extension might be associated with the increased reproductive
capacity of nematode. Although further studies are required in
order to verify the mechanism involved in this effect. Analyses by
HPLC-DAD-ESI/MS confirmed the uptake of the three studied
compounds by the nematode and their biotransformation to
different glycosylated, sulfated and methylated metabolites.
Quantification of levels of the flavonols and their main metabo-
lites suggested an increased bioavailability of quercetin in the
nematode compared to its methylated derivatives.
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