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Abstract

One hour after the ingestion of feed containing'f2- Clquerceti®4-o-glucoside, an extract from the gastrointestinal
tracts of three rats was purified by partitioning and solid-phase extraction techniques. The resultant ethyl acetate and aqueous
fractions were then analysed by reversed-phase HPLC with on-line radioactivity detection and ion trap mass spectrometry
capable of performing data dependent MS—MS analysis. The presence 8f the C-labelled metabolites was determined with
the radioactivity monitor and the mass spectra produced were used to identify 16 of the 17 metabolites detected. These
included methylation of the aglycone and the formation of mono and diglucuronides and sulfate conjugates. In the light of
these findings, the use of mass spectrometry, operating in various modes, to identify flavonols and their metabolites in body
tissues and fluids is discussed.
0 2003 Elsevier B.V. All rights reserved.
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1. Introduction performance liquid chromatography (HPLC) is usu-
ally the method of analysis in quantitative studies.
Flavonols, which in plants act as UV protectants Unfortunately, very few indeed of the many hun-
[1] and are involved in pollen tube growth in the dreds of characterised flavonol conjugates are avail-
stigma [2,3], also function as dietary antioxidants able from commercial sources for use as reference
[4,5]. Epidemiological studies have highlighted a compounds. To overcome this problem, extracts are
positive correlation between high flavonol intake and subjected to acid hydrolysis and the amounts of
a reduction in coronary heart dised$e7]. flavonol aglycones released, typically myricetin,
Flavonols exist almost exclusively as sugar conju- guercetin, kaempferol and isorhamnetin, are quan-
gates in plant-derived foods and beverages, and high- tified by reversed-phase HPLC with detection at 365

nm. This analytical approach, pioneered by Hertog
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sitivity and selectivity that is necessary for the
analysis of flavonols in plasma, urine and body
tissues can be achieved through the use of either
electrochemical detectiofl6] or post-column chela-
tion with methanolic aluminium nitrate to form
highly fluorescent flavonol derivativefl7]. Irre-
spective of the detection system used, HPLC of
hydrolysed extracts provides no information on the
identity of the parent conjugate(s) and, therefore,
provides quasiquantitative estimates of flavonol
levels. Some investigators have used enzymes, such
as glucosidases, glucuronidases and sulfatases, to
release flavonol aglycone§l6,18]. This suffers
similar problems to acid hydrolysis and is
compounded as the substrate specificities of the
enzymes utilised are far from absolute and ensuring
complete hydrolysis is not straightforward.

The HPLC and post-column derivatization of
flavonols with methanolic aluminium nitrate referred
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of trace levels of natural products in impure extracts
as interpretation of fragmentation patterns, coupled
in some instances with knowledge of HPLC retention

properties, can facilitate the partial identification of
components where reference compounds are not
available[24,25].

In this report we demonstrate the use of HPLC—
MS—MS in the identification of 16 intestinal metabo-
lites of*“[2- C]quercétiiéoside from rats.
Samples were analysed by reversed-phase HPLC

with an on-line radioactivity monitor in series with a
tandem mass spectrometer operating in the full scai

mode. Full details of the biological, rather than
analytical aspects of this study, in which radio-

labelled components in plasma, liver, kidneys and
other organs were investigated are reported else-

wheas).

to above provides sensitive and selective detection of 2. Experimental

flavonols with a free 3-hydroxyl groufll7]. Using
this method, Aziz et al[19] detected quercetin-4
glucoside and isorhamnetiri-glucoside in plasma
and urine collected from human volunteers after the
consumption of onions which contain high levels of
both conjugate$20]. This observation, however, is
not in keeping with proposals, based on in vitro
studies, that during passage through the gut wall **
flavonol glucosides are subjected to the action of
hydrolases and glucuronidases and as a consequence
flavonol glucuronides rather than glucosides appear
in the bloodstrean21]. It has been proposed by
Sesink et al[22] that the peak identified by Aziz et

al. [19] as quercetin-4glucoside was a quercetin
glucuronide although a subsequent publication by

2.1. Yynthesis of [2-*C]-4’-O-pB-p-glucoside

[2- C]Quercétid-B-p-glucoside (specific ac-
tivity 3.75 mCi mnol ) was synthesized in four

steps from bariuth [ C]carbonate by the method we

have previously reported for the synthesis of [2-
Clquercéti-@-p-glucoside [27] except that

the intermediate ester was not purified by filtration
through alumina. The compound was'pure by F
nuclear magnetic resonance (NMR) spectroscopy

and only one radioactive species, that co-chromato-
graphed with quercethglicoside, was detected by
HPLC-radiocounting (RC).

this group reveal that none of their available quer- 2.2. Animals and sample preparation

cetin glucuronide conjugates co-chromatograph with
quercetin-4-glucoside [23]. Whether the peak in
question is a quercetin glucoside or a glucuronide is
very much a matter of conjecture. However, there is
one clear way to severely limit disputes about
analytical accuracy and prevent protracted discus-
sions about whether an HPLC peak has been mis-
identified, that is to use a detector that provides
structural information on the compounds under in-
vestigation. This can be achieved through the use of
tandem mass spectrometry (MS—MS). MS—MS is an
extremely powerful and flexible tool for the analysis

After an overnight fast, three male rats of the
Rowett Hooded Lister strain (mean ma<s @30
were each offered 1 g of stock rat feed (CRM,
Special Diet Services, Witham, UK) containing 3 mg
of*[2- C]quercetfudoside to give a dose of
-586dpm. Rats consumed 99.3% of the ration
within 2 min. After 60 min, animals were terminally
anaesthetised with isofluorane and their gastrointes-
tinal tract, comprising the stomach, small and large
intestines and their contents, removed. The intestines
were frozen in liquid nitrogen and lyophilized after
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which they were ground to a powder using a mortar neous flow cell packed with cerium-activated lithium

and pestle and stored at80°C prior to extraction glass scintillarf28], after which it was split and

and fractionation. 50% of the eluate directed to a Finnigan LCQ Duo
mass spectrometer with an electrospray interface in

2.3. Extraction and fractionation of samples the negative ion mode operating in full scan data
dependent MS—MS mode from 100 to 2000 u. Mass

A 1.0-g aliquot of freeze—dried intestine was spectrometer conditions: capillary temperature
extracted by continuous shaking with 15 ml of 50% 210) sheath gas flow 80 units, auxillary gas flow

methanol in 0.1 M phosphate buffer (pH 7.0) 15 units, source voltage 4.5 kV.

containing 20 v sodium diethydithiocarbamate.

After 30 min the mixture was centrifuged at 2090

for 20 min. The methanolic supernatant was de-

canted and the pellet re-extracted a further two times. 3. Results

The three methanolic supernatants were combined

and the methanol removed in vacuo. The remaining An aliquot of the feed was extracted with metha-
aqueous phase was adjusted to pH 3.0 and par-nol and analysed by HPLC—RC-MS-MS which
titioned three times with an equal volume of ethyl demonstrated that the [2- Clquercetihglucoside
acetate. The ethyl acetate extracts were combinedwas radiochemically pure. Full scan MS analysis
and reduced to dryness in vacuo prior to the mea- showed a molecular ion ([M-H] ) an/z 463 and an

surement of radioactivity and HPLC-MS—-MS analy- ionnaliz 465 from the™ C label was also present.
sis. A gentle stream of nitrogen was used to remove Calculated abundance of*the C fragment was
residual ethyl acetate from aqueous phase before it 11.4% from the specific activity of the label and this
was loaded onto a 2 g ,& Sep-Pak cartridge is in keeping with the relative abundancerdzthe

(Waters, Milford, MA, USA) which was then washed 463 and 465 ions. MS—MS was carried out on the
with 15 ml of distilled water adjusted to pH 3.0 with m/z 463 ion rather than the smallem/z 465

5% H, SO, . The cartridge was then eluted with 30 ml fragment. This yielded a secondary mass spectrum

of methanol to remove polar radiolabelled metabo- (MS ) with the major ionm& 301, which

lites. The methanolic extract was dried in vacuo and corresponds to the aglycone quercetin.

aliquots taken for radioactivity measurements and The sample of rat intestines and contents, obtained

analysis by HPLC—-MS-MS. 60 min after dosing, contained 88.7% of the ingested

radioactivity. When fractionated 92% of the recov-
2.4. HPLC with diode array, radioactivity and ered radioactivity was associated with the ethyl
MS—MS detection acetate extract and 8% with the aqueous fraction.
Aliquots of both extracts, each containing -30’

Samples were analysed on a P4000 liquid dpm of radioactivity were analysed by reversed-

chromatograph fitted with an AS 3000 autosampler phase HPLC with on line radioactivity detection and

and with the initial detection by a UV6000 diode data dependent full scan MS—MS. The radioactivity

array absorbance monitor scanning from 250 to 700 Aangl . chromatograms obtained are illustrated

nm (Thermo Finnigan, San Jose, CA, USA). Sepa-  Fim 1.In total there are 18 significant radioactive

rations were carried out using a 248.6 mm I.D., peaks and it can be seen that not all the peaks in the

4 pm Synergi Max-RP column (Phenomenex, Mac- A4 ., traces are radiolabelled components. The

clesfield, UK), maintained at 48C, and eluted with mass spectral data, which are summariseabile 1,

a 60 min gradient of 5-40% acetonitrile in 1% facilitated the identification of 17 of the 18 radio-

formic acid at a flow-rate of 1 ml min* . After labelled peaks. The relative amounts of these com-

passing through the flow cell of the absorbance pounds, based on the amount of radioactivity in each

monitor, the column eluate was directed to a radioac- peak, are also shorablie 1.

tivity monitor (Reeve Analytical Model 9701, Lab Peak 11 which accounts for 26.2% of the radioac-

Logic, Sheffield, UK) fitted with a 50Qul heteroge- tivity in the intestine is the residual {2- C]quercetin-
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Fig. 1. Gradient reversed-phase HPLC of aqueous and ethyl acetate extracts from rat intestines 1 h after the ingeétion of [2- C]quercetin-
4'-glucoside. Samples, 300° dpm, separated on a 288.6 mm I.D., 4um Synergi Max-RP column at 4T and eluted at 1.0 ml midt

with a 60 min gradient of 5-40% acetonitrile in water containing 1% formic acid using a diode array detector at 365 nm and a radioactivity
monitor. Numbered peaks represent components subsequently analysed by MS—MS with an electrospray interface in the negative ion
mode—see€Table 1.

4'-glucoside characterised by a [M-H] at/z 463 co-chromatographed with a quercetin-3-glucuronide
which yields a M$ fragment am/z 301 which standard. Four quercetin diglucuronides, peaks 1, 4,
corresponds with quercetin and the 162 u loss due to 6 and 7, were detected. All were characterised by a
cleavage of the glucosyl moietyléble 7). Table 1 [M-H] ~ at m/z 653 and [M-H] —176 MS frag-

also contains mass spectra information on the radio- mems/aK77 and 301. Peak 9 was a quercetin
labelled peaks all of which were identified with the glucuronide sulfate with a [M-H] mat 557 and
exception of peak 2. The identified metabolites MS ionsméz 477 (loss of sulfur trioxide), 381
included the aglycone quercetin (peak 17, [M-H] at (loss of glucuronyl unit) and 301 (loss of sulfur
m/z 301, with MS’ fragment ions an/z 179, 151) trioxide and glucuronyl units).

together with a combination of methylated, sulfated A number of methylated quercetin derivatives
and glucuronide derivatives of quercetin. Peak 18 were also characterised. Peak 17, for instance, was a
was quercetin sulfate with a [M-H] amn/z 381, methylquercetin sulfate, characterised by the same
which produced an M5 ain/z 301 (loss of 80 u fragmentation as peak 18 butndiz values 14 u
corresponds to loss of sulfur trioxide from a sulfate higher. Peaks 12—-14 were all methylquercetin gluc-

group). Peaks 8 and 15 were quercetin glucuronides uronides with a [M-Hh/za491, which produced

with a [M-H] ™ at m/z 477, which fragments with an MS at/z 315 corresponding to methylquercetin
loss of 176 u, corresponding to loss of a glucuronyl through cleavage of the glucuronyl unit. Peak 10
unit, yielding an MS ion atm/z 301. Peak 8 which had a [M-H] an/z 571 that yielded M$
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Table 1
Identification of metabolites of [2? C]quercetii-glucoside

25

Peak tg % Compound [M-H] M$ fragment ions1(2)

(min)  Total m/2)
1 16.7 0.8 Quercetin diglucuronide 653 477 ([M-H] -GIcUA), 301 [Q]([M-H] -GIcUA-GIcUA)
2 20.6 0.8 Unknown
3 21.6 1.3 Methylquercetin diglucuronide 667 491 ([M-H] -GIcUA), 315 [MQ]([M-H] -GIcUA-GIcUA)
4 23.7 0.2 Quercetin diglucuronide 653 477 ([M-H] -GIcUA), 301 [Q]([M-H] -GIcUA-GIcUA)
5 24.3 0.6  Methylquercetin diglucuronide 667 491 ([M-H] -GlcUA), 315 [MQ]([M-H] -GIcUA-GIcUA
6 26.4 25 Quercetin diglucuronide 653 477 ([M-H] -GIcUA), 301 [Q]([M-H] -GIcUA-GIcUA)
7 28.3 0.6 Quercetin diglucuronide 653 477 ([M-H] -GIcUA), 301 [Q]([M-H] -GIcUA-GIcUA)
8 29.6 10.6  Quercetin-3-glucuronide 477 301 [Q]([M-H] -GlcUA)
9 30.3 6.9 Quercetin glucuronide sulfate 557 477 ([M-H] 5SO ), 381 ([M-H] -GIcUA), 301 [Q]([M-H] ;SO -GIcUA)
10 32.6 0.7 Methylquercetin glucuronide sulfate 571 491 ([M-H] ;SO ), 315 [MQ]([M-H] ;SO -GlcUA)
11 345 262  Quercetin“4glucoside 463 301 [Q]([M-H] -Glc)
12 35.3 6.5 Methylquercetin glucuronide 491 315 [MQ]([M-H] -GIcUA)
13 36.5 25 Methylquercetin glucuronide 491 315 [MQ]([M-H] -GlcUA)
14 374 24 Methylquercetin glucuronide 491 315 [MQ]([M-H] -GIcUA)
15 374 12.2 Quercetin glucuronide 477 301 [Q]([M-H] -GIcUA)
16 446 7.2 Quercetin 301 179, 151
17 51.1 8.9  Methylquercetin sulfate 395 315 [MQ](M-H] -$O )
18 51.2 8.9 Quercetin sulfate 381 301 [Q]([M-H] -$O )

HPLC-RC retention times, negative ion MS—MS fragmentation patterns and identities of metabolites detected in rat tissues 60 min after oral
ingestion of [2** C]quercetin‘4glucoside. Peak numbers refer to peaksig. 1.

Q—~Quercetin, MQ—methylquercetin, GIcUA—glucuronyl unit; Glc—glucosy! unit; [M-H] —molecular ion. Concentrations of co-eluting
peaks were calculated using the signal intensity from the mass spectrometer, it was assumed that all metabolites gave an equal response

fragment ions ain/z 491 (loss of sulfur trioxide) and
315 (a loss of 176 u corresponding to glucuronyl
unit) was a methylquercetin glucuronide sulfate.
Finally peaks 3 and 5 were methylquercetin dig-
lucuronides with a [M-H] am/z 667 and MS ions
atm/z 491 ([M-H] —176, loss of a glucurony! unit)
and 315 ([M-H] —352, cleavage of two glucuronyl
moieties) [Table 1.

4. Discussion

This is the first study in which the extensive and
varied metabolism of quercetin-glucoside, or in-
deed any other flavonol, has been revealed by full
scan MS-MS. The sample analysed showed 73.8%
of the original compound has been deglycosylated
and further metabolised by varying combinations of
methylation, glucuronidation and/or sulfation. Full
scan MS—MS proved suitable for the identification of
all of these metabolites. Further information about
the position of the various substituent groups could
be achieved by the use of NMR. However, NMR
requires not only high sample purity but also the

presence of substantially more analyte than the low-
ng quantities required for MS—MS.
HPLC linked to tandem mass spectrometry is
becoming more widely available and provides the
most powerful tool currently available for the identi-
fication of flavonol conjugates in biological samples.
However, a mass spectrometer can be used in many
ways depending on the circumstances of the analysis
and the samples under study. At one extreme, to
increase the sensitivity and selectivity of the analy-
sis, the mass spectrometer can be set up to detect
only one ion, selected ion monitoring (SIM) mode.
Alternatively when limited availability of sample is
not a problem, full scan analysis can provide detailed
structural information at the expense of sensitivity.
Selected reaction monitoring (SRM) is another mode
of analysis that offers high selectivity and sensitivity.
However, SRM can only be carried out with triple
quadrupole or ion trap mass spectrometers. With an
ion trap mass spectrometer, like the instrument used
in the current study, the parent ion of the compound
of interest is “trapped” and all other ions excluded.
The “trapped” ion is then fragmented and a specific
fragment ion monitored. In the case of a quercetin
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monoglucuronide, the mass spectrometer would be 26.4
set up, in negative ion mode, to detect théz 301
quercetin ion resulting from the fragmentation of the
[M=H]  at m/z 477. Wittig et al.[29] used this
method to identify five quercetin monoglucuronide
metabolites in human plasma after ingestion of an
800 g onion supplement. The limitation with SRM is
that it can only be used to detect what you already
know or suspect to be present in a sample. It is not
suitable for the determination of novel metabolites.

Using a triple quadrupole mass spectrometer set
up in the positive ionisation mode, Day and William- 44.6
son[23] employed LC-MS, as opposed to MS—MS, m/z 301
to identify metabolites of quercetin in human plasma 20 25 30 35 40 45 50
after the consumption of a more manageable 200 g Time (min)
of onions. However, this study did not produce full Fig. 2. Gradient reversed-phase HPLC of 18 dpm ethyl
scan mass spectra but used the SIM data to SUPPOItycetate extract of rat intestine as describedFig. 1 but with
identifications based on chromatographic retention detection by tandem mass spectrometry with an electrospray
times and enzyme hydrolysis data. In the SIM mode interface operating in the negative ion mode. Traces show
the mass spectrometer was set up to monitor four extractgd ion chromatograms _of the [M-H] of quercetin dig-
ions per analysis. Although a total of 12 putative Iucuronl'de /z 653), quercetin glucuronidem(z 477) and

. . quercetin n/z 301).

quercetin glucuronide peaks (P1-P12) were suspect-
ed to be present on the basis of HPLEg. .,

m/z 653

30.2

m/z 477

Extracted ion chromatograms

traces and enzyme hydrolyses, the presence of only can be used to show some of the limitations of SIM
three was confirmed by SIM. From our findings one analysis when compared to MS—MSn/Eh&53
of the compounds in the group P1-P3 may be a trace, the [M-H] of quercetin diglucuronide, shows
methylquercetin diglucuronide. However, the molec- only a weak peak @6.4 min and no fragment
ular ion of this compound was not monitored so, if peaks are present at eiiferd77, the mono-
present, it went undetected. In addition as glucuronidenfr 301, the aglyconeHig. 2). This
methylquercetin glucoside has the same molecular would be poor evidence for the presence of a
ion as quercetin glucuronide, the distinct possibility guercetin diglucuronide. However, the full scan MS—
of a misidentification by SIM exists. Choice of the MS spectrum of this ion showed that it is indeed a
ionisation mode is critical in any mass spectrometric quercetin diglucuroriidbld 1, peak 6). At the
analysis. With our ion trap mass spectrometer the other extreme, the ion tracemfroir7 and 301
limit of detection for flavonols is at least an order of indicate the presence of a quercetin-based glucuro-
magnitude better in negative ion mode than positive nidé,aB0.2 min Fig. 2). However, full scan
ionisation and absorbance peaks as small as 3 mAU MS-MS ahthe301 fragment revealed that this
routinely provide full scan MS—MS data. was not the case as it a yielded & MS spectrum
Analysis by SIM is much less selective than SRM with major ionsnét 283 and 265 which is quite
and more likely to produce false positive identifica- distinct from the’MS spectrum of quercetin which
tions. Conversely, the secondary fragmentation that has prominent ion&dt79 and 151. In contrast,

operates with both SRM and full scan MS—-MS MS—MS of the smalt 301 peak at; 44.6 min
enables identifications to be made that would be Fig( 2) yielded an M$ spectrum with major

missed or be more doubtful when analysed by SIM. fragment ion®/at179 and 151, confirming the

The extracted ion chromatograms kig. 2, which presence of free quercetin.

are taken from the 20—-50 min HPLC full scan MS The mass spectrometric method used in this study
analysis of the ethyl acetate extractkig. 1, is the is known as data dependent MS—MS. The ion trap is

equivalent of what is produced in a SIM analysis. It set up to select the most significant ion in each full
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scan, isolate it from all the other ions, and fragment
it yielding a secondary mass spectrum The secondary
spectrum, therefore, contains only ions originating
from the “trapped” parent ion. A further refinement
to this analytical technique is the ability to program
the detector to only look at the same ion a limited
number of times (e.g., three) over a set time window,
(e.0., 30 s) depending on the peak width. This
enables full scan MS—MS of individual components
in merged peaks to be obtained, as seen in peaks 14
and 15 and also minor peaks in the presence of larger
ones, as in peak 13 on the shoulder of peak Rig.(

Our study illustrates the power and simplicity of
MS—-MS analysis for the partial identification of
trace levels of natural products. This point is well
illustrated with the analysis of peak 7 where an
uninformative full scan mass specfign 3A)
yielded a clean secondary speé&tigin88). The
primary mass spectrum, equivalent to that obtained
by single stage MS, contained numerous ions and
has no diagnostic value. However, fragmentation of
nifee 653 ion produced a daughter spectrum
comprised of iorig 477 ([M-H]  —176, loss of

a glucuronyl unit) andm/z 301(quercetin, [M-H]

1). A further advantage is that the system can be —176-176, loss of two glucuronyl units). All the

programmed not to carry out MS—MS on back-
ground ions so that “bleed” from the column or the
mobile phase can also be rejected from the analysis.

fragments in a secondary spectrum must come from
the parent ion and as a consequence the mass
spectrum illustrafégl BB represents convincing
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Fig. 3. (A) The parent negative ion mass spectrum obtained in the LC—MS—MS analysis of pealfig(3¢e(B) The daughter negative
ion mass spectrum obtained by fragmentatiomdf 653 in the parent mass spectrum.
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evidence for the presence of a quercetin dig-
lucuronide.

The value of HPLC with full scan MS—MS for the
structural elucidation of metabolites has also been
demonstrated in a recent report on the identification
of 17 isoflavone conjugates in the urine of female
rats fed on a soya-rich di¢B0]. The daughter mass
spectra obtained are in keeping with those obtained
in the present study with the initial fragmentation
resulting in cleavage of the bond linking the agly-
cone and the conjugating sugar as outlined by Giusti
et al. [31]. However, this is not the case in the
claimed HPLC-MS-MS identifications of an epi-
catechin glucuronide and’-®-methyl epicatechin
glucuronide in rat brains after oral ingestion of high
doses of {)-epicatechin32]. In this report by Abd
El Mohsen et al[32], the illustrated M$ spectra, in
marked contrast to the spectrum kig. 3B, con-
tained 20—30 unexplained ions, some at 10—20%
relative abundance and one exceeding 50%. To
ignore the presence of these ions and to base
identifications on the presence of three or four
known ions, some of very low relative intensity, is a
highly subjective interpretation of mass spectral data.
The unexplained ions in the MS spectra of Abd El
Mohsen et al[32] may be due to the presence of
sizable amounts of co-eluting compound(s) with the
same molecular mass. This would mean that the
quantitative estimates were inaccurate. An alternative
explanation is that the mass spectrometer was either
not set up correctly or was malfunctioning, plausible
as both the M$ spectra contained several ions at
higher m/z values than the cited fragmented parent
ions. Whatever the reasons, it is clear that this work
is not a good example of the use of HPLC-MS—-MS
for the identification of flavonoid metabolites. In
contrast, the studies of Wittig et dR9] and Day et
al. [23] and the data presented in this paper all
demonstrate the value of various modes of mass
spectrometric detection for the analysis of flavonols
and their metabolites.
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