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Quercetin Exhibits a Specific Fluorescence in Cellular Milieu:
A Valuable Tool for the Study of Its Intracellular Distribution
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The elaboration of novel techniques for flavonoid intracellular tracing would elucidate the compounds’
absorption and bioavailability and assist molecular and pharmacological approaches, as they are
promising candidates for drug development. This study exploited the properties of quercetin (3,3',4',5,7-
pentahydroxyflavone), found in high concentrations in the majority of edible plants. Through the use
of UV—vis spectroscopy, confocal microscopy, and HPLC-ESI-MS, native quercetin, at physiologically
relevant concentrations, was found to exhibit a specific fluorescence (488 nme,/500—540 nmey,) upon
internalization. This fluorescence shift is due to a non-covalent binding to intracellular targets (probably
proteins) and compatible with the settings applied in confocal microscopy. This property provides a
valuable, selective alternative technique for quercetin tracing in cellular systems, permitting the
guantitative evaluation of its transit at pharmacologically relevant concentrations and the validation
of a number of already described molecular functions.
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INTRODUCTION duodenum, whereas quercetin-3-rutinoside is absorbed from the

Flavonoids constitute a large family of plant-derived phenolic distal part, probably the colon (7). The major amount of
compounds present in vegetables, fruits, brews, and spices andlUercetin detected in biological fluids is in the form of quercetin
normally taken in through the diet), Their hydrogen-donating meta}boll.teszﬁ).. Mar.kecll .|nter|nd|V|duaI variations in _quercetm- _
abilities and their propensity for nitration make them powerful 3-Tutinoside bioavailability have been observed: native quercetin
scavengers of reactive oxygen and nitrogen species. In additionWas more bioavailable in women, especially during oral
recent evidence suggests their interference with redox-sensitivecontraceptive treatment, compared with men. Finally, radioactive
cell signaling pathways2). Epidemiological and intervention ~ duercetin administration revealed that flavonol absolute bio-
studies implicated polyphenol-rich diets in reduced chronic availability ranged from 36 to 53%, whereas a substantial portion
disease incidence and morbidity, including cardiovascular Of quercetin was excreted by the lungs as,(). Absorption
diseases and cance, @). Moreover, flavonoids and flavonoid ~ ©r elimination of flavonoids is also affected by diet components,
derivatives, alone or in conjunction with established treatment, @S fat content increased quercetin bioavailabilly)( Neverthe-
were found to be of therapeutic value in a number of clinical !€ss, after the ingestion of quercetin, the native compound could
trials (5, 6). be detected in plasma, at concentrations~& uM (7, 11),

Quercetin (3,3',4',5,7-pentahydroxyflavone) is a major fla- Suggesting that some of the actions of the compound might be
vonol, found in most edible plants, in its native form or as attributed to the native molecule itself.
glucoside metabolites. Quercetin aglycone and glucosides are Quercetin was reported to interact with a number of signaling
absorbed from the upper gastrointestinal tract, probably the molecules (see ref2 for a recent review). The majority of these
studies were made in solution with purified molecules, using
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Figure 1. Quercetin fluorescence is a tool for its tracing within cells. HepG2 cells were treated for 30 min with 3 uM quercetin in PBS, and fluorescent
staining was observed in a confocal microscope at 488 nm,,/500—-540 nmen,,. Fluorescence signal was preserved with formaldehyde. Subsequent postfixation
treatment with polar solvents (methanol or acetone) induced diffusion of the staining. Postincubation with Triton-X-100, a classic nonionic detergent used
for cell permeabilization in immunofluorescence protocols, resulted in signal edulcoration. Interestingly, methanol or acetone alone eliminated intracellularly
trapped quercetin (scale bar = 50 um).

HPLC-NMR methods13—15) or with the use of radiolabeled incubated in quercetin solutions (#8-10~° M), observed under UV
compounds (16—20). In the present paper, we propose an easyight, and subsequently stained with CBB.

alternative tool to investigate native quercetin distribution in ~ Confocal Microscopy. HepG2 cells were cultured in RPMI 1640
living cells, namely, the specific fluorescence of the flavonol (10% FBS), at 37C and 5% CQ@and subcultured weekly. Cells were
in a cellular milieu. We show that the agent is non-covalently P/ated in poly-I-lysine-coated coverslips in six-well plates*(z@lls/
associated with intracellular targets, exhibiting a specific well), co-incubated with quercetin (M), quickly washed with PBS,

fl lusively in th lul - ti tti and fixed with 4% formaldehyde for 5 min. Subsequently, coverslips
uorescence exclusively In the ceflular environment, In Setings o put upside-down on glass slides, with a drop of Mowiol antifading

compatible with those applied in confocal microscopy. This reagent. Specimens were observed with a Leica TCS SP confocal

property COU|.d PrOVide a valuable, Se'QCFiVe teChniql{e for scanner system (Heidelberg, Germany), using a 40x oil immersion
quercetin tracing in cellular systems, permitting the quantitative objective and zoom software options.

evaluation of its transit and the validation of a number of already ~ HPLC Analysis of Quercetin Metabolites. Cells were incubated

described molecular functions. for 30 min with 3uM quercetin in PBS, quickly washed, extracted
with acid methanol (0.2% acetic acid), scrapped, sonicated, and
MATERIALS AND METHODS centrifuged. The supernatant was dried in vacuo, rediluted jl 26

. . . ) . acetonitrile, and analyzed with HPLC-ESI-MS. We used a Waters 1525

Chemicals. All biochemicals were obtained from Sigma-Hellas  pinary HPLC pump system with a Waters oven (Waters, Milford, MA)
(Athens, Greece) and Tocris (Bristol, U.K.). Culture media were from  ang online DAD-FLD-ESI/MS detection (Thermo Electron, Waltham,
Gibco BRL (Life Technologies, Paisley, U.K.). Quercetin (3135,7- MA). UV signal was recorded from a Waters 2996 photodiode array
pentahydroxyflavone) was prepared from total red wine polyphenol getector, and data obtained by a Waters 2475 miuftuorescence
extract, by semipreparative HPLC. Its purity 49%) was confirmed —  detector were further monitored with Empower software. The outlet
by analytical HPLC and proton nuclear magnetic resonance, to obtain oy was fully directed to a Thermo Finnigan LCQ Advantage ion-
the highest possible purity of the compound. Quercetin powder was trap mass spectrometer with an electron spray ionization source (ESI).
conserved in a dark bottle, at20 °C, under nitrogen. For HPLC analysis an Atlantis RP18 column 8, 250 x 4.6 mm

Spectroscopic AnalysisQuercetin was initially dissolved in absolute g ) with a guard column (2 cm) was used. Elution was performed at
ethanol (102 M) and subsequently in the appropriate vehicle. CSCI 30 °C with a 500uL/min flow rate, and an isocratic solvent system of
ultrapurified supercoiled pGL2 plasmid DNA (Promega, Madison, WI), - \ater/acetonitrile/acetic acid (42:58:2, v/v/v) was applied. UV spectra
human genomic DNA, purified with midi-prep columns (Qiagen N.V., - were recorded from 200 to 600 nm (2 nm resolution) and fluorescence
Venlo, The Netherlands), or BSA fraction V was used for intercalation gpectra from 400 to 600 nm (345 g The mass spectrometer was
experiments. Reagents have been mixed either in nanop@eHin operated in either negative or positive mode at a 4.5 kV voltage source
PBS, and fluorescence spectra were recorded on an Aminco Bowmangtage source;-38.0 V (+9.0 V) capillary voltage—40 V (=10 V)
series 2 fluorometer (Spectronics Instrument, Rochester, NY), with the yype |ens offset, and 20T capillary temperature.
appropriate vehicle as blank. Quercetin absorbance spectra were
recorded on a Perkin-Elmer Lambda 6 YVis spectrophotometer and
analyzed with Spectrum v 2.00 software (Perkin-Elmer Co., Wellesley, RESULTS
MA). To study possible interactions of quercetin with cellular proteins Native Quercetin Exhibits a Specific Fluorescent Profile
we used a total HepG2 lysate: Cells (DSMZ; Braunschweig, Germany) i, | jing Cells. Incubation of HepG2 cells with quercetin (3
were harvested and homogenized by sonication in 50 mM Tris buffer, 4M in PBS or culture medium) resulted in a yellow-green

H 7.4, containing freshly added protease inhibitors/{@mL PMSF L . .
gnd lug/mL aprot?nin). Ur):broken cpells were removedp(bg;/ centrifugation quoresce_nt staining und_er UV light. This S|g_nal_ COUl_d be also
at 2500gfor 15 min, and supernatants were used immediately. detected in a confocal microscope, upon excitation with an Ar
DNA Electrophoresis. Quercetin and linear DNA (100 bp DNA  Kr laser at 488 nm and in the emission window of 5@20
ladder, Invitrogen, Carlsbad, CA) were mixed at equimolar concentra- hm (Figure 1). Fluorescent signal was preserved with formal-
tions and incubated at room temperature for 30 min. A sample of the dehyde, but swilled with repeated washes. We assumed that
mixture (containing Jug of DNA) was separated in 2% agarose gel in  the flavonol was trapped, upon binding and chemical cross-
0.5x TBE running buffer (44 mM Tris-base, 44 mM boric acid, and 1  |inking, within unknown protein molecules. Indeed, alternative
mM EDTA, pH 8). Gels were photographed under UV light and fixation conditions using polar solvents resulted in quercetin
thereafter stained in a bath of EtBr (2.5 mg/L). elution. This could be due to either the molecular nature of

Protein Electrophoresis. HepG2 protein extract was prepared as ; : . . - .
described above. Fiysates werg mixzd with quercetin incr:JubF;ted on icequercetln or the inevitable dlspo.sal .Of soluble proteins and lipids
for 30 min, and separated in 8% polyacrylamide gels, under denaturing that could serve as quercet!n intracellular targets.. When
or native conditions. After electrophoresis, gels were photographed Methanol or acetone was applied after formaldehyde fixation,

under UV ||ght7 and thereafter proteins were stained with Coomassie the f|u0|’escent Slgl’la| was St|" |ntense but d|ffused W|th|n Ce||S,

Brillant Blue (CBB, 0.5%). Alternatively, gel strips with total HepG2  indicating that polar agents are not able to abolish formaldehyde-
proteins, separated in either native or denaturing conditions, were stabilized quercetin molecules. Moreover, postfixation treatment
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Figure 2. HPLC analysis of internalized quercetin. HepG2 cells were treated with quercetin (3 M in PBS) for 5-30 min and extracted with methanol/
0.2% acetic acid, and samples were subjected to HPLC-ESI-MS analysis: (A) HPLC chromatogram obtained at 369 nm DAD absorption signal; (B)
quercetin and O-methylquercetin intracellular levels, based on HPLC signals from corresponding time samples; (C) mass spectrum analysis, obtained
from TIC between 7.94 and 8.22 nm, corresponding to quercetin (molecular ion [M — H]~ at m/z 301.07); (D) mass spectrum analysis, obtained from
TIC between 9.83 and 10.09 nm, corresponding to methylated quercetin (molecular ion [M — H]~ at m/z 315.09). Dimer ions appeared at m/z 602.66
and 630.64, corresponding, respectively, to quercetin and its methyl derivative (arrowheads).

with Triton X-100, a nonionic surfactant, resulted in fluorescence was observed, only at low flavonoid concentrations. Neverthe-
guenching. No differentiation of the fluorescence settings was less, as described above, quercetin-treated cells exhibited a
observed upon fixation. Considering the nature of fixatives and specific fluorescent signal at 488 gf500—540 nrg,, These
their implication in flavonol intracellular detection, we con- findings do not correlate with the in vitro quercetin fluorescent
cluded that quercetin binding is non-covalent and requires profile. We assumed that the fluorescence shift of quercetin in
protein targets. a cellular milieu might be attributed either to energy transfer
Quercetin Metabolism. Hepatocytes are metabolically active phenomena (as the flavonol is concentrating into the cells) or
cells, accumulating flavonoid conjugates. To verify whether the to quercetin binding to macromolecules, as previously reported
aforementioned fluorescence is due to the native (unconjugated)(21,22). In this respect, we co-incubated quercetin with albumin,
quercetin or its metabolites, we have treated HepG2 cells with plasmid, or genomic DNA. Our results showed a quenching of
3 uM quercetin and extracted them with acidified methanol after the fluorescent signal upon quercetin co-incubation at 439/nm
5, 15, and 30 min. HPLC analysis followed by mass spectros- 500 nmn, (Figure 4A). No signal was obtained at 488 gih
copy (Figure 2) revealed that native quercetin represents the 500—540 nrg,,. We further hypothesized that the differential
major fraction of the detected intracellular flavonols. In addition, profile of quercetin excitation in vivo could be possibly due to
moderate levels of an O-methylated metabolite were detectedthe intracellular milieu, including pH, salt concentration, pres-
after 15 min of incubation, whereas no oxidative derivatives ence of metal ions, and presumptive interaction with other
were found. We concluded that cell fluorescence is due to the macromolecules (23). Indeed, quercetin co-incubation with
native molecule, which can accumulate into the cells, when HepG2 lysate, at neutral pH, revealed an enhancement of the
applied at physiologically relevant concentrations, after a short emitted fluorescence in the 56800 nm window, after excita-
incubation time. tion at 488 nm Figure 3C,D), whereas fluorescence shift was
Preliminary Analysis of Quercetin Fluorescent Profile in dose-dependent, indicating a specific binding among the flavonol
a Cellular Milieu. Analysis of quercetin absorbance spectra and nonidentified proteins.
(3uM in PBS) comprises two peaks at 310 and 335 nm. Further  In Vitro Interactions of Quercetin with Nucleic Acids and
monochromatic excitation versus emission analysis showed Proteins. Although our spectroscopy data impugned quercetin/
quercetin optimum settings at 430 gb00 nm, (Figure DNA interaction, we used an alternative approach to further
3A,B), whereas an additional weak peak at 333890 nmm study the above phenomenon: if such a binding occurs,
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Figure 3. Quercetin exhibits a specific fluorescent profile in a cellular milieu: (A, B) quercetin (3 M in PBS) optimum settings in solution [(A) excitation
spectrum at 500 nmen; (B) emission spectrum after excitation at 430 nmJ; (C, D) fluorescence shift upon quercetin incubation with a HepG2 cell lysate
[(C) emission spectra (e = 488 nm) subtracted from the corresponding values of cell lysate; (D) fluorescence intensity shift at 488 nmMe/530 NMey, Of
quercetin—lysate mixtures is proportional to quercetin concentrations].
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Figure 4. Quercetin in vitro interactions with nucleic acids or proteins. (A) Quercetin was co-incubated with either plasmid DNA (10 uM, calculated in
base pairs) or BSA (10 uM) in PBS. Fluorescence emission spectra were recorded with ascending quercetin concentrations (10-6-10—*M) at 430
NMe/435-550 nmey, and normalized with the respective emission spectra of the flavonol alone. At these settings all reagents were found to produce a
signal; however, co-incubation resulted in fluorescence quenching of the putative complexes. (Control = nucleic acids or BSA spectra in the absence
of quercetin). (B) Quercetin does not intercalate to DNA, as EtBr stains equally treated or untreated DNA ladder.

quercetin should be able to eliminate other DNA interacalators’ and untreated samples. Similarly, quercetin co-incubation with
access (24). Therefore, we incubated quercetin with DNA and HepG2 cellular extracts showed no fluorescent signal, whether
separated them by electrophoresis in agarose gel. Gel observaproteins were separated under native or denaturing conditions.

tion under UV light showed no DNAquercetin colocalization.

Quercetin was found to migrate along the electric field from

negative toward positive potential, in front of DNA ladder
fragments,<100 bp (Figure 4B, as postelectrophoresis staining
with EtBr allowed band visualization. It is interesting to note
that the known intercalator EtBr stained equally quercetin-treated not be visualized using standard electrophoresis protocols.

Moreover, no signal was obtained when gel lanes were soaked
in quercetin solutions after PAGE (data not shown). Considering
spectroscopy data, we concluded that the quercetin fluorescent
shift is due to an interaction with a specific protein or a
macromolecular complex; however, due to its nature, it could
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DISCUSSION cell monolayers, we observed a substantial enhancement of
fluorescence emission at 50640 nm (488 nry), which

fFIIavct)r:joﬂs, |(;10Iud|nbg (1yer(t:re]:t|tr1, Wefre (.:hara((:jt.e?zed ?S a}dda?sparalleled quercetin concentratidrigure 1A,B). Upon further
of plant-derived xenobIolics that conter immediate antioxidan attempts to visualize quercetin—DNA complexes by standard

profcton, e singl, ey were s Hour b rECeon eecophoreis, th flavonl was found (o migrate ndepen-

modulate several molecular pathways, denoting rapid cellular dently, n front Qf DNA fragments, whereas it did not affec_t

uptake and direct interaction with mac'romolecules (sed 2ef DNA staining Wlth EtBr. Moreover, the absence of quercetin
oxidized metabolites during cell treatment argued for a non-

for a recent review). Hitherto, flavonoid intracellular accumula- . . .
tion was studied uZ‘,in radiolabeled analogues. in combination covalent interaction with cellular components. We conclude that
9 gues, guercetin—DNA interactions could occur mainly in vitro and

with a number of separation/analytical techniques (se fef . . . . .
. . o . at high (supraphysiological) concentrations, possibly due to the
a discussion). However, it is not established whether these . .
chemical nature of the compounds. In a cellular environment,

micronutrients may enter the cell and colocalize with their o .
. . the presence of an excess of specific macromolecules, serving
presumptive molecular targets. The elaboration of novel tech- . ; o .
as quercetin targets, undermines such nonspecific interactions.

niques for intracellular tracing would assist molecular and Indeed, although quercetin intercalative properties were impli-
pharmacological approaches. Here, we show that native quer- A gh que . prop 'mp
cated in its antiproliferative effects, experimental studies in

cetin exhibits a specific fluorescence profile (488B00— nimals showed that th mpound is protective rather than
540 nmy) upon cellular internalization. This was further verified animais showe at the compound 1S proteclive ratner tha
clastogenic (40) and thus safe for prospective applications in

using UV—vis spectroscopy, confocal microscopy, and HPLC e

coupled to mass spectroscopy. This specific fluorescence COUIdEZTgQ; dg;g(;)gzeaﬂ;ﬁ]da:);:'& f;?%?eefr;;?/t'ozl:g tiﬂr;l?é:glfpig?ggs
further exploi in vivo flavonol transit an ibl > . S .

be further exploited to study 0 flavonol transit and possible (41). Quercetin dietary intake by healthy individuals increased

interactions, particularly at the infracellular level. / . S . . ,
in has b rted to exhibit f i i resistance against DNA oxidative damage in subjects’ leucocytes
Quercetin has been reported to exhibit fluorescence at Specific 5 ~ 3" 5 inhibited cisplatin-induced DNA adducts in

settings, especially upon binding to macromolecules (proteins hepatocytes (44)

or nucleic acids). It was shown to interact in solution with N . .
albumin (22), insulin25), and actinZ6). However, data about " conclusion, within this work, we show that guercetin
quercetin—albumin complexes’ fluorescent properties are con- Ntérnalization is coupled to a transient binding of the native
tradictory: quercetinBSA interactions could be detected at 425 Molecule to specific protein targets. This interaction could be
nm, although increased protein concentration obstructed complexViSualized at 488 ngy/500-540 nmy, Considering the compel-
formation @7); contrariwise, saturation kinetics analysis showed N need for advanced techniques in flavonoid research, this
that these complexes could be detected at 485/A60—550 property prc_)wdes an expedient tool to define its target tissues
nmem (28). Nevertheless, no signal was detected with quercetin and determine the |ntrac<_allular domams_, whe_re it e}ccqmulatt_as.
and BSA mixtures at 488 ng500—540 nran, indicating that Moreover, as the q_uerc_:etln quorescenF signal is m{;untamed w_|th
this interaction does not intervene in the fluorescence emission, formaldehyde fixation, it would be feasible to combine quercetin
upon quercetin internalization. In addition, quercetin induced a UPtake with standard immunofluorescence or FRET protocols.
fluorescence quenching at 430 gfB00 nm., upon incubation The sensmvny of the method is very high, as it can.wsuahze
with BSA, in accordance with previous resul2y. Preliminary internalized flgyonol mqlepules applied at the low mlcromplgr
results indicate that albumirguercetin conjugates, non-covalent fange. In addition, preliminary results show that quercetin is
in nature 80), could determine the bioavailability of the flavonol ~ gradually imported but not retained by hepatocytes, indicating
in cellular systems or in vivo. On the other hand, preliminary an energy-dependent transport. The identification of the impli-

data do not confirm a quercetin—actin association in a cellular cated transporters and possible molecular partners could provide
system. additional information about the bioavailability and mechanism

Quercetin was further shown to interact with purified nucleic of action of the agent.

acids and form covalent complexes that could be detected as a
fluorescence shift at 395 nnmi§, 24). The flavonol initially LITERATURE CITED
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