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Flavonoid transport by
mammalian endothelial cells
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Despite the ever-growing body of literature reporting the effects of flavonoids on animals at both the cellular and
systemic levels, one of the most basic questions—"Are the effects of flavonoids on animal cells initiated through
their interaction with extracellular targets or intracellular targets?”—has yet to be addressed. Because many
effects of flavonoids on cells can be detected within minutes of flavonoid application and because flavonoids
diffuse across lipid membranes slowly or not at all, intracellular mechanisms would necessitate a flavonoid
transport system for rapid flavonoid uptake. The specific aims of this investigation were (1) to determine if
endothelial cells contain a mechanism that mediates rapid flavonoid uptake and (2) to provide evidence for or
against the hypothesis that rapid flavonoid effects on endothelial cell synthesis of prostacyclin and endothelin are
initiated through the interaction of flavonoids with intracellular targets. Data show that bovine and human aortic
endothelial cells possess a transport system that mediates rapid uptake of the flavonoid morin and suggest that
the flavonoid uptake system utilizes a variety of oxygenated phenolic compounds as substrates. Further
investigation into flavonoid transport should expedite future investigation into the mechanisms of flavonoid
actions, because it may allow research to focus on the cellular locations where flavonoids are concentrated.
Although endothelial cells contain a mechanism for the rapid uptake of morin, data reported herein suggest that
morin initiates its rapid effects on endothelial cell synthesis of prostacyclin and endothelin through an interaction
with extracellular targets. (J. Nutr. Biochem. 10:193-197, 199@) Elsevier Science Inc. 1999. All rights
reserved.
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Introduction flavonoids are consumed as oral supplements and are being
considered as potential food additives because they can
Yeduce food spoilag&:® As a result, a complete understand-
ing of both systemic and cellular flavonoid effects is
necessary.

Dozens of flavonoid-induced endothelial cell (EC) ef-
cts have been described in the scientific literatufe:t

For example, flavonoids alter EC synthesis of eicosandids,
nitric oxide 1° and endothelin (E®} within minutes follow-

ing flavonoid application. Due to its proximity to blood-
borne flavonoids, the endothelium is likely to be one of the
primary sites of flavonoid action. Because flavonoids dif-
fuse across lipid membranes slowly or not at!aft? a
transport system for rapid flavonoid uptake would be
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Flavonoids are secondary metabolites synthesized by plant
for use in defense and reproduction. Traditionally, human
consumption of flavonoids and other phytochemicals has
occurred through the ingestion of fruits, vegetables, le-
gumes, and plant-derived products such as tea, wine, cocoay,
coffee, and fermented foodsToday, the pattern of fla-

vonoid consumption is changing. For example, crop engi-
neers are pursuing increased plant flavonoid content with
the intent of improving disease resistance in plants and plant
nodulation efficiency*® In addition, due to marketing,

USA. : - .
Funding provided in part by USDA/BARD grant 1S2260-93RC and NIH a _SyStem for rapld_ flavonoid uptak<_e and (2) to _prowde
grant 1 U24 AI37627 from the Office of Alternative Medicine, NIH. evidence f_or or against the hYpOtheS|s that the rapid effects
Received May 12, 1998; accepted December 16, 1998. of flavonoids on EC synthesis of prostacyclin and ET are

J. Nutr. Biochem. 10:193-197, 1999
© Elsevier Science Inc. 1999. All rights reserved. 0955-2863/99/%—see front matter
655 Avenue of the Americas, New York, NY 10010 PIl S0955-2863(98)00104-1



Review

initiated through flavonoid interaction with intracellular was compared with medium+- ATP + morin. Immunoassay
targets. procedures were conducted as described previdusly.

Statistical analysis

Methods and materials Experimental data were compared using one-way analysis of

Materials variance (ANOVA), testing the hypothesis that means from
samples were equal, and by F-test with significance assigned at a

Bovine aortic ECs were a gift from M.E. O’Donnell (University of  level of P < 0.05.

California, Davis, CA USA). Human aortic ECs were purchased

from Clonetics (San Diego, CA USA). Eagle’s minimal essential

medium for culture (EMEM) was purchased from Mediatech Results

(Herndon, VA USA). Catechin, flavone, caffeic acid, chlorogenic Following an 8-minute incubation of aortic ECs with

acid, coumarin, ATP, ADP, GTP, NaCl, KCL, MgCl, glucose, and EMEM containing 20Qwmol/L morin and 5 mmol/L ATP,

the remaining cell culture materials were purchased from Sigma - 2 P
Scientific (Orlando, FL USA). Valinomycin and ouabain were morin characteristic emission (520 nm) was observed from

purchased from CALBIOCHEM (La Jolla, CA USA). Morin and ~ Photon-stimulated ECs-(gure 1A,B. Morin appeared to be
AMP-PCP were purchased from Fluka (Milwaukee, WI USA). concentrated primarily in the perinuclear region of cells.
6-Keto PGE,, and ET immunoassay kits were purchased from Representative chromatography from cell extracts (cells

Cayman (Ann Arbor, MI USA). Flavanone, 3,5,748-pentahy- incubated in EMEM, cells incubated in EMEM containing
droxyflavanone, and 7,3V -trihydroxyisoflavone were purchased 200 wmol/L morin, cells incubated in EMEM containing
from Indofine (Somerville, NJ USA). 200 wmol/L morin and spiked with 100 pmol morin prior to
extraction, and cells incubated with EMEM containing 200
Cell cultures and treatments pmol/L morin and 5 mmol/L ATP) are shown figure 1C

(1 through 4, respectively). Morin eluted at approximately

Cell culture was conducted as previously describ&Cs were 57 minutes. Seventy-two pmol morin/culture dish, or ap-

seeded and grown in 24-well plates, microscope cover slips, or - 16 -
20- X 100-mm culture dishes with EMEM containing 2 mmol/L proximately 1.53x 10 mol morin/cell, was extracted

L-glutamine, 10% fetal bovine serum, 100 units penicillin/mL, and {T0M cells incubated for 8 minutes in EMEM containing 200
0.1 mg streptomycin/mL. Cells were used at passage 10 or less.wmol/L morin (determined by morin standard curve). Cells
Cells were washed with sterile phosphate buffered saline (PBS)incubated in EMEM containing 20Qmol/L morin and 5

before use. EC integrity was monitored by trypan blue exclusion as mmol/L ATP contained 190 pmol of extractable morin, or

described:* approximately 4.0< 10~ mol morin/cell.
The properties of the flavonoid uptake system in ECs
Determination of flavonoid uptake were thoroughly investigated by taking advantage of mor-

in’s fluorescence. Flavonoid transport in bovine and human

Cellular transport of the flavonoid morin was analyzed using 55rtic ECs responded to morin concentration in a similar

fluorometry, fluorescence microscopy, and high pressure liquid : . : :
chromatography (HPLC). For fluorometry and fluorescence mi- manner Eigure 2, with uptake increased multifold by the

croscopy, cells were incubated for 6 or 8 minutes in EMEM add|t|o.n of ATP to medlu.mTabIe ldetails the modulation
containing appropriate treatment compounds where applicable, f morin uptake by a variety of substances. Although ATP,
rinsed with an excess of PBS, and analyzed by emission at 520 nm GTP, and ADP stimulated morin uptake, GTP and ADP
Fluorescence was detected by a Fluorophor 2300 plate reademwere significantly less effective than ATP. The poorly
(Millipore) or a Zeiss (Germany) Axioplan Universal Microscope hydrolyzable ATP analog AMP-PCP (Fluka, Milwaukee,
combined with a Zeiss MC-100 microscope camera. When exam- Wl USA) inhibited morin uptake in a dose-dependent
ined using fluorescence microscopy, ECs were exposed to amanner. Neither the potassium ionophore valinomycin nor
mercury short arc lamp (45 V, 1.3 A, 50 W, 2,000 Im), or the the inhibitor of Na - and K"-dependent ATPases ouabain
mercury short arc lamp in combination with the MC-100's altered morin uptake in either cell type. KCI, NaCl, and

standard halogen bulb. : . . MgCl also had no effect on the uptake of morin by ECs.

HPLC analysis was used to quantitate cellular morin following Th dditi " | | t of catechi
the protocol described previoushys above, cells were treated for € addition of an equal molar amount of catechin,
8 minutes in EMEM containing any appropriate treatment and coumarin, 7,34'-trihydroxyisoflavone, 3,5,7,34'-penta-

washed with an excess of PBS. They were then scraped from theirhydroxyflavanone, caffeic acid, or chlorogenic acid to the
20- X 100-mm tissue culture dishes into water/methanol/0.1 M incubation medium inhibited morin uptake by 58%, 23%,

HCI (85:14:1), filtered through a 0.@-syringe filter, and centri- 60%, 68%, 49%, and 73%, respectively. In contrast, flavone
fuged at 5,000 g for 10 minutes. HPLC was conducted on the and flavanone had no significant effect. No detectable

supernatant fraction. photon emission that could interfere with morin measure-
ment occurred when these compounds were excited at 495
Measurement of ET and prostacyclin nm. Although the uptake and localization of morin could be

Cells at>85% confluence were rinsed with PBS and incubated in followed by photon emission, photobleaching occurred

250 L of phenol red-free EMEM culture medium with treatment Ir:apldly d3u”ngltﬁ)]rOIOrr]]gedtexmﬁflt;om(l m!n). AS shown In d
compounds added to medium immediately prior to its application. igure 3A although intracellular morin was increase

One hundred microliters of medium was removed immediately Several-fold by the addition of ATP, morin-induced EC
following application and again after 10 minutes of incubation. Prostacyclin secretion was unaffected. In contrast, increased

Samples were frozen<80°C) and stored until analyzed. Medium  intracellular morin drastically altered the net effect of morin
only was compared with mediumt morin, and medium+ ATP on EC ET secretionHigure 3B).
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Figure 1 lllustrations of rapid morin uptake by endothelial cells from 8-minute incubations. (A) Photon emission (ex 495 nm, em 520 nm) was
visualized by illumination with a mercury short arc lamp. (B) Co-illuminated with both mercury lamp and the MC-100’s standard halogen bulb. Although
photon emission (ex 495 nm, em 520 nm) was visible throughout cells, it was concentrated primarily in cell nuclei. (C) 1: Chromatography of an extract
from cells incubated in EMEM. 2: Chromatography of an extract from cells incubated in EMEM containing 200 wmol/L morin. 3: Chromatography of
an extract from cells incubated in EMEM containing 200 pmol/L morin and spiked prior to extraction with 100 pmol morin. 4: Chromatography of an
extract from cells incubated with EMEM containing 200 wmol/L morin and 5 mmol/L ATP.
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Figure 3 Effect of morin on endothelial cell synthesis of prostacyclin
(A) and endothelin (B). Data is the average of four experiments. ATP
concentration was 5 mM.

Figure 2 Morin uptake in response to dose and ATP for bovine (A)
and human (B) aortic endothelial cells. Following a 6-minute cell incu-
bation, endothelial cells were washed four times with PBS and then
analyzed on a Fluorophor 2300 plate reader (Millipore; ex 495 nm, em
520 nm). A.U.F. is arbitrary units of fluorescence. [J, no ATP in medium, . . .
m, 5mM ATP in medium. in plant or animal cells, of the three types of flavonoid

transport systems identified in plant cetfs® only one—

) ) that which was identified in barley vacuoles for uptake of
Discussion the flavonoid isovitexit"—used an unmodified flavonoid

s a substrate. That system further resembled the system for
lavonoid uptake identified here in its rapid transmembrane
movement of flavonoids and its induction by energy mole-
cules. Together these data suggest that the transporter in
ECs could be derived from one in the plant kingdom.

Data showing that the uptake of flavonoids by ECs is

increased several-fold by the presence of ATP in culture
medium will allow investigators to determine if specific

Our results demonstrate that a rapid, energy-dependen
transport system is present in aortic ECs for the uptake of
morin. In addition, results from the competition experiment
suggest that the transport system in mammalian aortic ECs
uses hydroxylated phenolic compounds as substrates. Al-
though little is known concerning flavonoid transport either

Table 1 Modulation of morin uptake: Percent (%) of control effects of flavonoids on ECs that are initiated within
minutes of flavonoid application are initiated through the
Bovine  Human interaction of flavonoids with extracellular targets or
Group ECs ECs through their interaction with intracellular targets. Because
ECs were shown to contain a transport system for rapid
ATP (5 mmol/L) (control) - 100 100 morin uptake, this investigation established that the rapid
ATP (5 mmol/L. + Catechin (100 pmol/L) 42 52 effects of this flavonoid on ECs could be initiated through
ATP (5 mmol/L) + Flavone (100 wmol/L) 89 88 ; ; ; .
ATP (5 mmol/L) + Flavonone (100 wmol/L) _ 86 intracellular mechanisms. Despite this, because the ATP
ATP (5 mmol/L) + Pentahydroxyflavonone - 42 concentration of human plasma is only {{M,*° only
(100 pmol/L) extracellular initiation is likely to occur for morin’s rapid
ATP (5 mmol/L) + Trihydroxyisoflavone - 40 effects on EC prostacyclin and ET synthesis. We stress that
AT(;%) r‘;r%‘zl//'i)) + Goumarin (100 pmol/L) _ 77 this QOes not exclude the.possibility that Iong'—term effgt_:ts of
ATP (5 mmol/L) + Coumaric acid (100 pmol/L) _ 51 morin on EC prostacyclin and ET synthesis are initiated
ATP (5 mmol/L) + Caffeic acid (100 wmol/L) — 27 intracellularly.
ATP (6 mmol/L) + AMP-PCP (1 mmol/L) 68 65 The overall objective of this line of inquiry is to provide
ATP (5 mmol/L) + AMP-PCP (2 mmol/L) 47 38 a better understanding of the role of food phytochemicals in
ATP (5 mmol/L) + Valinomycin (1 wmol/L) 109 94 . -
ATP (5 mmol/L) + Ouabain (1 wmol/L) 116 87 promoting human health and well-being and the mecha-
GTP (5 mmol/L) 51 61 nisms through which they work. Because little information
ADP (5 mmol/L) 59 64 is available concerning the uptake of flavonoids by and
Eélc('éfsmﬂgﬁl'}) ]g fg sequestration in animal cells, proposing mechanisms of
MgCI (5 mmol/L) 12 19 flavon0|d action is currently dlfflcult._Further investigation
Glucose (5 mmol/L) 21 24 into flavonoid uptake and sequestration by animal cells may
Medium only 18 22 arm researchers with knowledge concerning preferential
flavonoid uptake and sequestration into cellular organelles.
Reactions were initiated by replacement of EMEM with fresh medium This, in turn, would allow investigators to focus on the
containing 2 mmol/L L-glutamine, 10% fetal bovine serum (FBS), 100 cellular or extracellular locations where specific flavonoids
pwmol/L morin, and treatment compound(s) when applicable. Incubation are preferentially concentrated, and to look for correlates

proceeded for 8 minutes, after which cells were washed three times

with phosphate buffered saline (PBS) and analyzed at ex 495 nm, em between flavon0|d Sthture‘ cellular location, and bIOIOgl_
520 nm. Data represent the average of three experiments. cal fun.ct|on. Alternatively, data may . S_hOW tha'{ many
ECs-endothelial cells. flavonoids are concentrated along the lipid—water interface
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of cells and their organelles, information that would be less 8
useful in narrowing down the potential mechanisms by

which flavonoids initiate/mediate their effects. Although °
data reported herein do not suggest that this will be the case,
the possibility cannot be overlooked.

10
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