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Abstract-Myricetin and gossypetin, two hexahydroxylated flavonoids, are capable of modifying low 
density lipoprotein (LDL) to increase greatly its uptake by macrophages. When human ‘%labelled 
LDL was incubated with 100-1000 PM myricetin or gossypetin, it was subsequently endocytosed much 
faster by mouse peritoneal macrophages. This modification did not occur at a concentration of 10 @4. 
Nine other flavonoids containing up to five hydroxyl substituents did not modify LDL to any great extent 
at 100 PM. The modification of LDL by 100 @i myricetin was time-dependent and complete by 6 hr. 
Flavonoids can sometimes act as pro-oxidants but myricetin did not act by oxidizing the LDL, as the 
LDL lipid hydroperoxide content was not increased by myricetin, nor did it promote the depletion of 
the endogenous antioxidant cu-tocopherol in the LDL. High concentrations of myricetin caused the 
aggregation of LDL particles, as judged by light microscopy, agarose gel electrophoresis, retention by 
a membrane filter and sedimentability by centrifugation. SDS-PAGE indicated that the apolipoprotein 
B-100 molecules of LDL particles were covalently crosslinked. The uptake and degradation by macro- 
phages of myricetin-modified lZSI-labelled LDL reached saturation at about 10 pg protein/ml, suggesting 
the existence of a high affinity uptake process for the modified LDL. The uptake of myricetin-modified 
‘ZSI-labelled LDL was not competed for by a large excess of non-labelled native LDL or acetylated LDL. 
We conclude that myricetin and gossypetin at high concentrations are capable of modifying LDL by a 
novel non-oxidative mechanism to a form taken up by macrophages by a high affinity process. 

There is increasing evidence that oxidized low density 
lipoprotein (LDL**) may be involved in the 
pathogenesis of atherosclerosis [ 11. Oxidized LDL 
is internalized rapidly by macrophages by means of 
their scavenger receptors [2] and may contribute to 
their conversion into cholesterol-laden foam cells in 
atherosclerotic lesions. Arterial endothelial cells [3], 
arterial smooth muscle cells [4], macrophages [5-71 
and lymphocytes [8], as well as redox-active transition 
metal ions [7,9], are capable of oxidizing LDL to 
forms taken up more avidly by macrophages. 

Flavonoids are 2-phenylbenzo-y-pyrone deriva- 
tives which are ubiquitous in plants and therefore 
present in the normal human diet [lo]. In a previous 
study, we have shown that flavonoids inhibit the 
oxidation of LDL by macrophages or copper ions 
with IC,, values of l-20 /.JM [ll]. During the course 
of that study, we were surprised to observe that 
two hexahydroxylated flavonoids, myricetin and 
gossypetin (Fig. l), appeared to be able to modify 
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LDL themselves at a concentration of 1OOpM SO 

that it was taken up much faster by macrophages. 
Lower concentrations of myricetin or gossypetin did 
not modify LDL in this way. We have investigated 
the modification of LDL by these flavonoids in more 
detail. Some of these results have already been 
published in abstract form [12]. 

MATERIALS AND METHODS 

Isolation and radioiodination of LDL. LDL 
(1.019-1.063 g/mL) was isolated from normal human 
blood by sequential density ultracentrifugation, as 
described previously [13]. EDTA was present 
throughout to inhibit the oxidation of LDL. LDL 
was radioiodinated by the iodine monochloride 
method as described before [ll]. The LDL was 
stored at 4” in the presence of 100 PM EDTA under 
aseptic conditions. LDL was no longer used about 
1 month after isolation. 

LDL modification by myricetin or gossypetin. ‘=I- 
Labelled LDL (1OOpg protein/ml) was incubated 
at 37” for up to 24 hr with myricetin or gossypetin 
in (1) Ham’s F-10 medium (Catalogue No. 12-412- 
54; Flow Laboratories, High Wycombe, U.K.); (2) 
Dulbecco’s modified Eagle’s medium (DMEM; 
containing 1 g glucose/L; Catalogue No. D41- 
1885; Gibco., Uxbridge, U.K.) or (3) Dulbecco’s 
phosphate-buffered saline without Ca2+ or Mg2+ 
(G&co). Gentamicin (5O,ug/mL) was added to all 
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Fig. 1. Structure of myricetin and gossypctin. The 4-0x0- 
flavonoids are based on the parent molecule flavone, which 
can be hydroxylated or glycosylated at various positions. 

The lettering of the rings is shown. 

these solutions. Myrketin was obtained from either 
the Sigma Chemical Co. (Poole, U.K.) or the Aldrich 
Chemical Co. (Gillingham, U.K.). Gossypetin was 
kindly provided by Dr M.J. Alcaraz of the University 

of Valencia, Spain. Flavonoids were dissolved in 
ethanol or 70% (v/v) ethanol before being added to 
the LDL. The final concentration of ethanol was 1% 
(v/v) or less. 

Isolation and culture of macrobhages. Resident 
macrophages were isolated from mice by peritoneal 
lavage and cultured as described previously [ll]. 
One million peritoneal cells were added to each 
22.6 mm well and cultured in DMEM supplemented. 
with foetal calf serum (10% of final volume) and 
gentamicin (50 pg/mL). 

Measurement of LDL degradation and cell 
association in macrophages. After incubation with 
or without flavonoids, the 1251-labelled LDL was 
diluted to 1Opg of LDL-protein/mL with DMEM 
containing 10% (v/v) foetal calf serum and 
gent~i~n (~~g/mL) and incubated with macro- 
phages or in cell-free wells. LDL degradation by the 
cells was determined by measuring the release of its 
non-iodide trichloroacetic acid-soluble degradation 
products into the medium [14]. The medium was 
made up to 1 mL with water and the degradation 
products determined as described previously [ll]. 
The small amount of non-iodide acid-soluble 
radioactivity found in the medium of the cell-free 
wells was subtracted from that of the medium from 
the macrophages. The cells were washed, lysed in 
0.2M NaOH and their protein content measured 
[ill, The degradation was expressed per milligram 
of cell protein. 

To determine the amount of lzI-labelled LDL 
remaining associated with the cells, the radioactivity 
of a portion of the NaOH lysates was measured 
(after being made up to a total volume of 1 mL to 
preserve the normal counting geometry and 
efficiency). The small mount of ra~oa~i~ty present 
in the NaOH “lysate” of the cell-free dishes was 
subtracted from that found associated with the cells. 

Determination of lipid hydroperoxides and a+ 
tocopherol. The lipid hydroperoxides were deter- 

Table 1. Modification of LDL by m~i~tin and gossypetin 

Plavonoid 
Concentration 

0W Medium 

Degradation of iZ51-tabelled 
LDL by macrophages 

(yg protein/mg cell protein in 24 hr) 

Myricetin 0* 
0 

10 
100 

1000 
Gossypetin 0 

: 

;: 
100 

Ham’s F-10 0.9 f 0.5 
0.5 f 0.1 
0.6 * 0.2 
6.7 + 1.5 

27.8 2 7.5 
Ham’s F-IO 1.2 +. 0.2 

1.0 r 0.3 
1.0 ” 0.3 
1.1 rt 0.3 
2.1 k. 0.3 

10.6 Z!C 0.4 

‘“I-Labelled LDL (14 pg protein/ml) was incubated for 24 hr at 37’ with Ham’s F-10 
medium containing increasing concentrations of myricetin or gossypetin. The flavonoids were 
dissolved in ethanol and the final ethanol concentration was 1% (v/v). A control incubation 
~ntaining 1% v/v ethanol was included. The LDL was then diluted to 10 pg p~tein/mL and 
its rate of de~adation by macrophages measured. 

The mean 2 SEM for triplicate determinations is shown. 
* No solvent added. 
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Fig. 2. Time course- of LDL modification b lOO@vI 
myricetin. %LabelIed LDL (1oO~g protein mL) was 7 
incubated at 37” for various times up to 24 hr in Dulbecco’s 
phosphate-buffered saline (without C!a2’ or Me) with (0) 
or without (0) lOOti my&tin. The LDL was then 
assayed for lipid hydroperoxides or actocopherol or was 
diluted to lO@g LDL-protein/mL with serum-containing 
medium and incubated for 20 hr with macrophages and its 
degradation measured (the tinal concentration of myricetin 
in the macrophage cultures would thus have been 10 @f)- 
Each point for the hydroperoxide or o-tocopheroI content 
is the mean of duplicate dete~aatio~ and each Point for 
the degradation of LDL is the mean of three wells of cells. 
Generally, the variation between the replicates was in the 

range of 510% of the mean. 

mined in the LDL-containing media (after addition 
of 20 PM butylated hydroxytoluene and 2 mM Nar 
EDTA to prevent any further LDL oxidation) by 
extraction into heptane [15] and an automated 
tiiodide assay [16]. cr-Tocopherol was also deter- 
mined in the heptane extracts by HPLC on a Merck 
Lichrocart CN column (250 mm x 4 mm) with 
hexane/prop~-2-ol(99: 1, v/v) as the mobile phase, 
as described by Jessup et ai. 1171. 

Poiyacrylamide gel electrophoresis. SDS-PAGE 
of LDL samples was performed using precast 4-15% 
gradient gels (Bio-Rad Mini Protean II ready gels: 
Catalogue No. 161-0902). Twenty microlitre LDL 
samples (100 pg protein/ml) were mixed with 5 ,uL 
sample buffer which contained 0.125M Tris-HCl 
(pH 6.8), 2% (w/v) SDS, 10% (v/v) glycerol, 
0.1% (w/v) bromophenol blue and 2% (v/v) 2- 
mercapt~th~ol and heated at 100” for 2 min. 
Twenty microlitre samples were loaded and the gels 
run for 50 min at 150 V and 100 mA. Gels were fixed 
in ethanol (38%, v/v) acetic acid (lo%, v/v) and 
stained with silver according to Henkeshoven and 
Dernick [18]. M, markers were phosphorylase B 
(94,000), bovine serum albumin (67,000), ovalbumin 
(43,000), carbonic anhydrase (30,000), soybean 
try&n i~ibitor (20,~) and ~pha-la~albumin 
(14,~). 

Agurose gel electrophoresti. 1251-Labelled LDL 
(1OOE;lg protein/ml) was loaded directly on to 1% 
(w/v) Universal agarose gels (Ciba Corning, Palo 
Alto, CA, U.S.A.) and electrophoresed in barbitone 
buffer (pH 8.6) for 45 min at 90 V and 50 mA. The 
gel was then fixed in methanol, stained with Oil Red 
0 and destained in 70% (v/v) methanol. The gel was 
dried and exposed to X-ray film for 24 hr, which was 
then developed. 

RnsuLTs 

Increased uptake of myricetin- or gossypetin-modified 
LDL by macrophages 

Myricetin at 100-1000 @f modified 1251-labelled 
LDL so that it was endocytosed very much faster by 
mouse peritoneal macrophages than control LDL 
(Table 1). In general, an increase in the rate of 
degradation of 12SI-labelled LDL paralleled an 
increased rate of uptake. There was no increase in 
the rate of degradation of LDL that had been treated 
with lO@l myricetin. The myricetin was dissolved 
in ethanol, whose final concentration in the medium 
was 1% (v/v). This concentration of ethanol did not 
signiticantly affect the LDL in terms of its degradation 
by macrophages (Table 1). 

Figure 2 shows the time course of LDL modification 
by 1OOpM myricetin in Dulbecco’s phosphate- 
buffered saline. The modification, as regards 
increased degradation by macrophages, appeared to 
be complete by 6 hr (Fig. 2). Lipid hydroperoxide 
levels increased gradually in the absence of myricetin 
(Fig. 2) but were much lower than those observed 
during the oxidation of LDL over the same time 
period by macrophages (typically about 6OOnmol/ 
mg LDL protein at 6 hr; [17]). No detectable 
peroxidation of LDL lipids occurred in the 
presence of myricetin, consistent with its antioxidant 
properties. Moreover, in the buffer that was used in 
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Table 2. Effect of LDL concentration and of serum on LDL modification by myricetin 

Concn of 
myricetin (PM) 

Conditions during the incubation with 
myricetin 

Presence of 1Z51-Labelled 
foetal calf LDL concn 

serum (lo%, v/v) (pg protein/ml) 

Degradation of ‘*SI-labelled 
LDL by macrophages 

(pg proteir$;4gh;;ll protein 

0 - 50 0.65 2 0.02 
100 50 2.01 + 0.03 

0 - 100 0.66 f 0.03 
100 - 100 8.69 t 0.33 

0 + 100 0.32 f 0.02 
100 + 100 0.31 2 0.02 

“‘1-Labelled LDL was incubated for 24 hr with DMEM in the presence or absence of myricetin 
or foetal calf serum (not heat-inactivated; 10% v/v). The LDL was then diluted to 10 pg protein/ 
mL with DMEM containing 10% (v/v) foetal calf serum and added to macrophages. Its 
degradation by the cells was measured after 24 hr. 

The mean ? SEM for three wells of cells is shown. 

this experiment, there was no detectable depletion the macrophages because the degradation of native 
over the 24 hr incubation period of the endogenous 1251-1abelled LDL by macrophages was not increased 
antioxidant a-tocopherol in the LDL, either in the when 1OpM myricetin or gossypetin was added to 
presence or absence of myricetin (Fig. 2). the cells (results not shown). 

‘Z51-Labelled LDL was modified by 100pM 
myricetin much more extensively at 1OOpg LDL- 
protein/ml than at 50 yg protein/ml (Table 2). The 
modification of LDL was completely inhibited by 
10% (v/v) foetal calf serum (Table 2). 

Aggregation of myricetin-modified LDL 

Gossypetin also modified LDL to increase its 
degradation by macrophages at 100pM but not at 
10pM (Table 1). The following flavonoids did not 
modify LDL to any great extent at 100pM: flavone 
(0), 3-hydroxyflavone (l), chrysin (2). galangin (3). 
fisetin (4). morin (5), quercetin (5) and hypolaetin 
(5). The numbers in parentheses indicate the number 
of hydroxyl substituents on the flavone nucleus. 
Furthermore. gossypin (5), the C7-glycosylated 
derivative of gossypetin, did not modify LDL at a 
concentration of 100 PM. 

The effects of myricetin and gossypetin in 
increasing LDL degradation by macrophages cannot 
be explained by any actions they may have had on 

When LDL was incubated with 100 PM or 1 mM 
myricetin, aggregated material was observed, by the 
naked eye, to develop gradually. When the myricetin- 
modified LDL was examined by bright field light 
microscopy (X 200), aggregates were seen when 
concentrations of myricetin of 10 PM or above were 
used, the size of the aggregates increasing as 
the concentration of myricetin increased. This 
aggregation of LDL by myricetin was confirmed in 
a number of ways. Control LDL and LDL that had 
been incubated with 1 ,uM myricetin migrated as a 
single band when subjected to agarose gel 
electrophoresis (Fig. 3). Very little LDL that had 
been incubated with 10pM myricetin migrated out 
of the sample well and no LDL that had been 
incubated with 1OOyM myricetin was observed to 
have migrated out. 

ORIGIN 

Fig. 3. Agarose gel electrophoresis of myricetin-modified LDL. ‘ZSI-Labelled LDL (100 pg protein/ml) 
was incubated at 37” for 24 hr in Ham’s F-10 medium alone (*O) or containing 1% (v/v) ethanol (0), 
as a solvent control, or 1. 10 or 1OOpM myricetin, as indicated. The LDLs were then subjected to 

agarose gel electrophoresis at pH 8.6 and an autoradiogram of the gel was taken. 
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Table 3. Retention of myricetin-modified LDL by filters 

Retention of ttSI-labef~ed LDL 
Treatment by 0.45 m filter (%) 

None 4.6 
Ethanol (I% v/v) 3.5 
Myricetin (1 PM) 5.3 
Myricetin (10 #vf) 39.6 
Myricetin (100 JJM) 77.8 

‘251-Labehed LDL (10O~~g protein/m~) was incubated 
at 37” for 24 hr with various concentrations of myricetin 
in Ham’s F-10 medium. The myricetin was dissolved 
in ethanol and so a control containing ethanol (final 
co~~ntration 1% v/v) was also included. Separate samples 
were taken and their radioactivity measured before and 
after passage through a membrane Nter with a nominal 
pore size of 0.45 pm (Miilipore). Retention of 1251-labelled 
material is expressed as a percentage of the total 
radioactivity in each sample. 

The results are the means of two separate experiments, 

A large proportion of *251-iabelled LDL treated 
with 10 or 100 fl myricetin was retained by a filter 
with a nominal pore size of 0.45 ,~rn (Table 3). 

When *251-labelled LDL was incubated with 1 mM 
myricetin and centrifuged at 11,600g for 10 min, 
8s% of it was sedimented, whereas only 2% or less 

was sedimented at lower concentrations of myricetin 
(Table 4). The sedimentability correlated with the 
degradation of the LDL by macrophages. 

Myricetin-modified LDL was subjected to SDS- 
PAGE to investigate if there was any intermolecular 
cross-linking of its apolipoprotein B-100 (apo B-100) 
molecules (the protein component of LDL), as 
has been described for LDL mo~fied by 4- 
hydroxynonenal [ 191. *=I-Labelled LDL was modi- 
fied with 0, 1, 10, 100 or 1000yM myricetin for 
24 hr, then applied to a Q-15% polyacrylamide gel. 
By silver staining, the only major band detectable 
in control samples was apo B-100 (Fig. 4). In LDL 
modified by 10,100 or 1000 PM myricetin, however, 
increasing amounts of apo B-100 failed to enter the 
geb and this was accompanied by a progressive 
decrease in the intensity of staining of the apo B- 
100 band. 

Ch~rac~~r~~i~~ o~~yrice~n-iodized LDL uptake by 
macrophages 

‘I&e degradation and cell association of rz51- 
labelled LDL modilied by various concentrations of 
myricetin were compared (Table 4). With 10 or 
100 PM myricetin, over 80% of the total !~I-labelled 
LDL that had become associated with the cells over 
24 hr was degraded by the cells, whereas with 1 mM 
myricetin only 37% of the *2JI-labelled LDL was 
degraded with large amounts of radioactive material 
accumulating in the cells. 

When increasing concentrations of LDL modified 
by 1 mM myricetin were added to macrophages, its 
de~adation plateaued at about lO,~g protein/mL~ 
whereas the degradation of control LDL continued 
to increase up to at least 1OO~g protein/ml, the 
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Fig. 4 SDS-PAGE of myricetin-modified LDL. ‘Z51-Labelled LDL (100 pg protein/ml) was incubated 
at 37” for 24 hr in Ham’s F-10 medium alone (*0) or containing 1% (v/v) ethanol (0), or 1, 10, 100 or 
100O~M myricetin, as indicated. The LDLs were subjected to SDS-PAGE using a 4-15% gradient 
gel. The gels were then stained with silver. The lanes with the relative molecular mass standards are 
denoted by M. Similar results were obtained when LDL was incubated with myricetin in phosphate- 
buffered saline rather than Ham’s F-10 and in another experiment in Ham’s F-10 with a different batch 

of LDL. 

highest concentration used (Fig. 5). At concentrations 
below 1OOpg protein/ml, the degradation of 
myricetin-modified 1251-labelled LDL was much 
greater than that of the control ‘251-labelled LDL. 
Large amounts of radiolabelled material remained 
associated with the cells when they were incubated 
with myricetin-modified LDL and again this 
plateaued at about 10,ug protein/ml (Fig. 5). As 
mentioned above, more radioactivity from myricetin- 
modified 1251-labelled LDL was associated with the 
cells than was degraded by them. The amounts of 
radioactivity associated with the macrophages when 
they were incubated with control 1251-labelled LDL 
were very much less than when they were incubated 
with myricetin-modified ‘~51-labelled LDL. 

Competition experiments were performed to 
investigate the nature of the binding site for 
myricetin-modified ‘251-labelled LDL by using non- 
labelled native LDL or acetyl-LDL to compete 
for the native LDL and acetyl-LDL receptors, 
respectively. When macrophages were incubated for 
6 hr with myricetin-modified l~‘I-labelled LDL in the 
presence of up to a 20-fold excess of non-labelled 
native LDL, there was no decrease in the degradation 
or cell association of the labelled myricetin-modified 
LDL (Fig. 6). The degradation of myricetin-modified 
‘251-1abelled LDL was reduced by about 25% by 
10 pgof non-labelled acetyl-LDL/mL but this modest 
inhibition did not increase with increasing acetyl- 
LDL concentrations. Moreover, the cell-associated 

radioactivity was not decreased by non-labelled 
acetyl-LDL and the total radioactivity (i.e. degraded 
plus cell-associated radioactivity) was not decreased 
by it in a consistent manner (Fig. 6). 

DISCUSSION 

We have found that two hexahydroxylated 
flavonoids, myricetin and gossypetin, at a con- 
centration of 100 FM or above modify LDL so that 
macrophages take it up much faster. Lower 
concentrations of myricetin or gossypetin did not 
modify LDL to nearly the same extent. None of the 
other nine flavonoids we have investigated modified 
LDL appreciably at lOOpM, including gossypin, a 
glycosylated derivative of gossypetin. These results 
suggest that the number of hydroxyl substituents 
may be important for this effect on LDL and it 
would therefore be relevant to examine other 
phenolic polyols. 

The modification of LDL by lOOtiM myricetin 
appeared to be complete by 6 hr. Flavonoids are 
well known to have antioxidant properties but it has 
been shown more recently that some of them, 
including myricetin and gossypetin, can also have 
pro-oxidant effects under certain conditions [20,21]. 
This raised the possibility that the myricetin and 
gossypetin at 100 PM or above may have been acting 
by oxidizing the LDL. However, several lines of 
evidence argue against this explanation. Firstly, 
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Fig. 5. Effect of myricetin-modified LDL concentration on 
its degradation and cell association in macrophages. lzI- 
Labelled LDL (100 ,ug protein/ml) was incubated for 16 hr 
with (0) or without (0) 1 mM myricetin in DMEM. It was 
diluted to various concentrations with serum-containing 
DMEM and incubated for 9 hr in triplicate with 
macrophages or in cell-free wells. Radioactive degradation 
products in the medium and the amounts of radioactivity 
remaining associated with the cells were then measured. 
The SEM is shown by the error bars, except where it is 

smaller than the symbol. 

100 PM myricetin did not increase the levels of lipid 
hydroperoxides in LDL; in fact, it prevented the 
slow increase in lipid hydroperoxides that occurred 
in its absence. This is consistent with the inhibition 
by myricetin of microsomal lipid peroxidation 
induced by Fe3+-ascorbate (50% inhibition at about 
1.5 PM myricetin [22]) and with the inhibition by 
myricetin of LDL oxidation by macrophages [23] or 
copper ions [ll]. Secondly, when LDL is oxidized 
by copper ions or macrophages, there is a rapid 
decrease in its cu-tocopherol content [17], but in the 
experiments described here the cu-tocopherol content 
of the LDL remained constant both in the presence 
and absence of 100 @f myricetin. This is consistent 
with the lack of any pro-oxidant effect of myricetin 
in this system. Finally, the LDL could be modified 

extensively in DMEM, in addition to Dulbecco’s 
phosphate-buffered saline and Ham’s F-10 medium. 
We have shown previously that LDL in DMEM is 
highly resistant to oxidation by macrophages or 
copper ions [7]. Taken together, this evidence 
suggests that LDL modification by myricetin is not 
due to an oxidative process as observed when LDL 
is modified by cells or copper ions, a process which 
involves the loss of Lu-tocopherol and the generation 
of lipid hydroperoxides. 

The development of a form of LDL that was taken 
up faster by macrophages was correlated with the 
formation of aggregated LDL. This was shown by 
several techniques, including light microscopy, 
agarose gel electrophoresis, membrane filtration,- 
sedimentation by centrifugation and SDS-PAGE. 

Proteins of higher M, than apo B-100 were seen 
in myricetin-treated LDL in the polyacrylamide gels. 
Apo B-100 was the only major protein present in 
the control incubations and the formation of higher 
M, species accompanied the loss of protein of the 
M, of native apo B-100. As each LDL particle 
contains only one apo B-100 molecule, we conclude 
that myricetin-modified LDL includes LDL particles 
whose apo B-100 molecules are covalently cross- 
linked by myricetin. Similar results have been shown 
for 4-hydroxynonenal-modified LDL [ 191. The 
capacity of polyphenolic compounds such as 
flavonoids to form covalent complexes with proteins 
is already known [24] and is believed to involve the 
reaction of quinones with nucleophilic groups, such 
as sulphydryl and amino groups on proteins. It may 
be of interest that in the experiments in which we 
extracted myricetin-modified LDL with heptane to 
measure lipid hydroperoxides and a+tocopherol, we 
noticed a purple-coloured layer rather than the usual 
white layer at the interface between the heptane and 
aqueous phases. This would be consistent with the 
postulated binding of myricetin to apo B-100. 

The correlation between the appearance of 
aggregates of LDL, the formation of higher M, forms 
of apo B-100 and the accelerated uptake of LDL 
suggests that cross-linking of LDL particles is an 
important factor in the formation by myricetin of a 
form of LDL that is taken up faster by macrophages. 
It would also be consistent with the LDL being 
modified by myricetin to a much greater extent at a 
concentration of 1OOpg LDL-protein/mL than at 
50 ,ug/mL. It is possible, however, that other physical 
effects of flavonoids on the LDL particles may also 
be involved [24]. 

It has been shown that aggregated LDL produced 
by vortexing [25], by phospholipase C treatment [26] 
or by incubation with 4-hydroxynonenal [19] is 
rapidly taken up by macrophages by phagocytosis 
and this may possibly have been the case here. 

The myricetin-modified LDL was taken up by 
macrophages by a high affinity binding site of some 
kind, as its degradation and association with the 
cells plateaued at about 1Opg LDL-protein/ 
mL. Corn 
modified 1 % 

etition experiments between myricetin- 
I-labelled LDL and non-labelled acetyl- 

LDL suggested that the uptake of myricetin-modified 
LDL was largely independent of the scavenger 
receptor on macrophages, which mediates the uptake 
of acetyl-LDL and, at least in part, oxidized LDL. 
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Fig. 6. Competition studies between myricetin-modified 
‘251-labelled LDL and non-labeled native or acetylated 
LDL for degradation by macrophages. ‘251-Labelled LDL 
(100 ~g protein/ml) was incubated at 37” for 18 hr with 
1 mM myricetin in phosphate-buffered saline without Ca** 
or Mgz+. It was then diluted in DMEM containing 10% 
(v/v) Ii protein-de~cient foetal calf serum and gentamicin 
(50 pg p” mL) and added to macrophages or cell-free dishes 
at a concentration of 5 pg protein/ml, in the presence of 
various concentrations of non-labelled native (0) or 
acetylated (0) LDL. The degradation and cell association 
of the lZSI-labelled LDL was measured after 6 hr incubation. 
The low rate of degradation and cell association of control 
lz*I-labelled LDL is shown on the ordinate (A). In the 
same experiment, the rate of deg~dation ~foIlowed by cell 
association in parentheses) of acetylated lUI-labelled LDL 
(5 @g protein/ml) alone was 20.6 rt 1.6 pg protein/mg cell 
protein in 6 hr (3.6 2 0.1); for acetylated 251-labelled LDL 
(5 pg protein/mL) plus non-labelled native LDL (100 fig 
protein/ml) it was 19.7 +- 1.5 (3.5 2 0.05) and for 

A 20-fold excess of non-labelled native LDL did not 
compete for the uptake of m~c~tin-rn~i~ed 
radioactive LDL. Macrophages possess a receptor 
for native LDL, but it has a low affinity for native 
LDL compared to that of the classical human 
fibroblast LDL receptor and it should therefore be 
borne in mind that it may be difficult to compete 
effectively using native LDL for the binding of a 
high affinity ligand to this receptor [27]. Hoff et al. 
[19] found that the degradation of labelled 4- 
hydroxynonenal-modified LDL by macrophages was 
not decreased by excess non-labelled native or acetyl- 
LDL and also suggested that the binding of a 
multivalent ligand may be of such a high affinity that 
univalent native LDL or acetyl-LDL are unable to 
compete for it. 

The ratio of degraded LDL to that associated with 
the cells was much less for LDL that had been 
modified by 1 mM myricetin than for unmodified 
LDL or LDL incubated with lower concentrations 
of myricetin. The cell-associated my~cetin-modi~ed 
LDL may either have been bound to the surface of 
the cells or it may have been internalized by them. 
If it had been intem~~ed, its reduced degradation 
may have been due to either a decrease in its delivery 
to the lysosomes or to a decrease in its rate of 
degradation following its delivery to the lysosomes. 
A decreased sus~ptibility to lysosomal proteases 
may possibly be explained by the cross-linking of 
the apo B-100 molecules in myricetin-modified LDL. 

The modi~cation of LDL by 1OOfl myricetin 
was entirely inhibited by 10% (v/v) foetal calf serum. 
The reason for this is unclear, although one possibility 
is that the serum proteins may have competed with 
the LDL apo B-100 for binding to the myricetin. 

Little is known of the pha~acokinetics of 
flavonoids in humans, but it would seem unlikely 
that normal levels of dietary myricetin would reach 
concentrations of the order of 100 FM in the plasma. 
Even if this were to happen, however, it is unlikely 
that the myricetin would modify the LDL in the 
general circulation because the plasma would be 
expected to inhibit the modification totally. Thus, if 
flavonoids are present in the circulation and 
interstitial fluid, their inhibitory effects on LDL 
oxidation [li] would be expected to predominate 
over any possible effects of m~cetin and gossypetin 
in modtfying LDL themselves. Some antioxidants 
that inhibit LDL oxidation in vitro, for instance 
probucol [28] and butylated hydroxytoluene [291, 
suppress experimental atherosclerosis in animals 
when administered in the diet. Whether or not 
dietary flavonoids have any effect on LDL oxidation 
in vivo, however, and therefore influence the 
atherosclerotic process, remains to be established. 

acetylated 1251-labelled LDL (5 pg protein/ml) plus non- 
labelled acetvlated LDL (1OOug orotein/mL) it was 
2.14 f 0.26 (0147 rt 0.02). The mean 2 SEM for three wells 
of cells is shown (except when the SEM is smaller than the 
symbol). The myricetin-modified 1Z51-labelled LDL bound 
to the cell-free wells more than did the control or acetylated 
‘*31-labelled LDL, but its binding was only about 5% of 

the radioactivity associated with the cells. 
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