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Insoluble Fraction of Buckwheat (  Fagopyrum esculentum
Moench) Protein Possessing Cholesterol-Binding Properties
That Reduce Micelle Cholesterol Solubility and Uptake by
Caco-2 Cells
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Buckwheat (Fagopyrum esculentum Moench) protein (BWP) exhibits hypocholesterolemic activity in
several animal models by increasing fecal excretion of neutral and acidic sterols. In the current study,
the ability of BWP to disrupt micelle cholesterol solubility by sequestration of cholesterol was
investigated. When BWP (0.2%) was incubated with cholesterol and micelle lipid components prior
to micelle formation, cholesterol solubility was reduced 40%. In contrast, cholesterol solubility was
not decreased when BWP (0.2%) was incubated after micelle formation and incorporation of soluble
cholesterol. Buckwheat flour, from which BWP was derived, had no significant effect on cholesterol
solubility. Cholesterol uptake in Caco-2 cells from micelles made in the presence of BWP (0.2%)
was reduced by 47, 36, 35, and 33% when compared with buckwheat flour, bovine serum albumin,
casein, and gelatin, respectively. Reduction in cholesterol uptake in Caco-2 cells was dose-dependent,
with maximum reductions at 0.1-0.4% BWP. In cholesterol-binding experiments, 83% of the
cholesterol was associated with an insoluble BWP fraction, indicating strong cholesterol-binding
capacity that disrupts solubility and uptake by Caco-2 cells.
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INTRODUCTION modified to increase excretion, thereby reducing net absorption.
The mass of cholesterol present in the gut lumen of humans
ranges from 300 to 500 mg of dietary cholesterol, from 800 to
1200 mg of biliary derived cholesterol, and from 250 to 400
mg from intestinal epithelial cell turnover per da¥6). The
solubility of this pool of cholesterol depends on incorporation
into micelles for presentation and uptake in the luminal brush
border membrane of intestinal epithelium. Disruption of cho-
lesterol incorporation in micelles by decreasing cholesterol
solubility, a mechanism of plant phytosterols19) and some
roteins (20—22), is an effective means of reducing net
holesterol absorption, resulting in improved serum lipids.

To understand the importance of functional foods in the
prevention of chronic disease, the mechanisms of action in the
body should be elucidated. The serum-modulating effects of
BWP on lipid metabolism stem from an interference with sterol
absorption. This interference is a result of several factors
including decreased digestibility of BWP, cholesterol-binding

There is growing interest in functional foods to improve
health, especially those that support the prevention of cardiovas-
cular diseasel). Dietary bioactive proteins are a functional food
component that slow the progression of atheroscler@sigt).
Benefits of bioactive proteins are evident in soy proteins’ effect
on serum cholesterol (%). Common buckwheatFagopyrum
esculentunMoench) is gaining popularity as a novel ingredient
in functional food formulation{—10). Evidence for the benefit
of buckwheat protein (BWP) in modulating cardiovascular
disease risks by decreasing serum cholesterol and increasingg
fecal steroid excretion is apparent in several animal models
(11—-13). Animal feeding studies with BWP show decreased
plasma cholesterol by as much as 31%-<{14). The most
prevalent hypothesis for this lipid-lowering mechanism of BWP
is based on its relatively insoluble nature and lipid-binding
potential (11—-1315).

The potential importance of dietary interventions in modulat-

ing serum cholesterol, a risk factor for atherosclerosis, is realize

dproperties (11), and enhanced bile acid excretish {3). The

when one considers the large pool of cholesterol in the lumen
of the gut. This pool is under homeostatic control and may be

purpose of this study was to understand and quantify the
cholesterol-binding potential of BWP that limits cholesterol
incorporation into micelles destined for eventual uptake.
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Chemical ReagentsRadiolabeled [1,2H(N)]cholesterol (40 Ci/
mmol) was purchased from American Radiolabeled Chemicals Inc. (St.
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Louis, MO). Micelle lipid components, delipidated bovine serum of bile was determined by the BCA protein assay (Pierce). The pooled
albumin (99% fatty acid free), casein, gelatifi;sitosterol, 5a- samples were aliquoted and frozen-&80 °C until use.
cholestane, fatty acid methyl ester mix, isooctane, and other solvents  |n experiments with naturally derived micelles, radiolabeled cho-
were purchased from Sigma Chemical Co. (St. Louis, MO). Bio-Safe |esterol (0.14Ci/mL) was dissolved in 2:1 chloroform/methanol and
Il was obtained from Research Products International (Mt. Prospect, dried in a glass vial under nitrogen. BWP was added to the vial followed
IL). Tri-Sil and boron trifluoride were purchased from Pierce (Rockford, py pig bile diluted with phenol red-free DMEM to achieve a final
IL) for phytosterol and fatty acid analysis, respectively. Amino acid concentration of 50&M cholesterol. The sample was sonicated for 1
standards and derivatization reagentphthalaldehyde (OPA) and  h prior to the treatment of cells. Prior to uptake experiments, Caco-2
fluorenylmethyl chloroformate (FMOC) were purchased from Agilent  cells were washed three times with serum-free DMEM. Following
Technologies (Santa Clara, CA). incubation with micelles for 90 min at 37C, the cells were washed
Preparation of Buckwheat Protein. A crude BWP was prepared  three times in PBS containing 1% (w/v) taurocholate to remove
from buckwheat flour (BWF) according to previously published nonspecifically bound cholesterol. Cell monolayers were solubilized
methods with slight modification2@). Briefly, 5 g of BWF(Standard in radioimmunoprecipitation (RIPA) buffer, and an aliquot was removed
Process, Inc., Palmyra, WI) derived from whole seédgopyrum and mixed with Bio-Safe Il for liquid scintillation counting. Data are
esculentumMoench) using a classifier mill (Prater-Sterling, Boling-  expressed as picomoles of cholesterol per milligram of cell protein as
brook, IL) was suspended in 40 mL of distilled water. The pH of the determined by the Bradford assay (Bio-Rad, Hercules, CA). Experi-
suspension was adjusted to 8.0 with 0.01 N NaOH and mixed with & ments describing the post-addition of protein were performed by first
Polytron (Kinematica, Lucerne, Switzerland) mechanical homogenizer sonicating cholesterol with diluted bile. Protein was added with further
for 3 min. The slurry was separated into supernatant and pellet by sonication for an hour prior to use in cell culture.
continuous centrifugation for 20 min at 75§0The supernatant was Cholesterol Binding of BWP. To determine cholesterol binding,
adjusted to pH 4.5 with 0.01 N HCI to precipitate proteins isoelectri- gtein or cellulose (0.2%, wiv) was incubated with AM cold
cally. The precipitated proteins were centrifuged for 20 min at 8500  chgjesterol and 0.02Ci/mL radiolabeled cholesterol dissolved in PBS
to recover the protein pellet, followed by a 10 mL wash with distilled 1, 5 final ethanol concentration of 2% (v/v). The samples were
water. The washed pellets were freeze-dried (Virtis, Gardiner, NY) 10 refrigerated (4#C) for 30 min and mixed by vortex every 10 min. After
prepare BWP. . ] 30 min, an aliquot was counted to determine the specific activity (DPM/
Chemical Analysis.Protein content of BWF, BWP, and the insoluble  nmgl). Samples were centrifuged for 5 min at 13000 rpm, and an aliquot
BWP fraction, as described in experiments below, was determined of the supernatant was counted by liquid scintillation. The percent
according to the Association of Official Analytical Chemiszg(using cholesterol remaining as an insoluble pellet was determined as the
the Kjeldahl method. Amino acid analysis was performed by an Agilent gjfference between total cholesterol and the percent recovered in the
1100 HPLC by derivatization with OPA and FMOC followed by  sypernatant. To determine bound cholesterol, an aliquot of the super-
ultraviolet and fluorescent detection according to Agilent publication natant was centrifuged through a protein desalting spin column by size
5980-1193EN. Crude ash was determined by gravimetric analysis in a exclusion (Pierce) to remove free cholesterol from the flow-through
550°C oven. Crude fat was determined by gravimetric analysis after ejyent. Bound cholesterol in the flow through was determined by liquid
2:1 chloroform/methanol extraction. Neutral detergent fiber was deter- scintillation. Results were reported as percent cholesterol recovered in

mined by an Ankor#f° fiber analyzer (Macedon, NY). Fatty acid and
phytosterol analyses were performed by an Agilent 6890 N GC-FID
and 5975 mass selective detector on DB-Wax, and HP-5MS capillary
columns, respectively (25). Determination of the major phenolic rutin
was quantified by HPLC as previously described (28).

Cholesterol Solubility in Mixed Micelles. The effects of BWP on
cholesterol solubility in mixed micelles was measured according to the
method of Ikeda et al.2B8) with the following modifications. Mixed
micelle lipid components [2 mM monoolein, 4 mM oleic acid, 2 mM
egg phosphatidylcholine, 0.2 mM cholesterol, and 20 n¥]{
cholesterol (40 Ci/mmol)] were prepared in 2:1 chloroformm/methanol
and dried under nitrogen. BWP or BWF (0.2%) and 6 mM taurocholate

were added in phosphate-buffered saline (PBS) and sonicated for 1 h.

Following sonication, the micelles were filtered using a Whatman GD/X
(0.2 um) filter, and the eluent containing soluble cholesterol was
measured by liquid scintillation counting (LS6500 Beckman Coulter,
Fullerton, CA). Nonsoluble cholesterol remains crystalline in nature
and adheres to the surface of the hydrophilic filter membrane.
Experiments involving post-addition of protein were prepared by adding
the protein to the mixed micelles after the formation and incorporation
of cholesterol and sonication for an additional 1 h prior to filtration.

The results were reported as nanomoles of soluble cholesterol.

Caco-2 Cell Culture Experiments.Colon adenocarcinoma (Caco-
2) cells from American Type Culture Collection (ATCC, Manassas,
VA) were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 10% fetal bovine serum, 100 units/mL penicillin,
100 ug/mL streptomycin, nonessential amino acids (1%), and 2 mM
glutamine. Cells were cultured at 3€ in a humidified incubator with
5% CQ.. Cells were plated in 24-well plates at a density ok 110°
cells/cnt for uptake experiments. Cells were used in transport experi-
ments 12—16 days after reaching confluence.

Cholesterol Uptake from Naturally Derived Micelles. Natural
micelle solutions for cholesterol uptake experiments were prepared by
diluting a pool of pig bile § = 4) derived from a local abattoir with
DMEM as previously described®9). The pooled bile solutions were
analyzed for cholesterol (Thermo Electron, Waltham, MA), bile acids
(30), and phospholipids (Wako, Richmond, VA). Total protein content

nanomoles.

Statistical Analysis. Data from each assay are meahsstandard
error of the mean (SEM). The statistical difference between treatments
was determined by analysis in GraphPad Prism (San Diego, CA) by
one-way analysis of variance (ANOVA) and Bonferroni’'s multiple-
comparison test witlp < 0.05 considered to be significant. Statistical
differences between amino acids in BWP and the insoluble BWP were
determined by Student'stest.

RESULTS

Characterization of BWP. Isolation of crude BWP is a
relatively simple method based upon acid precipitation. The
percent recovery of BWP from whole flour derived from
buckwheat seed is relatively low,2—3% (w/w) of the starting
mass. Buckwheat protein isolated through the precipitation
method was enriched approximately 4-fold from 14% in the
BWF to 64% in the BWP Table 1). Other measured BWP
constituents include a crude lipid fraction of approximately 15%,
ash 13%, non-fiber carbohydrate 5%, fiber 3%, and water 1%.
Amino acid analysis results were comparable with previously
determined valuedd, 15). Fatty acid analysis revealed a similar
profile for both flour and BWP with oleic (C18:1), palmitic
(C16:0), and stearic acid (C18:0) comprising the predominant
fatty acids. Rutin and3-sitosterol, the main flavonoid and
phytosterol, were significantly less in the BWP (707 vs 299
and 489 vs 3%g/g, respectively).

The insoluble fraction of BWP was found to have a
protein composition similar to that of crude BWP with the
exception of the higher proportion of cystine (34.5 vs 27.3
mg/g of N, p < 0.01) less crude fat, and fiber (w/w). The
insoluble fraction of BWP also contained less rutin (299 vs 125
ppm) and higher amounts gf-sitosterol (39 vs 125 ppm)
(Table 1).
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Table 1. Chemical Characterization of BWF, BWP, and Insoluble BWP

BWF BWP BWP insoluble
% (wiw)
protein? 13.7+12 635+1.0 62.9+0.6
fat 35+01 154+0.2 11.5+0.2
NDF? 246+4.2 34+07 0.8+0.2
ash 44+22 127+21 100+13
NFCe¢ 53.8 5.0 14.8
rutin («g/g) 707.1+18.6 299.3 +36.8 1245+ 28.6
p-sitosterol (1g/g) 488.5 +50.7 38.7+£0.6 124.9 +275
mg/g of N

amino acid analysis?

Asp 1.2 30.8 30.5

Glu 2.7 69.3 58.5

Ser 0.8 19.1 16.8

His 04 8.8 8.1

Arg 13 39.6 33.2

Ala 0.7 14.9 14.6

Tyr 0.2 104 10.3

Cy2 15 27.3 34.5¢

Pro 0.1 3.8 4.0

Gly 0.9 20.7 16.9

Thr 0.5 11.7 12.3

Val 0.9 26.5 25.2

Met 0.0 6.6 6.0

Phe 0.7 17.5 18.7

lle 04 13.7 14.3

Leu 12 315 30.0

Lys 1.0 22.8 18.8

total 14.4 375.1 352.5

aProtein (N x 6.25). ® NDF, neutral detergent fiber. ¢ NFC, non fiber carbohydrate
(NFC = 100 — crude protein — crude fat — NDF — ash). ¢ Values are means of
triplicate analyses. ¢ Statistical significance from BWP (p < 0.01 by Student's t
test).
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Figure 1. Micelle cholesterol solubility measured in PBS or mixed micelles.
Mixed micelles prepared in the presence of BWP indicated reduced
cholesterol solubility. Data are expressed as the percent recovery of
cholesterol in nanomoles as the mean * standard error (n = 3).
Treatments consist of control (no protein), BWF (0.2%), and BWP (0.2%).
Letters above the bars (a, b) indicate significant difference (p < 0.001)
from control (no protein) and BWF, as determined by ANOVA, Bonferroni's
multiple-comparison test.

Cholesterol Solubility in Micelles Is Decreased by Pre-
treatment with BWP. The solubility of cholesterol was

Metzger et al.
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Figure 2. Determination of cholesterol uptake in Caco-2 cells with control
(no protein) and pretreatment of micelles with BWF and BWP, 0.2%
(w/v). Data are reported as picomoles of cholesterol per microgram of
protein and plotted as mean + SEM (n = 4). Statistical analysis was
performed by ANOVA, Bonferroni’s multiple-comparison test. Letters above
the bars (a, b) indicate significant difference from control and BWF
(p < 0.001).

The solubility of cholesterol in micelles was determined by
the post-addition of BWP. The post-addition of BWP negated
the decreased cholesterol solubility seen previously. Loss of
BWP activity by post-addition at concentrations of 0.05, 0.1,
and 0.4% was not significantly different from the control. The
highest concentration tested (0.4%), which showed no significant
effect, was 2-fold higher than the effective concentration used
in Figure 1 to decrease micelle cholesterol. The average percent
recovery of cholesterol in the assay was 94.5.7%.

Cholesterol Uptake from Naturally Derived Micelles Made
in the Presence of BWP Is Decreased in Caco-2 Celln
experiments with Caco-2 cells, cholesterol uptake was highly
dependent upon micelle cholesterol solubility. Mixed micelles
were prepared over a concentration gradient of 0—10 mM
taurocholate, an essential component of micelle formation and
cholesterol solubility (31). An increase in cholesterol uptake
throughout the concentration gradient of taurocholate was
indicative of a 10-fold change (data not shown). In experiments
with naturally derived micelles, cholesterol uptake was as much
as 10 times the amount of artificially prepared mixed micelles
(data not shown). Addition of BWF (0.2%) had no effect on
cholesterol uptake, whereas BWP significantly reduced uptake
by 55.5+ 3.9 and 53.2+ 3.4% compared to control (no protein)
and BWEF, respectively (Figure 2).

BWP Is More Effective than BSA, Gelatin, and Casein
in Decreasing Cholesterol Uptake in Caco-2 Cell€holesterol
uptake from micelles made in the presence of BWP and other
proteins including BSA, gelatin, and casein was determined
(Figure 3). Protein was added at a final concentration of 0.2%
(w/v), and naturally derived micelles were formed. BWP
decreased cholesterol uptake by 32.6.3% (@ < 0.001) when
compared to BSA, casein, and gelatin. No difference was found
between BSA, gelatin, and casein treatments.

determined after micelles had been made in the presence of Cholesterol Uptake from Micelles Made in the Presence
BWP. The filtered eluent is indicative of soluble cholesterol, of BWP (0—0.4%) in Caco-2 Cells Is Dose Responsivén a
which is 100% soluble in lipid micelles prepared in the absence gradient experiment, Caco-2 cells were incubated with micelles

of protein, as indicated by the control treatmdfig(re 1). The

solubility of cholesterol in PBS without micelle lipid compo-
nents was poor<{2%) due to the insolubility of cholesterol in
PBS. The addition of BWF was not significantly different from

made in the presence of increasing amounts of proteid @%,

w/v). The concentration of BWP was inversely proportional to
cholesterol uptakeHjgure 4). A maximal decrease in cholesterol
uptake occurred at 0.1% and persisted throughout the range

control, whereas BWP significantly reduced cholesterol solubil- tested. Further experiments with BWP in Caco-2 experiments

ity by approximately 40% as compared to contml<{ 0.001).

were routinely performed at 0.2%.
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Figure 3. Cholesterol uptake in Caco-2 cells from natural micelles made
in the presence of proteins including bovine serum albumin (BSA), casein,
and gelatin. Treatments were performed at 0.2% (w/v), plotted as mean
+ standard error (n = 4). Statistical analysis was performed by ANOVA,
Bonferroni's multiple-comparison test. Letters (a, b) indicate significant
difference from BSA, casein, and gelatin (p < 0.001).
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Figure 4. Cholesterol uptake in Caco-2 cells performed over a BWP
gradient (0-0.4%, n = 3). A maximal decrease in cholesterol uptake
occurred over the range of 0.1-0.4% (wlv). Statistical analysis was
performed by ANOVA, Bonferroni's multiple-comparison test. Letter
designations indicate significance at the p < 0.05 level.

Micelles Made by the Post-addition of BWP Failed To
Decrease Cholesterol Uptake in Caco-2 CellsSimilar to
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Figure 5. Cholesterol uptake in Caco-2 cells determined after the
preparation of micelles in the presence of BWP both pre- and post-micelle
formation (see Materials and Methods). Treatments were performed at
0.2% (wh) (n = 4). Statistical analysis was performed by ANOVA,
Bonferroni’s multiple-comparison test. Letters above the bars (a, b) indicate
statistical difference from BSA and BWP post (p < 0.001).
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Figure 6. Cholesterol binding capacity in the absence (control) or presence
of various proteins (0.2%) by incubation with 10 «M cholesterol, 0.01
uCilmL [*H]cholesterol at 4 °C in PBS with 2% (v/v) ethanol for 30 min.
Cholesterol associated with the pellet was determined as the difference
between the total cholesterol added and the amount remaining in the
supernatant after centrifugation. Protein-bound cholesterol in the super-
natant was determined after elution through a desalting column to remove
free cholesterol. Free cholesterol was determined as the difference
between the total cholesterol and the amount eluted from the desalting

findings in cholesterol solubility experiments, there were column. Values are reported as the percent nanomoles recovered (n = 4).
differential effects of pre- and post-addition of BWP in cell ) )

culture uptake studies. In experiments with BWP added after sSociated with the BWP pellet, whereas no detectable choles-
the incorporation of cholesterol into micelles, BWP failed to t€rol was associated with BSA, casein, or celluldSgire 6).
reduce cholesterol uptake by Caco-2 cells. The presence of BWwp 1€ determination of protein-bound cholesterol in the super-
(0.2%) added prior to micelle formation in naturally derived natant was accessed after a desalting column procedure to
micelles decreased cholesterol uptake by 25% compared to'€MOVe frge cholesterol. An aliquot of th(_a supernatant after
control (BSA) and 32% in comparison with the post-addition centrifugation was desalted over a centrifuge spin column.

of BWP (p < 0.001). The BSA treatment and the post-addition Protein-bound cholesterol eluted first, leaving free cholesterol
of BWP were not significantly differentrigure 5). in the spin column resin. A relatively small amount of bound

Cholesterol-Binding Potential by BWP Is Largely Due to cholesterol was found in the supernatant of BWP 2.6.7%)
i 0, 1 0,
an Insoluble Fraction. The cholesterol-binding potential of as compared with BSA (125 0.5%) and casein (10 0.9%).

various proteins including casein, BSA, and BWP was compared Tfhe_ri was essTntlaIIy no _bound cnolleste_rol in the supernatant
to control (no protein) and the insoluble polysaccharide cel- of either control (no protein) or celluloséigure 6).

lulose. BWP in solution is not entirely soluble, leaving a large
percent of insoluble BWP, which pellets after centrifugation.
Cellulose was used to model the maximum binding potential  The discovery of novel food ingredients capable of modifying
that may occur due to mass trapping of cholesterol by insoluble risk factors for cardiovascular disease is important in providing
material. The difference between the mass of cholesterol in the steps toward prevention. Functional food ingredients such as
supernatant and the total amount added was expressed as thghytosterols provide clinically relevant reductions, that is;-20
cholesterol in the pellet. A statistically significant portion of 25% in serum lipids 32). Mechanistically, one of the ways
cholesterol of approximately (834 5.7%,p < 0.001) was phytosterols work is by reducing the solubility of cholesterol

DISCUSSION
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in micelles (33), thereby reducing net cholesterol absorption. on digestion of the lipid emulsion by pancreatic lipases prior
Here for the first time evidence shows that the cholesterol- to incorporation into micelles36). Without incorporation of
binding properties of a crude buckwheat protein fraction cholesterol into lipid micelles, cholesterol cannot be absorbed
prevented cholesterol solubility in micelles, limiting net cho- (36, 37). BWP is known to have low digestibility and to be
lesterol uptake. capable of increasing fecal dry weight output (11). This makes

Previous animal experiments indicated that the serum lipid the presence of BWP in the mix of dietary and biliary cholesterol
modulating activity of BWP was dependent on crude BWP as important in the physiologic design of the above experiments.
compared to protein composed of either high or low molecular We incubated BWP, representative of a dietary protein source,
weight fractions. Fractions composed of a protein digest or a With free cholesterol likely to originate from the diet or biliary
BWP lipid extract were also less bioactive than the crude BWP secretions. In a physiologic scenario, this interaction occurs prior
(11). Hence, efforts in this study were focused on crude BWP. to micelle formation and entry into the lumen of the gut. In the

In the preparation of BWP, the percent recovery was low, less physiologic situgtion of incubating BWP with micellles.
~2%. Recent reports of a high-protein BWF with similar already preloaded with cholesterol, there was no reduction in
hypocholesterolemic activity had a slightly higher yield (5%) cholesterol uptake.

(14). The final protein composition of the current extract (63%) In cell culture experiments performed, all proteins tested had
was similar to that of previously published reports of 65% some effect on cholesterol uptake as compared to treatments
protein (15). Protein composition was enriched>b¢-fold by with no protein. Average reductions in cholesterol uptake due
alkali extraction. Subsequent extractions of the flour may to other protein sources such as BSA, casein, and gelatin were
improve yields. The in vitro analytical techniques used in the 20% when compared to BWP reduction of 44%. BSA and casein
current experiment allow for quick determination of any were shown to have an affinity for cholesterol in the soluble
bioactivity that may remain after subsequent extractions to protein fraction. Due to this affinity, cholestergprotein
improve protein yield. conjugates may be unable to incorporate into micelles. Alter-

Dietary protein sources reduce cholesterol solubility in Natively, more soluble proteins may preferentially incorporate
micelles. Results from the cholesterol solubility assay demon- into micelles and limit cholesterol solubility. A noticeable
strated a reduction in cholesterol that was specific to BWP as difference in the proteins tested was the degree of solubility.
opposed to flour. Reductions in cholesterol micelle solubility BSA was entirely soluble, whereas casein and gelatin were only
of 40% were greater than reductions seen with other reportedSlightly more soluble than BWP in micelle solutions. In addition,
protein sources such as casein (5%), ovomucin (24%), andit was the insoluble fraction of BWP that had the greatest
spirulina concentrate (30%). Furthermore, the effective con- cholesterol-binding ability. BWP contains several proteins with
centration of protein was lower (0.2% w/v) than that from other Molecular mass ranges between casei@3 kDa) and BSA

reported protein sources (0.5%) capable of reducing micelle (~66 kDa), and on a per weight basis in experiments (0.2%)
cholesterol solubility (2122). BWP represented less total protein due to a crude protein

The effectiveness of BWP in reducing the solubility of COmMPosition of only 58%.
cholesterol in micelles was negated when BWP was added after On a per weight basis the concentratiorBesitosterol in the
the formation of micelles. This was attributed to an interaction insoluble BWP fraction was greater than the crude BWP.
of the BWP with cholesterol prior to incorporation into the Phytosterols are mechanistically capable of displacing choles-
micelle. This interaction was preventative in forming micelles terol from micelles and may also increase cholesterol ABC
composed of soluble cholesterol and would suggest that BWP €fflux transporters3g), both means of decreasing net cholesterol
forms a complex with cholesterol that is unable to be incorpo- absorption. However, BWF had a much greater concentration
rated into the micelle. Due to the insoluble nature of BWP in of S-sitosterol and correspondingly less activity, indicating the
an aqueous media, even after sonication, it is hypothesized thatPhytosterols are not solely responsible. This observation is in
BWP has a net overall hydrophobic charge. This hydrophobic agreement with other findings of loss of biological activity with
charge is likely to assimilate with other nonpolar molecules such @ BWP lipid fraction ¢1). In addition, the increase in the amino
as cholesterol. Recent experiments in our laboratory were acid cystine, an oxidation product of cysteine, is interesting
performed that indicated no significant interaction of BWP with because cysteine has been described to play a role in cholesterol-
a more polar micelle component, the bile acid taurocholate. binding domains of both the low-density lipoprotein (LDL)
However, due to in vivo evidence of increased fecal acidic receptor family 89) and the cholesterol transporter Niemann
steroids BWP may have some affinity for other bile acids not Pick protein NPC240). Further analysis is needed to determine
tested in our experiments. Determinations of BWP solubility if cysteine might play a role in BWP’s cholesterol-binding
indicate <60% over the pH range of 2—10 (15), similar to abilities.
current observations. The demonstrated nonpolar and insoluble  Findings from this study demonstrate a novel mechanism for
nature of BWP makes its physical presence in the lumen of the the hypocholesterolemic effect of BWP. The cholesterol-binding
gut advantageous in associating with nonpolar cholesterol andproperties of a BWP are likely to offer practical usage in
preventing absorption due to insolubility. functional foods intended for improving cardiovascular risk

Caco-2 cell experiments were supportive of the mechanism factors. Future experiments with BWP should focus on kinetic
suggested by the micelle cholesterol solubility experiments. In parameters of cholesterol binding as well as competition with
the progression of events during the digestion process, choles-other micelle lipid components in an effort to further explore
terol is present from dietary, biliary, and endogenous sources. mechanistic questions in reducing micelle cholesterol solubility.
Dietary sources of cholesterol are present in an emulsion state
with triglycerides and phospholipids, in the mixed milieu of AppREVIATIONS USED
macronutrients in the diet. This milieu, otherwise known as
chyme, is further mixed with biliary cholesterol, which is only BWP, buckwheat protein; BWF, buckwheat flour; BSA,
sparingly soluble in bile salt micelle$4). Absorption of the bovine serum albumin; Caco-2, colon adenocarcinoma; DMEM,
combined pool of dietary and biliary cholesterol is dependent Dulbecco’s Modified Eagle’s Medium.



Buckwheat Protein Possessing Cholesterol-Binding Properties
LITERATURE CITED

(1) Guesry, P. R. Impact of ‘functional food=orum Nutr.2005,
No. 57, 73—83.

(2) Korhonen, H.; Pihlanto, A. Food-derived bioactive peptides
opportunities for designing future foodsurr. Pharm. Des2003,
9 (16), 1297-1308.

(3) Ni, W.; Tsuda, Y.; Takashima, S.; Sato, H.; Sato, M.; Imaizumi,
K. Anti-atherogenic effect of soya and rice-protein isolate,
compared with casein, in apolipoprotein E-deficient miBe.

J. Nutr. 2003,90 (1), 13—20.

(4) Appel, L. J. The effects of protein intake on blood pressure and
cardiovascular diseas€urr. Opin. Lipidol.2003,14 (1), 55—

59.

(5) Potter, S. M. Overview of proposed mechanisms for the
hypocholesterolemic effect of soy. Nutr. 1995, 125 (Suppl.
3), 606S—611S.

(6) Carroll, K. K.; Kurowska, E. M. Soy consumption and cholesterol
reduction: review of animal and human studi@sNutr. 1995,

125 (Suppl. 3), 594S—597S.

(7) Li, S. Q.; Zhang, Q. H. Advances in the development of
functional foods from buckwheaCrit. Reu Food Sci. Nutr.
2001,41 (6), 451—464.

(8) Berti, C.; Riso, P.; Brusamolino, A.; Porrini, M. Effect on appetite

control of minor cereal and pseudocereal produgts.J. Nutr.

2005,94 (5), 850—858.

Di Cagno, R.; De Angelis, M.; Auricchio, S.; Greco, L.;

Clarke, C.; De Vincenzi, M.; Giovannini, C.; D’Archivio, M.;

Landolfo, F.; Parrilli, G.; Minervini, F.; Arendt, E.; Gobbetti,

M. Sourdough bread made from wheat and nontoxic flours

and started with selected lactobacilli is tolerated in celiac

sprue patientsAppl. Environ. Microbiol.2004,70 (2), 1088—

1096.

Mattila, P.; Pihlava, J. M.; Hellstrom, J. Contents of phenolic

acids, alkyl- and alkenylresorcinols, and avenanthramides in

commercial grain productsl. Agric. Food Chem2005, 53,

8290—8295.

Kayashita, J.; Shimaoka, |.; Nakajoh, M.; Yamazaki, M.;

Kato, N. Consumption of buckwheat protein lowers plasma

cholesterol and raises fecal neutral sterols in cholesterol-fed rats

because of its low digestibilityd. Nutr. 1997,127 (7), 1395—

1400.

Tomotake, H.; Shimaoka, |.; Kayashita, J.; Yokoyama, F.;

Nakajoh, M.; Kato, N. A buckwheat protein product suppresses

gallstone formation and plasma cholesterol more strongly than

soy protein isolate in hamsterd. Nutr. 2000, 130 (7), 1670—

1674.

Tomotake, H.; Shimaoka, |.; Kayashita, J.; Yokoyama, F.;

Nakajoh, M.; Kato, N. Stronger suppression of plasma cholesterol

and enhancement of the fecal excretion of steroids by a

buckwheat protein product than by a soy protein isolate in rats

fed on a cholesterol-free dieBiosci., Biotechnol., Biochem.

2001,65 (6), 1412—1414.

Tomotake, H.; Yamamoto, N.; Yanaka, N.; Ohinata, H.; Yamaza-

ki, R.; Kayashita, J.; Kato, N. High protein buckwheat flour

suppresses hypercholesterolemia in rats and gallstone formation
in mice by hypercholesterolemic diet and body fat in rats because

of its low protein digestibility.Nutrition 2006, 22 (2), 166—

173.

(15) Tomotake, H.; Shimaoka, |.; Kayashita, J.; Nakajoh, M.; Kato,
N. Physicochemical and functional properties of buckwheat
protein productJ. Agric. Food Chen2002,50 (7), 2125-2129.

(16) Wilson, M. D.; Rudel, L. L. Review of cholesterol absorption
with emphasis on dietary and biliary cholestetbl Lipid Res.
1994,35 (6), 943—955.

(17) Wong, N. C. The beneficial effects of plant sterols on serum
cholesterolCan. J. Cardiol.2001,17 (6), 715—721.

(18) Nissinen, M.; Gylling, H.; Vuoristo, M.; Miettinen, T. A.
Micellar distribution of cholesterol and phytosterols after
duodenal plant stanol ester infusidxm. J. Physiol. Gastrointest.
Liver Physiol.2002,282 (6), G1009—G1015.

9)

(10)

(11

(12)

(13)

(14

J. Agric. Food Chem., Vol. 55, No. 15, 2007 6037

(19) Melnikov, S. M.; Seijen ten Hoorn, J. W.; Eijkelenboom, A. P.
Effect of phytosterols and phytostanols on the solubilization of
cholesterol by dietary mixed micelles: an in vitro stu@hem.
Phys. Lipids2004,127 (2), 121—141.

Nagaoka, S.; Futamura, Y.; Miwa, K.; Awano, T.; Yamauchi,

K.; Kanamaru, Y.; Tadashi, K.; Kuwata, T. Identification of

novel hypocholesterolemic peptides derived from bovine milk

[-lactoglobulin.Biochem. Biophys. Res. Commga01, 281(1),

11-17.

Nagaoka, S.; Masaoka, M.; Zhang, Q.; Hasegawa, M.; Watanabe,

K. Egg ovomucin attenuates hypercholesterolemia in rats and

inhibits cholesterol absorption in Caco-2 cellipids 2002,37

(3), 267—272.

Nagaoka, S.; Shimizu, K.; Kaneko, H.; Shibayama, F.; Morikawa,

K.; Kanamaru, Y.; Otsuka, A.; Hirahashi, T.; Kato, T. A novel

protein C-phycocyanin plays a crucial role in the hypocholes-

terolemic action oBpirulina platensig€oncentrate in ratd. Nutr.

2005,135(10), 2425—2430.

Kayashita, J.; Shimaoka, I.; Nakajoh, M. Hypocholesterolemic

effect of buckwheat protein extract in rats fed cholesterol

enriched dietsNutr. Res.1995,15, 691—698.

AOAC. Protein (Crude) Determination in Animal Feed: Copper

Catalyst Kjeldahl Method (984.)315th ed.; Association of

Official Analytical Chemists: Washington, DC, 1990.

Beveridge, T. H.; Li, T. S.; Drover, J. C. Phytosterol content in

American ginseng seed ail. Agric. Food Chen002 50, 744~

750.

(26) Kreft, S.; Knapp, M.; Kreft, I. Extraction of rutin from buckwheat
(Fagopyrum esculenturiloench) seeds and determination by
capillary electrophoresis. Agric. Food Cheml999 47, 4649—
4652.

(20)

(21)

(22)

(23

~

(24)

(25)

(27) Quettier-Deleu, C.; Gressier, B.; Vasseur, J.; Dine, T,
Brunet, C.; Luyckx, M.; Cazin, M.; Cazin, J. C,;
Bailleul, F.; Trotin, F. Phenolic compounds and anti-

oxidant activities of buckwheat Fagopyrum esculentum

Moench) hulls and flourJ. Ethnopharmacol2000,72 (1-2),

35—42.

Ikeda, I.; Imasato, Y.; Sasaki, E.; Nakayama, M.; Nagao,

H.; Takeo, T.; Yayabe, F.; Sugano, M. Tea catechins

decrease micellar solubility and intestinal absorption of

cholesterol in ratBiochim. Biophys. Act4992 1127(2), 141~

146.

Kirana, C.; Rogers, P. F.; Bennett, L. E.; Abeywardena, M. Y.;

Patten, G. S. Naturally derived micelles for rapid in vitro

screening of potential cholesterol-lowering bioactivisAgric.

Food Chem2005,53, 4623—4627.

Murphy, G. M.; Billing, B. H.; Baron, D. N. A fluorimetric and

enzymatic method for the estimation of serum total bile acids.

J. Clin. Pathol.1970,23 (7), 594—598.

(31) Cai, X.; Grant, D. J.; Wiedmann, T. S. Analysis of the
solubilization of steroids by bile salt micelle3. Pharm. Sci.
1997,86 (3), 372—377.

(32) Gylling, H.; Miettinen, T. A. The effect of plant stanol- and
sterol-enriched foods on lipid metabolism, serum lipids and
coronary heart diseasénn. Clin. Biochem2005,42 (Part 4),
254—-263.

(33) Plat, J.; Mensink, R. P. Plant stanol and sterol esters in the control
of blood cholesterol levels: mechanism and safety aspaats.

J. Cardiol. 2005,96 (1A), 15D—22D.

(34) Carey, M. C.; Small, D. M. The characteristics of mixed micellar
solutions with particular reference to bildm. J. Med.1970,
49, 590—608.

(35) Hui, D. Y.; Howles, P. N. Molecular mechanisms of cholesterol
absorption and transport in the intestig@min. Cell Dev. Biol.
2005,16 (2), 183—192.

(36) Young, S. C.; Hui, D. Y. Pancreatic lipase/colipase-mediated
triacylglycerol hydrolysis is required for cholesterol transport
from lipid emulsions to intestinal cell8iochem. J1999, 339
(Part 3), 615—620.

(28)

(29

~

(30)



6038 J. Agric. Food Chem., Vol. 55, No. 15, 2007 Metzger et al.

(37) Woollett, L. A.; Wang, Y.; Buckley, D. D.; Yao, L.; Chin, S; (40) Friedland, N.; Liou, H. L.; Lobel, P.; Stock, A. M. Structure of
Granholm, N.; Jones, P. J.; Setchell, K. D.; Tso, P.; Heubi, J. E. a cholesterol-binding protein deficient in NiemanRick type
Micellar solubilisation of cholesterol is essential for absorption C2 diseaseProc. Natl. Acad. Sci. U.S.£003,100(5), 2512—
in humansGut 2006,55 (2), 197—204. 2517.

(38) Plat, J.; Mensink, R. P. Increased intestinal ABCA1 expression
contributes to the decrease in cholesterol absorption after plant
stanol consumptiorFASEB J.2002,16 (10), 1248—1253. Received for review April 2, 2007. Revised manuscript received May

(39) Hussain, M. M.; Strickland, D. K.; Bakillah, A. The mammalian 22, 2007. Accepted May 30, 2007.
low-density lipoprotein receptor familyAnnu. Rewv. Nutrl999,

19, 141-172. JF0709496




