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Fatty Acids, Epicatechin-Dimethylgallate, and Rutin
Interact with Buckwheat Starch Inhibiting Its Digestion by
Amylase: Implications for the Decrease in Glycemic Index by
Buckwheat Flour
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Glycemic indexes of bread made from mixtures of wheat flour and buckwheat flour are lower than
those made from wheat flour. To discuss the mechanism of the buckwheat flour-dependent decrease
in glycemic indexes, the formation of a starch—iodine complex and amylase-catalyzed digestion of
starch were studied using buckwheat flour itself and buckwheat flour from which fatty acids, rutin, and
proanthocyanidins including flavan-3-ols had been extracted. Absorbance due to the formation of a
starch—iodine complex was larger in extracted than control flour, and starch in extracted flour was
more susceptible to pancreatin-induced digestion than starch in control flour. Fatty acids, which were
found in the buckwheat flour extract, bound to amylose in the extracted flour, inhibiting its digestion
by pancreatin. Rutin and epicatechin-dimethylgallate, which were also found in the extract, bound to
both amylose and amylopectin in the extracted flour, inhibiting their digestion induced by pancreatin.
We discussed from these results that the lower glycemic indexes of bread made from mixtures
of wheat flour and buckwheat flour were due to binding of fatty acids, rutin, and epicatechin-
dimethylgallate, which were contained in buckwheat flour, to wheat flour starch.
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INTRODUCTION

Buckwheat (Fagopyrum esculentum Mdench) is widely culti-
vated in North America originating from East Asia and is mainly
consumed in Central European countries, the United States,
Canada, and Asian countries as a constituent of foods such as
pancakes, noodles, and buckwheat bread blended with flour from
other cereals. Recently, buckwheat flour has been introduced in
many countries because the flour is nutritionally rich and foods
prepared using the flour have beneficial effects on human health.
One of the beneficial effects is the decrease in glycemic and insulin
indexes (7).

Buckwheat flour contains 70—91% (w/w) of starch depending
on the flour types, and the starch consists of about 25% amylose
and 75% amylopectin (2). It is known that the glycemic indexes of
foods prepared from buckwheat flour are lower than those pre-
pared from wheat flour. For example, the glycemic indexes of
boiled buckwheat groats and bread prepared from the same
amount of wheat flour and buckwheat flour are 61 and 66, respec-
tively (/). The glycemic index of bread prepared from whole
wheat flour is approximately 70. The decrease in glycemic indexes
by buckwheat flour is supported by the data of insulin indexes; the
insulin indexes of boiled buckwheat groats and bread prepared
from the same amount of wheat flour and buckwheat flour are 53
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and 74, respectively (/). Therefore, foods prepared from buck-
wheat flour and groats have a potential use for diabetics. The
decrease in glycemic and insulin indexes can be attributed to the
formation of amylase-resistant starch by heating (1 —4).

Although buckwheat flour starch becomes amylase-resistant
after heating, it has not yet been fully understood how the amylase
resistance is acquired. The acquisition of amylase resistance can be
attributed to the formation of starch—lipid complexes because
buckwheat starch contains lipids (5, 6). It has been reported that
lipids and free fatty acids can inhibit amylase-catalyzed digestion of
starch by forming starch—lipid or —fatty acid complexes (7—11).
On the other hand, buckwheat flour contains rutin and proantho-
cyanidins including flavan-3-ols (12, 13). These flavonoids are also
candidates to form the amylase-resistant starch by heating because
polyphenols can make complexes with not only starch (14, 15) but
also various polysaccharides noncovalently (/6—21). Further-
more, polyphenols including flavonoids have been reported to be
inhibitors of a-amylase activity (22—27). This paper mainly deals
with the interactions between buckwheat starch and fatty acids,
rutin, or epicatechin-dimethylgallate, which was isolated from in
buckwheat flour, and the inhibition of amylase-catalyzed digestion
of starch by the above components.

MATERIALS AND METHODS

Reagents. Pancreatin from hog pancreas, rutin, quercetin, and fatty
acids (myristic, palmitic, stearic, oleic, and linoleic acids) was obtained
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Figure 1. Scheme describing the preparation of control starch and
extracted starch.

from Wako Pure Chem. Ind. (Osaka, Japan). Linolenic acid, amylose,
and amylopectin were obtained from Tokyo Kasei Ind. (Tokyo, Japan).
4-Hydroxybenzhydrazide or p-hydroxybenzoic acid hydrazine was from
Sigma-Aldrich Japan (Tokyo, Japan). Buckwheat flour (cultivar Mancan)
was from Itsuki Shokuhin (Kumamoto, Japan).

Preparation of lodine and Pancreatin Solutions. Potassium iodide
(1.5 g) was dissolved in 12.5 mL of water. lodine (0.635 g) was added to the
solution, and the volume of the mixture of potassium iodide and iodine was
brought to 50 mL by adding water. The solution (equivalent to 100 mM
iodine) was kept in the dark to use as iodine solution. Pancreatin (10 mg/mL)
was dissolved in water.

Preparation of Extracted Buckwheat Flour Starch. Buckwheat
flour (0.3 g) was extracted with 5 mL of methanol three times and then
extracted with 5 mL of petroleum ether twice (Figure 1). The extracted
buckwheat flour and nonextracted flour were suspended each in the mixture
of 3mL of 50 mM KCI-HCI (pH 1.76) and 7 mL of water. The suspensions,
the pH of which was 4.6, were heated with a microwave oven (800 W) until it
boiled, and the microwave oven was turned off immediately after the start of
boiling. The reason that buckwheat flour was suspended in the acidic buffer
solution was to suppress autoxidation of phenolic compounds during
heating. The boiled buckwheat suspensions were cooled to room tempera-
ture and centrifuged at 3500g for 1 min. Gelatinous starch sediments were
obtained. The sediments were dried in vacuo over NaOH. In the following,
dried starch preparations prepared from nonextracted and extracted buck-
wheat flour were referred to as control and extracted starch, respectively.

The methanol/petroleum ether (MP) extracts of buckwheat flour were
combined, and the organic solvents were evaporated with a rotary
evaporator. The residue was dissolved in 1 mL of methanol, referred to
as MP extract, and used to study its effects on the formation of the starch—
iodine complex and amylase-catalyzed digestion of starch. Fatty acids and
phenolic components in MP extract were separated by high-performance
liquid chromatography (HPLC) using a Shim-pack CLC-Cg column (6 mm
i.d. x 15 cm) (Shimadzu). The mobile phase used to separate fatty acids,
which were detected at 210 nm, was a mixture of acetonitrile and 0.1% (v/v)
phosphoric acid (2:1, v/v). Proanthocyanidins including flavan-3-ols and
rutin, which were detected at 275 and 350 nm, respectively, were separated
using a mobile phase of a mixture of methanol, water, and acetic acid
(36:54:1, v/v). The flow rate of the mobile phases was 1 mL/min.

Preparation of Starch Suspensions. Each control starch and ex-
tracted starch (5 mg) were suspended in 1 mL of water. The suspensions
were kept for 30 min at room temperature to make starch swell by
absorbing water, and then, 7.5 mL of 100 mM sodium phosphate (pH 7.1)
and 7.5 mL of 50 mM KCI—HCI (pH 2.0) were successively added to the
suspensions. In other experiments, 7.5 mL of 50 mM KCI—HCI (pH 2.0)
was added to the starch suspensions to simulate the conditions in the
stomach after the ingestion of buckwheat starch. The acidic suspension
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was incubated for 30 min, and then, 7.5 mL of 100 mM sodium phosphate
(pH 7.1) was added. The pH of the starch suspensions after the addition of
acidic and neutral buffer solutions was 6.8. The suspensions were homog-
enized using a homogenizer and then sonicated for 10 s to use as control-
starch and extracted-starch suspensions. The concentration of starch in the
suspensions was 0.31 mg/mL. Amylose and amylopectin (10 mg/mL) were
suspended in gently boiling water.

Formation of Starch—Ilodine Complex. It is known that the
starch—iodine complex can be used to estimate the concentration of starch
and that the color of amylose—iodine complex (blue: A,.x = 560—660 nm)
is different from that of the amylopectin—iodine complex (purple: Ay =
500—520 nm) (28 —32). Then, the formation of the starch—iodine complex
was studied by recording the absorption (4) spectra from 900 to 500 nm
using a 557 double-beam spectrophotometer (Hitachi, Tokyo, Japan). The
light path of the measuring beam was 4 mm. When control starch and
extracted starch were used, starch—iodine complexes were formed by
adding 0.1 mL of iodine solution, which had been prepared as described
above, to 0.9 mL of a starch suspension. When amylose and amylopectin
were used, 30 uL of amylose suspension (equivalent to 0.3 mg of amylose)
and 20 uL of amylopectin suspension (equivalent to 0.2 mg of amylo-
pectin) were added each to 0.9 mL of the mixture of 50 mM KCI-HCI
(pH 2.0) and 100 mM sodium phosphate (pH 7.1) (1:1, v/v), and then,
0.1 mL of iodine solution was added.

Effects of MP extract and reagents on the formation of the starch—
iodine complex were studied as follows. A suspension of starch was added
by MP extract or a reagent and incubated for 0.5 min to add 0.1 mL of
iodine solution described above. Immediately after the addition of iodine
solution, measurements of A4 spectra were started.

Measurement of Amylase Activity. Pancreatin-induced digestion of
starch was studied using the above spectrophotometer. Pancreatin (10 ug)
was added to 0.9 mL of a starch suspension described above. After
incubation of the suspension for defined periods at 25 °C, 0.1 mL of iodine
solution, which had been prepared as described above, was added. By the
addition of iodine solution, pancreatin-induced starch digestion was
terminated. Immediately after the addition of iodine solution, measure-
ments of A4 spectra were started. The degree of the digestion was estimated
from difference (AA) spectra after and before the digestion.

In addition, pancreatin-induced digestion of starch was also studied
using 4-hydroxybenzhydrazide (33). Solution I was 0.33 M 4-hydroxy-
benzhydrazide dissolved in 0.6 M HCI, and solution II was a mixture of
0.042 M sodium citrate, 0.007 M CaCl,, and 0.5 M NaOH in water. The
mixture of solutions I and I1 (1:9, v/v) was prepared daily and stored on ice
between uses. A control or extracted starch suspension (0.5 mL) was
digested by pancreatin (10 ug/mL) for defined periods as described above.
The reaction was terminated by adding 2.5 mL of the mixture of solutions
I and II and incubated in boiling water for 6 min. After precipitates were
cooled and removed by centrifugation, 4 at 410 nm was determined.

Isolation of Component X. Buckwheat flour (50 g) was suspended in
200 mL of 50 mM KCI—HCI (pH 1.76). The pH of the suspension was
approximately 4. Ethyl acetate (300 mL) was added to the suspension and
incubated for 1 h. After centrifugation for 3 min at 3500g, the ethyl acetate
layer was collected and washed with water four times. The washed ethyl
acetate layer was dehydrated with anhydrous sodium sulfate, and ethyl
acetate was evaporated with a rotary evaporator. The residue was
dissolved in 10 mL of methanol. The methanol solution was extracted
with petroleum ether, and methanol was evaporated in vacuo. The residue
was dissolved in I mL of methanol. The above extraction procedures were
repeated four times, and the methanol solutions were combined. Methanol
in the combined methanol solutions was evaporated with a rotary
evaporator, and the residue was dissolved in 1 mL of methanol. Compo-
nent X was prepared by preparative HPLC (see below).

Prior to its preparation, components contained in the methanol
solution were analyzed using a Shim-pack CLC-ODS column (6 mm
i.d. X 15 cm). The mobile phase was a mixture of methanol and 25 mM
KH,PO, (1:2, v/v), the pH of which was adjusted to 3.0 by adding 1 M
HCI. The flow rate of the mobile phase was 1 mL/min.

Preparative HPLC was performed using a Shim-pack PREP-ODS
column (20 mm i.d. x 25 cm). After a sample (0.2 mL) was applied, HPLC
was performed using a mixture of methanol and 25 mM KH,PO, (pH 3.0)
(1:2, v/v) for about 45 min at a flow rate of 9 mL/min and then performed
using methanol at a flow rate of 9 mL/min. Component X was found in a
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methanol fraction. The preparative HPLC to collect the fraction of compo-
nent X was repeated five times. The collected component X fractions were
combined, methanol was evaporated with a rotary evaporator, and the resi-
due was dissolved in 1 mL of methanol. An aliquot (0.2 mL) of the metha-
nol solution was applied to the above preparative column to purify compo-
nent X further. The mobile phase was a mixture of methanol and water
(1:1, v/v), and the flow rate was 8 mL/min. The preparative HPLC was
repeated five times. Fractions of component X were combined, the eluent
was evaporated using a rotary evaporator, and the residue was dissolved in
1 mL of methanol to be used as component X.

LC/MS. An electrospray ionization mass spectrum of component
X was obtained with a 3200 Q TRAP mass spectrometer (AB Sciex Instru-
ments). [onization was performed with an APCI probe voltage of —4.5kV.
HPLC for LC/MS was performed using a Shim-pack CLC-ODS column
(I5cm x 6 mm i.d.) and a mixture of acetonitrile and 5 mM ammonium
acetate, the pH of which was adjusted to 4.5 by acetic acid (2:3, v/v), asa
mobile phase. The flow rate of the mobile phase was 1 mL/min.

Presentation of Data. Each experiment was repeated at least three
times, and essentially, the same results were obtained. Typical data were
presented as figures.

RESULTS AND DISCUSSION

Formation of Starch—Iodine Complex and Starch Digestion in
Extracted Starch. Figure 2 shows A4 spectra of starch—iodine
complexes. A of the control starch—iodine complex was smaller than
that of extracted starch—iodine complex in the wavelength range
from 500 to 900 nm. This result indicates that the concentration of
starch, which could bind to iodine, was increased by the extraction of
buckwheat flour with methanol and petroleum ether because the
concentration of extracted starch was the same as that of control
starch. The increase might be due to the extraction of fatty acids,
proanthocyanidins including flavan-3-ols, and flavonols. A4 spec-
trum of extracted minus control starch—iodine complexes had a
broad peak at 567 nm. This result suggests that the concentration of
amylose was mainly increased by the extraction because amylose—
iodine complexes had A peaks at 540—660 nm (28—32).

Control (left panel) and extracted (right panel) starch suspen-
sions were incubated for 0, 2, 4, 6, 8, and 30 min in the presence of
pancreatin, and then, iodine solution was added (Figure 3). The
formation of the starch—iodine complex in control starch and
extracted starch decreased with the incubation time (downward
arrows, progress of incubation time), indicating that both control
starch and extracted starch were digested by amylase contained in
pancreatin and that extracted starch was digested faster than
control starch. Typical AA spectra between pancreatin-treated
and -untreated starch (left panel, inset) indicate (i) that amylo-
pectin was preferentially digested in control starch (A) and (ii) that
not only amylopectin but also amylose was digested in extracted
starch (B). Time courses of 4 decrease at 620 nm (right panel,
inset) and indicate (i) that the rate of starch digestion was faster
and (i) that the amount of starch digested during 30 min of
incubation was larger in extracted (®) than in control (O) starch.

Pancreatin-induced digestion of starch was also studied by
measuring the production of reducing sugars (Figure 4). Their
production was faster and larger in extracted starch (@) than in
control starch (O), and time courses of the sugar production were
similar to the decreases in the starch—iodine complex formation
measured at 620 nm (Figure 3, right panel, inset). The results
indicate that starch—iodine complex formation could be used to
estimate the starch digestion under the conditions of this study.

Acid Treatment and Methanol Extraction of Control Starch.
Ingested starch is mixed with gastric juice in the stomach. Then, the
formation of a starch—iodine complex and pancreatin-induced
digestion were studied using acid-treated control and extracted
starch (see the Materials and Methods). The 4 value of the
starch—iodine complex was smaller in control starch than
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Figure 2. Absorption spectra of starch—iodine complexes. A, control
starch; B, extracted starch. Inset: AA spectrum of B minus A.

extracted starch in the wavelength range from 500 to 900 nm
(cf. Figure 2). A4 spectra after and before pancreatin-induced
digestion had a peak at approximately 530 nm in control starch
and approximately 560 nm in extracted starch, and the 4 decrease
at 620 nm by the digestion was approximately 1.8-fold faster in
extracted starch than control starch. These results indicate that
normal buckwheat starch would be digested slowly in the intes-
tine after passing through the stomach.

Control starch (5 mg), which had been prepared as shown in
Figure 1, was extracted with 5 mL of methanol and then sus-
pended in the mixture of 50 mM KCI—HCI (pH 2.0) and 100 mM
sodium phosphate (pH 7.1) (1:1, v/v) to study the starch—iodine
complex formation and pancreatin-induced digestion. 4 due to the
the formation of the starch—iodine complex was increased by
methanol extraction in the wavelength range from 500 to 900 nm,
and pancreatin-induced digestion was enhanced by methanol ex-
traction (data not shown). These results and results in Figures 2—4
indicate that components, which were extractable from buckwheat
flour with methanol or MP, suppressed the formation of the starch—
iodine complex and inhibited pancreatin-induced starch digestion.
Hence, we studied the effects of MP extract on the formation of the
starch—iodine complex and the pancreatin-induced digestion of
starch because components of MP extract would be similar to those
of methanol extract.

Effects of MP Extract on Starch—Iodine Complex Formation
and Starch Digestion. MP extract suppressed the formation of the
starch—iodine complex in extracted starch (Figure 5). A4 spectra
between the presence and the absence of MP extract showed that
the suppression was increased with the increase in the amount of
MP extract added (upper panel). The AA4 spectra also show that
MP extract preferentially suppressed the formation of the amylose—
iodine complex when the amount of MP extract added was small
but suppressed the formation of the amylopectin—iodine complex
as well as the amylose—iodine complex when the amount added
was large. MP extract did not significantly affect the formation of
the starch—iodine complex in control starch (data not shown),
indicating that control starch was saturated with components
contained in MP extract.

Figure 5 (lower panel) shows MP extract-dependent inhibition
of pancreatin-induced digestion of extracted starch. The peak of
AA spectra after and before the digestion shifted from 552 to
532 nm by addition of MP extract, and the A4 at 532 nm
decreased with the increase in the amount of MP extract added,
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Figure 3. Pancreatin-induced digestion of starch. Downward arrows: Progress of incubation time (0, 2, 4, 6, 8, and 30 min) from top bottom trace. Left panel,
control starch; right panel, extracted starch. Inset in the left panel: AA spectra after and before 2 min of pancreatin treatment. A, control starch; B, extracted
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Figure 4. Pancreatin-induced production of reducing sugars. O, control
starch; @, extracted starch. Each data point represents the average with
SD (n=3). In several data points, deviations were within circles.

indicating that addition of large amounts of MP resulted in the
inhibition of not only amylose but also amylopectin digestion. This
idea was supported by the shift of peaks of AAA spectra, which
were obtained by subtracting trace B from trace A (O) and trace C
from trace A (®) in AA spectra, from approximately 680 to 600 nm
with the increase in amount of MP extract added. Digestion of
control starch by pancreatin was not significantly affected by MP
extract (data not shown). This result supports the idea that control
starch was saturated with components contained in MP extract
and implies that MP extract did not affect amylase activity.

Because MP extract contained free fatty acids such as palmitic,
stearic, oleic, linoleic, and linolenic acids at about 8.9, 0.23, 16, 23,
and 1.4 umol/g of buckwheat flour, effects of these components
on the formation of the starch—iodine complex and pancreatin-
induced digestion of starch were studied. Furthermore, MP
extract contained rutin and proanthocyanidins including flavan-
3-ols judging from their A spectra obtained after separation by
HPLC, and effects of these components on the formation of the
starch—iodine complex and pancreatin-induced digestion of
starch were also studied (see below).

Effects of Fatty Acids. Fatty acids did not significantly affect
the formation of the starch—iodine complex in control starch.
Therefore, extracted starch was used to study the effects of fatty
acids on the starch—iodine complex. Peaks of AA4 spectra between
the presence and the absence of myristic, palmitic, and stearic acids
were observed at 592, 600, and 570 nm, respectively (Figure 6,
upper panel). Peaks of A4 spectra were observed at 608, 620, and
654 nm for oleic, linoleic, and linolenic acids, respectively (data not
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0
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Figure 5. Effects of MP extract on the formation of the starch—iodine com-
plex and starch digestion. Top panel, AA spectra before and after addition of
various amounts of PM extract to extracted starch. A downward arrow,
increase in the amount of added buckwheat flour extract (from top to bottom:
0.5, 1.0, 10, 20, and 30 uL/mL of extracted starch). X, AA spectrum of con-
trol minus extracted starch. Bottom panel, AA spectra after and before 2 min
of pancreatin treatment. A, 0; B, 5; C, 10; and D, 30 uL of MP extract/mL of
extracted starch. Inset: AAA spectra. O, A minus B; @, A minus D.

shown). The peaks of A4 indicate the suppression of the amylose—
iodine complex formation by the fatty acids. The formation of
amylose—lipid and —fatty acid complexes (7—11, 34—39) and the
inhibition of the starch—iodine complex formation by fatty acids (40)
have been reported.

Figure 6 (lower panel) shows inhibition of pancreatin-induced
starch digestion by myristic, palmitic, and stearic acids. The peak
of AA spectrum in the absence of fatty acid was observed at
554 nm, whereas the peak in the presence of a fatty acid was
observed at 536 nm. The fatty acid-dependent shift of the peak
indicates that fatty acids inhibited the digestion of amylose. The
AAA spectrum (peak, approximately 680 nm) (inset) of trace
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“without fatty acids” minus trace C in A4 spectra indicates the
preferential inhibition of amylose digestion by stearic acid. Such
inhibition was also observed when other fatty acids were used. It
has been reported that lipids preferentially inhibit amylase-
catalyzed digestion of amylose (7—11). The results in Figures 5
and 6 indicate that fatty acids in MP extract could contribute
to the suppression of the amylose—iodine complex formation
and the inhibition of pancreatin-induced digestion of amylose.
Palmitic, oleic, linoleic, and linolenic acids have been reported to
be contained in buckwheat flour (41).

Effects of Component X. No significant contaminants were
detected in component X isolated in this study when analyzed by
HPLC, and the isolate had 4 peaks at 204 and 267 nm with a
shoulder at 300 nm, suggesting that component X was acylated if
the component was proanthocyanidins or flavan-3-ols (12). The
mass spectrum of component X showed mass numbers (1/z)
0f 469.65[M — H] ", 529.60 [M — H + acetic acid] —, and 940.15
[2M — H] ~. We estimated that this component was epicatechin-
0-(3.,4-dimethyl)-gallate (molecular weight, 470.42) (Figure 7).
The estimation was supported by the detection of a component of
mass number (n1/z) of 271.4, which could be formed by dissociation
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0
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Figure 6. Interactions between extracted starch and fatty acids. Top panel,
AA spectra between the presence and the absence of fatty acids. Con-
centration of fatty acids, 0.2 mM. Bottom panel, AA spectra before and after
pancreatin treatment (2 min). Concentration of fatty acids, 0.5 mM. A,
myristic acid; B, palmitic acid; and C, stearic acid. Inset: AAA spectrum of
trace “without fatty acids” minus trace C.
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of the dimethylgallate moiety from the mother molecule (12).
The presence of epicatechin-O-(3,4-dimethyl)-gallate in buck-
wheat flour has been reported (12, 13). The concentration of
epicatechin-dimethylgallate was estimated using the molar ex-
tinction coefficient of epicatechin-O-gallate at 280 nm (¢ = 12600
M~ 'em™!) (42). The yield of epicatechin-dimethylgallate was not
determined in this study. It has been reported that the content of
epicatechin-0O-(3,4-dimethyl)-gallate is 8.8 mg (18.7 umol)/100 g
of buckwheat groats (13).

Epicatechin-dimethylgallate did not affect 4 spectrum of an
iodine solution in the wavelength range from 500 to 900 nm (data
not shown) but suppressed the formation of the starch—iodine
complex in extracted starch, and the suppression increased with
the increase in the concentration of epicatechin-dimethylgallate
(Figure 8, upper panel). AA4 spectra between the presence and the
absence of epicatechin-dimethylgallate were different from the A4
spectra observed using fatty acids (Figure 6, upper panel) but similar
to the A4 spectra observed in the presence of a large amount of MP
extract (Figure 5, upper panel). Taking the results in Figures 5 and 6
into account, the result in Figure 8 indicates that epicatechin-
dimethylgallate inhibited the formation of not only the amylose—
iodine complex but also the amylopectin—iodine complex.
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Figure 8. Interaction between epicatechin-dimethylgallate and extracted
starch. Top panel, AA spectra between the presence and the absence of
epicatechin-dimethylgallate. Bottom panel, AA spectra before and after
pancreatin treatment (2 min). Trace 1, 7.6 uM; trace 2, 15 uM; and trace 3,
31 uM epicatechin-dimethylgallate. Inset: AAA spectrum of trace “without
epicatechin-dimethylgallate” minus trace 3. ECDMG, epicatechin-dimethyl-
gallate.
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Figure 9. Interactions among rutin, iodine, and extracted starch. Top
panel, AA spectra between the presence and the absence of rutin in an
iodine solution. Middle panel, AA spectra between the presence and the
absence of rutin in extracted starch. Bottom panel, effects of rutin on
pancreatin-induced digestion of extracted starch. Digestion time, 2 min.
Trace 1, 150 uM; trace 2, 300 «M; and trace 3, 600 uM rutin. Inset: AAA
spectrum of trace “without rutin” minus trace 3.

Difference spectra of the starch—iodine complex after and
before the pancreatin-induced digestion indicate that epicatechin-
dimethylgallate inhibited the digestion of extracted starch and
the inhibition increased with the increase in concentration of
epicatechin-dimethylgallate (Figure 8, lower panel). The peak of
AAA spectrum (590 nm) (inset) was shorter than the peak of AAA
spectrum (680 nm), which was obtained by trace “without fatty
acids” minus trace C in Figure 6 (lower panel), and AA4 at 500 nm
relative to AAA at 590 nm in Figure 8 was much larger than AAA4
at 500 nm relative to AAA at 680 nm in Figure 6. Because amylose
digestion was mainly inhibited in Figure 6, the result in Figure 8
indicates that epicatechin-dimethylgallate inhibited pancreatin-
induced digestion of not only amylose but also amylopectin.

Effects of Rutin and Quercetin. Fatty acids and epicatechin-
dimethylgallate did not affect A4 spectrum of iodine in a buffer
solution, but rutin (Figure 7), which was contained in buckwheat
flour in large amounts [about 22 mg (36 umol)/100 g of flour] (43),
affected 4 spectrum of an iodine solution. A4 spectra between
the presence and the absence of rutin showed rutin-induced A
increase, and the A4 increased nearly linearly as a function of rutin
concentration (Figure 9, upper panel). No changes in 4 spectra
were observed (i) when rutin was mixed with iodine in 50 mM
KCI-HCI (pH 2.0), (ii) when rutin was added to 18 mM KI solu-
tion in 50 mM KCI—HCI (pH 2.0) or 100 mM sodium phosphate
(pH 7.1), and (iii) when an oxathiolone derivative of rutin [5,7-
dihydroxy-2-(7-hydroxy-2-oxobenzo[d][1,3]oxathiol-4-yl)-4 H-
chromen-4-one 3-O-f-rutinoside] (150 uM) (Figure 7), which was
prepared as reported previously (44), was mixed with iodine in the
above buffer solutions with pH values of 2.0 and 6.8. These results
suggest that rutin-induced changes in A spectra of the iodine
solution (pH 6.8) were due to the formation of the rutin—iodine
complex and that the catechol moiety of rutin contributed to the
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formation of the complex because no changes in 4 spectrum were
observed when its catechol moiety was transformed to the benzox-
athiolone moiety. In addition, the results suggest that an anion
form of rutin (pK, = 7.1) 45) contributed to the rutin—iodine
complex.

Rutin also formed a rutin—iodine complex in the presence of
starch, but the rutin-induced A4 increase was smaller in the pres-
ence than the absence of starch (Figure 9, middle panel). The
result suggests that rutin interfered in the formation of the
starch—iodine complex. If rutin did not interfere in the formation
of starch—iodine complexes, A4 spectra observed in the presence
of starch should be similar to those observed in the absence of
starch. The spectrum obtained by subtraction of spectrum 3 in the
middle panel from spectrum 3 in the upper panel had peaks at
approximately 540 and 660 nm (data not shown), suggesting that
rutin inhibited the formation of not only the amylose—iodine
complex but also the amylopectin—iodine complex.

Figure 9 (lower panel) shows that rutin inhibited pancreatin-
induced digestion of starch and that the inhibition increased with
the increase in rutin concentration. AAA spectrum (inset) of trace
“without rutin” minus trace 3 in A4 spectra indicates that rutin
inhibited the digestion of not only amylose but also amylopectin.
It has been reported that rutin binds to starch during decoction of
Chinese medicines and that the binding results in inhibition of
amylase-catalyzed starch digestion (46). The oxathiolone deriva-
tive of rutin (150 uM) hardly inhibited pancreatin-induced diges-
tion of extracted starch as well as the formation of the starch—
iodine complex (data not shown).

Effects of quercetin on the formation of the starch—iodine com-
plex were studied. Quercetin formed a reddish purple quercetin—
iodine complex in an iodine solution (pH 6.8), and the 4 peak was
observed around 520 nm, but no color changes were observed
by mixing iodine with an oxathiolone derivative of quercetin
[m/2359.3[M — H] ; Apax = 252 and 371 nm in methanol/25 mM
KH,PO4 (2:1, v/v)], which was prepared by acid hydrolysis of
the oxathiolone derivative of rutin. This result indicates an impor-
tant function of the catechol moiety of quercetin in the forma-
tion of the quercetin—iodine complex. Quercetin also suppressed
the formation of the starch—iodine complex as rutin (data not
shown).

Pancreatin-induced digestion of extracted starch was inhibited
by approximately 40% by 165 uM quercetin. AAA spectrum be-
tween the presence and the absence of 165 uM quercetin was
similar to that between the presence and the absence of rutin (cf.
Figure 9), suggesting that quercetin inhibited the digestion of both
amylose and amylopectin. The oxathiolone derivative of querce-
tin (139 uM) did not affect the formation of the starch—iodine
complex but inhibited pancreatin-induced digestion of extracted
starch by 5—15%, indicating that the oxathiolone derivative was
not such an effective inhibitor.

Binding of Epicatechin-Dimethylgallate and Rutin to Amylose
and Amylopectin. The above results indicate that fatty acids
suppressed the formation of the amylose—iodine complex, whereas
epicatechin-dimethylgallate and rutin suppressed the formation of
not only the amylose—iodine complex but also the amylopectin—
iodine complex. To confirm the latter, we studied effects of these
phenolic compounds on the formation of the amylopectin—iodine
complex (Figure 10). The A spectrum of an iodine solution was not
affected by epicatechin-dimethylgallate as described above (trace A
in middle upper panel) but suppressed the formation of not only
the amylose—iodine complex (trace B) but also the amylopectin—
iodine complex (traces C-1 and C-2 in middle upper panel). Rutin
also suppressed the formation of the amylopectin—iodine complex
(trace C) as well as the amylose—iodine complex (trace B in middle
lower panel). The suppression is clear if one takes AAA spectra of
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Figure 10. Interactions of epicatechin-dimethylgallate and rutin with amy-
lose and amylopectin. Top panel, A spectra of starch—iodine complexes.
A, 10 mM iodine; B, iodine/amylose (30 xg/mL); and C, iodine/amylopectin
(20 ug/mL). Middle upper panel, AA spectra between the presence and
the absence of epicatechin-dimethylgallate. A, iodine + 31 «M epicatechin-
dimethylgallate; B, iodine/amylose 4+ 15 uM epicatechin-dimethylgallate;
C-1, iodine/amylopectin & 15 uM epicatechin-dimethylgallate; and C-2,
iodine/amylopectin + 31 «M epicatechin-dimethylgallate. Middle lower
panel, AA spectra between the presence and the absence of rutin.
A, iodine 4 600 u«M rutin; B, iodine/amylose + 600 «M rutin; and
C, iodine/amylopectin 4= 600 .M rutin. Inset: AAA spectrum. O, B minus
A; @, C minus A. Bottom panel, epicatechin-dimethylgallate-dependent
inhibition of pancreatin-induced digestion of amylose and amylopectin.
B-1 and C-1, without epicatechin-dimethylgallate; B-2 and C-2, with 31
uM epicatechin-dimethylgallate. Digestion time, 1 min.

trace B minus trace A (O) and trace C minus trace A (@) (inset).
The result in Figure 10 (middle panels) coincides with the conclu-
sion induced from Figures 8 and 9 that epicatechin-dimethylgallate
and rutin bound to both amylose and amylopectin in extracted
starch.

Effects of epicatechin-dimethylgallate on pancreatin-induced
digestion of amylose and amylopectin were studied (Figure 10,
lower panel). Epicatechin-dimethylgallate (31 M) inhibited the
digestion of amylose (compare traces B-1 and B-2) more effec-
tively than that of amylopectin (compare traces C-1 and C-2).
The effects of 600 uM rutin on the pancreatin-induced digestion
of amylose and amylopectin were similar to those of 31 uM
epicatechin-dimethylgallate (data not shown). These results indi-
cate that epicatechin-dimethylgallate and rutin could inhibit the
digestion of amylose more effectively than that of amylopectin,
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supporting the idea that epicatechin-dimethylgallate and rutin
inhibited pancreatin-induced digestion of amylose and amylo-
pectin in extracted starch. We could deduce from the effects
of epicatechin-dimethylgallate on the starch—iodine complex
formation and the starch digestion in Figures 8 and 10 that
proanthocyanidins contained in buckwheat flour might also have
functions similar to those of epicatechin-dimethylgallate.

Epicatechin-dimethylgallate inhibited the formation of the
starch—iodine complex and pancreatin-induced digestion of
starch at dozens of micromolar, whereas rutin inhibited them
at several hundred micromolar. The difference might be attrib-
uted to the presence or absence of rutinose or the difference
in hydrophobicity. This idea is supported by the result that
165 uM quercetin and 150 4M rutin inhibited pancreatin-
induced digestion of starch by approximately 40 and 10%,
respectively.

The present study indicated that buckwheat starch could
interact with fatty acids, rutin, and epicatechin-dimethylgallate,
which were contained in buckwheat flour. In these components,
fatty acids seemed to be more effective in the inhibition in respect
to amylose digestion, because the addition of small amounts of
MP extract preferentially suppressed the digestion amylose
(Figure 5). According to refs 34—39, fatty acids may bind to the
hydrophobic helical structure of amylose inhibiting its digestion.
Epicatechin-dimethylgallate and rutin bound to amylose and
amylopectin. Amylopectin also has a hydrophobic helical struc-
ture in the molecule, but the length of the helical structure of
amylopectin is shorter than that of amylose. Smaller sizes of
hydrophobic regions of epicatechin-dimethylgallate and rutin
than the fatty acids may make these phenolic compounds possible
to bind to hydrophobic helical structure of not only amylose but
also amylopectin. The binding resulted in the inhibition of
amylase-catalyzed digestion of both amylose and amylopectin.
Ithas been reported that phenolic compounds can inhibit amylase
activity (22—27), but such inhibition seems not to occur in the
present study, because MP extract inhibited pancreatin-induced
digestion of extracted starch but not control starch. The different
effects of epicatechin-dimethylgallate and rutin on the digestion
of amylose and amylopectin also support that the inhibitory
effects were not due to the inhibition of amylase activity in
pancreatin. There are other possibilities for slower digestion of
control starch than extracted starch. These are the formation of
covalent bonds between phenolic compounds contained in buck-
wheat flour and buckwheat starch during boiling (47, 48). The
formation of the covalent bonds may result in the generation of
stable radicals (47). Further studies are required from these
points.

The oxathiolone derivative of rutin can be produced in the
stomach by its oxidation in the presence of thiocyanate (47), and
the rutin oxathiolone derivative may be transformed to the
oxathiolone derivative of quercetin by hydrolysis in the intestine.
These components seemed not to affect starch digestion in the
intestine because their effects on the inhibition of amylase-
catalyzed digestion of starch were much smaller than those of
rutin and quercetin.

According to the above discussion, we can postulate that the
smaller susceptibility of control buckwheat starch than extracted
buckwheat starch to amylase (Figure 3) may be due to the
binding of fatty acids, rutin, and proanthocyanidins including
flavan-3-ols to buckwheat starch. Therefore, the ability of
buckwheat flour to decrease the glycemic and insulin indexes of
products made from wheat flour (/) could be attributed to the
binding of fatty acids, rutin, and proanthocyanidins including
flavan-3-ols, which were contained in buckwheat flour, to wheat
flour starch.
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