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ABSTRACT: This study aimed to evaluate the potential of soybean-promoted acidic nitrite reduction and to correlate this activity
with the content of phenolics and with the bactericidal activity against Escherichia coli O157:H7. Extracts of embrionary axes and
cotyledons enriched in phenolics increased •NO formation at acidic pH at values that were 7.1 and 4.5 times higher, respectively,
when compared to the reduction of the nonenriched extracts. Among the various phenolics accumulated in the soybean extracts, five
stimulated nitrite reduction in the following decreasing order of potency: epicatechin gallate, chlorogenic acid, caffeic acid, galic acid
and p-coumaric acid. Extracts of embrionary axes presented higher contents of epicatechin gallate and caffeic acid, compared to that
of cotyledons, indicating a positive correlation between activity of the extracts and content of phenolics with regard to nitrite
reducing activity. Soybean extracts enriched in phenolics interacted synergistically with acidified nitrite to prevent E. coli O157:H7
growth. The results suggest that soybean phenolics may interfere with the metabolism of •NO in an acidic environment by
accelerating the reduction of nitrite, with a potential antimicrobial effect in the stomach.
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’ INTRODUCTION

The generation of the radical nitric oxide (•NO) in animal cells
results mainly from the action of a family of enzymes named
nitric oxide synthases (NOS), which catalyze the synthesis of
•NO from the oxidation of the amino acid L-arginine into
L-citrulline.1 The generated NO plays a role in a large number
of metabolic functions and is involved in the development of
various pathophysiological processes.1 As a radical with a short
half-life in biological systems, most of •NO produced in the body
is rapidly oxidized to nitrite/nitrate, which are molecules that
were, until recently, considered inert for human metabolism.
However, more recent evidence suggests that these anions are
important forms of storage of •NO, which can be activated to
generate the radical under certain conditions.2 Thus, •NO can be
formed fromnitrite/nitrate reduction throughmechanisms indepen-
dent of NOS, such as catalysis by heme proteins, xanthine oxidor-
eductase and thiol-containing enzymes, particularly under hypoxic/
anoxic conditions such as those occurring during myocardial infarc-
tion and stroke.2 The acidic reduction of nitrite has also been recently
considered to be a nonenzymatic mechanism of physiological
relevance for the generation of •NO in the gastrointestinal tract.3

A diet rich in vegetables also results in a large ingestion of
inorganic nitrate, which is found in large quantities within
vegetables. Although the metabolism of dietary nitrate was long

thought to generate nitrosamines with potentially carcinogenic
effects, a clear link between nitrate intake and gastric cancer in
humans has not been definitively established.4 Instead, more
recent studies have highlighted the important biological functions
of the nitrate�nitrite�•NO pathway and discussed the potential
use of nitrate and nitrite for novel •NO-based therapeutics.4,5

The inorganic nitrate obtained from the diet is secreted in
saliva and reduced to nitrite by bacterial microbiota. In the acidic
pH of the stomach, nitrite is converted into nitrous acid, which
can spontaneously generate •NO through a chemical univalent
reduction along with other nitrogen oxides.3,6 •NO produced
from the reduction of nitrite in gastric juice may exert multiple
beneficial effects on human health, protecting against gastro-
intestinal diseases and increasing gastric motility, mucosal blood
flow and mucus thickness (see ref 5).

The reduction of nitrite in acidic medium is a very slow
reaction that can be accelerated by the presence of endogenous
reducing agents, such as thiocyanate and ascorbic acid.7 Thus,
reducing agents with appropriate reduction potentials may
facilitate the reduction of nitrous acid, thereby generating •NO.
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Indeed, it has been demonstrated that dietary phenolics that are
present in fruits, vegetables and beverages have appropriate redox
potentials to act as reducing agents of acidified nitrite, thus
facilitating •NO production under the acidic conditions of the
stomach.8�10 The broad activity of the flavonoid quercetin in
promoting the reduction of nitrite in acidic pH was related to its
molecular skeleton, specifically to the hydroxyl group at carbon
position 3 in the central ring.8 Peri et al.9 have shown that
polyphenols of apple extracts were responsible for increasing
•NO release caused by acidification of saliva, chlorogenic acid and
catechin being the most active and concentrated species. They
also reported that following oxidation, the o-semiquinone radicals
are nitrated, decreasing the concentration of more reactive
nitrogen species, which are also produced following nitrous acid
reduction, such as •NO2, N2O3 andONOOH.

6 Phenolics present
in red wine were also suggested to cooperate with ascorbic acid in
the reduction of nitrite to •NO in the stomach, inducing smooth
muscle relaxation.11 Takahama and Hirota12 have reported that
when coffee is ingested, in addition to chlorogenic acid and its
isomers, melanoidins could also react with salivary nitrite and
thiocyanate in the gastric lumen to produce •NO.

Rocha et al.13 have recently demonstrated that, in the presence
of nitrite, phenol-containing dietary products induce a significant
increase in the amount of •NO in the stomach. They measured
the amount of •NO in the air expelled from the stomach of
healthy volunteers following a meal containing polyphenols.
Their data shows that polyphenols from diverse dietary sources
that are endowed with distinct chemical structures interact with
nitrite at pH 2 in the stomach, reducing it univalently to •NO via
the concomitant formation of a phenol phenoxyl radical
(Ph�O•) intermediate, as previously proposed.9,10 Furthermore,
selected mixtures of polyphenols and nitrite induce structure-
dependent muscle relaxation in stomach strips, suggesting that
the polyphenols consumed in dietary products may exert a
biological impact as a local relaxant.13

The health benefits of a diet enriched in fruits and vegetables
has been frequently attributed to their phenolic compounds,
which would positively interfere with metabolism due to their
antioxidant activity and contribute to the prevention of many
degenerative diseases.14 This is also true in the case of soybeans,
for which beneficial effects on human health have been attributed
mostly to the antioxidant and estrogenic activities of the
isoflavones.15 However, the concentration of phenolic com-
pounds that can reach body tissues following dietary intake is
frequently much lower than the values that have proven efficient
to test antioxidant activity in in vitro assays due to an extensive
metabolism and a normally low absorption of plant phenolics in
the gastrointestinal tract.16 In light of new findings about the effect
of plant phenolics in promoting acidic reduction of nitrite, it has
been suggested that part of the beneficial effects on human health
of a diet rich in vegetables may also result from the action of its
phenolics in facilitating the production of •NO in the acidic pH of
the stomach.8�10

In order to investigate the potential of foods containing
soybean products interfering with the generation of •NO at the
gastrointestinal tract, we investigated the acidic nitrite reducing
activity of extracts prepared from embrionary axes and cotyle-
dons of soybean seeds in the present study. It has previously been
shown that treatment of soybean cotyledons with the inducing
agent sodium nitroprusside was able to activate the phenylpro-
panoid pathway and cause exudation of large amounts of free
isoflavones in the medium.17 In addition to the isoflavones,

activation of the phenylpropanoid pathway in soybeans may also
lead to accumulation of other phenolics18 that have been
identified as facilitators of the acid reduction of nitrite. In this
study, a treatment with sodium nitroprusside was used to
correlate the phenolic content in soybean seed extracts with
acidic nitrite reduction activity. To show that this activity
may have physiological significance, we evaluated the effect of
the soybean extracts with acidified nitrite on the growth of
Escherichia coli O157:H7, a food-borne pathogen that can cause
sporadic cases of diarrhea, hemorrhagic colitis, and hemolytic
uremic syndrome in humans.19

’MATERIALS AND METHODS

Chemicals.Methanol, formic acid and acetone were purchased from
Mallinckrodt Baker (Phillipsburg, NJ). Sodium nitroprusside, S-nitroso-
N-acetyl-penicillamine, CuCl2 and Folin�Ciocalteu were obtained from
Sigma (St. Louis, MO). The following standard compounds used as
references were purchased from several sources: p-coumaric acid, gallic
acid, hydroxybenzoic acid, tartaric acid, daidzein, genistein (Sigma-
Aldrich, St. Louis, MO); glycitein, daidzin, genistin, glycitin (LC Labora-
tories, Woburn, MA); caffeic acid, chlorogenic acid (Alexis Biochemicals,
San Diego, CA); benzoic acid (Amresco, Inc., Solon, OH) and epica-
techin gallate (Wako Chemicals USA, Inc., Richmond, VA). The
remaining chemicals were obtained fromMerck (Darmstadt, Germany).
Preparation of Soybean Extracts Enriched in Phenolics.

Soybean (Glycine max (L.) Merr) seeds of the cultivar IAC-18 (kindly
provided byNelson R. Braga from the Agronomic Institute of Campinas,
Campinas, S~ao Paulo, Brazil) were treated with sodium nitroprusside to
increase the total phenolic content.17 Soybean seeds were first sterilized
by soaking in 0.3% commercial sodium hypochlorite for 10 min and
washed thoroughly three times with distilled water. Seed coats were
removed, discarded and detached; embrionary axes or cotyledons were
treated with an aqueous solution (50 units/10 mL) of 100 mM sodium
nitroprusside or incubated in water (control). Samples were stirred
(100 rpm) in an Erlenmeyer flask in the dark at 25 �C for 20 h. After the
treatment, phenolic compounds were extracted from cotyledons or
embrionary axes with their exudates (50 units in 10 mL) with 20 mL of
acetone/water (50:50 v/v) for 12 h under agitation, according to Xu
et al.20 Subsequently, the suspension was centrifuged at 3000 rpm for
15 min, and the supernatant was collected, dried and stored at �20 �C
for further analysis.
Analysis of the Total Phenolic Content in Soybean Ex-

tracts. Total phenolic content in soybean extracts was determined
using the Folin�Ciocalteau reagent.21 The soybean extracts (10 μL)
were mixed with 50 μL of diluted Folin�Ciocalteau reagent (1:10).
After the reaction solution had been incubated at room temperature for
5 min, 40 μL of a 4% CaCO3 solution was added and mixed thoroughly;
the mixture was incubated at room temperature for 120 min. The
absorbance of the solution was then determined at 740 nm. Quercetin
and gallic acid were used as standard references.
Identification of the Phenolic Compounds in Soybean

Extracts by Ultrahigh Performance Liquid Chromatogra-
phy�Mass Spectrometry (UPLC�MS). The analysis was carried
out in a UPLC�MS TQD Micromass (Waters, Manchester, England)
equipped with an ultratorque binary pump system, a column oven, an
automatic injection system, and a TQD mass spectrometer. The
experimental conditions for separation, identification and quantification
followed those described by Hvattum22 with modifications. The column
used was a 50 mm � 2.1 mm i.d., 5 μm, Waters C18. Phenolic
compounds were separated using a gradient of 0.5% formic acid (A)
and a 99.5% methanol/0.5% formic acid (v/v) (B). The gradient
consisted of 99% A for 2 min, followed by 95% A for 1 min, 80% A
for 3min, 40%A for 3min, 20%A for 1min, 5%A for 1.4min, and finally,
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reconditioning for 2.2 min with 99% A. The complete chromatographic
run took 14 min, the flow rate was 0.2 mL/min and the column
temperature was set to 30 �C. After chromatographic separation, the
eluate was ionized by electrospray (ESI) interface and analyzed in the
negative ion mode under the following conditions: a capillary voltage
of�3000 V, a cone voltage of�30 V and a scan range from m/z 100 to
800; the desolvation gas temperature was set to 300 �C, and the source
temperature was 150 �C. The phenolic compounds were identified by
comparison with the retention time and mass spectrum of authentic
standards and quantified byUPLC�MS, using external calibration curves
for gallic acid, chlorogenic acid, tartaric acid and epicatechin gallate.
Electrochemical Determination of •NO Concentration.

•NO concentrations were measured electrochemically at 25 �C using
the ISO-NOP electrode connected to a free radical analyzer Apollo 4000
(World Precision Instruments, Sarasota, FL) according to Zhang,23 with
modifications. Aliquots of the soybean extracts and the standards of
flavonoids and other phenolic compounds were added to the reaction
medium (1 mL) in a closed chamber NOCHM-4 (World Precision
Instruments), under constant agitation. To determine the nitrite reduc-
tion, the reaction medium was composed of 0.1 M KCl/HCl (pH 2.0),
0.1 M citrate phosphate buffer (pH 3.5) or 0.1 M phosphate buffer
(pH 5.0 or 7.0). The experiments were initiated by nitrite addition to the
reaction medium and then by addition of aliquots of the extracts or
standards. The •NO electrode was calibrated with S-nitroso-N-acetyl-
penicillamine in 0.1 M CuCl2.
Determination of •NO Concentration by Chemilumines-

cence. •NO concentrations were measured by chemiluminescence at
25 �C using a chemiluminescence nitric oxide analyzer NOA280 (Sievers
Instruments, Boulder, CO) according to Bonini et al.,24 with modifica-
tions. The nitrite (50 to 200 μM) and 50 μL extracts (35 μg dry weight/
μL) were directly injected into a vessel containing 5 mL of reaction
medium (0.1 M KCl/HCl solution, pH 2.0) and maintained under N2

flow. After 10 min, the total •NO produced from nitrite reduction was
carried on the stream of nitrogen into the chemiluminescence detector.
The peak areas of the samples were calculated with the instrument
software and compared with those of standard solutions (different
volumes of a •NO saturated solution (1.75 nmol/μL)) analyzed under
the same experimental conditions. The saturated •NO solution was
prepared by bubbling pure •NO gas (Linde Gases, S~ao Paulo, Brazil) for
15 min through Ar-purged phosphate buffer (10 mM, pH 7.2) in a
rubber-sealed vial.
Effects of Soybean Extracts and Acidified Nitrite on

Bacterial Growth. The pathogenic Escherichia coli strain O157:H7
(obtained from the Collection of Bacterial Virulence Factors Laboratory
of the Department of Genetics and Evolution and Bioagents, State
University of Campinas, Campinas, SP, Brazil) was cultured on tryptone
soy agar plates and subsequently incubated in tryptone soy broth
medium (pH 7.2) for 24 h at 37 �C to yield 1 � 107 colony-forming
units (CFU)/mL on the day of the experiments. Bacterial suspensions
were centrifuged at 7300g for 15 min. The supernatant was then
discarded and the bacterial cells were added to sterile 2 mL Eppendorf
tubes containing 1 mL of reaction medium to obtain a final density of
1� 107 bacteria/mL. The reaction medium was composed of 0.1 M KCl/
HCl (pH 2.0) or 0.1 M phosphate buffer (pH 7.0) alone or with nitrite
(50 μM) and soybean extracts (350 μg). The tubes were then incubated
for 5 min, after which 100 μL of each sample was removed, serially
diluted (1:10) with saline (0.9%) solution and transferred to selective
MacConkey medium agar plates, according to the procedure of Miles
and Misra25 with modifications. Previous tests had established the
plating dilutions necessary to yield numbers of colonies adequate for
counting. For each treatment, an aliquot of 25 μL from a 10�6 dilution of
the E. coli culture was plated as a drop (6 drops per plate). Plates were
then incubated at 37 �C and the colonies were counted after 24 h. The
experiments were performed in triplicate.

Statistical Analysis. The results were expressed as the mean (
standard deviation of experiments (n = 3�5). Statistical analyses were
performed using two-way analysis of variance (ANOVA) followed by
Tukey’s test with P < 0.05 indicating significance.

’RESULTS AND DISCUSSION

Preparation of Phenolic-Enriched Soybean Extracts. To
increase the concentration of phenolics, soybean seeds were
treated with the inducing agent sodium nitroprusside.17Methanol
extracts prepared from detached embryonic axes and cotyledons
were then analyzed for total phenolic content. As shown in
Figure 1, treatment with sodium nitroprusside increased the
number of total phenolics compared to untreated extracts. In
the case of the embrionary axis extracts, this increase was doubled
from 0.7 mg/mL of total phenolics in untreated extracts to 1.4
mg/mL in the treated extracts. The concentration of total
phenolics in cotyledon extracts was also increased from 0.6 mg/
mL in untreated extracts to 1.1mg/mL in the treated extracts. The
results also show that the amount of total phenolics in embrionary
axis extracts is higher than in cotyledon extracts (mg/mL).
Nitrite-Dependent NO Formation by Soybean Extracts.

The capacity of soybean extracts and the effect of the enrichment
of the extracts in phenolic compounds in promoting the forma-
tion of •NO from acidified nitrite were evaluated using a specific
electrode. First, the effect of NaNO2 concentration on the
formation of •NO was analyzed under experimental conditions
outlined in this study. After 5 min of incubation in 1 mL of 0.1 M
KCl/HCl (pH 2.0), 25 μM nitrite produced approximately
0.12 nmol of •NO, which increased to 0.24 nmol in the presence
of 50 μM nitrite. In the presence of 75 μM and 100 μM nitrite,
total •NO formation was further increased to 0.34 nmol and
0.44 nmol, respectively. These results show that •NO production
was directly proportional to nitrite concentration in the experi-
mental conditions chosen for this study.
Soybean extracts were then evaluated for their capacity to

stimulate acid reduction of nitrite; this activity was compared
with the flavonoids quercetin and luteolin, which were previously

Figure 1. Concentration of total phenolics in soybean extracts: effect of
sodium nitroprusside treatment. Embrionary axes (embryo) or cotyle-
dons of soybean seeds were incubated with an eliciting solution of
sodium nitroprusside. In the control (untreated) the tissues were
incubated in water. The data represent the mean ( SD of three
independent experiments (p < 0.001).
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identified as facilitators of the acid reduction of nitrite.8 As shown
in Figure 2A, 10 μL (350 μg) of phenolic-enriched extracts from
embrionary axes and cotyledons increased nitrite reduction
leading to the production of 1.4 and 0.9 nmol of •NO at
pH 2.0; these values were 7.0 and 4.5 times higher, respectively,
when compared to the reduction of untreated extracts, which
produced 0.2 nmol of •NO, as shown in Figure 2B. Figure 2B also
shows that, when the extracts are added to the acid solution
alone, there is no •NO signal; the radical is produced only after
the addition of nitrite. These results show that the effect of the
extracts on •NO production is dependent on the presence of
nitrite. To prove that the sodium nitroprusside would not cause a
false positive result, an elicitor solution (100 mM) was extracted
similarly to the soybean extracts and evaluated for its ability to
reduce nitrite. The time course of •NO formation induced by the
sodium nitroprusside extract was not significantly different from
that induced by nitrite alone (not shown). The flavonoids
quercetin and luteolin, at 25 μM, significantly increased the
spontaneous nitrite reduction resulting in the production of 1.42
and 0.3 nmol of •NO, respectively, after a 5 min incubation. This
lower activity of luteolin compared to quercetin is consistent with
previous results,7 which related the effectiveness of flavonoids, in
terms of the reduction of nitrous acid, to their molecular
structure. The influence of extract concentration on nitrite
reduction was evaluated and is shown in Figure 2C. Production
of •NO ranged from 0.8 nmol (2.5 μL extract) to 1.89 nmol (15
μL extract). Volumes greater than 15 μL of extract show no
significant difference in nitrite reduction activity, suggesting that
there was a saturation of nitrite concentration used in the
medium or that there was a steady-state concentration due to
reaction of •NO with oxygen, forming the radical •NO2, which
can react with the extract components.
Chemiluminescence Detection of Nitrite-Dependent •NO

Formation. The nitrite reducing activity of soybean extracts
identified by electrochemical analysis was confirmed by the
detection of •NO using chemiluminescence. First, the influence
of nitrite concentration on the kinetics of •NO generation was
evaluated. As expected, increasing the nitrite concentration
caused a proportional increase in •NO formation. The sponta-
neous reduction of nitrite after 10 min in 5 mL of a reaction
medium at pH 2.0 produced 1.6 nmol of •NOwith 50 μMnitrite
(Figure 3) and increased to 9.7 nmol of •NO in the presence of
200 μM nitrite (not shown). The enriched extracts from the
embrionary axes and cotyledons stimulated the nitrite (50 μM)
reduction, and, after 10 min, 5.7 and 3.7 nmol of •NO were
formed, respectively, whereas luteolin (50 μM) produced
4.4 nmol of •NO (Figure 3). These results showed a significant
effect on the acidic reduction of nitrite compared to control
(nitrite only) and untreated extracts from embrionary axes and
cotyledons, which produced 0.79 and 0.83 nmol of •NO,
respectively. Thus, the nitrite reduction activity of the extracts
from embrionary axes and cotyledons was increased by 7.2 times
and 4.4 times after phenolic enrichment. Figure 3 also shows that
there was no reductive activity of the elicitor solution, indicating
again that the induction assay used in soybean tissues was
responsible for the reductive activity observed in the extracts.
Additionally, the amount of •NO generated in the presence of
untreated extracts (∼0.81 nmol) was lower than the control
(1.6 nmol of •NO) and •NO was not detected when treated or
untreated extracts were incubated in the absence of nitrite.
Because chemiluminescence is performed in an anaerobic

environment, it reduces the interference of oxygen. •NO

Figure 2. Effect of soybean extracts on acidic reduction of nitrite
measured electrochemically. Extracts or isolated flavonoids were
added in 1 mL of reaction medium (pH 2.0) and nitrite (50 μM).
(A) Nitrite was added before the extracts or isolated flavonoids:
no further addition (1); 25 μM luteolin (2); 10 μL (35 μg/mL) of
cotyledon (3) or embrionary axis (4) extracts enriched in phenolic
compounds and 25 μMquercetin (5). (B) Nitrite was added after the
extracts: nitrite alone (1), 10 μL (35 μg/mL) of embrionary axis
extracts unenriched (2) and enriched (3) in phenolic compounds.
(C) Dose curve of •NO formation promoted by enriched extracts
of embrionary axis (embryo extract) in the presence of 50 μM
nitrite.
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generated in aerobiosis reacts with molecular oxygen to form
other nitrogen oxides,26 which explains why total •NO detected
by the chemiluminescence method was higher compared to the
electrochemical measurement. However, by both analyses, the
extracts of the embrionary axis showed the best reducing activity
when compared to the cotyledon or to extracts that were not
treated with sodium nitroprusside.
Effect of pH on the Nitrite Reducing Activity of Soybean

Extracts. The influence of pH on the reduction of nitrite was
evaluated electrochemically and by chemiluminescence. As
shown in Table 1, enriched extracts from embrionary axes and
cotyledons at pH 3.5 produced approximately 0.87 and 0.66 nmol
of •NO, respectively, in the presence of 50μMnitrite, asmeasured
by the chemiluminescence assay. These values are 6.5 and 5.6
times lower than those found at pH 2.0, respectively. The treated
extracts from embrionary axes and cotyledons showed approx-
imate 2- to 3-fold reductions compared to untreated extracts (0.35
and 0.34 nmol of •NO, respectively) at pH 3.5. Similarly, when
comparing the electrochemical detection data, the increase in pH
from 2.0 to 3.5 decreased the nitrite reducing activity of enriched
extracts from embrionary axes and cotyledons by 5.2 and 3.6
times, respectively. These activities were 3.8 and 3.1 times higher
compared to the sodium nitroprusside untreated extracts. The
activities of the flavonoids quercetin and luteolin were also
evaluated for comparison at pH 3.5, and formation of •NO was
sharply reduced, as measured by both techniques (Table 1).
Additionally, when the experiments presented in Table 1 were
carried out using 0.1 M phosphate buffer at pH 5.0 and 7.0, •NO
production was not detected (results not shown). Overall, these
results show that the nitrite reducing activities are directly related
to the acidity of the medium (Table 1). Additionally, there is a
good correlation between the values from chemiluminescence
and electrochemistry. Thus, at pH 2.0, at which point the nitrite
reducing activity was maximized, •NO production by extracts of
the embrionary axis and cotyledonwas increased after enrichment
with phenolics by 7.0-fold (from 0.2 to 1.4 nmol) and 7.2-fold

(from 0.79 to 5.67 nmol) and by 4.5-fold (from 0.2 to 0.9 nmol)
and 4.4-fold (from 0.83 to 3.68 nmol), as determined electro-
chemically or by chemiluminescence, respectively. Also, com-
pared with the activity of the nitrite-only (controls) at pH 2.0,
quercetin increased •NO production by 10-fold (from 0.25 to
2.5 nmol) and 10.2-fold (from1.59 to 16.23 nmol) and luteolin by
2.0-fold (from 0.25 to 0.5 nmol) and 2.76-fold (from 1.59 to
4.39 nmol) when determined electrochemically and by chemilu-
minescence, respectively.
Identification of the Phenolics in Soybean Extracts and

Correlation with the Nitrite Reducing Activity. Phenolic
compounds present in soybean extracts from embrionary axes
and cotyledons (treated or untreated with sodium nitroprusside)
were identified by UPLC�MS. Based on standard references, it
was possible to identify the following phenolic compounds for
the elicitor-treated extracts: epicatechin gallate, benzoic acid,
hydroxybenzoic acid, chlorogenic acid, gallic acid, caffeic acid,
p-coumaric acid and tartaric acid. In the untreated extracts, traces of
these phenolics were detected, except for p-coumaric acid, which
was present in treated and untreated extracts. Additionally, as
previously demonstrated,17 large amounts of the aglycon forms
of isoflavones, i.e., daidzein, genistein and glycitein, accumulated
in sodium nitroprusside-treated extracts; in the untreated ex-
tracts, these isoflavones were mostly in their malonyl- and
glycosyl-β-conjugated forms (results not shown).
The phenolics identified in the extracts were then evaluated for

their capacity to reduce acidified nitrite using commercial stan-
dards. Among all the phenolic compounds identified in the
extracts, five showed activity: epicatechin gallate was the most
effective, followed by chlorogenic acid; gallic acid and cafeic acid
showed intermediate activity, and p-coumaric acid showed low
activity when the rates of •NO formation were compared to rates
promoted by epicatechin gallate (Figure 4). The reduction of
nitrite in the presence of tartaric acid or hydroxybenzoic acid was
not significantly different from that in the presence of only nitrite
(Figure 4). Still, the free- or β-conjugated isoflavones had no
effect on acidic reduction of nitrite (results not shown). The
potential of phenolic compounds to reduce nitrite at acidic pHhas
been related to their molecular structures, specifically the number
of reactive hydroxy groups, molecular steric factors and the ability
to form a semiquinone8�10,13 Thus, the high nitrite reducing
activity of epicatechin gallate could be due to the following
factors: the galloyl group easily generates a semiquinone, there

Table 1. Effect of pH on the Nitrite Reducing Activity of
Soybean Extracts Determined by Chemiluminescence and
with an •NO Electrode

nmol of •NO

chemiluminescence electrochemistry

pH 2.0 3.5 2.0 3.5

control 1.59 0.44 0.25 0.09

quercetin 16.23 1.06 2.5 0.3

luteolin 4.39 0.62 0.5 0.01

embryoa 5.67 0.87 1.4 0.27

cotyledon 3.68 0.66 0.9 0.25

untreated embryoa 0.79 0.35 0.2 0.07

untreated cotyledon 0.83 0.34 0.2 0.08
a Embrionary axis.

Figure 3. Effect of soybean extracts on acidic reduction of nitrite
measured by chemiluminescence. The total •NO produced was deter-
mined after 10 min of nitrite addition (50 μM) in 5 mL of reaction
medium (pH2.0) containing only reactionmedium (control) or luteolin
(50 μM) or 50 μL of embrionary axis extract (35 μg dry weight /μL) or
50 μL of cotyledons extract (35 μg dry weight /μL) treated or untreated
with sodium nitroprusside (SNP) or 50 μL of a sodium nitroprusside
solution (100 mM), as indicated. The data represent the mean( SD of
three independent experiments (p < 0.01).
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is a phenolic coupling and acidic pH induces changes in the
resonance of the molecule.27

Besides showing the best ability to reduce nitrite among those
identified in soybean extracts (Figure 4), the epicatechin gallate
was the phenolic compound accumulated to the highest con-
centration in the treated soybean extracts, which was 200 μg/g
and 186 μg/g of dry extract from embrionary axes and cotyle-
dons, respectively (Table 2). Caffeic acid was accumulated in
higher amounts in treated embrionary axis extracts (70 μg/g)
compared to cotyledon extracts (62 μg/g), whereas equivalent
amounts of gallic (70 μg/g) and chlorogenic (60 μg/g) acids
accumulated in both treated extracts (Table 2). These results
suggest that the best effect observed for embrionary axis extracts
in the acidic reduction of nitrite was due to higher levels of
epicatechin gallate and caffeic acid. Thus, it was possible to
observe a positive correlation between the effect of extracts in
acid reduction of nitrite and amount of phenolic compounds with
nitrite reducing activity.
Although the nitrite reducing activity of soybean extracts was

detected only after treatment of the seed parts with sodium

nitroprusside, the possibility that soybeans in natura may have
this activity cannot be excluded because the phenolics accumu-
lated in the extracts were mostly released from the plant tissues.
This effect of sodium nitroprusside was previously attributed to
•NO released from its structure,17 which increases transcription
of phenylalanine ammonia-lyase and chalcone synthase,28 the
initial enzymes in the phenylpropanoid pathway. However, we
cannot rule out the possibility that sodium nitroprusside could
react with phenols to yield nitroso derivatives that could in
turn function as •NO donors. However, mass spectrometry
(measuring the m/z values of protonated and deprotonated ions
of the phenolic compounds present in the soybean extracts) did
not identify any molecular compound that might indicate the
formation of such products (not shown). Nevertheless, the
incubation of extracts in acid medium alone was not sufficient
to generate any •NO signal, which occurred only after the
addition of nitrite (Figure 2). Because the action of •NO released
from sodium nitroprusside occurs in the early steps of the
phenylpropanoid pathway, it is most likely that there are no
more •NO or other reactive nitrogen intermediates to react with
the phenolics produced, whose significant accumulation occurs
only after 20 h of treatment with the donor •NO.17

Bactericidal Effects of Soybean Extracts and Acidified
Nitrite. The growth of E. coli O157:H7 was evaluated after
exposure to the reaction medium at pH 2.0 or 7.0 and in the
presence of nitrite alone or in combination with the soybean
extracts. As shown in Figure 5, exposure of bacterial suspensions
for 5 min to the reaction medium at pH 2.0 or 7.0 had only a
slight effect on bacterial growth, decreasing cell counts by 20%
and 12%, respectively, in relation to the bacterial starting
inoculum (10�6 dilution). Inhibition of E. coli O157:H7 growth
was significantly accentuated by the addition of 50 μM nitrite
(cell counts were decreased by 76% at pH 2 and 60% at pH 7),
indicating a bactericidal effect independent of the pH. Untreated
extracts from embrionary axes had a stimulatory effect on
bacterial growth (increasing cell counts by 43%), which could
result from the fact that this bacterium is normally cultivated in a
soy culture medium. However, when nitrite was mixed with
untreated extracts from embrionary axes, the nitrite bactericidal

Table 2. Concentration of Phenolic Compounds in Soybean-
Enriched Extracts with Acidic Nitrite Reduction Activitya

μg of phenolic/g of dry extract

SNP control

extracts E C E C

gallic acid 70 69 trace trace

chlorogenic acid 60 60 trace trace

caffeic acid 70 62 nd trace

epicatechin gallate 200 186 nd nd
a SNP, sodium nitroprusside; E, embrionary axis; C, cotyledon; nd, not
detected.

Figure 5. Effect of pH, nitrite and soybean extracts on Escherichia coli
O157:H7 growth. Bacterial suspensions were incubated at pH 2.0 or 7.0
alone (C) or in the presence of 50 μMnitrite (þNO2

�) and embrionary
axis extracts (350 μg) either untreated (UE) or treated (E) with sodium
nitroprusside. The data show the results of two independent experi-
ments performed in triplicate.

Figure 4. Time courses of •NO formation from acidified nitrite
promoted by phenolics identified in the soybean extracts. The •NO
production was measured electrochemically at pH 2.0, after addition of
50 μM nitrite (1) and 50 μM of tartaric acid (2), hydroxybenzoic acid
(3), p-coumaric acid (4), caffeic acid (5), gallic acid (6), chlorogenic acid
(7) and epicatechin gallate (8).
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effect was observed at both pH values, as seen by growth
inhibition of 28% and 20% at pH 2.0 and 7.0, respectively. These
results indicate that untreated embrionary axes alone have no
bactericidal effects. Incubation of the bacterial suspensions with
enriched extracts alone had a positive effect on cell counts, and
this effect was higher at pH 7.0 (55%) than at pH 2.0 (20%).
However, when extracts from embrionary axes enriched in
phenolics weremixed with nitrite, a drastic inhibition on bacterial
growth was observed when the incubation was carried out at
pH 2.0 (97% inhibition, already seen at the 10�5 dilution) but
not at pH 7.0 (20% growth stimulation). These results indicate
that E. coli O157:H7 was killed after exposure to an acidified
mixture of nitrite and soybean extract enriched in phenolics.
Various reports have shown that addition of nitrite to acidified

solutions increases the antimicrobial effect against various patho-
gens, including enterobacter, yeast and Helicobacter.3,29,30 Ac-
cordingly, as shown in Figure 5, nitrite inhibited bacterial growth
in our experimental conditions. However, when soybean extracts
enriched in phenolics were mixed with acidified nitrite, the
bactericidal effect was drastically increased, showing that soybean
extracts enriched in phenolics synergistically interact with nitrite
to prevent E. coliO157:H7 growth in an acidic environment. This
bactericidal effect could result from the stimulated production of
•NO that occurs under these circumstances (Figures 2 and 3,
Table 1). It is possible that the beneficial effects of soybean to
human health are greater than the antioxidant and estrogenic
activities of their isoflavones.15 Benefits could also be related to
the reduction of dietary nitrites, including those used for food
preservation.4

Overall, our results suggest that soybean phenolics may inter-
fere with the metabolism of •NO by accelerating the reduction of
acidified nitrite, with a potential antimicrobial activity that may
increase the host defense in the gastrointestinal tract.
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