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Abstract Soy has been traditionally incorporated in diet as
processed foods, such as soymilk, tofu, miso, tempeh, etc.,
and the consumption is commonly associated with a
reduction of the development of chronic diseases due to
their antioxidant, anti-inflammatory, and anti-allergic prop-
erties, among others. Many of the health benefits of soy
have been attributed to isoflavones. They comprise a group
of naturally occurring flavonoids consisting of heterocyclic
phenols. Soy contains three types of isoflavones in four
chemical forms: the aglycones daidzein, genistein, and
glycitein; the 3-glucosides daidzin, genistin, and glycitin;
their 6”-O-malonyl-{3-glucosides (60MalGlc); and their 6"-
O-acetyl-p3-glucosides (60AcGlc) conjugates. Industrial
processing methods of soy-based food products commonly
lead to the loss of isoflavones through removal of
undesirable fractions. On the other hand, isoflavones can
be transformed into different conjugates, which may have
significant effects on the food texture and on the bioavail-
ability and pharmacokinetics of the isoflavones. This article
reviews the effect of a number of soybean processing
treatments on the isoflavone content and profile. The
preparation and manufacturing of different soy-based food
and food ingredients, fermented and non-fermented, has
been analyzed in terms of content and distribution of the
three major isoflavone derivatives, daidzein, genistein, and
glycitein, and their respective conjugates.
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Introduction

Nowadays, there is a growing interest in phytochemicals
because they may provide interesting properties within a
healthy human diet. In addition to the basic functions of
supplying nutrients, “functional foods” are designed to
promote specific health aspects and to reduce the risk of
developing chronic diseases such as type 2 diabetes,
cardiovascular disease, or some cancers (Clavel et al.
2005; Charalampopoulos et al. 2002; Holzapfel and
Schillinger 2002; Ranalli et al. 2007; Roberfroid 2000). In
this field, legumes may play an important role in the
daily human intake of bioactive phytocompounds be-
cause they are an important source of proteins, vitamins
and minerals, saponins, phytosterols, complex carbohy-
drates, isoflavones, etc. (Adhami et al. 2008; Cantoral et
al. 1995; Fernandez Quintela et al. 1997; Perez-Balibrea et
al. 2008; Rochfort and Panozzo 2007; Yasmin et al. 2008).
Indeed, isoflavonoids, an important class of flavonoids,
are mainly produced by the subfamily Papilionoideae of
the Leguminosae plants, and they have been found in soya
grains, lupine, fava beans, chickpeas, and pulses (Aguiar
et al. 2007; Eldridge 1982; Eldridge and Kwolek 1983;
Ferrer and Barcelo 1994; Naim et al. 1974; Rochfort and
Panozzo 2007; Wang and Murphy 1994a).

There are three main types of isoflavones in soy
(Glycine max), daidzein, genistein, and glycitein (agly-
cone forms; Mebrahtu et al. 2004), and each type exists in
four different chemical forms, including the aglycones
and their glucoside conjugates: the (3-glucosides, the 6"-
O-acetyl--glucosides (60AcGlc) and the 6”-O-malonyl-
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[3-glucosides (60MalGlc), shown in Fig. 1 (Barnes et al.
1994; Jackson et al. 2002; Wang and Murphy 1994b).

Isoflavones have attracted a great deal of attention due to
their properties as an antioxidant ingredient (Chung et al.
2008; Kao and Chen 2006; Richardson et al. 1947; Yue et
al. 2008), but they also have anti-inflammatory (Garcia-
Lafuente et al. 2009; Kao et al. 2007b; Kupeli et al. 2006;
Park et al. 2007) and anti-allergic (Chang et al. 2000)
functions. These compounds have shown to reduce the risk
of cardiovascular disease (Jackman et al. 2007) and
promote the inhibition of cancer cell growth (Davis et al.
2008; Kao et al. 2007a; Kohen et al. 2007; Sarkar and Li
2003). Furthermore, isoflavones play an important role in
the prevention of several diseases, including osteoporosis,
and menopausal symptoms (Coxam 2008; Dijsselbloem et
al. 2004; Ma et al. 2008; Phrakonkham et al. 2007) since
they act as anti-estrogens (Okamoto et al. 2006; Zhang et
al. 2007a) and tyrosine protein kinase inhibitors (Papazisis
et al. 2006). The effects of these flavonoid substances are
strongly influenced by the chemical structure of the naturally
occurring compound, for example, hydroxyl substitution of
the B- and C-rings, but not the A-ring is essential for
antioxidant activity (see Fig. 1; Lotito and Frei 2006).

The activity of isoflavonoids in the human body may be
strongly influenced by absorption and bioavailability. Thus,
relative disposition of isoflavones appears to be determined
by their chemical nature in terms of solubility and
susceptibility to degradation by gut microorganisms. For
example, the aglycones are absorbed more easily than the
glucosides conjugates because the lower molecular weight
improves diffusion (Xu et al. 2000). Therefore, the
hydrolysis of isoflavone glucosides to their aglycones is
needed for absorption. On the other hand, hydrophobicity
generally provides longer retention times in the human

body; thus, genistein is expected to be more retained since
it is capable of forming a hydrophobic structure because the
OH groups interact by hydrogen bonds to create a
hydrophilic core (Birt et al. 2001).

Isoflavones can be extracted and isolated from soybeans
or soy-based foods by means of different techniques, such
as microwaves, ultrasounds, solid-phase, pressurized liquid,
or supercritical extraction (Rostagno et al. 2009). The
content and profile of isoflavones is generally determined
by means of high-performance liquid chromatography
(Prabhakaran et al. 2005). The concentration and distribu-
tion of each isoflavone derivative in soybeans depends on
the soy origin (Franke et al. 1999; Genovese et al. 2006;
Genovese and Lajolo 2002; Hutabarat et al. 2001),
agricultural conditions, such as soy variety and crop (Wang
and Murphy 1994a), and soy maturity (Lee et al. 2007;
Wang et al. 2000). Generally, soybeans have significantly
higher levels of daidzein and genistein and their
corresponding glucosides (Fukutake et al. 1996; Rochfort
and Panozzo 2007) and little content of the glycitein
derivates (Wang and Murphy 1994a).

Soybeans have been traditionally used to improve bread
properties (Gelencser et al. 2008; Lopez-Guel et al. 2009;
Rosales-Juarez et al. 2008; Sabanis and Tzia 2009);
furthermore, they are usually incorporated into a human
diet either as fermented or as non-fermented foods
(Umphress et al. 2005; Wang and Murphy 1996). The most
commonly fermented soy-based foods include sufu, miso,
natto, soy sauce, tempeh, and douchi, while the non-
fermented food comprise fresh soybeans, soybean sprouts,
soymilk, tofu, and protein-enriched foods such as soy
protein flours and/or grits, textured soy protein, and soy
protein concentrates or isolates. The industrial methods of
soybean processing commonly result in significant changes
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Fig. 1 Chemical structure of the main isoflavone conjugates: aglycones (a) and glycosides (b)
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of the isoflavone content (Anderson and Wolf 1995;
Golbitz 1995; Hui et al. 2001; Murphy et al. 1999;
Umphress et al. 2005; Wiseman et al. 2002) in terms of
glucoside conjugate concentrations, which may have
significant effects on the bioavailability and pharmacoki-
netics of the isoflavones in human body (Allred et al. 2004,
2005; Jackson et al. 2002).

The purpose of this article was to identify and to discuss
the effect of the different processing treatments employed
to prepare the soy-derived foods in terms of the content and
distribution of the three major isoflavone derivatives,
daidzein, genistein, and glycitein, and their respective
conjugates.

Soy-Based Food Products
Soymilk

Soymilk is a healthy food drink produced from raw beans,
originated in Asia, being a common daily product in China
and Japan and now widely extended and consumed around
the world (Wang and Murphy 1996). Soymilk is made from
soybeans which, after soaking in water for about 12 h at
room temperature, are separated from the liquid phase,
washed, and milled. The grinding of water-soaked beans
results in the formation of a slurry, which is first cooked at
temperature around 100°C, then cooled at room tempera-
ture, and finally filtered to remove the soybean water-
insoluble residue (okara) from the soy beverage (soymilk;
Jackson et al. 2002; Wang and Murphy 1996).

Around 4-10% of the total isoflavones remain in water
during the soaking process at room temperature. Regarding
isoflavone distribution, at room temperature, both raw and
soaked soybeans present comparable isoflavone profile to
the raw soybeans (Jackson et al. 2002; Wang and Murphy
1996). However, Kao et al. (2004) observed that a
prolonged soaking period of time (12 h) and a high
temperature (45°C) increased the aglycone concentration
and decreased the glucoside content, the soaking tempera-
ture having a greater negative impact on the aglycone
degradation than the soaking time. The higher levels of
aglycones found when soaking at approximately 45°C are
probably due to the greater activity of the enzyme glucan
endo-1,6-3-glucosidase (0-glucosidase; Pandjaitan et al.
2000), which produces the hydrolysis of the glucoside
conjugates to form the corresponding aglycones (Aratjo et
al. 2007; Matsuura and Obata 1993; Xie et al. 2003).

The soaking process facilitates the dehulling of soybeans
and reduces the energy required to mill beans in order to
obtain the slurry. Depending on the treatment, the iso-
flavone composition and total content can be modified
during grinding. At room temperature, the isoflavone

profile is not significantly altered (Coward et al. 1998),
while if the grinding temperature increases until 45°C, (-
glucosidase activity becomes maximum with the subse-
quent increase in the aglycone concentration (Prabhakaran
and Perera 2006). When grinding is carried out in boiling
water, the aglycone and the acetyl conjugates content
increases due to the instability of the malonyl conjugates
when exposed to heat (Jackson et al. 2002).

The cooking process results in variations of the
isoflavone distribution: a decrease of the malonyl conju-
gates, mainly those of daidzin and genistin, and an increase
of the three aglycones and the glucosides daidzin and
genistin (Wang and Murphy 1996).

The filtration results in slight losses without changes in
the isoflavone profile. Wang and Murphy (1996) reported
an increase in the isoflavone recovery by pressing the
okara. Regarding the profile, the soymilk contains a lower
percentage of aglycones and 6"-O-acetyl-genistin than the
okara, but due to the low solubility of aglycones in the
aqueous media, the soymilk contains a higher concentration
of glucosides and malonyl conjugates (Ishihara et al. 2007;
Jackson et al. 2002).

Tofu

Tofu was initially consumed in ancient China and then
introduced in Japan and East Asia (Nishio et al. 2007).
There are different varieties of tofu depending on the
moisture content: firm, soft, and silken tofu (Kao et al.
2003). Traditional tofu is produced by coagulating
soymilk and pressing the resulting curds. Coagulation
consists of protein precipitation by eliminating the
electrical repulsion charges by means of a pH decrease
(mild acid solutions). Thus, the coagulant creates bridges
through which the soy proteins can aggregate by hydro-
phobic interactions (Obatolu 2008).

There are different coagulants employed in the prepara-
tion of tofu, such as inorganic salts, d-gluconolactone, or
organic acids. The nature and amount of coagulants may
affect not only the quality of the final product but also the
isoflavone yield. For example, the use of 6-gluconolactone
(GDL) enables achieving the recovery of 67% of isofla-
vones with slight variations in the isoflavone profile
regarding the original soymilk: only 5% of the malonyl
glucosides are converted to glucosides due to the heating
process (Jackson et al. 2002). Kao et al. (2004) compared
the isoflavone recovery employing two inorganic coagu-
lants, calcium sulfate and calcium chloride. Concerning the
anion nature, CaSO, was found to be a better protein
coagulant since the total isoflavone content in tofu
increased with respect to the application of CaCl,. DeMan
et al. (1986) showed that the coagulation is slower with
calcium sulfate than in calcium chloride, which explains the
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higher isoflavone yield when employing CaSQO,4. Although
they are rarely used, calcium lactate and calcium acetate
were studied as coagulants to prepare tofu (Prabhakaran et
al. 2006b). Comparing both compounds, calcium lactate
provided higher isoflavone retention, while calcium acetate
produced more quantity of whey, and therefore, the
resultant tofu was harder.

Prabhakaran et al. (2006b) also studied the influence of
the coagulant cation. Besides the changes in the textural
properties, hardness, and chewiness, they found higher
isoflavone recoveries with calcium than with magnesium
salts. This finding is probably due to the higher moisture in
tofu derived from an incomplete precipitation of soy
proteins with magnesium salts, which results in a less
packed network encompassing many air gaps within it.
Calcium chloride appears to be a stronger coagulant than
magnesium sulfate since Ca®" is an effective ion, which
reacts with protein during soy milk coagulation (Liu and
Chang 2004). For this reason, magnesium sulfate is
commonly used after mixing with other coagulants such
as magnesium chloride and calcium chloride (modified
nigari; Prabhakaran et al. 2006b).

Organic acids can also be employed as a tofu coagulant.
The acid treatment produces the protein aggregation by
weakening the electric repulsive interactions among pro-
teins when the hydration water is released. Prabhakaran et
al. (2006b) demonstrated that the employment of mild
acetic acid solutions yields similar isoflavone content in
tofu than the use of calcium or magnesium chloride;
however, tofu acquires a mild acidic taste and an increase
in the redness and decrease in the yellowness.

Regarding coagulant quantity, Kao et al. (2004) found
that the isoflavone recovery was higher for lower CaSO,
concentrations (0.3%), which is consistent with the results
of Prabhakaran et al. (2006b) for this coagulant.

Sufu

Sufu is a traditional and highly flavored fermented tofu.
There are many types of sufu, although the most consumed
is the red one. Sufu preparation consists of a former
fermentation by inoculation of tofu with Actinomucor
elegans and incubation for 48 h to produce pehtze (pizi).
The later fermentation comprises the salting, until approx-
imately 15% of salt is absorbed, and the maturation with a
dressing mixture consisting of kojic red rice, an alcohol
beverage, sugar, Chiang (wheat-based miso), and spices.
After ripening for 2 months, red sufu is obtained (Li et al.
2004; Yin et al. 2005).

Fermentation is usually performed between 20°C and
35°C. In this context, (Han et al. 2003) reported that the
optimal growth temperature for 4. elegans is from 25°C
and 30°C. Fermentation produces slight changes in iso-
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flavone content, the major losses being produced during
salting (8.1%). However, a redistribution of isoflavone
isomers is observed: isoflavones are converted from the [3-
glucosides in tofu into the corresponding algycones under
hydrolysis by the enzyme (3-glucosidase. Yin et al. (2005)
studied the influence of fermentation temperature on the
isoflavone profile during sufu preparation. They studied
two temperatures, 26°C and 32°C, and found lower
contents of (-glucosides (93%) and acetyl derivatives
(69%) when fermentation is carried out at 26°C. Further-
more, the malonyl derivatives are only detected when
fermentation is performed at 32°C (Yin et al. 2005). The
same authors found that the increase of aglycone content is
produced in a greater extent during the former fermentation,
the conversion being from the (3-glucosides to the
corresponding aglycones affected by the fermentation time.
During the latter fermentation, much slower similar changes
are observed (Yin et al. 2004). Finally, the ripening process
does not produce significant losses of isoflavones and the
profile is maintained. The final sufu contains high levels of
aglycones (99.7%) and low concentrations of the [3-
glucosides (0.03%).

Protein-Enriched Soy-Based Foods and Food Ingredients

Since soybeans are a rich source of proteins; they are used
as raw material to produce a number of soy-based products
characterized by high-protein title: textured soy protein, soy
protein concentrates (SPC), and soy protein isolates (SPI;
Umphress et al. 2005).

Textured soy protein is mainly employed by food
industry in products that resemble meat. It is granular, but
after rehydrating, the texture and taste are similar to those
of beef. Textured soy protein is obtained by pressing the
soy flour (Mahungu et al. 1999). The extrusion process has
a large influence on the isoflavone distribution, increasing
the amount of acetylglucosides (Genovese et al. 2007),
although the total isoflavone content does not change
significantly. Generally, aglycone content is not significant-
ly high in the extruded product since (-glucosidase is
inactivated by the high temperatures of the extrusion
process (100-150°C). Furthermore, heat, together with a
limited aqueous environment during the extrusion process,
produces a loss of the malonyl conjugates and an increase
of the acetyl derivates.

SPC are usually composed of around 65% of protein and
sometimes are added to wheat flour in order to increase the
protein content (Sung et al. 2006). The most highly refined
product is SPI, with protein content above 90%, which has
many applications in the food industry, such as a constituent
of health drinks and as an extender in many meat and dairy
products. The processes for producing SPC and SPI include
finely grinding and defatting of soybeans. Then, the flour is
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extracted in alkaline conditions to produce the desired extract,
which is then separated and acidified to precipitate proteins.
Finally, they are washed and freeze-dried to obtain the
isoelectric protein (Wang and Murphy 1996).

The soy flour defatting process is usually carried out
with hexane. Isoflavones are not highly soluble in this
solvent; therefore, content and distribution are not expected
to change considerably (Coward et al. 1998; Eldridge and
Kwolek 1983). Other solvents, such as petroleum ether or
the chloroform/ethanol mixture, have been employed;
however, isoflavone content is not reported (Khetarpaul et
al. 2004). Barbosa et al. (2006) studied how the extraction
conditions (pH and temperature) influenced the isoflavone
content and distribution (Barbosa et al. 2006). Regarding
the extraction temperature, they did not find significant
changes in the isoflavone content; however, the profile
varies. The percentage of aglycones from the total
isoflavone amount increases with temperature from approx-
imately 3% at 4°C to 6% at 25°C, and at 50°C, they reach
20%. B-glucosides decreased proportionally with tempera-
ture. Heat produces a deactivation of the enzyme [3-
glucosidase, and in consequence, the aglycone content does
not increase in such an extent. Between 4°C and 50°C,
acetyl and malonyl-3-glucosides concentration did not
change considerably (<2%).

The higher extraction of isoflavones from defatted soy
flour is performed at basic pH. The pH influences malonyl
conjugates content; thus, at pH8, they comprise 50% of the
total isoflavones, while at pH 10, they decrease to 36%. f3-
glucosides show the contrary tendency: they increase from
43% to 57% at high pH. Regarding acetyl derivatives, there
is little change in content (<0.5%), and the aglycone
concentration increases slightly from approximately 5% to
7% of total recovered isoflavones.

The following step in soy protein isolation is the
precipitation of proteins. Barbosa et al. tested the pH values
4, 4.5, and 5 for isoflavone and protein yield. As the pH
increases, the isoflavone recovery increases from 62% to
72%; however, the protein yield decreases. Therefore, from
an industrial point of view, the precipitation is performed at
pH4.5 (isoflavone recovery of 67%), which results in the
highest yield of proteins.

Finally, in order to remove undesirable compounds, the
protein precipitate is washed with water or acidified solutions.
As isoflavones are soluble in water, this step produces a loss
of them (22%) within the washing water (Wang et al. 1998).
In contrast, the application of acidified solutions (pH4.5)
causes a loss of 3-8% of isoflavones (Barbosa et al. 2006).
The influence of temperature during precipitation and
washing processes was studied by Lin et al. (2006). They
tested several temperatures, 0°C, 10°C, 25°C, and 50°C,
and postulated that isoflavone recovery was higher at lower
temperatures. Regarding isoflavone distribution, aglycone

content decreased for low temperatures. The protein yield
did not change significantly from 40°C to 10°C, but at 0°C,
it decreases from approximately 90% to 85.6%.

Miso

Miso is a traditional Japanese fermented soy-based food
rich in vitamins and minerals (Yamabe et al. 2007). Miso is
commonly produced from koji. Soybean koji can be
prepared by soaking soybeans in water and mixing with
the conidia of Aspergillus oryzae or Aspergillus sojae and
incubated at room temperature (Chiou et al. 1997). Steam-
cooked and cooled soybeans are mixed with koji and
ground into a paste. Then, the samples are pressed, screw-
capped, and incubated at approximately 30°C for fermen-
tation (Chiou and Cheng 2001).

Soaking soybeans, as previously revised for the prepa-
ration of soymilk, produces a loss of total isoflavone
content but very slight changes in profile. Soybeans are
usually cooked in boiling water for 10 min to deactivate the
enzyme [3-glucosidase and subsequently soaked at room
temperature during 4 h. After that, they are steam-cooked at
121°C for 30 min, producing an increase in the [3-
glucosides daidzin and genistin (approximately 20% and
7%, respectively).

The artificial inoculation of cooled soybeans with A.
oryzae at 28°C for 3 days results in higher levels of
aglycones (approximately 26%) but lower concentration of
[3-glucosides: daidzin decreases to half the content and
genistin about 45%. Chiou et al. explain these changes by
the activation of a {3-glucosidase-like enzyme during
inoculation which hydrolyzes daidzin and genistin, releas-
ing daidzein and genistein, respectively.

Similarly to inoculation, fermentation increases aglycone
concentration, while the glucoside levels decrease. The
daidzein content increases approximately 60%, while
genistein does approximately 30%. In the case of gluco-
sides, daidzin decreases approximately 16% and genistin
approximately 5% from the previous stage. As the time of
incubation increases, the changes are more pronounced, but
after 2 days, the variations in isoflavone concentrations do
not change significantly (Chiou and Cheng 2001).

Natto

Natto is also a traditional Japanese food made from
fermented soybeans. Natto preparation consists of splitting,
soaking, and boiling of soybeans, followed by fermentation
with Bacillus subtilis, called natto, at 37°C for 48 h
(Shimakage et al. 20006).

Soaked soybeans present less glucoside conjugates, but
higher levels of aglycones, as described previously. The
boiling process produces a decrease of malonyl isoflavones
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due to the low stability of these derivatives. Fermentation with
B. subtilis usually results in a decrease of the [3-glucosides
with an increase of the aglycones. Toda et al. (1999)
postulated the formation of 6"-O-succinyl derivatives during
fermentation. They are initially accumulated and then
decrease, suggesting that enzymatic interconversion of the
glucoside conjugates to the corresponding 6”-O-succinylated
derivatives occurs in this media. Depending on the B. subtilis
strain, the concentration of each conjugate can vary; for
example, Wei et al. found that fermentation with B. subtilis
BCRC 14718 produced higher yields of aglycones (68%)
with respect to BCRC 14714, 14715, and 14716, which led
to approximately 20% of aglycones. Furthermore, incubation
with BCRC 14718 resulted in a slight increase of the total
isoflavone content (approximately 1%), contrary to the
reduction found for the other strains (5-20% of isoflavones
lost). After 48 h of fermentation with B. subtilis BCRC
14718, daidzein and genistein had increased to 54% and
13%, respectively, of the total isoflavones (Wei et al. 2008).

Soy Sauce

Soy sauce, also named shoyu, is a fermented sauce made from
soybeans, roasted grains, water, and salt (Fukushima 1979). It
can be found as hydrolyzed sauce or as fermented soy sauce.
The first one is not widely extended; it is produced by acid
hydrolysis of raw soybeans and is only employed as an
extender of fermented soy sauce. In contrast, Japanese
fermented soy sauce is prepared by digesting wheat and
soybeans (koji) with sodium chloride and fermenting the
mash with molds or yeasts. After 68 months, the mixture is
pressed to obtain a liquid, which is then pasteurized to
produce the soy sauce (Kataoka 2005; Ling and Chou 1996).

Compared to other fermented soy-based foods, such as
miso and natto, the isoflavone content of soy sauce is low.
According to Genovese and Lajolo (2002), only genistin
(22.6% of the total) and the aglycones daidzein and
genistein are detected in soy sauce. The changes in
isoflavone content and distribution are probably produced
during fermentation. Chang et al. (2007) observed that
some Aspergillus strains metabolized the isoflavones
daidzein and genistein. The resulting products are 8-
hydroxydaidzein and 8-hydroxygenistein, which were also
found in other fermented soy foods with A. oryzae, such as
douchi and miso. However, Maatooq and Rosazza (2005)
found that some Aspergillus strains did not metabolize
daidzein. Other authors have detected other isoflavone
derivatives in soy sauce. Thus, Kinoshita et al. (1998)
found the aglycone daidzein and three molecules derived
from daidzein and genistein whose chemical structures are
shown in Fig. 2. The aglycones are probably formed during
the fermentation process, released by enzymatic action, and
the daidzein and genistein derivatives may be formed by
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combination of the isoflavone conjugates with tartaric acid
via ether linkage (Kinoshita et al. 1997).

Tempeh

Tempeh is a fermented soy-based food original from
Indonesia, although it is common in other parts of East Asia
(Hachmeister and Fung 1993). Tempeh is produced by
soaking soybeans at room temperature for 10-12 h and
dehulling them by hand. They are then heated up to the
boiling point and boiled for 20 min. Soybeans are immedi-
ately filtered to remove water. After cooling to 35-40°C, an
inoculum of Rhizopus oligosporus is added for incubation in
the dark at 37°C for 22 h (Wang and Murphy 1996).

The whole process of preparing tempeh leads to losses of
76% from the total content. Similarly to the fabrication of
other soy-based foods, about 12% of the isoflavones are
leached from soy during soaking and dehullling, and 49%
are lost during the cooking step.

Fermentation does not generate great differences in
isoflavone content (<30%) from cooked soybeans. Relating
to the isoflavone profile, the concentration of aglycones is
higher at long fermentation times. After 22 h, aglycone
content of tempeh is more than 6.5 times higher with
respect to cooked beans, and the corresponding gluco-
sides decrease (57%). The formation of aglycones during
tempeh fermentation is probably due to the hydrolytic
action of (3-glucosidase from the fungi. The acetyl and
malonyl-f3-glucosides do not change considerably with
respect to cooked soybeans. The major variations are
found in malonyl-{3-glycitein, which decreases twofold in
tempeh (Wang and Murphy 1996).

Nakajima et al. (2005) developed a method for increas-
ing the isoflavone content in tempeh by combining the
defatted soybean germ (hypocotyl) with the defatted
soybean cotyledon at a ratio 20:80 (%). Isoflavone content
increased three times regarding traditional tempeh fabrica-
tion, and the aglycones proportion was about 44% from the
total isoflavones.

R, R
H H
OH H
OH OH

Fig. 2 Chemical structure of the compounds found in soy sauce
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Douchi

There are three main types of douchi depending on the
microorganism employed for the fermentation, either
incubated with Mucor, Bacteria, or Aspergillus strains, all
of them originated in China. Douchi is prepared by soaking
soybeans in water for 8 h at room temperature; after
draining, soybeans are cooked (>100°C) and then inocu-
lated with 4. oryzae at 30-35°C (pre-fermentation).

- |

Aglycone Glucoside Malonyl

Soybean

—

Acetyl

Tofu

11

Aglycone Glucoside

e

Malonyl Acetyl

Protein Isolate

Lol

Aglycone Glucoside Malonyl Acetyl
Natto
1 l | —— | —
Aglycone Glucoside Malonyl Acetyl
Tempeh

Aad _

Aglycone Glucoside Malonyl Acetyl

Afterwards, sodium chloride is added to select micro-
organisms responsible for flavor and taste and to inhibit the
growth of pathogenic and spoilage microorganisms (post-
fermentation; Wang et al. 2007b; Zhang et al. 2007b).
Fermentation to produce douchi implies a significant
loss of isoflavones. Thus, during pre-fermentation, 43% of
the total isoflavones are lost, and for the post-fermentation
process, there is a loss of 18%. Generally, fermentation
results in an increase of the aglycones (approximately ten

Soymilk

Aglycone Glucoside Malonyl Acetyl
Sufu

Aglycone Glucoside Malonyl Acetyl
Miso

Aglycone Glucoside Malonyl Acetyl
Soy sauce

Aglycone Glucoside Malonyl Acetyl
—| Douchi
l S e

Aglycone Glucoside Malonyl Acetyl

Dein m Gein mGlei

Fig. 3 Isoflavone conjugates distribution in representative soy-based
foods and food ingredients. Data have been normalized from different
bibliographic sources in the case of natto and soy sauce; the content of

malonyl and acetyl derivatives was not found (Dein daizein, Gein
genistein, Glei glycitein)
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times higher in the final douchi) with the decrease of the f3-
glucosides and the malonyl and acetyl conjugates.
Following post-fermentation, aglycone content reaches
90% of the total isoflavones. The higher content of aglycones
is due to the activation of the enzyme (3-glucosidase during
fermentation; thus, (3-glucosides are hydrolyzed. [3-
glucosidase activity was found to be closely related to the
sodium chloride content: for 5% of NaCl, the enzyme activity
may remain high, but for greater concentrations (7.5%, 10%,
and 12.5%), 3-glucosidase activity is substantially inhibited
(Wang et al. 2007). On the other hand, the loss of
isoflavones during fermentation could be due to the
transformation of aglycones into their hydroxylated
derivatives. Esaki et al. (1999) postulated the formation
of 8-hydroxydaidzein and 8-hydroxygenistein, similarly to
soy sauce preparation, by microbial hydroxylation with
Aspergillus saitoi from the corresponding aglycones
daidzein and genistein, respectively (Esaki et al. 1999).

Discussion

Figure 3 shows the isoflavone distribution in the soy-based
foods and food ingredients. Data have been obtained from
different sources (Song et al. 1998; Wang et al. 1998, 2007;
Yin et al. 2005) and have been normalized for the purpose
of comparison. It must be noted that bibliography data
show slight variations depending on the soy origin, variety,
and processing conditions. In the case of natto and soy
sauce, data for the acetyl and malonyl concentrations have
not been found (Nakamura et al. 2000).

The different distributions of isoflavone compounds in
soy-based foods can be explained in terms of their chemical
structures. Thus, genistein is stabilized by the formation of
intramolecular interactions between the hydroxyl group in
ring A and the 4-oxo moiety in ring C, whereas daidzein,
which only has one hydroxyl group, and glycitein, which
does not have any hydroxyl group, seem to be less stable
(Huang and Chou 2009; Ungar et al. 2003). Thus, glycitein
and their derivatives are usually transformed into more
stable compounds, while genistein and their conjugates are
not so easily degraded despite the conditions. Generally,
isoflavone content of processed soy-based foods is lower
with respect to raw soybeans as a consequence of physical
processes or chemical transformations. Furthermore, the
distribution is modified due to the different stabilities of the
conjugates.

In soymilk, aglycone content is generally low. The
preparation at temperatures near the optimal [3-glucosidase
activity involves the hydrolysis of (3-glucosides into their
corresponding aglycones. On the other hand, the unstable
malonyl conjugates are degraded by oxidative decarboxyl-
ation. When soymilk is coagulated to prepare tofu (solid—
liquid separation), a loss of isoflavones is produced since
they mainly remain in the liquid phase. If proteins are not
totally coagulated and continue in the aqueous media,
isoflavones would also remain in the whey, thanks to the
intermolecular interactions they form with proteins (Rawel
et al. 2004). If tofu is fermented to fabricate sufu, losses of
isoflavones are observed and the levels of aglycones
increase, while (3-glucoside and malonyl content decreases
by the hydrolysis performed by the 3-glucosidase enzyme.

Table 1 Principal treatments

Isoflavone changes Reference

performed during soybean Process Conditions
transformation into soy-based
foods and isoflavone changes Soaking Room temperature
High temperature (100°C)
Grinding Room temperature
High temperature (100°C)
Cooking High temperature (100°C)
Coagulation 0.3% coagulant
Defatting Hexane
Extraction High temperature
Basic pH
Precipitation pH4.5
Washing Acid pH
Fermentation Aspergillus

@ Springer

Bacillus subtilis

Rhizopus oligosporus

Loss

Malonyl degradation
No change
Aglycone formation
Malonyl degradation
Aglycone formation
Loss

No change

Aglycone formation
Malonyl degradation

High isoflavone recovery
Loss

Aglycone formation
Glucoside degradation

Aglycone formation
Glucoside degradation
Aglycone formation
Glucoside degradation

Kao et al. (2004)
Jackson et al. (2002)
Kao et al. (2004)
Jackson et al. (2002)

Prabhakaran et al. (2006)
Wang et al. (1998)
Wang et al. (1998)

Wang et al. (1998)
Wang et al. (1998)
Wang et al. (2007)
Kinoshita et al. (1998)
Wei et al. (2008)

Nakajima et al. (2005)
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Regarding protein concentrates, the malonyl conjugates
decrease when the extraction is carried out at basic pH. This
fact is probably due to the ionization of the carboxylic
group and, therefore, the solubilization into the aqueous
phase. A loss of isoflavones is observed during precipita-
tion (solid—liquid separation) as they may remain in the
liquid phase or interact with proteins. Fermented soy-based
foods generally contain less isoflavones than the
corresponding non-fermented soy-based foods. Besides
the process conditions, fermentation comprises the action
of several enzymes that may transform the isoflavones.
Consequently, fermentation results in degradations of the
unstable isoflavones or chemical transformations into
similar flavonoid compounds depending on the microor-
ganism employed. Regarding the distribution, initially, the
[3-glucosides increase while the unstable malonyl deriva-
tives decrease during cooking. Then, during fermentation,
the level of aglycones increases and f3-glucoside concen-
tration is reduced due to the enzymatic hydrolysis. In miso,
natto, and tempeh, isoflavone concentration tends to be
low; however, malonyl proportion in miso and tempeh is
significantly elevated with respect to other fermented soy-
based foods. The higher levels of 3-glucosides are found in
natto, while in douchi, the aglycone daidzein is the major
component.

In Table 1, a list of the processing treatments involved in
the preparation of soy-based foods together with the
isoflavone changes is shown.

Conclusions

Conditions for preparing high-quality soy-based foods and
food ingredients maintaining a high yield of isoflavone
recovery have been reviewed. In most of the cases, the
preparation involves several steps, and the required prop-
erties of the final product (color, texture, etc.) may not yield
the higher recovery of isoflavones. Consequently, the
treatments commonly result in lower isoflavone content
and changes in isoflavone profile during the different
stages.

As a general rule, processes that involve an increase in
temperature (such as cooking, extraction, etc.) produce the
cleavage of the carboxylic group, and the malonyl
derivatives are transformed into the acetyl or glucoside
conjugates. Furthermore, if the temperature is near 45°C,
the activity of the enzyme (3-glucosidase becomes optimal
and the (-glucosides are transformed into the corres-
ponding aglycones. During the solid—liquid extraction
(soaking, defatting, or alkaline extraction), isoflavones are
transferred onto the liquid phase, producing significant
losses depending on the amount of liquid wetting the solid,
isoflavone solubility, and other factors such as temperature.

Coagulation processes (solid-liquid separation) commonly
result in losses because isoflavones remain in the aqueous
media after precipitation. Finally, fermentations involve
chemical transformations and effect of temperature, which
result in losses of isoflavones, transformations of the [3—
glucosides into aglycones, and, in some cases, the forma-
tion of isoflavone derivatives by the addition or substitution
of functional groups in the chemical structure.
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