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Diets enriched in soy foods containing a high con-
entration of isoflavonoids are associated with a de-
rease in the incidence of several chronic inflamma-
ory diseases. Studies with experimental models of dis-
ases, such as atherosclerosis, suggest that these
ffects can be ascribed to the biological properties of
he isoflavones. Since the isoflavones and tyrosine
ave structural similarities and modifications to ty-
osine by inflammatory oxidants such as hypochlorous
cid (HOCl) and peroxynitrite (ONOO2) have been re-
ently recognized, we hypothesized that the isofla-
ones also react with HOCl and ONOO2. Using an in
itro approach, we demonstrate in the present study
hat the isoflavones genistein, daidzein, and biocha-
in-A can be chlorinated and nitrated by these oxi-
ants. These reactions were investigated using high-
erformance liquid chromatography, mass spectrom-
try, and nuclear magnetic resonance. In the reaction
ith HOCl, both mono- and dichlorinated derivatives
f genistein and biochanin-A are formed, whereas
ith daidzein only a monochlorinated derivative was
etected. The reaction between genistein or daidzein
nd ONOO2 yielded a mononitrated product. How-
ver, no nitrated product was detected with biocha-
in-A. Furthermore, the reaction between genistein
nd sodium nitrite and HOCl yielded a chloronitro-
enistein derivative, as well as a dichloronitro-
enistein derivative. These results indicate that the

1 These studies were supported by a grant from the United Soy-
ean Board (7312) to S.B. and V.D.U. The mass spectrometer was
urchased with funds from NIH Instrumentation Grant
10RR06487 and from this institution. Operation of the UAB Mass
pectrometry Shared Facility has been supported in part by NCI
ore Research Support Grant P30 CA13148-27 to the University of
labama at Birmingham Comprehensive Cancer Center.
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bility of the isoflavones to react with these oxidant
pecies depends on their structure and suggest that
hey could be formed under conditions where these
eactive species are generated under pathological
onditions. © 1999 Academic Press

Key Words: soy isoflavones; chlorination; hypochlor-
us acid; nitration; peroxynitrite; mass spectrometry.

Genistein (49,5,7-trihydroxyisoflavone) and daidzein
49,7-dihydroxyisoflavone) (Fig. 1) are the principal
soflavones in the soybean (Glycine max) (1, 2). Foods
erived from soy containing these isoflavones are asso-
iated with the reduction of risk of several chronic
iseases, including atherosclerosis, cancer, inflamma-
ory bowel disease, and osteoporosis (3–10). Many of
hese beneficial effects of soy have been attributed to
he isoflavones.

Several mechanisms of action have been proposed for
he isoflavones (11–21). Based on the presence of the
ydroxylated aromatic A-ring and a second oxygen in
he phenolic B-ring, the isoflavones are frequently de-
cribed as phytoestrogens (plant estrogens). Although
he affinity of the classical estrogen receptor (ERa) for
soflavones is weak (22), the recently discovered estro-
en receptor beta (ERb) has a strong affinity for
enistein, comparable to that of the physiological es-
rogen agonist 17b-estradiol (23, 24). In the absence of
hysiological estrogens and at nanomolar concentra-
ions, genistein stimulates the growth of ER-positive
uman breast cancer cell lines (25, 26). However, at
icromolar concentrations, genistein is an inhibitor of

strogen-stimulated cell growth, whether or not estro-
en receptors are present in the cells (13), suggesting
hat other, non-ER-dependent mechanisms are impor-

ant.
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266 BOERSMA ET AL.
The B-rings of genistein and daidzein are structur-
lly similar to those of the amino acid tyrosine. It is not
urprising, therefore, that genistein is a potent in vitro
nhibitor of protein tyrosine kinases (PTKs)3 (27).

any investigators have associated changes in protein
yrosine phosphorylation in cells exposed in culture to
enistein to in vivo inhibition of PTK. However, when
sed in short time course experiments (0–5 min) with
uman breast and prostate cancer cells, genistein has
o effect on the autophosphorylation of the epidermal
rowth factor (EGF) receptor (11–13). Indeed, a recent
tudy demonstrated that the decrease in tyrosine phos-
horylation of the EGF receptor is a result of reduced
xpression of the EGF receptor, not inhibition of phos-
horylation (28).
Other mechanisms of action of isoflavones have been

roposed. Of these, their roles as DNA topoisomerase
nhibitors (14, 16–18) and antioxidants (29–32) pro-
ide a link to the involvement of tyrosine in these
rocesses. In the former case, DNA topoisomerase
orms a covalent link via a tyrosine residue to one
trand of the nicked DNA. In the latter case, isofla-
ones may have a role as scavengers of oxidant species,
hereby preventing oxidation of proteins and lipids.
owever, although they can prevent LDL oxidation in

itro (33–35), it is unlikely that the circulating nano-
olar concentrations of the isoflavones in the blood of

3 Abbreviations used: HOCl, hypochlorous acid; ONOO2, peroxyni-
rite; GS, genistein; HPA, hydroxyphenylacetic acid; MPO, myelo-
eroxidase; DTPA, diethylenetriamine pentaacetic acid; TNM, tetra-
itromethane; ER, estrogen receptor; PTK, protein tyrosine kinase;

FIG. 1. Structures of the amino acid tyrosine and
o
GF, epidermal growth factor; TFA, trifluoroacetic acid; PBS, phos-
hate-buffered saline.
oy consumers (36) are adequate to prevent oxidation
n vivo. As an alternative, we are exploring the hypoth-
sis that instead of being effective scavengers, the
soflavones may undergo metabolic activation during
xidative stress to generate molecules that could be
otent regulators of cellular dysfunction. An important
ationale for our hypothesis is the recently discovered
resence of chlorinated and nitrated derivatives of ty-
osine in patients with chronic inflammatory diseases
37–41). Chlorination occurs as a result of the produc-
ion of hypochlorous acid (HOCl), whose formation is
atalyzed by myeloperoxidase (MPO) from hydrogen
eroxide and chloride during an immune response (42).
itration occurs following the formation of peroxyni-

rite (ONOO2) from the free radicals nitric oxide (NO•),
second messenger released from the vascular wall,

nd superoxide (O2
•2), the one-electron reduction prod-

ct of oxygen (43). Furthermore, MPO, in the presence
f nitrite, is also capable of nitrating polyphenols, as
oes HOCl when reacted with nitrite (44). Given the
tructural similarity between tyrosine and the isofla-
ones, we propose that the isoflavones form chlorinated
nd nitrated conjugates upon exposure to HOCl and
eactive nitrogen species.
In the present study we have used a combination of

ltraviolet (UV) absorption spectrophotometry, high-
erformance liquid chromatography (HPLC), HPLC-
eated nebulizer–atmospheric pressure chemical ion-

zation–mass spectrometry (LC-HN-APCI-MS), and
uclear magnetic resonance (NMR) to investigate the
eactions of HOCl and ONOO2 with isoflavonoids and
o identify their chlorinated and nitrated products. In

e isoflavones genistein, daidzein, and biochanin-A.
rder to determine the effects of isoflavone structure on
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267CHLORINATION AND NITRATION OF SOY ISOFLAVONES
he sites of chlorination and nitration, a methylated
nalog of genistein, biochanin-A (5,7-dihydroxy-49-me-
hoxyisoflavone), was included in these investigations.

ATERIALS AND METHODS

Materials. Genistein was extracted and purified as described pre-
iously (13). Daidzein was obtained from LC Labs (Worburn, MA).
iochanin-A and DMSO-d6 were obtained from Aldrich Chemicals

Milwaukee, WI). Glutathione, tetranitromethane (TNM), and hy-
roxyphenylacetic acid (HPA) were purchased from Sigma Chemical
o. (St. Louis, MO). Sodium dithionite (Na2S2O4) and diethylenetri-
mine pentaacetic acid (DTPA) were obtained from Acros Organics
Fairlawn, NJ). ONOO2 was synthesized as reported previously (45)
nd quantified spectrophotometrically at 302 nm (pH 12, e 5 1700

21 cm21) in 1 M NaOH. HOCl concentrations were determined
pectrophotometrically at 290 nm (pH 12, e 5 350 M21 cm21).
Reactions of isoflavones with HOCl. Buffered solutions of phos-

hate-buffered saline with 1 mM DTPA with 50 mM of each isofla-
one were reacted with HOCl (0 to 500 mM). Aliquots of a stock
olution of 10 mM HOCl were added to the reaction mixture with
ontinuous mixing to achieve the nominal concentration. Decom-
osed HOCl was made by reacting the acid with an equimolar solu-
ion of glutathione for 20 min (46). This mixture was added, while
ortexing, to each isoflavone reaction mixture. The reactions were
nalyzed using UV–visible spectrophotometry and reversed-phase
PLC. Samples analyzed by HPLC were extracted prior to injection
s follows: 200 ml of the reaction mixture was added to 800 ml of
ater followed by 2 ml of diethyl ether. The samples were vortexed
nd then centrifuged at 3000 rpm, whereupon the ethereal, top layer
as removed and the ether evaporated under N2. Prior to injection,
50 ml 80% methanol was added to redissolve the dried residues.
Reactions of isoflavones with ONOO2 and TNM. Buffered solu-

ions of 200 mM sodium phosphate (pH 7.4) with 1 mM DTPA and 50
M of each isoflavone were reacted with ONOO2 (0 to 500 mM).
liquots of a 10 mM ONOO2 stock solution were added to the
eaction mixture with continuous mixing to obtain the final concen-
ration. Decomposed ONOO2 was prepared by adding the ONOO2 to
he buffer solution first and allowing this to react for 10 min (pH 7.4).
he isoflavones were then added to the decomposed reaction mixture
ith continuous mixing. Genistein was also nitrated by adding 500
M TNM to 50 mM genistein in a buffer solution composed of 50%
odium bicarbonate (50 mM, pH 9)/50% ethanol with 1 mM DTPA.
o carry out reduction of nitrated groups, Na2S2O4 (;60 mM) was
dded to the 500 mM sample of the isoflavones and ONOO2. Follow-
ng each reaction, samples were extracted as previously described
nd subjected to HPLC and MS. Changes in the UV absorption of the
soflavones were monitored at 262 nm.

Reactions of genistein and HPA with NaHCO3 and ONOO2. Re-
ction mixtures containing 50 mM genistein or 1 mM HPA, in 100
M sodium phosphate buffer (pH 7.4) with 1 mM DTPA which was

urged with nitrogen gas for 30 min, were reacted with 25 mM
odium bicarbonate followed by 200 mM ONOO2, with continuous
ixing in an anaerobic environment. The reaction mixtures were

xtracted as previously described and then aliquots were subjected to
C–MS.
Reactions of genistein with NaNO2 and HOCl. Reaction mixtures

ontaining 50 mM genistein in 200 mM sodium phosphate buffer (pH
.4) with 1 mM DTPA were reacted with 0.5 mM sodium nitrite
ollowed by 100 mM HOCl, or vice versa, with continuous mixing. The
eaction mixtures were extracted as previously described and then
liquots were subjected to LC–MS.
HPLC analysis of reaction products. All analyses were performed

sing a Beckman HPLC 125 solvent module, diode array Model 168

etector, and Beckman DU 7500 diode array spectrophotometer
Beckman Instruments, Fullerton, CA). Aliquots (40 ml) of the reac-

(
w

ion mixtures were analyzed by reversed-phase HPLC, using an
quapore octyl RP-300, C-8, 22 cm 3 4.6-mm-i.d., 7-mm column
reequilibrated with 10% aqueous acetonitrile in 0.1% trifluoroacetic
cid (TFA). The column was eluted at a flow rate of 1.5 ml/min with
he following mobile phase composition: 0–10 min, linear gradient
10–50%) of acetonitrile in 0.1% TFA; 10–12 min, linear gradient

IG. 2. Analysis of reaction products formed between HOCl and
enistein. (A) 60 mM genistein (GS) was reacted with 100 mM HOCl
n PBS 1 1 mM DTPA and extracted with ether. Aliquots (40 ml) of
he reaction mixture were analyzed by reversed-phase HPLC. Daid-
ein (DZ) (20 mM) was added after the reaction as an internal
tandard. The eluent was monitored at 262 nm and the following
eaks were found: daidzein (7.56 min), genistein (9.01 min), new
roduct (NP) 1 (10.25 min), and new product 2 (11.08 min). The inset
hows the UV-absorption spectra at 200–400 nm for each peak:
enistein, NP 1, and NP 2. (B) Substrate–product concentration
urve of 60 mM genistein with HOCl (0–100 mM and 500 mM decom-
osed) which illustrates the loss of genistein (■) and the increase of
he two novel products (Œ, �, respectively) as the concentration of
OCl increases. (The F represents the genistein concentration in the
ecomposed (DC) sample.) These values represent the nominal con-
entrations assuming the extinction coefficient is the same for the
soflavone and the products.
50–90%) of acetonitrile in 0.1% TFA; and 12–15 min, isocratically
ith 90% aqueous acetonitrile in 0.1% TFA. The eluent was moni-



t
0
p
w
a
h

t
A
m
m
1
N
m
n
H
I
d
2
2
i
t
m
p
P

g
H
w
e
1
n
w
i
a
l
t
p
i

4
3
i
A

R

R

z
c
j
2
p
H
t
H
a
b
w
t
z
a
2
f
a
t
fi
o
n

H

1

1

H
L cet
w e a

268 BOERSMA ET AL.
ored at 262 nm by the diode array detector and was collected in
.5-min fractions. Fractions collected 30 s prior to and following the
eak of interest were pooled and dried under N2. The dried residues
ere then resuspended with 300 ml of 80% methanol and a 100-ml
liquot was reinjected into HPLC to verify that the intended peak
ad been collected.
Mass spectrometry analysis of reaction products. Reaction mix-

ures were separated by HPLC using a 10 cm 3 4.6-mm-i.d., C-8
quapore reversed-phase column preequilibrated with 10 mM am-
onium acetate (NH4OAc). The mobile phase composition was 0–10
in, linear gradient (0–50%) of acetonitrile in 10 mM NH4OAc;

0–12 min, isocratically with 50% aqueous acetonitrile in 10 mM
H4OAc; 12–15 min, linear gradient (50–90%) of acetonitrile in 10
M NH4OAc; and 15–17 min, isocratically with 90% aqueous aceto-

itrile in 10 mM NH4OAc. The column eluent was passed into the
N–APCI interface of a PE-Sciex (Concord, Ontario, Canada) API

II triple-quadrupole mass spectrometer. The voltage on the corona
ischarge needle was 28000 V and the orifice potential was set at
60 V. Negative-ion spectra were recorded over a m/z range of
00–400. Selected [M-H]2 molecular ions were analyzed by collision-
nduced dissociation with 90% argon–10% nitrogen, and the daugh-
er ion mass spectra were recorded over a range from m/z 20 to the
/z of the selected parent ion. Data were analyzed using software
rovided by the manufacturer on Macintosh Quadra 950 and
owerPC 9500 computers (Apple Computers, Cupertino, CA).
NMR analysis. Specific reaction products between phytoestro-

ens and proinflammatory oxidants were isolated by preparative
PLC. Concentrated aliquots (1 ml) of 1.5 mM genistein reacted
ith 5 mM HOCl or 200 mM genistein with 500 mM ONOO2 were

xtracted and isolated on an Aquapore octyl RP-300, C-8, 25 cm 3
0-mm-i.d., 20-mm column preequilibrated with 10% aqueous aceto-
itrile in 0.1% TFA. The column was eluted at a flow rate of 7 ml/min
ith the same mobile-phase composition as described for the analyt-

cal separation. The eluent was monitored at 262 nm by the diode
rray detector and was collected in 1-min fractions. Fractions col-
ected 30 s prior to and following the peak of interest were pooled
ogether, evaporated under N2, and dried in vacuo over phosphorus

TAB

Oxidant Isoflavone
Retention time

HPLC (min)

HOCl
Genistein 9.0
New product 1 10.2
New product 2 11.1
Biochanin-A 11.5
New product 1 12.5
New product 2 13.2
Daidzein 7.6
New product 1 9.2

ONOO2

Genistein 9.0
New product 10.8
Biochanin-A 11.5
New product Not detected
Daidzein 7.6
New product 9.2

Note. Isoflavones (50 mM) were reacted with HOCl (100 mM) or ONO
PLC using a C-8 column and a mobile phase with acetonitrile with
C–MS with a C-8 column and a mobile phase of 10 mM ammonium a
ere observed for the two methods. lmax was obtained from the diod
entoxide. They were reconstituted in 0.5 ml anhydrous DMSO-d6

mmediately prior to analysis. 1H NMR spectra were obtained at a
00.1 MHz with a 8013-Hz sweep width, 2.65-s repetition rate, and
00° sweep angle on a Bruker DRX 300 spectrometer. Spectra were
nternally referenced to the DMSO proton resonance at 2.49 ppm.
pproximately 15,000 transients were collected for each sample.

ESULTS

eaction of Isoflavones with HOCl

In the first series of experiments, biochanin-A, daid-
ein, and genistein were reacted with a range of HOCl
oncentrations, and the reaction mixtures were sub-
ected to analysis using reversed-phase HPLC (Fig.
A). The HPLC chromatograms revealed additional
eaks for each of the isoflavones after reaction with
OCl, indicative of the formation of novel products. A

ypical chromatogram for the reaction of genistein with
OCl is shown in Fig. 2A and the data for biochanin-A
nd daidzein are reported in Table I. Genistein and
iochanin-A reaction mixtures had similar patterns,
ith two additional peaks with longer retention times

han the unreacted isoflavone. In contrast, the daid-
ein reaction mixture had only one new peak that had
longer retention time than daidzein. The inset in Fig.
A shows the UV spectra of the new products resulting
rom the addition of HOCl to genistein. A small shift of
pproximately 3–6 nm in the absorption maximum of
he modified isoflavone supports the idea that a modi-
cation of the aromatic structure of the isoflavones has
ccurred. Similar results were obtained with biocha-
in-A and daidzein (Table I).
To examine the yield of products formed between
OCl and isoflavones, the appearance of new products

I

Retention time
HPLC–MS (min) lmax (nm)

% Isoflavone
reacted

10.0 257 56
9.2 260 —
8.2 263 —

12.0 260 89
10.3 263 —
9.0 265 —
8.7 245 100
7.7 248 —

10.0 257 33
10.2 255 —
12.0 260 0

Not detected N/A —
8.7 242 N/A
9.0 235 —

(200 mM). Reaction mixtures were then analyzed by reversed-phase
% TFA. The mixtures were then further analyzed by reversed-phase
ate (refer to Materials and Methods). Thus, different retention times
rray on the HPLC.
LE

O2

0.1
nd the loss of the starting molecule were monitored by
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269CHLORINATION AND NITRATION OF SOY ISOFLAVONES
PLC as a function of increasing HOCl. The results
ith genistein are shown in Fig. 2B and indicate that

he novel product with the shortest retention time was
ormed before accumulation of the second product.
ince it is known that HOCl is capable of incorporating
chlorine group into an aromatic structure, these re-

ults would be consistent with a monochlorination fol-
owed by dichlorination.

The exact yield of the reaction products formed from
he isoflavones with HOCl has not been determined,
ut, assuming the same extinction coefficient as the
nreacted isoflavone, an estimate can be made. The

oss of genistein parallels the formation of the new
roducts with a yield of approximately 20%, with re-

IG. 3. Mass spectra of new products formed between HOCl and
enistein. Selected ion chromatograms of (A) m/z 269 (genistein), (B)
/z 303 (chlorogenistein), and (C) m/z 337 (dichlorogenistein) by

eversed-phase LC–MS. The inset shows the negative-ion mass spec-
ra for each of the selected ions formed by electrospray ionization–
S.
pect to HOCl (Fig. 2B). When decomposed HOCl was t
eacted with each of the isoflavones, no new products
ere detected in these samples (Fig. 2B). Summation
f the nominal concentrations of the products accounts
or the amount of genistein reacted, suggesting that
he excess HOCl is lost through nonspecific decompo-
ition reactions. Similar results were obtained with
iochanin-A and daidzein and the formation of their
roducts (Table I).
In order to identify the novel products, each peak

rom the reaction mixture of 50 mM isoflavone with 100
M HOCl was collected and subjected to HPLC–MS.
he conditions for chromatography were modified to be
ompatible with mass spectral analysis, which resulted
n a slight change in the relative retention times for the
nreacted isoflavones and the novel products (Table I).
igure 3A shows the typical elution profile of genistein,
ith a retention time 10 min, as a [M-H]2 molecular

on of mass to charge ratio (m/z) 269 (47). The first new
roduct, retention time 9.2 min, was determined to
ave a m/z value of 303, corresponding to addition of
/z 34 units to the genistein [M-H]2 molecular ion

Fig. 3B, Table II). This increase in mass corresponds
o chlorine being added to the polyphenolic structure.
urther evidence for chlorination is the presence of a
hlorine isotope peak at m/z 305. The second product
eak, at retention time 8.2 min, had a m/z 337 (and an
sotope peak at m/z 339), confirming dichlorination
ith the addition of m/z 34 to the monochlorinated
erivative or m/z 68 to genistein (Fig. 3C). The two
ovel products detected in the biochanin-A samples
ere also mono- and dichlorinated derivatives (Table

I). In the case of daidzein, only a monochlorinated
erivative was detected, coinciding with the single
ovel product peak seen in this reaction (Table II).
The positions of chlorine substitution in genistein
ere investigated by 1H NMR (Table III). The tyrosine-

ike B-ring of genistein has two pairs of equivalent
rotons (H29/H69 and H39/H59) giving rise to two sets of
oublets (d7.41 and d6.88). Their chemical shifts were
nchanged in the 1H NMR spectra of both the mono-
nd dichlorinated products. However, their integrated
ntensities were lower than those in genistein, suggest-
ng that some chlorination of the B-ring occurred. The
ntensities of resonances of the two protons in the
-ring (H6 and H8) were either decreased (for mono-

hlorogenistein) or totally absent (dichlorogenistein).
verall, these data are consistent with chlorination
ccurring in both the A- and B-rings.

eaction of Isoflavones with ONOO2 and TNM

The isoflavones were reacted with a range of ONOO2

oncentrations, and changes in the UV-absorption
pectra for genistein and daidzein were detected, as
ere product peaks upon analysis of the reaction mix-
ure by HPLC (Fig. 4A). The reaction of genistein with
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270 BOERSMA ET AL.
NOO2 resulted in the formation of a single novel
eak with a longer retention time than that of the
nreacted isoflavone. A similar result was obtained for
he reaction of daidzein with ONOO2, whereas analy-
is of the biochanin-A reaction products showed no
ecrease in biochanin-A and no reaction products were
etected (Table I). The inset to Fig. 4A shows the UV
pectra of the new product created from the reaction of
enistein and ONOO2. Under the acidic conditions of
he HPLC solvent, the modified isoflavone resulted in a
light shift of approximately 2 nm in the absorption
aximum. As with the HOCl experiments, this result

upports the idea that a modification of the aromatic
tructure of the isoflavones has occurred. Visible-ab-

TAB

m/z Values for Molecular Ions of Isoflavones a

Oxidant Isoflavone

1HOCl Genistein
Biochanin-A
Daidzein

1ONOO2 Genistein
Biochanin-A
Daidzein

Mo

1HOCl and NaNO2 Genistein

Note. Isoflavones (50 mM) were reacted with HOCl (100 mM) or
ixtures were then analyzed by reversed-phase LC–MS with a C

o Materials and Methods). Values indicate m/z values for mole
atives.

TAB

NMR Chemical Shifts and Integral Value

Ring Proton

Genistein

d Integral

-ring H6 6.226 0.99
H8 6.392 1.03
C5OH 12.93 1.00
C7OH 10.86 1.00

-ring H2 8.323 0.96
-ring H39–H59 6.504 2.14

6.512
H29–H69 7.363 2.13

7.384
C49OH 9.569 1.06

Note. Genistein (1.5 mM) was reacted with HOCl (5 mM) and reac

ith a semiprep C-8 column (as described under Materials and Methods
nd the novel metabolites chlorogenistein (GS-Cl) and dichlorogenistein
orption spectra of the ONOO2–isoflavone reaction
ixture at basic pH revealed a novel absorption band

t 416 nm similar to that found with nitrotyrosine (48).
igure 4B illustrates an inverse correlation between
he amount of novel product detected and the amount
f unreacted genistein as the concentration of ONOO2

ncreased. Since it is known that ONOO2 is capable of
itrating tyrosine, these results would be consistent
ith the nitration of the isoflavone. However, when the
ominal concentrations of the product are added to-
ether, they do not account for the amount of genistein
eacted. This suggests that some of the genistein or
itrated product is also oxidized, as might be expected
iven the complexity of the oxidation reactions that

II

Novel Chlorinated and Nitrated Derivatives

ree Mono-Cl Di-Cl

69 303 337
83 317 351
53 287 Not detected

ree Nitrated

69 314
83 Not detected
53 298

-Cl-nitro Di-Cl-nitro

48 382

OO2 (200 mM) or HOCl (100 mM) and NaNO2 (0.5 mM). Reaction
column and a mobile phase of 10 mM ammonium acetate (refer

lar ions of isoflavones and novel chlorinated and nitrated deri-

III

r Genistein and Chlorinated Metabolites

GS-Cl GS-Cl2

d Integral d Integral

6.220 0.570 N/D N/D
6.380 1.11 N/D N/D

12.916 1.00 13.72 1.00
N/D N/D N/D N/D
8.416 0.99 8.360 1.65
6.803 1.68 6.806 1.91
6.827 6.827
7.370 1.48 7.369 1.30
7.380 7.389
9.641 1.48 9.60 1.32
9.654

n mixtures were separated and collected by reversed-phase LC–MS
LE

nd

F

2
2
2

F

2
2
2

no

3

ON
-8
LE

s fo

tio

). Values indicate chemical shift (d) and integral values of genistein
(GS-Cl2) as determined by 1H-NMR.
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NOO2 can mediate. Since such modifications are
ikely to result in extensive modification of the mole-
ules leading to loss of the chromophore, it is probable
hat the products could no longer be detected. Similar
esults were obtained with daidzein and the formation
f its nitrated product (Table I). When decomposed
NOO2 was reacted with each of the isoflavones,
o nitrated products were detected in those samples

IG. 4. New product formed between genistein and ONOO2. (A) Ge
hosphate (pH 7.4) with 1 mM DTPA and extracted with ether. Ali
PLC. The eluent was monitored at 262 nm and the following peaks

he UV-absorption spectra (200–400 nm) at each retention time: gen
100 mM) with ONOO2 (0–200 mM and 500 mM decomposed), which i
Œ) as the concentration of ONOO2 increases. (The F represents the
epresent the nominal concentrations assuming the extinction coeffi
Fig. 4B). o
HPLC–MS was used to identify each novel product
esulting from the reaction mixture of 50 mM isoflavone
nd 200 mM ONOO2. Figure 5 shows the elution of the
roduct of the reaction of genistein with ONOO2. A
ingle molecular ion (m/z 314) was detected, represent-
ng an increase in mass of m/z 45 from the parent

olecule, and was consistent with the incorporation of
nitro group in the isoflavone. A similar result was

tein (100 mM) was reacted with 200 mM ONOO2 in 200 mM sodium
ts (40 ml) of the reaction mixture were analyzed by reversed-phase
e found: genistein (8.93 min) and NP 1 (10.80 min). The inset shows
in and NP 1. (B) Substrate–product concentration curve of genistein
trates the loss of genistein (■) and the increase of the novel product
istein concentration in the decomposed (DC) sample.) These values
t is the same for the isoflavone and the product.
nis
quo
wer
iste
llus
gen
cien
btained with daidzein and the formation of a com-
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272 BOERSMA ET AL.
ound with a m/z value of 298 (i.e., m/z 254 1 45, Table
I). However, no similar products were detected with
iochanin-A (data not shown).
In order to verify that the m/z 45 increase was due to
nitro group, the reaction mixtures of ONOO2 and

enistein or daidzein, which contained the putative
itrated products, were reacted with sodium dithionite
Na2S2O4), which reduces nitro groups to amines. The
PLC analyses of these reaction mixtures showed the

oss of the nitrated product peaks from the chromato-
rams for both genistein and daidzein and the appear-
nce of novel peaks with a faster retention time, while
he native isoflavone peaks were unchanged (Fig. 6A).
PLC–MS analysis showed the anticipated conversion

f the nitro group (m/z 314) of genistein to the corre-
ponding amine with a m/z value of 284 (i.e., m/z 269 1
5). Similarly, nitrodaidzein (m/z 298) was also re-
uced to the amine (m/z 270) (data not shown). As a
urther test of the assignment of the new product to
itrogenistein, genistein was reacted with a classical
itrating agent TNM (500 mM). A novel peak with the
ame retention time as the nitrogenistein formed by
eaction with ONOO2 was observed (Fig. 6B). Con-
rmation of its identity was further carried out by
PLC–MS analysis (data not shown).
Investigation of the site of nitration of genistein by
MR revealed that the chemical shifts of the H6 and
8 proton resonances were unchanged. In contrast, the

oublets that correspond to proton resonances in the
-ring (H29/H69 and H39/H59) integrated to a single pro-

on. In addition, the 49-hydroxyl group proton reso-
ance underwent a substantial upfield shift. These
ata are consistent with nitration of genistein in the

IG. 5. Mass spectra of new products formed between ONOO2

nd genistein. Selected ion chromatogram of m/z 314 (nitro-
enistein) by reversed-phase LC–MS. The inset shows the nega-
ive-ion mass spectra for the selected ion run on negative chemical
onization–MS.
-ring (Table IV).
m
p

eactions of Genistein and HPA with NaHCO3

and ONOO
In the presence of CO2, ONOO2-dependent nitration of

romatic compounds has been shown to be twofold higher
49). A similar effect is reported using HPA (1 mM) as a
ositive control with 25 mM NaHCO3 and 200 mM
NOO2 (Fig. 7). On the other hand, when genistein (50
M) is exposed to similar conditions, there is a decrease

n the amount of nitrated product that is produced com-
ared to the ONOO2-generated product.

eaction of Isoflavones with HOCl and Nitrite
An alternative mechanism for nitration of tyrosine,

f possible biological relevance, is the reaction of HOCl

IG. 6. Nitration of genistein by ONOO2 and TNM. 50 mM genistein
n 200 mM sodium phosphate (pH 7.4) with 1 mM DTPA was reacted
ith ONOO2 (200 mM) (A) or TNM (500 mM) (B) and extracted with

ther. Aliquots (40 ml) of the reaction mixture were analyzed by reversed-
hase HPLC. The nitrated product peak was detected at a retention
ime of 10.5 min. Sodium dithionite ( . . . ) was added to the reaction

ixtures, which resulted in the disappearance of the nitrated product

eak and the appearance of a new peak at a retention time of 5.2 min.
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273CHLORINATION AND NITRATION OF SOY ISOFLAVONES
ith nitrite (44). To determine whether these condi-
ions could result in the nitration of isoflavones,
enistein (50 mM) was reacted with NaNO2 (0.5 mM)
nd HOCl (100 mM) at room temperature for 20 min.
hese conditions result in the nitration of tyrosine. The
eaction mixture was analyzed by HPLC–MS and
howed mono- and dichlorinated derivatives along
ith nitrogenistein in addition to the molecular ions

ndicating chloronitrogenistein (m/z 348) and dichloro-
itrogenistein (m/z 382) (Fig. 8, Table II).

ISCUSSION

In the present study we have demonstrated, using a
ombination of analytical techniques, that chlorinated
r nitrated derivatives of the isoflavones are formed
hen isoflavones are reacted in vitro with HOCl or
NOO2, respectively. Furthermore, both nitration and

hlorination occur on the same isoflavone molecule
hen it is reacted with sodium nitrite and HOCl.
The significance of these findings is in their potential

or providing insight into the mechanism of action of
soflavones. The isoflavones have received a significant
mount of attention as prospective therapeutic agents
or several types of cancers and heart disease (3–7).
owever, the mechanisms for their biological actions
re not clear. Since these diseases are also associated
ith the formation of reactive oxygen and nitrogen

pecies, it has been argued that isoflavonoids, and
ther dietary polyphenolic substances, are able to scav-
nge these species and act as antioxidants (29–32).
his rationale is based on the structural similarities
hat exist between isoflavones and the amino acid ty-
osine. However, the recent detection of tyrosine resi-

TABLE IV

NMR Results from Nitrogenistein

Ring Proton d Integral

-ring H6 6.24 1.08
H8 6.41 1.10
C5OH 12.75 0.94
C7OH N/D N/D

-ring H2 8.13 0.99
8.48 1.00

-ring H39–H59 7.134 1.47
7.154

H29–H69 7.697 1.14
7.720

C49OH 8.13 0.99
8.48 1.00

Note. Genistein (0.2 mM) was reacted with ONOO2 (0.5 mM) and
eaction mixtures were separated and collected by reversed-phase
C–MS with a semiprep C-8 column (as described under Materials
nd Methods). Values indicate chemical shift (d) and integral values
f the novel metabolite nitrogenistein as determined by 1H NMR.
ues modified by chlorination and nitration (50) raised
a
c

he possibility the isoflavones may also undergo simi-
ar reactions.

We have confirmed using LC–MS that HOCl reacts
ith isoflavones to form mono- and/or dichlorinated
erivatives. HOCl is formed by the reaction of MPO
ith H2O2 and Cl2 in neutrophils. The involvement of
OCl in inflammation was derived from the detection

f chlorotyrosine and MPO at sites of inflammation
37–39). Subtle structural differences among the isofla-
ones result in a rather striking difference in the reac-
ivities toward HOCl. The lack of a hydroxyl group at
he C5 position on the A-ring of daidzein results in
onochlorination by HOCl, rather than dichlorination

etected with the other isoflavones. While chlorination
ould feasibly occur on any of the three rings, these
tructural differences led us to hypothesize that chlo-
ination largely occurs at C6 and C8 sites of the A-ring
f biochanin-A and genistein, while chlorination of
aidzein occurs at one of these two sites or at the C5

osition. Proton NMR analysis of mono- and dichloro-
enistein confirmed this hypothesis, although the pos-
ibility of B-ring chlorination could not be excluded. In
n analogous reaction, it has been previously shown
hat iodination of the isoflavone biochanin-A (catalyzed
y the reaction of thyroid peroxidase with H2O2 and I2)
ccurs at three sites, C6, C8, and C39 (51). It is possible
hat selective chlorination occurs in an MPO-catalyzed
eaction in vivo if the substrate binds to the enzyme as
eported for iodination by thyroid peroxidase.
We also demonstrated that the isoflavones genistein

nd daidzein can be nitrated by the oxidant ONOO2.
eroxynitrite is a nitrating agent that has been asso-
iated with the detection of nitrotyrosine at sites of
nflammatory damage (40, 41). A single novel product

IG. 7. Nitration of genistein and HPA by NaHCO3 and ONOO2.
enistein (50 mM) (solid) or HPA (1 mM) (striped) in 100 mM sodium
hosphate (pH 7.4) with 1 mM DTPA purged with nitrogen gas were
eacted with NaHCO3 (25 mM) followed by ONOO2 (200 mM) and
xtracted with ether. Aliquots (40 ml) of the reaction mixture were

nalyzed by reversed-phase HPLC. Samples were normalized ac-
ording to nitrated products generated by ONOO2.
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274 BOERSMA ET AL.
eak was present in the chromatograms of these isofla-
ones following reaction with ONOO2. These novel
roducts were identified as nitrogenistein and nitro-
aidzein by mass spectrometry analysis. The addition
f Na2S2O4 resulted in the reduction of the nitrated
roducts to their respective amines. Another nitrating
gent, TNM, formed products identical to the ONOO2-
reated isoflavone. Nitration of the isoflavones was also
ested by using HOCl reacted with nitrite. Under the
onditions tested, both nitration and chlorination were
ound to occur on the same isoflavone molecule. While
t has been reported that the anaerobic addition of
odium bicarbonate to ONOO2 enhances nitration of
romatic molecules (49), when genistein is subjected
o these conditions the yield of nitration product de-
reased by 50% of the control (Fig. 7). ONOO2 is also
nown to hydroxylate aromatic structures; however, no
ydroxylation was detected in the mass spectra of the
roducts of the isoflavones and ONOO2.
Analysis of the differences in the nitration reactions

mong the isoflavones makes it apparent that nitration
ccurs on the tyrosine-like B-ring. The methyl group of
iochanin-A at the C49 position on the B-ring is the only
tructural difference between genistein and biocha-
in-A, but only genistein is nitrated. Therefore, this
ethyl group must block the nitration of biochanin-A

y ONOO2. It has been reported previously that the

IG. 8. Mass spectra of reaction between NaNO2 and HOCl with
enistein. Selected ion chromatogram of (A) m/z 348 (chloronitro-
enistein) and (B) m/z 382 (dichloronitrogenistein) by reversed-
hase LC–MS. The inset shows the negative-ion mass spectra for the
elected ions run on negative chemical ionization–MS.
49-hydroxyl group is responsible for the antioxidant d
ctivity of the isoflavones, as it is believed to be an
ffective H donor (29, 51, 52). Since tyrosine itself is
itrated at the C3 position, we speculate that genistein
nd daidzein are nitrated at the C39 site of the B-ring.
roton NMR data for nitrogenistein were consistent
ith B-ring nitration.
Since genistein is both nitrated and mono- and/or

ichlorinated when reacted with sodium nitrite and
OCl, this strongly suggests that nitration and chlo-

ination occur at independent sites. Since nitration is
elieved to occur in the B-ring at the C39 position, it is
herefore unlikely that chlorination also occurs in the
-ring, thereby suggesting that chlorination occurs in

he A-ring (at C6 and C8).
A number of studies show that reactions between

avonoids and isoflavonoids with free radical species
ccur, although the products have not been identified
29–32, 52–54). Specifically, the flavonoids and isofla-
onoids have been shown to react with peroxyl radi-
als, superoxide, hydroxyl radicals, and ONOO2 (52–
4). The antioxidant behavior of the flavonoids and
soflavonoids is related to the structure of the com-
ound. That is, antioxidant properties increase as a
unction of the number of hydroxyl groups and donat-
ble H1 atoms (52). Other studies have shown that
henolic compounds may inhibit the nitration of ty-
osine by either preferential nitration of the compound
r acting as an electron donor (55).
A limiting feature of a hypothesis based on the re-

uction of free radical damage by the isoflavones by
eans of a scavenger mechanism is their low plasma

oncentrations. In a diet enriched in soy, the total
lasma isoflavone concentration is less than 1 mM (36),
ith only nanomolar concentrations of unconjugated

soflavones. This effectively precludes them from act-
ng as competitive scavengers of prooxidants. However,
he affinity of estrogen receptor b for genistein is in the
ubnanomolar concentration range. Since both chlori-
ation and nitration of isoflavones could change their
inding affinities to the estrogen receptor b, modifica-
ions of their biological effects mediated via the estro-
en receptors should be anticipated. Similar modifica-
ions may significantly alter cell-signaling mechanisms
ependent on the interaction of isoflavones with other
eceptor systems.
In summary, we have demonstrated in vitro that the

roinflammatory oxidants HOCl and ONOO2 are ca-
able of chlorinating and nitrating the isoflavones, re-
pectively. These reactions produce novel, covalent
odifications to the isoflavone structures. Since isofla-

ones are biologically active and have known biochem-
cal targets such as the estrogen receptors, we hypoth-
size that the nitrated and chlorinated products will
odify these inherent properties. Indeed, chlorinated

erivatives of isoflavones have been detected in two

ifferent human cellular models (B. Boersma, M. Kirk,
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. Patel, V. Darley-Usmar, and S. Barnes, unpublished
ata). Further studies are currently being undertaken
o isolate these species and determine their biological
ffects.
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