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Isolation and Structure Elucidation of a New Thermal
Breakdown Product of Glucobrassicin, the Parent Indole
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The thermal breakdown of glucobrassicin, the major natural indole glucosinolate present in cruciferous
vegetables, has been studied. This study has been conducted using pure synthetic glucobrassicin
instead of raw vegetable material to eliminate possible other sources (i.e., enzymatic or chemical) of
degradation. After 1 h in aqueous solution at 100 °C, 10% of the original glucobrassicin is degraded
and yields a unique degradation compound. This compound is described for the first time and has
been identified as 2-(3'-indolylmethyl)glucobrassicin on the basis of data obtained by 'H nuclear
magnetic resonance spectroscopy as well as tandem mass spectrometric experiments carried out
from positive and negative electrospray produced ions.
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INTRODUCTION

Glucosinolates constitute a wide class of natural compounds
predominantly from the Cruciferae family and are mainly ()
responsible for the flavor and biological activity of these
vegetables. Glucosinolates and their breakdown products have
long been known for their goitrogenic and antinutritional activity
and have given rise to intense research work for their cancer- S0
preventing activitiesX). They all possess a common chemical
structure consisting of a 1-thi@-b-glucopyranose unit and an
O-sulfated thiohydroxymate moiety and vary only in the nature
of their side chain, which can be aliphatic, aromatic, or
heterocyclic.

Glucobrassicini, Figure 18) represents the most widespread
indole glucosinolate and is present in particular in cruciferous
vegetables of thdBrassicagenus 2, 3). This indolylmethyl
glucosinolate is involved via its breakdown products, such as
indole-3-carbinol, 3,3diindolylmethane, and subsequent oli-  Figure 1. Chemical structures of (a) glucobrassicin (1) and (b) 2-(3'-
gomerization products, in the anticarcinogenic properties of indolyimethyl)glucobrassicin (2).
cruciferous vegetables, and these condensation products are
known to induce detoxification enzymes such as cytochrome preakdown products issuing frobmay be the result of various
P-450 or glutathioné&transferases (GSTH{7). degradation processes, including enzymatic, chemical, or thermal

Most of the biological effects as well as the flavors appreci- degradation, 3, 8—13).
ated by consumers are not associated with the glucosinolates pgatq concerning the enzymatic and chemical degradation of
per se but with their degradation products, and the active indole j,4q|e glucosinolates have been reviewed by McDanell et al.
in 1988 @). The main studies on the thermal degradation of
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vegetables. In these studies, indole-3-carbinol and indole-3-
acetonitrile were identified as the main decomposition products
of 1.

In a recent study on the thermal breakdownlafising for
the first time the radiolabeled indole glucosinolate prepared in
our laboratory {4), we have reported that after exposure to heat g 20|
treatment, glucobrassicin was weakly degraded (10% within 1
h) and gave rise to a new minor indole condensation product
corresponding to a (3ndolylmethyl)glucobrassicin, Figure
1b), whereas neither indole-3-carbinol nor indole-3-acetonitrile
was obtainedl3). The occurrence of such a degradation product
had never been reported for the thermal degradation of an intact
indole glucosinolate. However, at this time, only a partial
structural characterization of this compound appearing after 1
h at 100°C could be carried out by LC-MS18), and the
position of the indolylmethyl group on the glucobrassicin
remained to be specified. We now report the isolation and
structure elucidation o2 on the basis of MS anéH NMR.
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Figure 2. HPLC chromatogram at 235 nm of the thermal breakdown of
glucobrassicin after 1 h of incubation at 100 °C.
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High-resolution mass spectrometry @rwas achieved on an API-
Q-Star-Pulsar-quadrupole time-of-flight hybrid instrument from Ap-
plied Biosystems MDS Sciex (Les Ulis, France), using negative

MATERIALS AND METHODS electrospray as the ionization technique (needle voltags00 V;

Chemicals.Synthetic glucobrassicin with a chemical purity (deter-
mined by HPLC) of>97% was prepared as described in our previous
work (13). HPLC grade acetonitrile was purchased from Scharlau

declustering potentiak-60 V). Exact mass measurements were made
on the [M — H]~ ion of 2 at a resolution of 5000, using taurocholic
acid (GeHasNO;S, My, 514.2839) as the internal reference standard.

(Barcelona, Spain).

Thermal Breakdown. Glucobrassicin (1%g) was dissolved in 1
mL of ultrapure water from a Milli-Q system (Millipore, St Quentin
Yvelines, France), introduced into a closed vial, and kept at ID0
for 1 h. The thermal breakdown assays were conducted in quadruplicate.

For the preparation a2, 10 mg of glucobrassicin was prepared in 2
mL of ultrapure water, introduced into a closed vial, and kept at 100 RESULTS AND DISCUSSION
°C for 1 h. ) _ The HPLC chromatogram resulting from the thermal break-

HPLC Analyses_.Separatlon ol and2 was performed using a Jasco down of 1 after 1 h of incubation at 100°C is presented in
pump HPLC series PU-980 (Merck, Nogent-sur-Marne, France) Fi > This ch t . ite similar to that obtained
equipped with a Rheodyne 7725i injection valve fitted with a 400 rigure 2. This chromatogram 1S quité simiiar 1o that obtaine
sample loop, a Jasco series L6-980-02 gradient former (Merck), a 2501 OUr previous study, when we were working with the3[-5]-

mm x 4.6 mm i.d., 5um, Ultrabase C18 column (S.F.C.C., Eragny, glucobrassicin, although retention times differed slightly due
France), and a 18 mm 4.6 mm i.d., 10um, Ultrabase C18 guard  t0 chromatographic conditions (phosphate buffer replaced by
column (Shandon-L.S.1., Cergy-Pontoise, France). The HPLC mobile acetic acid) 13). In this work, it was clearly demonstrated that
phases consisted of acetonitrile/water/acetic acid mixtures, 10/90/0.5n0 loss of tritium occurred during incubation and that the total
(v/viv) for A and 70/30/0.5 (v/v/v) for B, respectively. Elution was  radioactivity was distributed between unchangéd]dluco-

achieved using a linear gradient from 0 to 46% of B in 15 min followed  prassicin and the radiolabeled breakdown pro@utte relative
by isocratic conditions at 46% of B during 10 min. The flow rate was proportions being 90/10 aftel h of incubation (3).

1 mL/min, at a temperature of 3C controlled by a Stabitherm column Th it led that der drastic heat treat t
oven (Prolabo, Fontenay-sous-Bois, France). Ultraviolet (UV) detection ese resulls reveale al uncer drastic heat trealmen

was carried out at 280 nm with a Jasco detector series UV-975 (Merck). cOnditions, glucobrassicin underwent degradation into a unique
Two hundred microliter aliquots were sampled, evaporated to dryness Preakdown product that has never been described before. This
under a nitrogen stream, and reconstituted in ZD®f mobile phase main degradation compound, eluting at 15.5 nfigQre 2),

A before injection. HPLC retention times fdrand 2 were 7.9 and was manually collected at the column exit and then submitted

15.5 min, respectively, using the above gradient elution. to both tandem MS and NMR analyses.

_The preparative fractlonatlon_f(_)r the |solat|on_2)f/vas _performed The analyses by MS were carried out using both positive and
with the same HPLC system (injection valve fitted with a 20 negative electrospray ionization. In the latter case, the-{M
Z._‘;\mple _Io_op). Two hundred microliter reaction mixture aliquots were H]~ ion was observed ai'z 576, which was in agreement with

irectly injected.2 was manually collected at the column outlet. The e ; -

&4 molecule of glucobrassicin substituted by an indolylmethyl

mobile phase was evaporated to dryness, and the sample was stored - - .
—20°C until analysis. group. The CID spectrumF{gure 3) obtained after isolation

MS Analyses.Mass spectrometric experiments were carried out on @nd decomposition of thevz 576 ion into the ion trap device
a Finnigan LCQ quadrupole ion trap mass spectrometer equipped with €xhibited several diagnostic daughter ions. As shown in the
a Finnigan electrospray ionization source operating under either positive decomposition pathway proposedrigure 4, several competi-
or negative ionization conditions. Sample solutions (typicatylb tive decomposition processes took place from the-fMH]~
ngiuL in 50:50 MeOH/HO) were infused at 3ulL/min into the species, leading in particular to the@z 496, 380, 291, and 259
electrospray interface. Typical potentials applied to the ESI source were majn characteristic fragment ions. The formation ofrtiie496
as follows: needle, 5000 V; heated transfer capillary26 V. Al other and 380 ions can be attributed to the loss of sulfate and the
the fon of interest. Hydrogen/deuterium exchange experiments were €imination of a neutral thioglucose moiety, respectively.

) Conversely, thew/z 291 and 259 fragment ions result from

performed using MeOD/ED as the solvent. Structural information was . .
obtained using sequential M@xperiments carried out into the trap. ~ C/eavages occurring at both carbesulfur bonds of the thio-

All spectra were acquired under normal scan (unit resolution) and glucose moiety with transfer of the sulfate group, as presented
automatic gain control conditions, using helium as the collision gas in Figure 4. The formation of thenz 334 ion should involve
for MS" experiments. the elimination of glucose as a consecutive process occurring

NMR Analyses. The NMR analyses were recorded on a Bruker
AMX-400 spectrometer working at 400.13 MHz in gDD. The central
solvent signal of CBOD was used as internal referenéel,(6 3.31
relative to TMS).
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1003 576 Table 1. m/z Ratios of Molecular and Fragment lons Obtained from
3 | the ESI-MS Analysis of 2-(3'-Indolylmethyl)glucobrassicin in
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Figure 3. Tandem mass spectrum of ESI-produced [M — H]~ (m/z 576) 100 3
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Figure 5. MS3 spectrum of m/z 498 ion obtained from the decomposition
of the ESI-produced MH* (m/z 578) ion from 2.

As expected, under positive ionization conditions, the ™MH
ion was observed atVz 578 as determined by LC-ESI/MS in
a previous study13). In this work, the MH ion has been
submitted to collisional activation into the trap. The resulting
MS/MS spectrum exhibited the/z498 ion as the only daughter
ion (data not shown), corresponding to the loss of the sulfate
moiety of the molecule. Submitted to a sequential®N$peri-
ment, them/z 498 fragment ion mainly decomposed into the
H m/z 300 N m/z 381, 369, 336, and 219 ions, as indicateéigure 5. These
m/z 334 ions were consistent with the postulated structure. ME336
Figure 4. Proposed structures for the fragment ions generated in the ion can be interpreted as the result of the loss of glucose from
MS/MS analysis of the ESI-produced [M — H]~ (m/z 576) ion from 2. them/z498 ion. The elimination of an indole ring from thaz
498 ion can lead to thevz 381 fragment ion, whereas ting/z
from them/z 496 fragment ion (i.e. 334 496 — 162), whereas 219 ion can be generated when this elimination occurs con-
the structure proposed for tima’z 300 ion is consistent with a  secutively from them/z 336 ion. Finally, the loss of the

consecutive decomposition occurring either from thig 496 indolylmethyl group accompanied by a hydrogen transfer from

ion (elimination of thioglucose) or from thev/z 380 ion (loss the leaving group can explain the formation of timéz 369

of sulfate). daughter ion, which corresponds to a protonated form of
The structure and decomposition scheme propose2ivi@re nonsulfated glucobrassicin. Further information could be ob-

further supported by data obtained from hydrogdeuterium tained by subsequent isolation and decomposition ofntfe

exchange experiments carried out using am MeQD/Bixture 336 fragment ion present in the CID spectrum discussed above.

as the electrospray solution. Thez ratios of the various ion Indeed, then/z 336 ion decomposed into tma'z 259, 219, and
species of interest generated in both tandem mass spectrometrid 30 main fragment ions, which was in agreement with previous
experiments under negative electrospray ionization are reporteddata obtained by LC-ESI/MS using in-source CID conditions
in Table 1. The quasi-molecular [M- H]~ ion (m/z576) was (23). In particular, the occurrence of the/z 259 ion, corre-
shifted to a [Mi7 — D]~ species atr/z 582, meaning that the  sponding to the 2-(3ndolylmethyl)-3-methylindole cation,
molecule contained seven exchangeable hydrogens. This allowegbrovided further evidence for the structure establishedfor

the possible substitution of the indolic nitrogen atom by the  Figure 6ashows the aromatic part of thel NMR spectrum
additional indolyl methyl group to be ruled out, which would measured at 400 MHz for glucobrassicin. The chemical shifts
have produced a six exchangeable hydrogen atom species. Asais well as the signal multiplicity observed are representative of
indicated inTable 1, all fragment ionm/z ratios were shifted an indole nucleus in which H-4 and H-7 protortsgure 1)

in agreement with the number of exchangeable hydrogens ofappear as doublets and H-5 and H-6 protons as multiplets,
the structures proposed Figure 4. whereas the noncoupled H-2 proton is characterized by a singlet
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of (a) glucobrassicin (1) and (b) 2-(3'-indolylmethyl)glucobrassicin (2).

Table 2. THNMR Assignments of the Compound
2-(3'-Indolylmethyl)glucobrassicin in CD;0D

Chevolleau et al.

ppm (Table 2), whereas the multiplet pattern of H-8 showed
two doublets § ~ 16 Hz) corresponding to the diastereotopic
H-8a. and H-§ protons (4.16 and 4.31 ppm; sd@able 2).
Finally, analysis of the pyranose moiety showed a characteristic
coupling of the H-18 and H-1& protons between 3.4 and 3.7
ppm, as well as characteristic triplet patterns for H-13, H-14,
and H-15 Table 2). On the basis of all of these structural data,
the identity of2 could be established as 2-@dolylmethyl)-
3-indolylmethyl glucosinolate or 2-(3ndolylmethyl)glucobras-
sicin (Figure 1b).

This structure was further confirmed by high-resolution mass
spectrometry measurements which gave an exact mass experi-
mental value of 576.1083 for the [M H]~ ion, in agreement
within 4.6 ppm with the calculated value for this ion (calculated
value for GsH2eN30eS,: 576.1110).

In the absence of data on the reactivity of the indole nucleus
of intact glucobrassicin, some considerations may be developed
from studies carried out on its degradation indole derivatives.
Several indole-3-carbinol condensation products have already
been described, consisting of indole-3-carbinol substituted by
an indolylmethyl group at position 1 or 27, 18). Amat-Guerri
et al. (L7) showed that the condensation at position 2 can take
place in the reaction between some 3-(hydroxymethyl)indoles
and 3-substituted indoles. De Kruift9) studied the potency of
indole-3-carbinol to form condensation products other thah 3,3
diindolylmethane under acidic aqueous conditions. HPLC-MS
and'H and3C NMR analyses showed the presence of a trimer,
exhibiting an indole group 2,3-disubstituted with two indolyl
methyl moieties [2,3-bis(indole-3-ylmethyl)indole]. Grose and
Bjeldanes 20) studied the effects of pH on the oligomerization
of indole-3-carbinol in aqueous acid conditions corresponding
to those encountered in gastric juice, and on the basis of HPLC
analyses as well as NMR and MS experiments, they observed
the formation of dimeric 2-substituted indole intermediates
similar to those described by other authois)( Moreover,
depending upon the pH conditions, the formation of some cyclic

atom o J (Hz) atom o J (Hz) g . . =
ey 1 Ha 8 1009 or linear trimers substituted at position 2 or 3 was observed,
H:4, 768 rsn H:5 704 dt((?.g 09) and these products are thought to be responsible for the
H-5' 6.96 m H-6 6.93 dt (6,3: 1.0) biological activity of the initial substance21—23). In another
H-6' 6.96 m H-7 7.31 d(8.1) work, while analyzing disposition and excretion of indole-3-
H-I 719 m carbinol in rats, Stresset®) elucidated the structure of a novel
:—g’a 4.33 s indole-3-carbinol metabolite in liver extract. This dimeric
-8'4 433 s . )
H-8aL 4162 d(16.2) compound [1-(3-hydroxymethyl)indolyl-3-indolylmethane] has
H-88 4312 d (16.2) been identified by means of ESI-MS aid NMR and differs
H-12 4.82 d (nd®) from 3,3-diindolylmethane by the methylene attachment point.
H-13 3.02 t(8.8) . : : . L
H-14 310 £(9.6) AIt_hough itis well establlsht_ad in the literature that position
H-15 3.21 t(9.4) 3 of indoles is the preferred site for an attack by electrophilic
H-16 2.93 m agents 24), substitutions have also been reported at position 1
H-18x  351°  dd(123,56) (18) and position 2 of a 3-substituted indol&7]. In the latter
H-188 3.65¢ dd (12.2,2.1)

aMay be reversed.  nd, not determined. ¢ May be reversed.

case, it has been described as the result of a direct attagk (
or as an indirect process involving a primary attack at position
3, yielding an indolenine intermediate, followed by a rearrange-

at7.23 ppm. These data were in good agreement with previouslyment (Sigmatropic Sh|ft) Ieading to the 2,3'diSUbStitUted indole
published datal(5, 16). The spectrum o2 is reported irFigure (20, 25, 26).

6b. The aromatic portion of this spectrum showed the presence Concerning the formation d?, one can thus postulate that
of two indole units (nine aromatic protons between 6.9 and 7.8 in a first step, the thermal breakdown of glucobrassicin should
ppm). A representative singlet at 7.14 ppm for Hiflicates yield indole-3-carbinol, which can easily lose water to give
that position 3 (Figure 1) is substituted, and multiplets are  3-methyleneindolenine. This latter species should subsequently
observed at 7.19 and 7.68 ppm for Hahd H-4 protons, attack an intact molecule of glucobrassicin to give 2-(3
respectively (seéigure 6b and Table 2), whereas H-5and indolylmethyl)glucobrassicin as the final product. Taking into
H-6' protons appear as an unresolved multiplet at 6.96 ppm. In account steric factors on position 3 of the glucobrassicin indole
contrast, the 2,3-disubstituted indole moiety showed well- nucleus, a reaction scheme involving a direct attack at position
resolved aromatic protons from H-4 to H-7. We also observed 2 (17) seems more likely than a mechanism involving a primary
two equivalent methylene protons for M@ and ) at 4.33 attack at position 3 as proposed by Grose and Bjelda2@®s (
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To our knowledge, with respect to the thermal treatment of  (4) Bradfield, C. A.; Bjeldanes, L. F. Modification of carcinogen
indole glucosinolates, this is the first observation of a degrada- metabolism by indolylic autolysis productsBfassica oleraceae
tion product in which the thioglucose moiety of the intact Adv. Exp. Med. Biol 1991, 289, 153-163.
glucosinolate remains unchanged. The glucosinolate chemical (5) Bonnesen, C.; Stephensen, P. U.; Andersen, O.; Sorensen, H.;
structure has been described by various auth@r-{12, 27, Vang, O. Modulation of cytochrome P-450 and glutathione
28) as sensitive toward chemical (pH), enzymatic (myrosinase), Stransferase isoform expressioneivo by intact and degraded
and thermal degradation. In a previous stutl$) (we reported indoly! glucosinolatesNutr. Cancer1999 33, 178-187.

. . . (6) Gamet-Payrastre, L.; Lumeau, S.; Gasc, N.; Cassar, G.; Rollin,
that1 was stable with regard to chemical degradation and that P.. Tulliez, J. Selective cytostatic and cytotoxic effects of

2 was the only thermal breakdown product observed after a 1 glucosinolates hydrolysis products on human colon cancer cells
h thermal treatment of at 100°C; this was in contrast with in vitro. Anti-Cancer Drugsl998§ 9, 141—148.

the observation of several authors reporting formation of indole-  (7) Kelloff, G. J.; Crowell, J. A.; Steele, V. E.; Lubet, R. A.; Malone,
3-carbinol and indole-3-acetonitrile as the result of the thermal W. A.; Boone, C. W.; Kopelovich, L.; Hawk, E. T.; Lieberman,
treatment of raw vegetable materials containing glucobrassicin R.; Lawrence, J. A.; Ali, I.; Viner, J. L.; Sigman, C. C. Progress
(8,9, 29). The present work, conducted with ultrapure water at in cancer chemoprevention: development of diet-derived chemo-

neutral pH and using a pure synthetic compound, suggests that preventive agentsl. Nutr. 2000 130, 467S-471S. _
1is not affected to a great extent by heat treatment as such and (8) Slominski, B. A.; Campbell, L. D. Formation of indole glucosi-
that, when raw materials are heated, the degradatidnnody nolate breakdown products in autolyzed, steamed and cooked
be attributed not only to thermal degradation but also to the ?;%st'cavegetables‘]' Agric. Food Chem1989 37, 1297~
contribution qf se_veral ot_her factqrs such as enzymatic activities (9) Slominski, B. A.: Campbell, L. D. Indoleacetonitrite¥hermal
and/or chemical interactions. This suggests that whenever they

f h . di ds (indol binol d degradation products of indole glucosinolates in commercial
orm, these intermediate compounds (indole-3-carbinol an rapeseedRrassica napusmeal.J. Sci. Food Agric1989 47,

indole-3-acetonitrile) should immediately react with glucobras- 75-84.

sicin to yield 2 in such a way that th&(glucosyl)acetothio- (10) Hanley, A. B.; Parsley, K. R.; Lewis, J. A.; Fenwick, G. R.

hydroxymate group at position 3 of the original glucobrassicin Chemistry of indole glucosinolates: Intermediacy of indol-3-

is not eliminated. ylmethyl isothiocyanates in the enzymatic hydrolysis of indole
The occurrence of after heat treatment of vegetables has glucosinolates]. Chem. SagPerkin Trans. 1199Q 2273-2276.

never been mentioned. However, its formation during vegetable (11) Bradfield, C. A.; Bjeldanes, L. F. High performance liquid

cooking cannot be totally excluded seeing that indole-3-carbinol chromatographic analysis of anticarcinogenic indoleBrassica

is present together with unchangedrhe formation of should oleracea J. Agric. Food Chem1987 35, 46-49.

(12) Tiedink, H. G. M.; Malingfe C. E.; van Broekhoven, L. W.;
Jongen, W. M. F.; Fenwick, G. R. Role of glucosinolates in the
formation ofN-nitroso compoundsl. Agric. Food Chem1991,

39, 922-926.
(13) Chevolleau, S.; Gasc, N.; Rollin, P.; Tulliez, J. Enzymatic,

then occur at the beginning of the cooking, that is, when
myrosinase has degraded part dfinto indole-3-carbinol
according to previously established proces&e,(13).

In conclusion, this work provides first evidence for the

formation of a glucosinolate breakdown product in which the chemical, and thermal breakdownf-labeled glucobrassicin,
th|oglucpse moiety remains intact. If occurring during food the parent indole glucosinolaté. Agric. Food Chemil997, 45,
consuming, the formation of compounds such2asay have 4290-4296.

an impact on the yield of chemoprotective indolic compounds (14) Chevolleau, S.; Joseph, B.; Rollin, P.; Tulliez, J. Synthesis of
because, on the one hand,is no longer a substrate for [3H]-labelled glucobrassicin, a potential radiotracer for metabolic
myrosinase30) and, on the other hand, its formation occurs to studies of indole glucosinolatek.Labelled Compd. Radiopharm
the detriment of other biologically active indolic compounds 1993 33, 671-679.

such as indole-3-carbinol. (15) Viaud, M. C.; Rollin, P. First synthesis of an indole glucosinolate.

Tetrahedron Lett199Q 31, 1417 1418.
(16) Viaud, M. C.; Rollin, P.; Latxague, L.; Gardrat, C. Synthetic

ABBREVIATIONS USED ) . ; .
studies on indole glucosinolates. Part 1. Synthesis of glucobras-

HPLC, high-performance liquid chromatography; LC-MS, sicin ands its 4- and 5-methoxy derivativds.Chem. RegS)
liquid chromatographymass spectrometry; ESI-MS, electro- 1992 207;(M) 1992 1669-1681.
spray ionization mass spectrometry; CID, collision-induced (17) Amat-Guerri, F.; Martinez-Utrilla, R.; Pascual, C. Condensation
dissociation; NMR, nuclear magnetic resonance. of 3-hydroxymethylindoles with 3-substituted indoles. Formation

of 2,3-methylenediindole derivatives. Chem. RegM) 1984
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