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Epoxidation — a Consequence of Cell Damage
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Summary. Products obtained after plant cell injury were studied by dividing white cabbage leaves
(Brassica oleracea) in two parts. One part was heated to denaturate enzymes, homogenized, and
stirred for six hours. After chromatographic separation and appropriate derivatization, the fractions
were analyzed for low molecular weight compounds by GCMS. The other part was homogenized
without cooking, but treated and analyzed in exactly the same way as the non-cooked sample.
Comparison of the thus obtained products revealed that — besided already well known lipid pero-
xidation processes, e.g. generation of stress hormones as well as liberation and oxidation of phenolic
compounds — a main but less known way of oxidative destruction was observed: epoxidation. The
reaction not only involves unsaturated fatty acids, but also sterols and terpenes. This seems to be a
typical response of plant cells to injury.
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Epoxidierung — Eine Folge von Zellverletzung

Zusammenfassung. Zur Untersuchung der Prozesse, die nach Zellverletzung ablaufen, wurde ein
Weilkohlkopf geteilt. Die eine Hilfte wurde gekocht, um Enzyme zu zerstren, und dann homo-
genisiert. Das Homogenisat wurde bei Raumtemperatur sechs Stunden an der Luft geriihrt. Nach
chromatographischer Trennung wurden die einzelnen Fraktionen nach entsprechender Derivatisier-
ung mittels GC-MS auf niedermolekulare Inhaltsstoffe untersucht. Die andere Hilfte des Weii-
krautes wurde ungekocht in gleicher Weise homogenisiert, aufgearbeitet und analysiert. Der Vergleich
der so erhaltenen Produkte ergab, daf3 neben bereits bekannten Lipidperoxidationsprozessen wie z.B.
der Bildung von StreShormonen und der Freisetzung sowie Oxidation von Phenolen ein weniger
bekannter Weg oxidativer Umwandlung beobachtet wurde: Epoxidierung. Sie betrifft nicht nur
ungesittigte Fettsiuren, sondern auch Sterole und Terpene. Diese Reaktion scheint eine typische
Antwort von Pflanzen auf Zellverletzung zu sein.

Introduction

It is well known that damage of plant cells causes a change in the composition of
low molecular weight compounds: membrane phospholipids and galactosides are
cleaved immediately by action of esterases [1]. The thus produced unsaturated
acids with a cis-1, 4-pentadienyl system — mainly linoleic acid — are converted to
hydroperoxides in a lipoxygenase catalyzed reaction [1]. Fatty acid hydroperoxides
are the starting compounds for a great number of secondary degradation products,
e.g. aldehydes [2] and epoxyhydroxy acids [3-5]. In addition, cell injury initiates
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the production of stress hormones, e.g. jasmonic acid [6—9], ethylene [10], and
abscisic acid [11].

It is also well known that injury of plant cells induces the cleavage of phenolic
glucosides, e.g. causes liberation of p-hydroxy cinnamic acid [12], and stimulates
their de novo synthesis [13, 14]. Further oxidation reactions, initiated by peroxi-
dases, produce lignin and o-chinoidic compounds [15].

In some instances, epoxidation products of unsaturated fatty acids had been
found after injury of plants [16—20]. Recently, we have observed that epoxidation
always accompanies processes in which lipid peroxidation is involved [21, 22].
Active species are the peroxyl radicals generated as intermediates in peroxidation
processes. In this communication, we report on the epoxidation of sterols. To the
best of our knowledge, these processes have not been observed so far after plant
injury.

Results and Discussion

White cabbage leaves were divided in two parts. One part was heated to denaturate
enzymes, followed by homogenization and extraction with organic solvents
(no change in the content of compounds was observed if the action of enzymes was
restricted by immediate addition of methanol, another method to avoid enzymatic
action [23, 24]). The other part of the cabbage leaves was homogenized without
heating, keeping the enzymes active. This homogenisate was stirred in aqueous
solution for 24 h on air. Both samples were further treated in exactly the same way.
Extraction of lipids was achieved according to Bligh and Dyer [25]. The lipid
fraction was transesterified to obtain methyl esters of good volatility for subsequent
separation by gas chromatography (GC). This method offered the advantage to
convert epoxides to the corresponding 1-hydroxy-2-methoxy derivatives which
allowed easy detection by mass spectrometry after trimethylsilylation [26]. In
contrast, epoxides usually don’t show very informative mass spectra [27]. The
methyl esters were separated by column chromatography (CC) and thin layer
chromatography (TLC). After trimethylsilylation, the samples were analyzed by
GC-MS [23]. Since it turned out that an unambiguous localization of original
hydroxyl groups was not possible in all cases, the fractions were alternatively
hydrogenated to remove double bonds [28, 29]. The obtained trimethylsilylated
saturated hydroxy fatty acid methyl esters allowed the localization of oxygen
functions.

The qualitative results of this investigation are compiled in Table 1. The results
agree with previous findings [16—~18]. 1,2-Substituted dihydroxy acids are derived
from epoxides (e.g. 9,10-dihydroxy stearic acid is a hydrolysis product of the
epoxide of oleic acid), whereas 12,13- and 9,10-dihydroxy acid 18:1 are derived
from the 9,10- and the 12,13-epoxide of linoleic acid. Similarly, three 1,2-dihy-
droxy substituted 18:2 acids derived from linolenic acid were found. A 9,10-
dihydroxy derivative of linolenic acid was also detected. Such a compound has
been described previously [30], generated by non-enzymatic oxidation of linolenic
acid with Fe?*/ascorbate. It was previously unknown as a lipid peroxidation pro-
duct of plants, as well as two other dihydroxy products identified containing the
hydroxy function in 1,5- and 1,6-position of the C18 fatty acid chain, respectively.
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Table 1. Dioxygenated fatty acid methyl esters obtained from wounded cabbage leaves (identified as
trimethylsilyl-ethers); *not described previously as lipid peroxidation product of plants; DiOH=
dihydroxy

R;(DB-1) Dioxygenated fatty acid Precursor
2460 11,12-DiOH-18:0 oleic acid epoxide
2479 9,10-DiOH-18:0 oleic acid epoxide
2444 12,13-DiOH-18:1 linoleic acid epoxide
2455 9,10-DiOH-18:1 linoleic acid epoxide
2435 9,10-DiOH-18:2 linolenic acid epoxide
2438 12,13-DiOH-18:2 linolenic acid epoxide
2514 15,16-DiOH-18:2 linolenic acid epoxide
2431 9,16-DiOH-18:0*

(after hydrogenation with Pd/C)
2487 9,13-DiOH-18:0*

(after hydrogenation with Pd/C)
2466 9,14-DiOH-18:0*

(after hydrogenation with Pd/C)

An investigation of the fraction containing methoxydihydroxy acids (Table 2)
indicated that the primarily produced hydroperoxides may suffer a further epoxi-
dation. GC measurements demonstrated that the 12,13-epoxide is the main epoxy
derivative of linoleic and linolenic acid oxidized at carbon atom 9. Most of these
products have been described earlier in soybean, pea, and cereals [16, 19, 20, 31].
The occurrence of two previously unknown epoxides (9-hydroxy-15, 16-epoxy-10,
12-octadecadienoic acid and 16-hydroxy-14, 15-epoxy-9, 12-octadecadienoic acid)
is in agreement with the prediction that any double bond is attacked by epoxida-
tion.

The structures of the new compounds were derived unambiguously from their
mass spectra. Main fragments of 1,2-substituted hydroxymethoxy derivatives of
saturated acids stem from a cleavage of the C—C bond between the two carbons
carrying the functional groups (Scheme 1). Thus, 9,16-trimethylsilyloxy-15-
methoxy stearic acid methyl ester suffers fragmentation to an ion of m/z = 131.
The alternative cleavage product of m/z = 369 cannot be detected because of its
quick decomposition by loss of methanol leading to a fragment of mass 337. In
addition to these fragments, other characteristic ions are recognized, although in
lower yield, result from alternative a-cleavages (e.g. ions of m/z = 175 and 259,
Scheme 1). Trihydroxy fatty acids, already detected in rice plant, taro tuber and,
soybean [32-34], have also been identified.

Oxidized sterols and pentacyclic triterpenes were obtained after TLC of metha-
nol extracts and detected by GC-MS after trimethylsilylation. In addition to 7-
hydroxy and 7-oxo derivatives of sitosterol and campesterol, their dehydration
products (probably artefacts generated by elimination of water) and derivatives
hydroxylated in position 25 were recognized epoxides as well as (Scheme 2).
These epoxides could not be detected even in traces in not injured plants.
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- 32 (MeOH) - 90 (TMSOH)
m/z 143 ~~———— m/z 175 ————————»= miz 85
miz 131 mfz 259
TMSO TCH,, QTMS
/ (CH,),-COOCH,
m/z 311
miz 369 ———————= miz 337 "
- 32 (MeOH) M™ = miz 500

miz 471 —————= m/z 439
- 32 (MeOH)

Scheme 1. Fragmentation pattern for main mass spectrometric ions of 9,16-trimethylsiloxy-15-
methoxy-10-octadecadienoic acid methyl ester
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Scheme 2. Oxidized sterols and triterpenes in leaves of white cabbage; *only found in injured
cabbage leaves

The same TLC fraction contained lupeolepoxide, also absent in not injured
leaves (Scheme 2). Lupeol was found to be a main constituent of the non polar
fraction accompanying the epoxidized sterols.

In vivo, the yield of products in plant tissue initiated by cell injury (e.g. im-
mediately after attack of an insect or a fungus) is usually rather low. This fact
makes it difficult to carry out kinetic measurements. Therefore, we tried to amplify
the reactions occurring in plants after injury. As already outlined [23], we used for
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this purpose homogenization, a process in which a great number of cells is injured
within a short time. For comparison, we destroyed the enzymes prior to homo-
genization in another sample by cooking or cut off their action by homogenization
in an organic solvent.

Changes in the composition of different plant constituents with low molecular
weight were observed as an answer of plant cells to mechanic injury or attack of
fungi as well as insects [35, 36]. Most of the previous investigations have been
restricted to a single group of compounds, the so-called phytoalexines [37, 38]. The
production of these components is described to be a rather long lasting process
which reaches its maximum after several hours.

In contrast, an almost instant enzymatic attack to unsaturated fatty acids was
reported [1]. These are converted to monohydroperoxides during this reaction.
Decomposition of fatty acid hydroperoxides generates simple aldehydes, e.g.
hexanal (derived from linoleic acid) [2], but also induces further reactions, e.g.
production of jasmonic acid [6]. Synthesis of the latter compound requires a multi
step reaction which needs considerable time to reach its climax production. Inte-
restingly, we detected jasmonic acid in the plant even after boiling, indicating that
low levels of jasmonic acid are obviously always present.

Lipid peroxidation of unsaturated fatty acids is observed in many diseased
states of mammalians [39] and was studied therefore in detail. It has been shown
that oxidation does not stop at the step of a monohydroperoxide, but that also
dihydroperoxides are produced, detected either directly after HPL.C/negative ion
mass spectrometry [40] or indirectly after reduction and derivatization followed by
a GC-MS electron impact analysis [41]. Recently it was found that such a twofold
lipid peroxidation does not only transform linolenic acid to its 9,16-dihydroperoxy
derivative [40], but also 9,13- and 9,14-derivatives are produced [41]. We were now
able to detect these compounds in the injured leaves of cabbage, demonstrating that
oxidation processes similar to those in mammalian tissue occur also in plants.

Generation of epoxides of unsaturated fatty acids is an already known process
in plants after injury [2]. The detection of previously unknown 16-hydroperoxy-14,
15-epoxy-octadecadienoic acid demonstrates unambiguously that at least this
epoxide was produced after hydroperoxidation at carbon atom 16 of linolenic acid;
direct epoxidation of double bonds in linolenic acid produces exclusively a 9-, 10-,
a 12-, 13-, or a 15-, 16-epoxide. Generation of a 14,15 epoxide requires the
presence of a double bond in position 14 which is present only in a 16-hydro-
peroxide. This finding is in agreement with our recent observation that epoxidation
processes are obviously slower than the generation of hydroperoxides [42].

Epoxidation is not restricted to unsaturated fatty acids as proven by the oc-
currence of sterol and terpene epoxides after homogenization of plant tissue in an
oxygen atmosphere without previous destruction of enzyme activity. Remarkably,
we were not able to detect these epoxides, even in traces, in samples with inactive
enzymes. In contrast, other oxidation products derived from fatty acids or phenolic
compounds were present in injured leaves as well as in not injured ones, even
though in much lower yields in the latter. This seems to indicate that hydropero-
xides of fatty acids are produced in normal plant metabolism, but epoxides of
sterols and triterpenes are obviously generated only after injury. Their produc-
tion seems to be connected with cell death: the occurrence of lupeolepoxide was
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reported earlier in several dried plants extracts [43-45], and drying is connected
with cell damage. Probably fresh plant tissue contains lupeol but not its epoxide.

Epoxidation products of sterols have been reported in investigations of nutrition
compounds. Sitosterol and campesterol epoxides were detected in plant oils [46],
dried leaves [47], and especially in fats [48, 49]. During storage, hydroperoxides
are generated, and these have been shown to epoxidize double bonds [50, 51]. In
agreement with this deduction, epoxidation of cholesterol could be demonstrated to
occur via lipid peroxidation [51-53]. Results from our laboratory [21, 22] and
other [16] suggest that peroxyl radicals are able to epoxidize unsaturated com-
pounds. These peroxyl radicals are formed as intermediates by attack of lipoxy-
genases on unsaturated fatty acids, but also in the course of a radical induced lipid
peroxidation reaction [54]. In addition, it cannot be excluded that the observed
epoxidation reactions of sterols and terpenes might be due to the action of epoxi-
dases. Such enzymes were found to cause the epoxidation of arachidonic acid in
mammalian tissue [55, 56].

In addition to sterol epoxides, 7-oxo and 7-hydroxy sterols were detected. We
suspect that these compounds are generated in a different way. They are also
produced in absence of a lipid medium which seems to be necessary for the
formation of sterol epoxides [57, 58], thus indicating that they are products of a
non-enzymatic induced lipid peroxidation.

In conclusion, cell damage obviously activates a great number of enzymatic
processes which do not only involve phenolic compounds or selected phyto-

hormones (e.g. jasmonate) but also unsaturated fatty acids, sterols, and terpenes
[59].

Experimental
Chemicals

N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) was obtained from Macherey & Nagel
(Diiren, Germany). All other chemicals were purchased from Fluka (Neu Ulm, Germany). Solvents,
obtained from Merck (Darmstadt, Germany), were distilled before use.

Plant material

White cabbage was obtained from local stores. Outer leaves were withdrawn, and the residue was
divided in two samples: on the one hand, white cabbage leaves were cooked in H,O for 15 min and
homogenized with solvents; on the other hand, leaves of the same plant were homogenized with H,O
and stirred for 24 h at room temperature. Both samples were subjected to analogous extraction
procedures.

Extraction of fatty acids

Lipid extraction followed the method of Bligh and Dyer [25]. Lipids were transesterified in THF with
1M NaOCHj; (in methanol) at room temperature. The fatty acid methyl esters were subjected to CC
on silica gel 60 (Merck), collecting three fractions (A: cyclohexane (CH): ehtylacetate (EtOAc) 98:2
(v/v), not oxidized fatty acid methyl esters. B: CH:EtOAc 1:1 (v/v), C: EtOAc:methanol (MeOH)
95:5 (v/v), both oxidized fatty acid methyl esters. Further separation was achieved by preparative
TLC using a solvent system of CH:EtOAc 8:2 (v/v) (monohydroxy fatty acid methyl esters,
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R; = 0.5-0.6; dihydroxy fatty acid methyl esters, Ry = 0.2-0.25; methoxydihydroxy fatty acid
methyl esters, Ry = 0.1-0.15; trihydroxy fatty acid methyl esters, Ry = 0.0-0.1). Trihydroxy fatty
acid methyl esters were enriched by a second TLC in a solvent system containing CH:EtOAc3:7 (v/
v) (Ry = 0.5-0.3).

TLC

Preparative TLC was performed on home-made plates (20 x 20 cm) coated with silica gel 60 PF,s4
(thickness 0.75 mm) (Merck). TLC zones were eluted with EtOAc.

Hydrogenation with Pd/H, on activated charcoal (5% Pd)

The methyl esters were hydrogenated for 2 h with palladium on activated charcoal (5% Pd) in MeOH
at room temperature and a H; pressure of 1.5 bar.

Trimethylsilylation

Approximately 0.1-0.5 mg of the dried sample was dissolved in 10 pl EtOAc (purified and dried),
and 20 ul MSTFA were added. The mixture was kept in darkness at room temperature for 12 h. 1 ul of
the solution was subjected to GC and GC-MS.

Extraction of oxidized sterols

MeOH extracts of wounded and intact cabbage leaves were successively extracted with CH and
EtOAc as described above. The sterols were obtained from EtOAc extracts by subsequent TLC
separations (A: CH:EtOAc &:2 (v/v), Ry = 0.6-0.8, not oxidized sterols; B: CH:EtOAc 1:1 (v/v),
Ry = 0.4-0.6, oxidized sterols). Identification was achieved by GC-MS.

Gas chromatography

GC analyses were carried out with an United Technologies Packard Model 438S chromatograph
equipped with a flame ionisation detector using a DB-1 fused silica capillary column (length: 30m;
id.: 0.32 mm; film thickness: 0.1 pm; J&W Scientific, Mainz-Kastel, Germany). Temperature
program: 80°C isotherm for three minutes, from 80°C to 280°C at 3°C/minute, 280°C isotherm for
15 minutes. Injector temperature: 270°C; detector temperature: 280°C; carrier gas: hydrogen; spli-
tting ratio; 1:30. Retention indices were calculated according to Kovats [60] with n-alkanes (CjoHaz-
C3oHgy) as reference compounds. The integrator was a Shimadzu CR-3A model.

Gas chromatography/mass spectrometry

Measurements were preformed on a double focussing mass spectrometer Finnigan MAT 95 running
under electron impact conditions at 70 eV. A HP 5980 series IT gas chromatograph with a 30m x 0.3
mm DB-1 fused-silica column was used for sample separation. Carrier gas: hydrogen temperature
program: see above. '

Trimethylsilyl derivatives

o- and B-sitosterolepoxide: GC (DB-1): R; = 3425 (w-isomer), 3412 (B-isomer); GC-MS (70 eV):
m/z(%) = 502 (M, 90), 73 (85), 95 (66), 412 (65), 123 (55), 394 (42), 384 (33), 487 (20), 253 (19),
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357 (10). a- and B-compesterolepoxide: GC (DB-1): R; = 3315 (B-isomer); 3307 (8-isomer); GC-
MS (70 eV): m/z(%) = 488 (M™, 90), 73 (100), 398 (60), 380 (40}, 473 (20), 470 (18), 253 (20), 211
21).

Lupeolepoxide: GC (DB-1): R; = 3590; GC-MS (70 eV): m/z(%) = 514 (M*, 2), 189 (100), 75 (60),
190 (55), 456 (42), 109 (41), 95 (38), 135 (35), 123 (33), 175 (32).

14-Methoxy-15,16-dihydroxy-octadeca-9,12-dienoic acid methylester: GC (DB-1): R; = 2612; GC-
MS (70 eV): m/z (%) = 500 (M, 1), 233 (100), 73 (92), 143 (58), 131 (39), 44 (38), 340 (21), 378
(15), 55 (17), 267 (10), 147 (17).

15-Methoxy-9,16-dihydroxy-octadeca-10,12-dienoic acid methylester: GC (DB-1): R; =2610; GC-
MS (70 eV): m/z (%) = 500 M™, 8), 131 (100), 73 (81), 337 (42), 175 (23), 259 (19), 378 (19), 410
(16), 143 (18), 468 (11).
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