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Abstract

Aldehydic lipid peroxidation products can be detected after transformation to pentafluorobenzyloxime deriva-
tives by GC-MS screening using characteristic ion traces. Thus the rather unstable unsaturated hydroxyaldehyde,
6-hydroxy-2,4-undecadienal, was identified as autoxidation product of linoleic acid. Its structure was unambiguously
confirmed by comparison with an authentic sample. After Fe’ ' -ascorbate induced lipid peroxidation of oleic acid
several 4-hydroxy-2-alkenals and 4-hydroxyalkanals were detected. These represent previously unknown secondary
oxidation products of lipid peroxidation of oleic acid. Nevertheless oleic acid proved about 1000 times more stable
against peroxidation than linoleic or higher unsaturated acids.

1. Introduction

In recent years more and more evidence was
accumulated that inflammation processes [1,2],
aging [3,4], ischemia [5] and atherosclerosis [6,7]
are connected with oxidative stress and enhanced
lipid peroxidation (LPO) [8-11], which is also
observed during tissue injury [12]. Hydro-
peroxides of unsaturated fatty acids (LOOHs)
easily undergo secondary reactions [11,13-15].
B-Cleavage results in formation of aldehydes
[11,14-18].

The extent of lipid peroxidation is usually
measured spectrophotometrically by determina-
tion of an 1:2 adduct of malondialdehyde (MDA)

* Corresponding author.

—a decomposition product of LOOHs— with
thiobarbituric acid (TBA) [19]. However, this
reaction is neither specific nor quantitative [20];
it must be emphasized that especially hydro-
peroxides produced from linoleic acid —repre-
senting a high percentage of in vivo occurring
LPO products [21]— escape detection.

Better quantitative results may be obtained
applying aldehyde-specific derivatization meth-
ods followed by separation of the corresponding
derivatives by chromatography. Thus Esterbauer
and Schauenstein [22] detected the important
cytotoxic LPO product 4-hydroxy-2-nonenal
(4HNE) by preparation of 24-dinitro-
phenylhydrazone derivatives. This method later
allowed the identification of some additional
saturated and unsaturated aldehydes [17,23,24] in
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LPO mixtures and also of osazones which were
assumed to be derivatives of a,B-diketones or
acyloins [17,25,26]. Later we have been able to
show that these products are derived from a-
hydroxyaldehydes [27-29].

If separation of 2 4-dinitrophenylhydrazones is
achieved by thin layer chromatography (TLC)
[17,24,25], rather large amounts of sample are
required to isolate single compounds, if only
HPLC is applied separation is often incomplete.

Therefore the combination of gas chromatog-
raphy (separation) and mass spectrometry
(identification) for detection of samples occur-
ring only in trace amounts is indicated. Unfor-
tunately 24-dinitrophenylhydrazones of alde-
hydes with molecular masses higher than 200 are
of low volatility, rendering their separation by
GC difficult. In addition, interpretation of their
mass spectra is complicated by rearrangement
reactions [30,31]. Therefore preparation of 2.4-
dinitrophenylhydrazones is not advisable for ap-
plication of GC-MS.

Dimethylacetals of aldehydes are easily avail-
able, they are of high volatility, but their mass
spectra give only scarce information. They often
lack molecular ions; the base peak is caused by a
predominant «-cleavage reaction at the acetal
group resulting in a fragment m/z =75 [32].

In contrast, mass spectra of dithio-
ethyleneglycolacetals usually show molecular
ions and other structure-specific fragments
[33,34], but their preparation conditions (BF, is
needed) are rather drastic and often lead to
unexpected side reactions [35]. In addition, the
procedure is time-consuming.

Pentafluorobenzylhydroxylamine is widely
used in GC-MS for derivatization of carbonyl
compounds [36,37]: the presence of five fluor
atoms makes pentafluorobenzyloxime (PFBO)
derivatives especially useful for GC detection by
electron capture detectors. They are also perfect-
ly suited for detection by negative ion mass
spectrometry combined with single ion moni-
toring [36]. Unfortunately using this method
mainly (M — 1) ions or other key ions are indi-
cated, rendering the identification of unknown
compounds difficult or even impossible.

Considering all these facts we worked out an

GC-EI-MS screening procedure for aldehydic
lipid peroxidation products after pentafluoro-
benzyloxime derivatization. Applying this meth-
od we were able to detect a great number of
previously unknown unsaturated oxo acids and
several a-hydroxyaldehydic compounds after
lipid peroxidation of linoleic and oleic acid
[27,28,38] by registration of characteristic key
ions (Table 1).

In this paper we report the detection of previ-
ously unknown aldehydes derived by lipid perox-
idation of linoleic and oleic acid. Their occur-
rence was predicted according to a general mech-
anism recently presented [28].

2. Experimental
2.1. Materials

N-Methyltrimethylsilytrifluoracetamide (MST-
FA) was obtained from Macherey and Nagel
(Diiren, Germany). Silica gel 60 PF,,, was ob-
tained from Merck (Darmstadt, Germany),
home-made TLC plates were used. All other
chemicals were purchased from Fluka (Neu Ulm,
Germany). The fatty acids and 6-hydroxy-2,4-
undecadienal were stored at —18°C. 1-Hydroxy-
2-dodecanone [36] and the PFBO derivative of
2-hydroxyundecanal [31,37] were prepared as
described previously.

2.2. Synthesis of 6-hydroxy-2,4-undecadienal 3a

Synthesis of 6-hydroxy-2,4-undecadienal 3a
was achieved via appropriate transformation of
methods for synthesis of 4-hydroxy-2-alkenals 2
[38-42]. Reaction products were characterized
by TLC and GC, structure confirmation was
performed by GC-MS and 'H-NMR.

(a) Furfuraltosylhydrazone 5 was prepared
according to Foster and Agosta [41]. Furfural 4
(13.06 g, 136 mmol) and tosylhydrazine (25.3 g,
136 mmol) were suspended in 100 ml absolute
methanol and stirred at room temperature until a
clear solution was obtained. By cooling (argon
atmosphere) to —4°C (refrigerator) 5 precipi-
tated. It was isolated by filtration, dried in
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Table 1

EI-MS key fragments of different classes of aldehydes as O-PFB oxime TMS-ether derivatives

class of compounds

key fragments (m/z)

alkanals
R--CH=PFBO

2—alkenals
R—CH=CH-CH=PFBO

2,4—alkadienals
R—CH=CH—-CH=CH—CH=PFBO

n—oxo—acids (me)

O >~
= C-(CH,),~CH=PFBO
H5CO
2—hydroxyalkanals
R~ (,JH—CH=PFBO
OTMS

4—-hydroxy—2—alkenals
R — CH-CH=CH-CH=PFBO
OTMS

Ox

= C-(CH,)~CH-CH=PFBO
yco- O (CrCH-C

OTMS

acids (me)
Ox

[HsCO™
OTMS

{n—1)—hydroxy—n—oxo acids (me)

(n—3)—hydoxy—n—oxo—(n—2)—en

C—(CHp)~ CH—CH=CH-CH=PFBO

181, 239, M*

181, 250, M*

181, 276, M*

181, 239, M—-23,
(1 db: 250, 2 db: 276)

181, 326, M—15, M-18],
M—197

181, 352, M—15, M—183,
M--197

181, 326, M—15, M-181,
M—-197, 74, M=31,
M-32-181

181, 352, M—15, M—181,
M-197, 74, M—3],
M-32-181

vacuum and crudely purified by TLC [cyclohex-
ane (CH), ethylacetate (EA)]. The raw material
was used without further purification for prepa-
ration of pent-trans-2-en-4-ynal 8.

Yield: 34.3 g (=95.5%); TLC (CH-EA, 1:1):
R, =059; GC (OV 101): R, =2182/2214 (anti/
syn); MS (70 eV): m/z (%) =81(100), 80(84),
52(38), 108(28), 91(24), 264(23).

(b) Pent-trans-2-en-4-ynal 8 was prepared fol-
lowing the procedures of Esterbauer and Weber
[42] and Shapiro [43]. An aliquot of 2 g (83.3
mmol) sodium hydride (100%) was added to
23.8 g (90.2 mmol) furfuraltosylhydrazone 5,

dissolved in 170 ml dry CH,Cl,. The solution
was stirred under argon, until hydrogen forma-
tion stopped (ca. 30 min). By using a stream of
argon the solvent was removed nearly complete-
ly. A white precipitate of the sodium salt of §
24.8 g (26.7 mmol) remained after vacuum dry-
ing. The salt was carefully and slowly heated on a
sand bath applying vacuum [0.1 Torr (ca. 13 Pa)}.
At 105°C spontaneous decomposition occurred.
Compound 8 was obtained as a brown liquid in
the cooling trap. Simultaneous sublimation of the
sodium salt of 5 could not be avoided complete-

ly.
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Yield: 4.12 g (= ca. 60% crude material); MS
(70 eV): m/z (%)=52(100), 51(73), 50(50),
80(28), 79(16), 49(11).

(c) Pent-trans-2-en-4-ynal-diethylacetal 9.
Compound 8 was converted to 9 as described
previously [40,41,44]. Purification of 9 was
achieved by distillation (K '2)5 =27°C). The dis-
tillate was dissolved in diethyl ether, filtered over
silica gel, and finally purified by TLC.

Yield: 3.15 g (=41%); TLC (CH-EA, 6:1):
R, =0.69; GC (OV 101): R, =1004; MS (70 eV):
m/z (%) =109(100), 81(37), 44(27), 53(9).
97(7), 125(4), 154(2).

(d) 6-Hydroxy-undec-trans-2-en-4-ynal-dieth-
ylacetal 11 was prepared via Grignard reaction
[44]. Ethylbromide (2.73 g, 25 mmol) dissolved in
15 ml absolute tetrahydrofuran was reacted with
0.61 g (25 mmol) of magnesium filings. This
Grignard solution was cooled to —10°C. Pent-2-
en-4-ynal-diethylacetal [3.08 g (20 mmol)] dis-
solved in 20 ml absolute tetrahydrofuran was
added dropwise by stirring. The solution was
stirred until the ethane gas production ceased.
After cooling to —15°C, 2.0 g (20 mmol) hexanal
dissolved in 20 ml dry tetrahydrofuran were
added dropwise. The mixture was allowed to
warm up slowly to 0°C. The solution was stirred
for 2 h. Then, still by cooling, 20 ml saturated
aqueous NH,Cl solution and 20 ml diethyl ether
were added carefully. The ether layer was sepa-
rated, the aqueous layer was extracted with
diethyl ether. The combined ether extracts were
washed with aqueous NH,Cl solution and dried
with K,CO,. After filtration the solvent was
removed. The residue was dissolved in a mixture
of cyclohexane (CH)-ethylacetate (EA) (3:1)
and purified by filtration on SiO,.

Yield: 1.17 g (=23%); TLC (CH-EA, 3:1):
R, =041; GC (OV 101): R, = 1761 (TMS-ether);
MS (70 eV): m/z (%) =73(100), 103(17),
255(16), 326(9), 183(7), 281(6), 311(4).

(e) Diethylacetal of 6-hydroxy-transtrans-2.4-
undecadienal 12. Hydrogenation was carried out
in analogy to a paper of Esterbauer [42]. 57 mg
(1.5 mmol) LiAlH, were added to a solution of
254 mg (1 mmol) 6-hydroxy-undec-trans-2-en-4-
ynal-diethylacetal 11 in 3.0 ml dry diethyl ether
which was kept at —25°C. The reaction mixture

was stirred at this temperature for 3 h. Then
within 2 min 1 ml half-concentrated NH,Cl-solu-
tion was added to destroy the excess of LiAlH,.
The layers were separated, the aqueous layer was
extracted with diethyl ether, the organic solu-
tions were combined. Solvent was removed.
Purification was achieved by TLC using cyclo-
hexane—ethylacetate (3:1) as mobile phase.

Yield: 144 mg = (83%); TLC (CH-EA, 3:1):
R, =045, GC (OV 101): R, = 1783 (TMS-ether);
MS (70 eV): m/z (%)=73(100), 147(78),
282(68), 103(57), 253(26), 257(6), 313(5),
328(0.5).

(f) 6-Hydroxy-trans,trans-2,4-undecadienal 3a.
Hydrolysis of the diethylacetal was achieved by
treatment with citric acid [45]. 120 mg (0.47
mmol) of raw 6-hydroxy-trans,trans-2,4-unde-
cadienal-diethylacetal 12 were dissolved in 0.5 ml
0.1% (w/v) aqueous citric acid and stirred at
room temperature for 2 h [45]. Extraction of 3a
was performed with diethyl ether, the ether
extract was dried over Na,SO,. After filtration
the solvent was evaporated in a stream of nitro-
gen. Purification was achieved by TLC.

Yield: 76 mg (=89%); TLC (CH-EA, 2:1):
R, =0.32; GC (OV 101): R, = 1578/1628 (TMS-
ether); MS (70 eV): m/z (%) = 183(100), 73(86),

" 254(38), 130(14), 143(13), 239(8), 225(4); 'H-

NMR (C,D,): d=088 (1, J=7.10 Hz, 3H,
-CH,), 1.16-1.65 (m, 8H, -(CH,),-), 4.26-4.29
(m, 1H, -CH(OH)-), 6.15 (dd, J = 15.34, 7.90 Hz,
1H, -CH = CH-CH = 0), 6.24 (dd, J = 15.29, 5.68
Hz, 1H, -CH(OH)-CH=CH-), 6.50 (dd, J =
1529, 10.92 Hz, 1H, -CH(OH)-CH = CH-), 6.79
(dd, J=1534, 1092, 1H, -CH = CH-CH = O),
9.56 (d, J =7.92, 1H, -CH = O)

2.3. Autoxidation

An amount of 20 mg fatty acid (linoleic acid or
oleic acid, respectively) was dissolved in 30 ml
0.1 M Tris (pH 7.4) and 60 ml 0.15 M KCL
Autoxidation was started by addition of 5 ml 20
mM ascorbate and 5 ml 0.8 M FeSO,, following
the well elaborated LPO method worked out by
Esterbauer [24]. The solutions were incubated at
room temperature. Reaction time was 24 h in
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case of linoleic acid and five days in case of oleic
acid.

2.4. Preparation of samples for GC-MS

After the indicated incubation time 10 ml 0.05
M methanolic pentafluorobenzyl (PFB) hy-
droxylamine and 35 mg 1-hydroxy-2-dodecanone
(internal standard) were added and PFBO de-
rivatization was performed according to methods
of Van Kuijk et al. [36] and Loidl-Stahlhofen et
al. [27,28]. The PFBO derivatives were extracted
three times with cyclohexane-diethyl ether (4:1).
Subsequent treatment with diazomethane con-
verted fatty acids into their methyl esters. Sub-
fractionation of lipid peroxidation products after
PFBO derivatization was achieved by TLC in
cyclohexane—ethyl acetate (3:1). The fraction
containing PFB oxime derivatives of a-hydroxy-
aldehydes (and simultaneously 4-hydroxy-2-al-
kenals) (fraction A, R,=0.48-0.59) and the
fraction containing derivatized 6-hydroxy-2.4-
alkadienals, (fraction B, R, =0.40-0.47) were
spiked with external standards (O-PFB oxime
derivative of 2-hydroxyundecanal and 6-hydroxy-
2,4-undecadienal,  respectively).  Trimethyl-
silylation was performed as described previously
[27]. Analysis of fraction B via GC-MS in case
of oleic acid resulted in detection of 4-hydroxy-
alkanals as previously unknown lipid peroxida-
tion products of oleic acid.

2.5. Gas chromatography-mass spectrometry

GC was carried out with a Fisons (Mainz-
Kastel, Germany) HRGC 5160 Mega Series
chromatograph equipped with a flame ionization
detector, using a DB-1 fused-silica glass capillary
column (30 mx0.32 mm LD. 0.1 gum film
thickness), temperature programmed from 80 to
280°C at 3°C min '. The temperature of the
injector and detector were kept at 270 and 290°C,
respectively. The carrier gas was hydrogen and
the splitting ratio was 1:30 (80%). Peak-area
integration was achieved with a Merck D-2500
integrator.

GC-MS was performed on a Finnigan MAT
312 mass spectrometer connected to a MAT-SS-

300 data system. EI mass spectra were recorded
at an ionization energy of 70 eV. A Varian 3700
gas chromatograph with a 30 m X 0.3 mm LD. A
DB-1 fused-silica column was used for sample
separation. The carrier gas was hydrogen and the
temperature programme was the same as used
for GC.

3. Results

Recently we reported on the detection of
short-chain a-hydroxyaldehydes in biological
material [26,46]. Later we have been able to
present evidence that these 2-hydroxyalkanals
are produced during lipid peroxidation of poly-
unsaturated fatty acids (PUFAs) [27,28]. Based
on the GC-MS analysis of volatile and non-
volatile secondary autoxidation products a gener-
al scheme for the generation of di- and poly-
oxygenated LPO products was developed [28]
(Fig. 1).

Key step in the autocatalytic oxidation of
hydroperoxides of unsaturated fatty acids
(LOOHEs) is the activation of C — H bonds adja-
cent to the diene system causing a preferential
abstraction of a hydrogen radical: it is possible to
write several mesomeric structures (a—c) of these
radicals. These radicals tend to react with oxy-
gen. In a final step abstraction of a hydrogen
occurs, resulting in the production of different
bishydroperoxides d-f. Decomposition of d and
e yields a-hydroxyaldehydes 1 and 4-hydroxy-2-
alkenals 2, respectively [35]. Analogous reaction
of f should result in formation of 2-hydroxy-2,4-
alkadienals 3, previously unknown LPO prod-
ucts. Such highly conjugated compounds seem to
be prone to further oxidation. Therefore we
assumed that 3 would occur in the oxidation
product mixtures only in traces.

Knowledge of the chromatographic behaviour
was assumed to be necessary for the detection of
3 in the complex reaction mixture. Consequently
6-hydroxy-2,4-undecadienal 3a was synthesized
(Fig. 2).

First furfural 4 was transformed according to
the procedure of Foster and Agosta [41] to its
tosylhydrazone S. The tosylhydrazone 5 was
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7
RY H
OH

1 OH

Fig. 1. Mechanistic pathway for dioxygenation during lipid peroxidation of linoleic acid. R,, R,: alkyl or acidic end of LOOH,

respectively.

converted with NaH to its sodium salt which was
decomposed by oxidation to furyldiazomethane 6
[42]. This unstable intermediate 6 reacted to the
also instable carbene 7 which was further de-
composed to pent-2-en-4-ynal 8 [43]. Compound
8 was converted via orthoformic acid triethylate
to its acetal 9 [44]. Compound 9 was transformed
with ethylmagnesiumbromide to the Grignard
compound 10 which was reacted with hexanal to
6-hydroxy-undec-2-en-4-ynaldiethylacetal 11 [44)].
Compound 11 was reduced with LiAlH, to the
6-hydroxy-2,4-undecadienal-diethylacetal 12
which was subjected to cleavage by action with
0.1% (w/v) citric acid to the requested 6-hy-
droxy-2,4-undecadienal 3a [45]. Compound 3a
was characterized by 'H-NMR, GC and GC-MS.

The El-mass spectrum of the PFB-oxime
TMS-ether derivative of 2-hydroxy-2.4-undeca-
dienal is shown in Fig. 3.

In addition to the molecular ion at m/z = 449,
key ions at m/z =434 (M —15), m/z =378 (a-
cleavage at the C-C bond adjacent to the tri-
methylsilyloxy function) and m/z =252 (loss of
pentafluorobenzyloxy group) confirmed the
structural identity of 3a after PFBO and MSTFA
derivatization.

In a subsequent step the PFB oxime derivative
of 3a was used as external standard to enrich
6-hydroxy-2,4-alkadienals formed after lipid
peroxidation of linoleic acid. The GC after sub-
fractionation, PFBO derivatization and TLC
showed the presence of a complex mixture of
lipid peroxidation products (Fig. 4a).

Nevertheless the O-PFB oxime TMS-ether
derivative of 6-hydroxy-2,4-undecadienal 3a was
identified unambiguously using the key ion at
m/z =181 (indicating a PFBO derivative [32]),
and those at m/z = 378 and 252 to detect 3a (Fig.
3, Fig. 4b).

Thus 6-hydroxy-2,4-alkadienals could be
shown to be typical autoxidation products of the
(n — 6) fatty acid linoleic acid. This finding is
another valuable hint that the production of
dioxygenated PUFAs during the autoxidation
processes proceeds via the postulated reaction
mechanism (Fig. 1).

3.1. Lipid peroxidation of oleic acid
In addition, this mechanistic concept proved its

general utility by its application to other model
systems [34,45].



A. Loidl-Stahlhofen et al. |

+ NH;— N4 — S0,

AV

J. Chromatogr. B 673 (1995) 1-14

- H,0
@\ =0 k @ =N-NH-—T
4 S
+ NoH, —H,
+ N¢® eso,@—CH;
o Z 0 CH=N-R-Tos
H
6 Na®
l—Nz
cH=c—cH=cH—c?°
o & 8
7 + HC(OCHs)s
+HHC,MoBr
LOCH; - oy _OCH,
BngCEC'—-CH‘:CH—CH\ D — CH‘:‘C-CHZCH—CH\
10 OC,Hs 9 0OCoHs
L + HCs—CHO -
2. + H0
LOCHs + LiAM, _0C,Hs
HﬂCS-(‘IH—CEC-CH:CH—CH —— H,Cs —~CH— (CH=CH),— CH
~ ' ~
OH i1 OC,Hs OH 12 OC,Hs
- + 0.1% (wh)
citric acid
+ PFBHASHCI .
HyCs —(|:H~ (CH=CH),—CH=PFBO  =————  H,Cs—CH— (CH=CH),—CZ
{

OH

OH  3a

Fig. 2. Synthesis of 6-hydroxy-2 4-undecadienal 3a.

In case of oleic acid the existence of 2-hy-
droxyaldehydes with to 8- (1a), 9- (1b), 10- (1c),
and 11-C-atoms (1d) could be demonstrated [27]

The yield of these aldehydes is about only
1/1000 compared to the main a-hydroxy-
aldehydes 2-hydroxyheptanal (autoxidation prod-

uct of (n—6) fatty acids [27]) and 2-hydroxy-
butanal (autoxidation product of (n—3) fatty
acids [47]). This reflects the earlier reported
much higher stability of oleic acid against oxida-
tion, since formation of primary hydroperoxides
is not favoured by a pentadienyl system [48].
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Fig. 3. EI-MS of the O-PFB oxime TMS-ether derivative of 6-hydroxy-2,4-undecadienal 3a.

In oleic acid the CH, groups adjacent to the
double bond are activated (in Fig. 5 marked with
an asterisk). Taking into account all equivalent
mesomeric structures of the primary radicals,
four primary hydroperoxides (8-, 9-, 10- and 11-
oleic acid hydroperoxides OAOOH) can be
produced (Fig. 5) [11,13,14].

The latter may suffer analogous dioxygenation.
Secondary abstraction of an hydrogen radical
may proceed in allylic position of these hydro-
peroxides or be induced by the neighbourhood
of the hydroperoxy function (in Fig. 5 marked
with an asterisk). Fig. 6 shows the mechanistic
explanation for the generation of 2-hydroxy-
octanal 1a, 2-hydroxynonanal 1b and 2-hydroxy-
decanal 1c representing secondary oxidation
products of 10-hydroperoxy-8-octadecenoic acid
(10-OAOOH) and  11-hydroperoxy-9-octa-
decenoic acid (11-OAOOH), respectively.
More difficult is the explanation for formation of
2-hydroxyundecanal 1d. We assume an additional
isomerization of the double bond in the primarily
produced radicals.

Dioxygenation of OAOOHSs may also proceed
via an intramolecular mechanism [48,49]. Sec-

ondary abstraction occurs by hydrogen shift from
the activated allylic position to the radical site of
the oxygen in the primary alkoxyradical produc-
ing hydroxyhydroperoxides (Fig. 7).

In fact traces of 4-hydroxy-2-alkenals 2 were
detected as PFB oxime TMS-ether derivatives
via GC-MS using appropriate ion traces (Table
1, Fig. 8).

Since PFB oximes exist as syn and anti iso-
mers, the presence of a sufficient amount of
derivatized 4-hydroxy-2-alkenals 2 is indicated by
double peaks in the recorded ion current (RIC).

4-Hydroxy-2-decenal 2a can be generated by
secondary oxidation of 9-hydroperoxy-10-oc-
tadecenoic acid (9-OAOQOOH) (Fig. 9). In fact
12-0x0-9-hydroxy-10-dodecenoic acid 13, con-
taining the acidic end of the original 9-OAOOH,
can also be detected [38]. 4-Hydroxy-2-undecenal
2b may be formed by further oxidation of 8-
hydroperoxy-9-octadecenoic acid (8-OAOOH)
or 11-OAOOH. Oxidative degradation of 10-
OAOOH explains the detection of 4-hydroxy-2-
dodecenal 2¢ as outlined in Fig. 9. Activated
positions in primary hydroperoxides, prone to
further oxidation, are marked with an asterisk.
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Fig. 4. (a) GC of LPO products of linoleic acid after TLC subfractionation (O-PFB oxime TMS-ether derivatives). (b) Total ion
current and EI-MS screening procedure for 6-hydroxy-2.4-alkadienals 3 (O-PFB oxime TMS-ether derivatives).
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Fig. 6. Mechanistic explanation for the generation of 2-hydroxy-octanal 1a, 2-hydroxynonanal 1b and 2-hydroxydecanal le during

lipid peroxidation of oleic acid.

Consequent analysis of lipid peroxidation
products of oleic acid after PFBO derivatization
revealed the previously unknown existence of
4-hydroxyalkanals 14. 4-Hydroxyheptanal 14a, 4-
hydroxyoctanal 14b and 4-hydroxynonanal 14¢
were identified as typical secondary lipid peroxi-
dation products. The specific screening proce-

-R,j/:\*/Rz - R,{:\rRz

OOH Oe__H

R1\(qu2
-
OH  OOH

Fig. 7. Alternative mechanistic pathway for dioxygenation
during lipid peroxidation of oleic acid.

dure for this unknown class of autoxidation
products and the characteristic EI-mass spectrum
of 4-hydroxynonanal 14¢ as O-PFB oxime TMS-
ether derivative are presented in Figs. 10 and 11,
respectively.

The molecular mass of the compounds can be
deduced from the fragment at [M —15]". Other
key ions result from a-cleavage reactions at the
trimethylsilylated oxygen yielding fragments at
m/z =354 and m/z = 173. In addition, traces of
9-0x0-6-hydroxynonanoic acid 15 representing a
corresponding (n — 4)-hydroxy-n-oxo acid could
be detected as O-PFB oxime TMS-ether TMS-
ester derivative.

4. Discussion
Secondary oxidation of primary formed hy-

droperoxides in the course of lipid peroxidation
seems to be a reaction of general importance. A
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Fig. 8. Total ion current and EI-MS screening procedure for 4-hydroxy-2-alkenals 2 (O-PFB oxime TMS-ether derivatives).
HKS = hydroxyketone (internal standard).
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Fig. 9. Mechanistic explanation for the generation of 4-hydroxy-2-decenal 2a, 4-hydroxy-2-undecenal 2b and 4-hydroxy-2-
dodecenal 2¢ during lipid peroxidation of oleic acid.
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Fig. 10. Total ion current and EI-MS screening procedure for 4-hydroxyalkanals 14 (O-PFB oxime TMS-ether derivatives).

The presented mechanistic concept of dioxyge-
nation does not only explain the formation of
non-volatile LPO products and volatile a-hy-

number of non-volatile secondary autoxidation
products (dioxygenated fatty acids) have been
identified after LPO of PUFAs [50-54].

F F
354 173
HyCs ]CCH % (CH,),— CH=N=-0-CH, F
44 73 ]
100 : 0
% . l F F
410 $HsC—Si - CH; [425]
80 CH,
173
60— 354
181
40
i
204 83 117 147 212
1031129 1156 228 255 410
\ 198 1239 !264 327
bl d). Jlflil, L -
100 200 300 400 m/z

Fig. 11. EI-MS of the O-PFB oxime TMS-ether derivative of 4-hydroxynonanal 14c.
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droxyaldehydic compounds in the course of lipid
peroxidation, it enabled us also to predict the
occurrence of 6-hydroxy-2,4-alkadienals as au-
toxidation products of linoleic acid.

The existence of 4-hydroxy-2-alkenals 2 after
autoxidation of oleic acid provides additional
supporting evidence for the proposed general
dioxygenation mechanism. 4-Hydroxyalkanals 14
represent a further class of previously unknown
dioxygenated LPO products of oleic acid. We
assume that these compounds were generated
from a-hydroxyaldehydes by loss of water and
further attack of the activated CH,-groups in the
thus produced «,B-unsaturated aldehydes by
oxygen.

The relevance of aldehydic lipid peroxidation
products concerning the deleterious effects of
oxidative stress remains unclear. Further inves-
tigations have to show if and how they are
involved in destruction of membrane structure
and various impairments of enzyme conforma-
tion and activity. It cannot be excluded that
certain hydroxyaldehydic compounds, for exam-
ple 6-hydroxy-2.4-alkadienals 3 or certain a-hy-
droxyaldehydes 1, represent second toxic mes-
sengers as already proposed for the vinylogous
4-hydroxy-2-alkenals, e.g. 4-HNE [16,53].

Acknowledgements

We thank Deutsche Forschungsgemeinschaft
and Fonds der Chemischen Industrie for finan-
cial support. We are obliged to Mr. M. Glaessner
for running the mass spectra. We are also grateful
to Mr. D. Laatsch for maintenance of the gas
chromatograph and Miss K. Hannemann for
technical assistance.

References

[1] R. Dargel. Exp. Toxic. Pathol.. 44 (1992) 169.

[2] B. Halliwell and S. Chirco. Am. J. Clin. Nutr.. 57 (1993)
7158.

[3] H. Kappus. in O.I. Aruoma and B. Halliwell (Editors).
Free Radicals and Food Additives. Taylor and Francis.
London. 1991, p. 59.

[4] P. Gillery, J.E. Monboisse, F.X. Maquart and J.P. Borel,
Diabete Metab., 17(1) (1991) 1.

[5] E.D. Hall and J.M. Braughler, Free Radic. Biol. Med., 6
(1989) 303.

[6) D. Steinberg, S. Parthasarathy, T.E. Carew, J.C. Khoo
and J.L. Witztum, N. Engl. J. Med., 320 (1989) 915.

|7] U.P. Steinbrecher, H. Zhang, and M. Loughheed, Free
Radicals Biol. Med., 9 (1990) 155.

[8] J. Klein, in E.D. Schmidt (Editor), Immunologie, Verlag
Chemie, Weinheim, 1991, p. 257.

|9} J.R. Whitaker, in D.S. Robinson and N.A.M. Eskin
(Editors), Oxidative Enzymes in Foods, Elsevier, Am-
sterdam, 1991, p. 175.

|10] JM.C. Gutteridge, in B. Halliwell (Editor), Oxygen
Radicals in Tissue Injury, Allen Press, Lawrence, KA,
1988, p. 9.

|11] HW. Gardner, Free Radicals Biol. Med., 7 (1989) 65.

[12] M. Herold and G. Spiteller, Angew. Chem., (1995)
submitted for publication.

|13] N.A. Porter, Acc. Chem. Res., 19 (1986) 262.

|14] HW.-S. Chan, Autoxidation of Unsaturated Lipids,
Academic Press, London, 1987.

[15] EN. Frankel, Prog. Lipid Res., 23 (1985) 197.

[16] H. Esterbauer, H. Zollner and R.J. Schaur, in C. Vigo-
Pelfrey (Editor), Membrane Lipid Oxidation, CRC
Press. Boca Raton, FL, 1991, Ch. 11, p. 239.

[17] H. Esterbauer and K.H. Cheeseman, in L. Packer
(Editor). Methods Enzymol., 186 (1990) 407.

[18] J.K. Beckman, S.A. Morley and H.L. Greene, Lipids,
26(2) (1991) 155.

[19] R.O. Sinnhuber, T.C. Yu and C.T. Yu, Food Res., 23

. (1958) 626.

[20] D.R. Janero. Free Radicals Biol. Med., 9 (1990) 515.

|21] A. Dudda and G. Spiteller, Free Radicals Biol. Med.
1995 submitted

|22] H. Esterbauer and E. Schauenstein, Fette, Seifen, An-
strichm., 68 (1966) 74.

23] H. Esterbauer, in D.C.H. McBrien and T.F. Slater

(Editors), Free Radicals, Lipid Peroxidation and Cancer,

Academic Press, London, 1982, p. 101.

H. Esterbauer, in G. Poli, K.H. Cheeseman, M.U.

Dianzani and T.F. Slater (Editors), Free Radicals in

Liver Injury. Proc. Int. Meet. 1st., [RL, Oxford, 1985, p.

29.

|25] H. Esterbauer, K.H. Cheeseman, M.U. Dianzani, G. Poli
and T.F. Slater, Biochem. J., 288 (1982) 129.

[26] A. Benedetti, M. Comporti and H. Esterbauer, Biochim.
Biophys. Acta, 620 (1980) 281.

[27] A. Loidl-Stahlhofen and G. Spiteller, Biochim. Biophys.
Acta, 1211 (1994) 156.

[28] A. Loidl-Stahlhofen, K. Hannemann and G. Spiteller,
Biochim. Biophys. Acta, 1213 (1994) 140.

[29] A. Loidl and G. Spiteller, Org. Mass Spectrom., 28
(1993) 153.

[30] RJ. Liedtke, A.A. Duffield and C. Djerassi, Org. Mass
Spectrom., 3 (1970) 1089.

[31] V.P. Uralets. J.A. Rijks and P.A. Leclerq, J. Chroma-
togr.. 194 (1980) 135.

24



14 A. Loidl-Stahlhofen et al. | J. Chromatogr. B 673 (1995) 1-14

[32] R.A. Friedel and A.G. Sharkey, Anal. Chem.. 28 (1956)
940.

{33] W. Knoerr and G. Spiteller, J. Chromatogr., 526 (1990)
303.

[34] M. Dedieu, Y.-L. Pascal, P. Dizabo and J.-J. Basselier,
Org. Mass Spectrom., 12 (1977) 159.

[35] A. Loid]-Stahlhofen, K. Hannemann, R. Felde and G.
Spiteller, Biochem. J., 309 (1995) in press.

[36] FJ.G.M. Van Kuijk, DW. Thomas, R.J. Stephens and
E.A. Dratz, Biochim. Biophys. Res. Commun.. 139
(1986) 144.

[37] G. Hoffmann and L. Sweetman, Clin. Chim. Acta, 199
(3) (1991) 237.

[38] A. Loidl-Stahlhofen, thesis, University of Bayreuth.
1994.

[39] C. Meyer, thesis, University of Bayreuth, 1993.

[40] G.B. Payne, Tetrahedron, 18 (1962) 163.

[41] AM. Foster and W.C. Agosta, J. Org. Chem., 37 (1972)
61.

[42] H. Esterbauer and W. Weber, Monatsh. Chem.. 98
(1967) 1994.

[43] R.H. Shapiro, Org. Reactions, 23 (1976) 425.

[44] Autorenkollektiv, Organikum: Organisch-Chemisches
Grundpraktikum, 15. Auflage, VEB Deutscher Verlag
der Wissenschaften, Berlin, 1976, p. 488.

[45] M. Gassen, thesis, University of Wiirzburg, 1991.

[46] A. Loidl-Stahlhofen and G. Spiteller, Chem. Phys.
Lipids, (1995) in press.

[47] A. Mlakar and G. Spiteller, Biochim. Biophys. Acta,
1214 (1994) 209.

[48] K. Miyashita and T. Tagaki, J. Am. Oil Chem. Soc., 63
(1986) 1380.

[49] E.N. Frankel, Prog. Lipid Res., 22 (1982) 1.

[50] M.M. Horikx, J. Appl. Chem., 15 (1965) 237.

[51] M. Hamberg and B. Gotthammar, Lipids, 8 (1973) 737.

[52] HW. Gardner and E. Selke, Lipids, 19 (1984) 375.

[53] N.A. Porter, M.O. Funk, D. Gilmore, R. Isaac and J.
Nixo, J. Am. Chem. Soc., 98 (1976) 6000.

[S4] W.A. Pryor and J.P. Stanley, Lipids, 11 (1976) 370.

[55] H. Esterbauer, R.J. Schaur and H. Zoliner, Free Radi-
cals Biol. Med., 11 (1991) 81.



