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preparation of novel epothilone derivatives. On the other
hand, the necessary exchange of the 15-O-silyl protective
groups is a clear disadvantage. As to the biological role of the
epoxide in epothilone B (1), it appears doubtful that it is
opened under physiological conditions because of the high
stability of the oxirane. Rather, the epoxide may interact with
the receptor unchanged or may be used in an intramolecular
hydrogen bridge with the 3-OH function to generate a
favorable conformation.”’
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Identification of Toxic 2,4-Decadienal in
Oxidized, Low-Density Lipoprotein by
Solid-Phase Microextraction

Dieter Spiteller* and Gerhard Spiteller

9-Hydroxy-10,12-octadecadienoic acid (9-HODE) induces
the liberation of interleukin-14 (IL-18) together with a,f-
unsaturated aldehydes, especially 2,4-decadienal, from mac-
rophages.! IL-18 in turn stimulates the proliferation of
smooth muscle cells.>3 This process is regarded as being
connected to atherogenesis,!! since particularily high levels of
IL-18 were detected in atherosclerotic plaques. 2,4-Deca-
dienal was detectable only in trace quantities after copper(1n)
ion induced air oxidation of low-density lipoprotein (LDL).["
In addition, this detection required long separation proce-
dures and preparation of the 2,4-dinitrophenylhydrazone
derivative.l* 3]

A detection method which needs neither sample procession
nor derivatization is solid-phase microextraction (SPME).[% 7]
It also avoids the formation of artifacts by handling. Electron
impact mass spectrometry (EI-MS) is excellent for the
characterization of a,-unsaturated aldehydes. We used the
combination of SPME/EI-MS to obtain insight into the events
proceeding in the artificial oxidation of LDL: Blood samples
were withdrawn from volunteers and LDL was isolated
immediately.l”) The LDL thus obtained was oxidized by air
after addition of catalytic amounts of CuSO,. Samples were
collected in time intervals and analyzed by GC/MS. The
measurement of the compounds present is achieved by
determining the total ion current. Such a chromatogram is
reproduced in Figure 1.
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Figure 1. Reconstituted ion current chromatogram (RIC) of a LDL
sample after 24 h oxidation with 50 um CuSO, solution at 37°C.

LDL contains different amounts of individual antioxidants
which are consumed first. Therefore, some time (lag-time) is
required before lipid peroxidation starts.'’l This lag-time also

[*] Prof. Dr. G. Spiteller, Dipl.-Chem. D. Spiteller
Lehrstuhl fiir Organische Chemie I
Universitdt Bayreuth
Universititsstrasse 30, 95440 Bayreuth (Germany)
Fax: (+49)921-552671
E-mail: gerhard.spiteller@uni-bayreuth.de

0570-0833/00/3903-0583 $ 17.50+.50/0 583



COMMUNICATIONS

Hy,Cs (CH,),—COOH

s
X

HMCE
9-HPODE

(CH,,—COOH  H,C;
2 13-HPODE 4

———

H,:Cs (CH,),—COOH  H,,Cs (CH,),—COOH
| | °
’
7
II O
— CHO / )l—\/=\
/T K N\
Hy,Cs /' HCy (CH,),—COOH
6 ’ 7
/ ;
’
/ ,
/7
/
HHCS——(IiH—CH:CH—CHO J
OH 8 ¥/
1 H,;Cs—CHO
10
H1105/Q
9

Scheme 1. Processes occuring in the oxidation of linoleic acid (1, from
LDL samples) with air/Cu®* ions.

depends on the amount of added copper ions. It amounted in
our experiments to 2—5h. Immediately after the start of
oxidation the only main oxidation product is 2-trans,4-cis-2,4-
decadienal (6 in Scheme 1). Additional products, for example,
2-trans,A-trans-2,4-decadienal, hexanal (10 in Scheme 1, and
2-pentylfuran (9 in scheme 1), are detectable merely in trace
amounts at this time. Within 2 h the peak corresponding to
2-transA-trans-2,4-decadienal becomes the main peak, and
also the peaks corresponding to hexanal (10) and 2-pentylfur-
an (9) increase considerably in intensity. After 12 h these
peaks are several times larger than that of 2-trans,4-cis-2,4-
decadienal. In addition, small peaks are recognized which
correspond to 2-octenal, 2-decenal, and 2-undecenal (the two
latter compounds are oxidation products of oleic acid). After
24 h the chromatogram reproduced in Figure 1 was obtained.

After oxidation for 36 h 2-trans4-trans-2,4-decadienal was
still recognizable as the main peak, nevertheless the amounts
of hexanal (10) and 2-pentylfuran (9) had increased further.
After five days the product spectrum had changed a great
deal: 2-trans,4-trans-2,4-decadienal was detectable in trace
amounts only, the main peaks corresponded to 9 and 10. Many
additional peaks were also recognized. Since adsorption of
compounds at the SPME fibre is not proportional to the
quantity present, the intensity ratio recognized in successive
runs do not reflect a quantitative picture of the compounds
present. Nevertheless—according to model experiments—
half quantitative deductions are possible, which allow insight
into the kinetics of lipid peroxidation (LPO). Such measure-
ments have been previously impossible or were at least not
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possible in such a mild and simple way with other methods.
The observation of 2-trans,4-trans- 2,4-decadienal as the main
peak in these experiments suggests that this compound is
subjected to a fast degradation or reaction with other
compounds present in LDL. In order to confirm this
speculation the compounds detected in the chromatograms
were subjected to a renewed oxidation in their pure form by
air/Cu?* ions.

The degradation of 2-transA4-trans-2,4-decadienal, a well
known fat aroma product, by air has already been investigated
by Schreier et al.'!l| They obtained 2-octenal, hexanal (10),
4-hydroxy-2-nonenal (4-HNE; 8 in Scheme 1), and 2-pentyl-
furan (9). We detected the same products in the above
mentioned oxidation of LDL with Cu?*/air, 4-HNE (8)
admittedly only in trace quantities. However, 8 was detectable
in larger amounts after derivatization with pentafluoroben-
zylhydroxylamine hydrochloride.'? This result can be ex-
plained since 4-HNE is relatively polar and polar compounds
are much less prone to adsorption than unpolar aldehydes on
the SPME fibre used by us. When pure trans-4-hydroxy-2-
nonenal was stirred in air with copper(i1) ions the main peak
was found to correspond to 2-pentylfuran (9). In contrast,
4-HNE remained unchanged on stirring for a long time in the
absence of bivalent metal ions. This result demonstrates that
traces of bivalent metal ions catalyze the transformation of 8
to 9.

A main degradation path of 2-trans,4-cis-2,4-decadienal (6)
leads to hexanal (10). Its generation has been previously
deduced by cleavage of 9-cis,11-trans-13-hydroperoxy-9,11-
octadecadienoic acid (13-HPODE; 3 in Scheme 1), al-
though this process seemed doubtful for energetic rea-
sons.' 51 10-trans,12-cis-9-Hydroperoxy-10,12-octadecadi-
enoic acid (9-HPODE; 2 in Scheme 1) and 13-HPODE (3)
are generated in comparable amounts by LPO of linoleic acid
(1 in Scheme 1). Cleavage of 2 generates 2-trans,4-cis-2,4-
decadienal (6). Thus the enormous prevalence of 6 over
hexanal (10) immediately after the start of LPO demonstrates
that 10 is generated directly by cleavage of small amounts of 3
only.

In conclusion the following sequence of events is deduced:
First linoleic acid (1) is transformed by oxidation to
9-HPODE (2) and 13-HPODE (3; Scheme 1).[' 5] Cleavage
of the peroxyl bond in 2 by copper(i) ions generates the
radical 4, which then decomposes to 2-trans-4-cis-2,4-deca-
dienal (6). In contrast 3 reacts to form radical 5 and further to
9-cis,11-trans-13-ox0-9,11-tridecadienoic acid (7). The latter
(polar compound) is not detectable by the SPME method
used by us.

In the presence of peroxyl radicals 6 undergoes an
analogous Baeyer— Villiger oxidation!”! and is epoxidized.
Opening of the epoxide ring finally generates 4-HNE (8),
which is then cyclized to 2-pentylfuran (9). Otherwise 6 is
cleaved in the course of a retroaldol reaction after addition of
water'” to form hexanal (10). The cyclization of 4-HNE (8) to
2-pentylfuran (9) described in Scheme 1 is thus similar to a
method used for the synthesis of trisubstituted furans.[']

a,f-unsaturated aldehydes are starting materials for Mi-
chael reactions. 2-trans,4-trans-2,4-Decadienal, which has a
higher toxicity than 4-HNE (8),1' is expected, as a result of
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its larger conjugated system, to react faster than 8. Indeed, 2-
transA-trans-2,4-decadienal reacts quickly with glutathione to
give a large number of products.?”! It is, therefore, under-
standable that this compound so far escaped detection in
blood samples of atherosclerotic patients.

LPO processes are increased by tissue injury, for example,
in the course of a myocardial infarction.?!l As a consequence,
it is expected that the early oxidation processes described in
this paper should also occur in vivo.?

Experimental Section

LDL was isolated according to Leiss et al.,[’ or was obtained commercially
(Fluka). LDL, obtained from 3-5 mL serum, was dissolved in 1 mL of
phosphate buffer (0.1M, pH 7.4) in a GC vial fitted with a stirring bar. 1 mL
of a 10 or 100 pm aqueous solution of CuSO, was added. The vial was closed
with a septum, and the mixture stirred at 37 °C. The septum was penetrated
by the SPME device and the 100 um fibre (polydisiloxane, PDMS) half
submerged in the solution. After 2h,3h,4h,5h,6h,10h,12h,14d,2d,
4 d, 7 d the fibre was removed from the vial and directly introduced into the
inlet of the GC/MS instrument (MAT 95 mass spectrometer (Finnigan), EI
ion source, 70 eV, HP 5890 series II gas chromatograph, fused silica gel
column from J&W Scientific, DB 05, 30 m x 0.32 mm, carrier gas H,,
splitless, injector temperature 280°C, temperature program: 5 min iso-
thermic at 40°C, then 3°Cmin~" up to 300°C). The usual flushing of the
septum by purge gas prevents detection of compounds with high volatility.
In order to avoid this, flushing of the septum was shut down for 30 s when
the PDMS fibre was introduced. Use of a special, narrow GC liner tube
allowed adjustment of the peak form of the chromatograms and resulted in
a considerable improvement of the quality of the mass spectra.

Model oxidations with pure 2,4-decadienal and 4-hydroxy-2-nonenal were
carried out in a similar manner as those of LDL samples.
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Oxidation of Linoleic Acid in Low-Density
Lipoprotein: An Important Event in
Atherogenesis**

Dieter Spiteller and Gerhard Spiteller*

Half of all deaths in Germany are caused by vascular
diseases,[! which are caused in part by deposition of cholesterol-
rich plaques in the arteries. Cholesterol, an essential compound
in cell membranes, is transfered to the cells by the low-density
lipoprotein (LDL). LDL consists of a lipid core composed
mainly of cholesterol esters. This core is surrounded by a layer
of phospholipids that are wrapped by a protein. Lysyl residues
of that protein are recognized by receptors that are arranged in
so-called coated pits at the cell surface. The entire coated pit
together with receptor-bound LDL molecules is then enclosed
by a protein and transported inside the cell where the LDL is
separated from the receptor. The liberated LDL is digested:
proteins are broken down to amino acids and cholesterol esters
and phospholipids are saponified. Depending on the need for
cholesterol more or less receptors are generated. 3

Oxidatively modified LDL* 3 is no longer recognized by
the LDL receptor but is recognized by scavenger receptors of
macrophages. LDL is taken up without limitation by macro-
phages,? 3 which are finally deposited as plaques. LDL is very
sensitive to oxidation, which occurs by copper(i1) ion catalysis
in air ° or on its own in three to six months when stored at
0°C.M Oxidatively modified LDL (oxLDL) is toxic® and the
toxic components can be extracted with organic solvents.!
Thus it was suspected that the toxic compounds might be the
products of lipid peroxidation (LPO) of polyunsaturated fatty
acids (PUFAs).l Some of these products were identi-
fied,® % 11 but most remained unknown until now.

Since LPO products occur in LDL in only trace amounts
compared to other compounds their identification requires
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