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Abstract—Y oung and old cell cultures of Chenopodium rubrum were investigated for their content of phytosterol
derivatives by gas chromatography-mass spectrometry. The ratio of the main phytosterol constituents, sito-
sterol, stigmasterol and campesterol (1.2:2.4:1.0) remained approximately constant, but their overall content
(402.5 ug g~' dry wt) decreased from 11 days to 8 weeks old cell cultures by about 64% (260.1 ug g~ dry wt);
in contrast the content of corresponding epoxides increased from traces at day 11 to 11.1 ug g~' (dry wt) at
the 8th week. A comparable increase was observed for 3.5,6-trihydroxysteranes (2.8 ug g~' dry wt), day 11;
27.5 ug g~ ' dry wt), 8 weeks). The content of sterols oxidized in position C-7 showed also an increase from 1.9
ug g~ dry wt) (11 days) to 51.7 ug g~ ' dry wt) (8 weeks). These results show that the increase of phytosterol
oxidation products correlated with age of the cell culture. Therefore, the sterol epoxide content and related

oxidation products may be used as a measure for ageing. € 1997 Elsevier Science Ltd. All rights reserved

INTRODUCTION cesses seem to be influenced by external factors e.g.
habitat [4]. In addition, age determination of cells in
plant leaves is difficult because of the different age of
differentiated cells in tissue. Therefore, we decided to
use photoautotrophic suspension cell cultures which

masterol 4 contain a A*-double bond, which can be 2F€ & suitable model system for green plants, because

epoxidized by lipid peroxides as reported for chol- of their ability to photosynthesize. Furthermore their
esterol [2, 3] proliferation can be synchronized by a constant light—

dark-rhythm [7]. Thus, this cell culture produces
homogeneous undifferentiated cell material of defined

Phytosterols are membrane constituents of all plants.
They are important in controlling the fluidity of the
membrane by stabilizing the lipid bilayer [1]. Phy-
tosterols as campesterol 2, sitosterol 3 and stig-

Recently we observed that the content of car-
yophyllene oxide (the epoxide of caryophyllene) is
increased threefold in aged lemon balm leaves, com- %8¢
pared to young ones; obviously in correlation with Suspension cell cultures of Chenopodium rubrum
an increase in lipid peroxidation [4]. Epoxidation by ~ Were grown under controlled conditions [7] (see
LOOH seems to be a common reaction which involves  Experimental) and were harvested after 11 days (linear
all types of double bonds [5]. Since LOOH are &rowth). 4 weeks (stationary phase) and 8 weeks (end
assumed to be produced in increased amounts in age-  Of stationary phase, begin of cell death). After removal
ing [6], we suspect that epoxidation might be a process  ©f the growth medium the cells were broken by ultra-
connected with ageing. Therefore, we investigated sOnic treatment in methanol-methylene dichloride
whether the content of sterol epoxides also increases ~and internal standards were added. In previous wor-
in aged plants. kups we found that cholesterol 1 and oxidation prod-

ucts thereof are detected in trace amounts only. There-

RESULTS fore, cholesterol (1), 5,6-epoxy-cholesterol (1a) and
3,5,6-trihydroxy-cholestane (1b) were used as internal
standards. BHT was added to prevent autoxidation
during the workup procedure. By Bligh-Dyer extrac-
tion [8] the lipids were obtained. Hydroperoxides were
*Author to whom correspondence should be addressed. reduced to corresponding hydroxy derivatives by

It is difficult to determine the age related changes
in oxidation products of plants, because oxidative pro-
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Scheme 1. Main phytosterol constituents of photo-

autotrophic suspension cell cultures of Chenopodium rubrum
and the detected and quantified oxidation products.

sodium borohydride treatment. After hydrolysis of
lipids and steryl esters, followed by methylation of
fatty acids with diazomethane, oxidized sterols were
separated from less polar sterols and lipids by pre-
parative TLC. The TLC fractions containing sterols
were trimethylsilylated and subjected to GC-mass
spectrometry. For quantification of 7-oxidized sterols
7-oxositosterol (3d) and 7x-hydroxysitosterol (3c)
were added to one sample of the TLC fraction B
and this was injected into GC-mass spectrometry after
trimethylsilylation. Comparison to a similar treated
sample, but without addition of standards, enabled
quantification. All measurements were carried out
three times to determine the experimental errors. The
phytosterols and derived oxidation products were
identified by GC retention indices and by mass spectra
which showed molecular ions and typical cleavage
fragments [9-12].

The main phytosterol constituents of the suspension
cell culture of Chenopodium rubrum were campesterol
(2), sitosterol (3) and stigmasterol (4). The main oxi-
dation products detected were the 5,6-epoxides (2a,
3a, 4a) and 3,5,6-trihydroxysteranes (2b, 3b, 4b), as
well as 7-hydroxysterols (2¢, 3c, 4¢) and 7-oxosterols
(2d, 3d, 4d) (Scheme 1).

Quantification of non-oxidized phytosterols (2, 3.
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Fig. 1. Content of phytosterols (A), 5,6-epoxy sterols (B} and

S.6-dihydroxy derivatives (C) of Chenopodium rubrum cell
culture harvested after 11 days. 4 weeks and 8 weeks.

4) was achieved by GC with the internal standard
cholesterol (1) because the response factors of the
sterols 2-4 in relation to 1 were f; ~ 1. Due to the low
amounts of oxidized phytosterols no GC integration
of these compounds could be achieved. Therefore,
oxidized phytosterols (as TMSi-derivatives) were
quantified by reference to specific ions in the recon-
structed ion chromatogram (RIC) after GC-mass
spectrometry analysis. Quantification of 5,6-epoxy-
sterols (2a, 3a, 4a) was done by comparison of the
intensities of the ions [M "} (~ 50% rel. int.) in relation
to the internal standard (5,6-epoxycholesterol 1a). In
the case of 3,5,6-trihydroxy phytosteranes (2b, 3b, 4b)
the ions [M* —90] (~55% rel. int.), [M* —2x90]
(100% rel. int.), [M™ —3x90] (~40% rel. int.) were
used for quantification (internal standard: 3,5,6-tri-
hydroxy cholestane, 1b).

The non-oxidized sterols (2, 3, 4) were quantified
by using the ions [M*, rel. int. ~40%] and [M* —90,
rel. int. 100%] in order to compare the results of the
ion trace method with GC quantification. Com-
parable absolute amounts were measured. The results
of these investigations are represented in Fig. 1.

The ratio of the main phytosterol constituents, sito-
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(F) of Chenopodium rubrum cell culture harvested after 11
days, 4 weeks and 8 weeks.

sterol (3), stigmasterol (4) and campesterol (2)
(1.2:2.4:1.0) remained approximately constant dur-
ing the growth period, but their overall content (402.5
ug g~ ' dry wt) decreased from 11 days to 8 weeks old
cell cultures by 64% (260.1 ug g~ ' dry wt); in contrast
the content of corresponding epoxides (2a, 3a, 4a)
increased from traces (1.0 ug g=' dry wt) at day 11 to
11.1 pg g dry wt) at the 8th week. The increase of
2a, 3a, 4a is low during the first 4 weeks (17-35% of
the content at week 8), but raised strongly between
week 4 and 8. The content of 3,5,6 trihydroxysteranes
2b, 3b, 4b increased linearly from 2.8 ug g=' (dry wt)
atday 11 to 27.5 ug g~' (dry wt) at week 8.

In addition, 7-oxygenated sterols (allylic oxidation
products) were detected: 7-hydroxy-(2¢, 3¢, 4¢) and
7-oxo-derivatives (2d, 3d, 4d). Quantification of 7-
hydroxyphytosterols (2c. 3¢, 4¢) and 7-oxo-phy-
tosterols (2d, 3d, 4d) was achieved by addition of 7«-
hydroxysitosterol (3¢) and 7-oxositosterol (3d) to one
sample of TLC fraction B and measurement of the
ions [M*-90] (100% rel. int.) for quantification of 7-
hydroxyphytosterols (2¢, 3¢, 4¢), respectively, the ions
[M*] (100% rel. int.), [M~-90] (~20% rel. int.) for
quantification of 7-oxophytosterols (2d, 3d, 4d).
Absolute amounts were obtained by comparison with
the relative intensities of those ions in a sample with-
out addition of C-7 oxidized standards (3¢, 3d).

The contents of these products were also increased
with age (Fig. 2). The C-7 oxidized phytosterols were
found only in traces in young cell culture material,
but the amounts of 7-oxophytosterols (2d, 3d, 4d) and
7-hydroxyphytosterols (2¢, 3¢, 4¢) increased to 9.5 ug
g~ ' (dry wt) and 42.4 ug g~' (dry wt), respectively, at
the 8th week of growth. The over all content of allylic
oxidized phytosterols (2¢c, 3c. 4c; 2d, 3d. 4d) raised
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from 1.9 ug g~ ' (dry wt) (11 days) to 51.7 ug g~ (dry
wt) in week 8.

DISCUSSION

The occurrence of phytosterol oxidation products
had been reported only occasionally: oxidized sito-
sterols were isolated from soy bean oil and wheat floor
[12]. Phytosterol epoxides were detected after storage
of food containing plants [13, 14], or after drying of
plant material [15].

In contrast, cholesterol oxidation products were
observed in many instances and their genesis had been
investigated in detail: 72- and 7f-hydroxycholesterol,
7-oxocholesterol, the 5,6a- and B-epoxides and the
derived corresponding 3,5,6-cholestanetriols were
identified in meat products [16]. It was found that
these compounds are involved in numerous patho-
logical processes, e.g. cancerogenesis [2, 17] or athero-
sclerosis [17, 18]. Cholesterol epoxides and especially
their hydrolysis products, 3,5,6-cholestanetriols are
cytotoxic [17. 19]. Cholesterol epoxides furthermore
bind to DNA [20] and react with SH-nucleophiles (e.g.
glutathione) {21].

Cholesterol derivatives oxidized at C-7 are gen-
erated via allylic oxidation to the isomeric hyd-
roperoxy cholesterols [22]. These were detected in rat
skin and used as ageing markers [23]. 7-Hydroperoxy-
sterols are thermically unstable and. therefore, they
cannot be analyzed by GC [24, 25]. They suffer
decomposition to 7-oxosterols, which have been
described as constituents of plant tissues [26, 27]. In
contrast to these primary oxidation products the epox-
ides of cholesterol are produced in a more complicated
reaction. The epoxides were obtained either by incu-
bation of cholesterol with linoleic acid/lipoxygenase
[28] or linoleic acid hydroperoxide/Fe’ ~ [2], indicating
a lipid peroxidation mediated radical mechanism for
sterol epoxidation. This was confirmed by the obser-
vation that the reaction was inhibited by addition
of a-tocopherol or BHT [29]. Otherwise cholesterol
epoxidation was discussed to be achieved by reactive
oxygen species (ROS: H,0,, HO-. singlet oxygen,
alkoxy- and peroxy radicals) {30, 31].

In order to avoid artificial oxidation by reactive
oxygen species or enzymes in the present work the
samples were processed in an argon atmosphere, BHT
was added as antioxidant and enzymes were inac-
tivated by the extraction solvent (methanol-dichlo-
romethane). Finally oxidation by active hyd-
roperoxides during workup was prevented by
reduction to hydroxy products with sodium borohy-
dride. Thus, an artificial generation of oxidation prod-
ucts could be excluded. Furthermore, the amount of
detected phytosterol oxidation products increased
with age, which demonstrated that these products are
in vivo plant constituents. Although the content of
sterol epoxides and derived hydrolysis products, as
well as C-7 oxidized sterols. is low compared to non-
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oxidized phytosterols their content seems to reflect the
process of ageing.

We assume that the generation of epoxides is enzy-
matically controlled. Epoxidation in riro is either
achieved directly by action of enzymes, e.g. epoxidases
or cytochrome P-450 [32], or via an oxidation process
after cell injury in which unsaturated fatty acids are
transformed to hydroperoxides by lipoxygenases.
These react with unsaturated compounds by epox-
idation as previously described [2. 5].

Hydroperoxides are generated in destroying pro-
cesses like cell injury by action of lipoxygenases [33.
34]. Cell destroying processes are increased by ageing.
one of the primary ageing theories—the free rad-
ical/lipid peroxidation theory [35]--<correlates ageing
with oxidative stress. An age related increase of lipid
peroxidation was reported in ref. [6].

The increase of epoxides during ageing might have
physiological consequences. It was demonstrated that
ethylene and propylene epoxides react with peptides
by opening the epoxide ring to form hydroxyethyl
derivatives [36]. In addition epoxides react with SH-
nucleophiles which causes a decrease of antioxidative
cell protection components, e.g. glutathione. during
ageing [37. 38]. Therefore. one must assume that SH
containing enzymes may also react in a similar
manner. In the course of those reactions enzymes
might be deactivated which could promote an increas-
ing enzyme malfunction in ageing cells.

In addition. the oxidation of phytosterols. which
are essential plant membrane lipids, may change the
membrane permeability and may offer easier access of
damaging compounds in the cell in a similar manner
as reported for mammalian cells in which cholesterol
oxidation products were assumed to cause these effects
{39]. Thus. the increase in phytosterol oxidation prod-
ucts, especially epoxides and related compounds.
might be used as markers for ageing of plant cells.

EXPERIMENTAL

Materials.  N-methyl-N-trimethylsilyltrifluoroace-
tamide (MSTFA) was obtained from Macherey and
Nagel (Diiren). All other chemicals were purchased
from Fluka (Neu Ulm). Solvents, obtained from
Merck. were distilled before use. TLC was performed
on home made 0.75 mm PF., silica gel 60 (Merck)
plates.

Plant material. Suspension cell cultures of Cheno-
podium rubrum were grown photoautotrophically
under sterile conditions by the method of Hiisemann
and Barz [7]. 2 week old starting cultures were
obtained from Dr Christian Schifer (Institute of plant
Physiology. University of Bayreuth. Germany).

Cultivation was done in special two-tiered flasks.
The lower compartment was filled with 50 ml K.CO,
buffer (0.2 M KHCO-:0.2 M K-.CO, 3.1 v'v) which
delivered a CO- concentration of approximately 2%
[40]. The upper compartment contained 60 ml of
MURASHIGE-SKOOG media (MS. Sigma M5519)

[41] to which 1% of a 2.4-dichlorophenoxyacetic acid
solution (10~* M, 2.4-D) was added. The pH was
adjusted to 5.6. Subcultivation was done by trans-
ferring 10 ml of 14 days old suspension culture to
new MURASHIGE-SKOOG media. Cultivation was
performed in a constant light—dark cycle (16 hr light,
photon flux density 75 umol m~>s ', 28 ; 8 hr dark,
25 ) by shaking at 105 rpm (TR 125 shaker, Infors).
The celis were harvested on a sintered glass filter and
carefully rinsed with distilled water. Plant material
was frozen in liquid nitrogen. It could be stored at
—20 for a few weeks without compositional changes.
Exrraction of sterols. The lipid fraction was
extracted from plant material according to a modified
procedure of Bligh and Dyer [8, 42]: 50 g plant
material was suspended in 300 ml MeOH-CH,Cl,
(2:1). BHT (0.1%) was added to avoid autoxidation
[43]. Homogenization by ultrasonic treatment for 10
min. The following internal standards were added for
quantification: cholesterol (2 ml of 100 ug ml~' soln),
5,6-epoxycholesterol (2 ml of 10 ug ml~' soln), 5.6-
dihydroxy-cholesterol (2 ml of 10 ug ml™' soln). The
soln was stirred in an argon atmosphere for | hr, then
it was filtered. and after centrifugation (1000 rpm, 4
min) the organic phase was separated from the aq.
phase and the solvent removed under vacuum. About
2 g crude lipid extract was obtained. The residue was
redissolved in 50 ml MeOH-CH,Cl, (2:1)and 0.2 g
NaBH, was added to prevent further oxidation by
hydroperoxides. After stirring for 2 hr at 25 the excess
NaBH, was hydrolyzed with 50 ml H.O. After extrac-
tion with 50 ml CH,CL (3 x ) and removal of solvent
the lipid residue (containing steryl esters) was hydrol-
vzed by stirring with 90 ml THF-sodium hydroxide
(1:2) for 3 hr. 100 ml H,O was added and the soln
was acidified with 0.1 N HCL. After extraction with
CH,N, (50 ml, 3 x) the soln was dried in vacuo. The
remaining residue (about 500 mg) was redissolved in
20 ml MeOH and methylated by addition of etheral
CH.CL to vield the fatty and methyl esters. Further
separation of oxidized sterols was carried out by prep.
TLC (cyclohexane —~EtOAc. 1:1). Detection was by
spraying with methanolic molybdatophosphoric acid
and heating for 5 min and by measuring of UV absorp-
tion (254 nm). Three fractions were obtained: (A)
non-oxidized phytosterols (R, = 0.8-0.5, standard:
cholesterol R, = 0.68): (B) epoxy- and mono-
hydroxysterols (R, = 0.5-0.25, standard: 5.6-epoxy-
cholesterol. R, = 0.41); (C) higher oxidized sterols
(R, = 0.25-0.05. standard: 5.6-dihydroxy-cholesterol,
R, =0.1). A 0.3 mg sample of each fraction was tri-
methylsilylated with 10 gl MSTFA and subjected to
GC-MS analysis. All analyses were performed 3 x .
GC- and GC-MS analyvsis. GC was carried out on a
United Technologies Packard Model 438S chro-
matograph equipped with a flame ionisation detector
(FID) and a Shimadzu C-R3A integrator. GC con-
ditions: WCOT fused silica DB-1 capillary column
(30 mx0.32 mm i.d.. film thickness 0.1 pm, J&W
Scientific. Mainz-Kastel); carrier gas: hydrogen; split-
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ting ratio: 1:10; injector temperature: 270"; detector
temperature: 290°; temperature program: §0° iso-
therm for 3 min, heating rate from 80 to 280, 3¢
min~', 280° isotherm for 15 min; GC injections were
carried out twice. Linear retention indices were deter-
mined by coinjection of a mixture of n-alkanes (C,
Coo) [44].

Compound identification was achieved by GC-MS:
Gas chromatograph HP 5890 series II, fused silica
DB-1 capillary column (30m x0.32 mm 1. d., film
thickness 0.1 um, J&W Scientific, Mainz-Kastel; all
other conditions were the same as reported above for
GC). The GC was coupled to a Finnigan MAT 95
mass spectrometer, data system MAT ICIS (DEC
station 5000/120); ionisation energy: 70 eV.

Quantification. Quantification of non-oxidized phy-
tosterols was done by GC peak area integration.
Absolute compound amounts were obtained by com-
parison with the area of the internal standard chol-
esterol. The response factor of cholesterol and the
phytosterols was determined to be 1 within exper-
imental error. Thus peak area correction was not
necessary.

Oxidized phytosterols were quantified by ion trac-
ing of specific ions in the RIC of the MS: epoxysterols
(as TMSi-derivatives) were determined by comparison
of peak intensities of the ions [M*], [M*-15}, [M~-
18],[M *-90} in relation to the intensities of the internal
standard (5,6-epoxy-cholesterol). 3,5.6-trihydroxy-
steranes (as TMSi-derivatives) were determined by
comparison of peak intensities of the ions [M*-90],
[M*-2x90], [M*-3 x90] in relation to the intensities
of the internal standard (3.5,6-trihydroxy-cholestane).
Absolute amounts were calculated by taking the aver-
age of the valves determined from the single ions.
Quantification of 7-hydroxyphytosterols and 7-oxo-
phytosterols was achieved by addition of 7a-hyd-
roxysitosterol and 7-oxositosterol to one sample of
TLC fraction B and measurement of the ions
[M* —90] (100% rel. int.) for 7-hydroxyphytosterols
respectively the ions [M*] (100% rel. int.), [M ™ —90]
(~20% rel. int.) for 7-oxophytosterols. Absolute
amounts were obtained by comparison with the rela-
tive intensities of those ions in a sample without
addition of C-7 oxidized standards.

Synthesis of internal standards: epoxidation of chol-
esterol. The method was modified from ref. [45). Chol-
esterol (3.0 g, 7.75 mmol) was dissolved in 100 ml
CH,Cl, and 50 ml saturated NaHCO; were added and
stirred at 0° meta-chloroperbenzoic acid (mCPBA)
(1.9 g) was added in small portions during 1 hr. After
stirring for another hour the organic phase was sep-
arated and the aq. phase was extracted 3 x with
CH,Cl,. The combined organic phases were washed
with H,0, 10% KOH and saturated NaCl. After
removal of the solvent, 3.1 g (99.8% vyield) of 5,6~
epoxy-cholesterol w obtained. The crude product was
purified by prep. TLC on silica gel (cyclohexane—
EtOAc, 2:1 R, = 0.32, 99.9% purity (GC)). TMSi-
derivative: GC (DB-1): RI = 3209. GC-EIMS 70 eV,

mjz (rel. int.): 474M*] (42), 459[M*-Me] (18),
456[M *-H,0] (19), 384[M *-TMSIOH] (45), 366[M -
TMSIOH-H,0] (100), 351[M*-TMSiOH-H,0-Me]
(28), 253[M *-TMSIiOH-H,0-113] (26). IR v,,,, cm™':
3425 (O-H). '"H NMR (500 MHz, CDCl;): 6 0.58 (3H,
s, H-18), 0.83 (6H, 4, J = 6.5 Hz, H-26 and H-27),
0.86 (3H. d, J = 7 Hz, H-21), 1.04 (3H, s, H-19), 1.67
(1H, dd, H-4¢), 2.05 (1H, dd, J4, 4 = 13 Hz, J3,4, = 11
Hz. H-4a), 2.88 (1H, m, H-6), 3.88 (1H, m, H-3a). °C
NMR (125,76 Mhz, CDCl;): § 11.8 (C-18), 15.9 (C-
19), 18.6 (C-21), 59.3 (C-6), 65.7 (C-5), 68.7 (C-3).
Spectral data were in agreement with literature data
[16, 46, 47].

Svnthesis of 38,5¢,6B-trihvdroxy-cholestane. Modi-
fied from ref. [48] 5,6-Epoxy cholesterol (200 mg, 0.5
mmol) was dissolved in 40 ml THF and 0.5 ml H,O
added. Nafion NR-50-H* (Fluka) (500 mg) which was
activated for 12 hr at 120° was added and the soln
stirred for 12 hr at room temp. After removal of the
catalyst and the solvent the product was dried by
azeotropic distillation with CH,Cl,. The crude prod-
uct was dissolved in MeOH and purified by prep. TLC
(cyclohexane-EtoAc, 1:4). R, =0.19, 99.4% purity
(GC), 90 mg (45% yield) of pure 3,5,6-trihydroxy-
cholestane were obtained; 70 mg (35% yield) 5.6-
epoxy-cholesterol was recovered.

TMSi-derivative: GC (DB-1). RI = 3405. GC-
EIMS 70 eV, mjz (rel. int.): 636[M™*] (0), 546[M*-
TMSIOH] (53). 531[M "-TMSiOH-Mge] (29), 456[M *-
2 x TMSIOH] (100), 441[M*-2 x TMSiOH-Me] (35),
403 (51), 366][M*-3x TMSIOH] (72). 351[M~*-
3x TMSIOH-Me]  (21), 321 (36), 253[M~*-
3 x TMSiOH-113] (21). IR v, cm " 3425 (O-H). 'H
NMR (500 Mhz, CD,OD): ¢ 0.71 (3H, s, H-18), 0.88
(6H, d.J = 6.5Hz, H-26 and H-27),0.93 3H. 4. J =7
Hz, H-21), 1.15(3H, 5. H-19), 1.67 (1H, dd, J, 4. = 13
Hz. Ji, 4 = 4 Hz, H-4e), 2.05 (1H, dd, J,, 4. = 13 Hz,
Jsa = 11 Hz, H-4a), 3.44 (1H, m, H-6), 3.99 (1H, m,
H-3a). *C NMR (125,76 Mhz, CD,0OD): § 12.6 (C-
18), 17.3 (C-19), 68.3 (C-3). 76.5 (C-6), 76.8 (C-5).
Spectral data were in agreement with literature data
[16.47. 49].
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