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SÁNCHEZ-VERAa and BARTOLOMÉ BONETa,*
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Lipid oxidation products (LOPs), generated in culinary oils
during episodes of thermal stressing can give rise to
cellular damage. The aims of this study were to determine
whether orally-administered, LOP-containing thermally-
stressed safflower oil exerts teratogenic actions in rats, and
whether this effect could be prevented by co-admini-
stration of a-tocopherol (a-TOH). Safflower oil was heated
for a period of 20 min according to standard frying
practices and stored at 2208C under N2. Four experimental
groups of pregnant Wistar rats were employed; two
received 0.30 ml of pre-heated oil (HO), one of which was
also supplemented with 150 mg of a-TOH (HOE), and two
served as controls, one treated with the non-heated oil (O)
and the other without any treatment (C). The oil was
administered daily by gavage from day 1 of pregnancy to
day 11.5, when the animals were killed and the embryos
examined. LOPs and a-TOH were determined both in the
heated and non-heated oils. The percentage of embryo
malformations and reabsorptions were determined in the
above four experimental groups. Heating the oil substan-
tially increased its concentration of LOPs and decreased its
a-TOH content. The percentage of embryo malformations
in the HO group was 21.73%, compared with 5.6 and 7% in
the O and C groups, respectively. Supplementation of the
pre-heated oil with a-TOH was found to decrease the
percentage of malformations to 7%. The results obtained
from these investigations indicate that LOPs detectable at
millimolar levels in the heated cooking oils administered
(e.g. saturated and a,b-unsaturated aldehydes, and/or
their conjugated hydroperoxydiene precursors) exert
potent teratogenic actions in experimental animals which
are at least partially circumventable by co-administration
of the chain-breaking antioxidant a-TOH. Plausible
mechanisms for these processes and their health relevance
to humans regarding diet and methods of frying/cooking
are discussed.

Keywords: Oxidative stress; Congenital malformations; Neural
tube defects; Aldehydes; a-Tocopherol

Abbreviations: LOPs, lipid oxidation products; PUFA, polyun-
saturated fatty acids; EDTA, ethylenediaminetetraacetic acid;
TBARS, thiobarbituric acid reactive substances; NMR, nuclear
magnetic resonance; CHPD, conjugated hydroperoxydiene;
a-TOH, a-tocopherol; BHT, butylated hydroxytoluene; s.e.,
standard error

INTRODUCTION

Neural tube defects are among the most devastating
congenital malformations, with an incidence of 1 in
1000 pregnancies, although the incidence varies
between different populations, ranging from 1/1000
to 6/1000.[1] Both genetic and environmental factors
seem to play a central role in the aetiology of neural
tube defects. Therefore, any information that can
shed light on the environmental factors that may
play a role in the development of these disorders,
and also methods for their monitoring and control,
may have a major impact on human health.

Subjection of glycerol-bound polyunsaturated fatty
acids (PUFA) present in culinary oils to episodes of
thermal stressing according to standard frying/cook-
ing practices gives rise to lipid oxidation products
(LOPs) such as a,b-unsaturated aldehydes,[2 – 4]

compounds which are highly reactive and can give
rise to cellular damage, including the covalent
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modification of DNA.[5 – 7] Indeed, autoxidised poly-
unsaturated fatty acid (PUFA)-derived aldehydes
can react with DNA bases, causing mutations.[6,7]

They are also major components of the clastogenic
factors,[8,9] products that cause chromosomal
damage.[8,9] In principle, such DNA and chromoso-
mal damage is amenable to prevention by chain-
breaking antioxidants or, alternatively, agents
with the ability to render secondary LOPs (e.g.
aldehydes) inactive. In fact, it has been shown that
the carcinogenic effects of clastogenic factors are
preventable by the administration of antioxi-
dants.[8,10,11]

In view of the above considerations, we hypothe-
size that orally-administered LOPs exert teratogenic
actions (a). Since both we and others have previously
shown in an experimental model of increased
oxidative stress (diabetes) that the administration
of antioxidants decreases the rate of neural tube
defects,[12 – 14] it is conceivable that the teratogenic
potentials of LOPs are circumventable by lipid-
soluble chain-breaking antioxidants.

Therefore, the aims of the present study were to
determine if a typical thermally-stressed culinary oil
could give rise to embryo malformations, and
whether the teratogenic actions observed are
inhibitable by the co-administration of a-tocopherol
(a-TOH). We selected safflower oil for this purpose
since, it has a very high content of peroxidisable
PUFAs [77% (w/w)] and gives rise to high levels of
LOPs when subjected to episodes of thermal
stressing according to standard frying practices.

MATERIALS AND METHODS

Animals and Experimental Design

Female virgin Wistar rats from our own colony,
weighing 190–220 g, were housed in a temperature-
controlled room ð22 ^ 18CÞ with alternating 12-h
light and dark cycles, and fed a Purina Chow diet
(Rat and Mouse Standard diet, Beekay Feeds, B.K:
Universal S.L., Barcelona, Spain). The care and
handling of the animals throughout the study
followed the current animal care law of the European
Community (Strasbourg, March 18, 1986). Animals
were mated with untreated control animals, and the
day that sperm appeared in vaginal smears
represented day 0 of gestation. The animals were
divided into the following experimental groups: one
group was treated from day 1 of pregnancy with
0.30 ml. of untreated safflower oil (O); two groups
were treated daily with the same volume of
thermally-stressed safflower oil, one without any
further treatment (HO), the other supplemented
daily with 150 mg of a-TOH (HOE): this chain-
breaking antioxidant was dissolved in the oil. In all

experimental groups, oil was administered daily by
gavage. A parallel group of untreated rats was also
studied (C). All-rac-a-TOH was purchased from
Sigma–Aldrich Chemical Company.

Rats were decapitated on day 11.5 of gestation,
which corresponds to the end of the embryo period.
Blood was collected on ethylenediaminetetraacetic
acid (EDTA) (1 mg ml21) and plasma separated and
kept at 2208C until processed. The two uterine horns
were immediately dissected and immersed at room
temperature in saline contained in a petri dish
(100 mm). Embryos and investing membranes were
torn apart with fine jewellers’ forceps during
visualization with a dissecting microscope (Carlzeiss
Jena 212T OPM). The yolk sac was isolated from the
surrounding decidua and the embryo removed. In all
embryos the crown-rump length and the number of
somites were determined. They were inspected
under the microscope to determine whether the
morphology of brain spheres, neural tube size and
configuration, closure of the neural tube, and axial
curvature conformed to that expected on day 11.5 of
gestation. Embryos not conforming to normal
morphology in any of the above structures (Fig. 1,
panel A) were considered dysmorphic. Reabsorp-
tions were considered when the decidua was present
but the yolk sac or the embryo was not found.

Preparation of Thermally-stressed Safflower Oil

Safflower oil [containing 77% (w/w) polyunsatu-
rates, 14% (w/w) monounsaturates and 9% (w/w)
saturates] was purchased from a local retail outlet and
heated according to standard frying practices. Briefly,
a frying pan half full of this material was heated in the
presence of atmospheric oxygen on a laboratory gas
stove for 20 min (during this period the oil reached
temperatures of 180–2208C). Thereafter, the oil was
placed in sealed vials under an N2 atmosphere at 48C
until the day of administration to the experimental
animals. Once the vials were opened, they were used
immediately and the remaining oil was discarded.
The non-heated oil was stored under the same
conditions in order to avoid oxidation during the
experimental period. In the group of animals treated
with heated oil supplemented with a-TOH, this
antioxidant was dissolved in the thermally stressed
oil, to yield a final concentration of 500 mg ml21.
(equivalent to 1.161 mol dm23 or 1.261 mol kg21) on
the same day of administration.

Processing and Analysis of Samples

Triglycerides in plasma were determined using a
commercial kit (Triglycerides Enzymatic Trinder
Method; Menarini Diagnostics, Florence, Italy). The
thiobarbituric acid reactivities (TBARS) of plasma
specimens and culinary oils were determined by
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the high performance liquid chromatographic
(HPLC) method described by Wong et al.[15]

Although this TBA method selectively determines
the red 1:2 malondialdehyde-thiobarbituric acid
(MDA)-TBA adduct, it is now clear that reaction of
trans-2-alkenals[16] and isomeric alka-2,4-dienals[17]

also gives rise to the generation of this particular
chromo phore under the reaction conditions
employed (the latter via a two-step process), and
hence in this report we shall continue to refer to this
agent as TBARS.

Proton (1H) nuclear magnetic resonance (NMR)
measurements on control and thermally-stressed
culinary oil samples were conducted on a Bruker
AMX-600 spectrometer (University of London Inter-
collegiate Research Services (ULIRS), Queen
Mary, University of London Facility, UK) operating
at a frequency of 600.13 MHz and a probe tempera-
ture of 298 K. Typically, a 0.30 ml aliquot of each
culinary oil was diluted to a volume of 0.90 ml with a

5:00 £ 1023 mol dm23 solution of 1,3,5-trichloroben-
zene in deuterated chloroform (C2HCl3), the former
serving as an internal quantitative NMR standard
ðd ¼ 7:227 ppmÞ and the latter providing a field
frequency lock. The samples were then thoroughly
mixed and placed in 5-mm diameter NMR tubes.
Typical pulsing conditions were: 128 or 256 free
induction decays (FIDs) using 32,768 or 65,536 data
points, 728 pulses, a relaxation delay of 2.00 s and an
acquisition time of 1.28 s. The spectral width was
7246 Hz, and exponential line-broadening functions
of 0.20 Hz were routinely employed for the purpose of
processing.

Chemical shifts were referenced to tetramethylsi-
lane (d ¼ 0:00 ppm; internal) and/or residual chloro-
form ðd ¼ 7:262 ppmÞ: LOP resonances were
assigned by a consideration of chemical shift values,
coupling patterns and coupling constants as pre-
viously described (2,3). The intensities of these
signals were determined by electronic integration,

FIGURE 1 Rat embryos at day 11.5. (a) Normal embryo from a typical control animal ( £ 10). Embryos with neural tube defects from rats
treated with thermally stressed safflower oil ( £ 10): (b) microcephaly; (c) and (d) severely malformed embryos, with malrotation, and open
anterior and posterior neural tube.
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and the concentrations of each class of aldehyde
(n-alkanals, trans-2-alkenals, and trans,trans- and
cis,trans-alka-2,4-dienals) were determined by
comparing their resonance areas with that of the
added 1,3,5-trichorobenzene.

a-TOH in plasma and liver specimens was
determined by a previously described HPLC
method.[18,19]

Statistical Analysis

The mean ^ s.e. values for each parameter deter-
mined (i.e. plasma triglyceride, MDA and a-TOH
concentrations, and liver a-TOH content) are tabu-
lated. The significance of differences observed
between the means of the four experimental groups
was determined by one-way analysis-of-variance
(ANOVA) followed by the Tukey test for multiple
comparisons, using the Systat program (Systat Incor-
poration, Evanston, IL, USA). The x 2 test was per-
formed to detect differences in the proportions
(percentages) of malformations and reabsorptions
between the different experimental groups (i.e. analy-
sis of enumeration data in a 4 £ 2 contingency table).

RESULTS

Subjection of safflower oil samples to thermal
stressing episodes according to standard frying
practices gives rise to a marked increase in its

TBARS concentration, and the generation of milli-
molar levels of different classes of NMR-detectable
aldehydes, specifically n-alkanals, trans-2-alkenals,
cis,trans-alka-2,4-dienals and trans, trans-alka-2,4-
dienals (Table I). With the exception of a small
quantity of TBARS, all of these products were
undetectable in the non-heated oil. The heating
process also resulted in a substantial decrease in the
oil’s a-TOH content.

The embryos of the experimental animals treated
with 0.30 ml of thermally-stressed oil showed a 21.73
% level of neural tube defects (Table II and Fig. 1),
these being values much higher than those observed
in the group C animals (8%), or in animals treated
with the same concentration of unheated oil (12%).
When a-TOH was added to the thermally-stressed
oil, the incidence of neural tube defects decreased
to 9.9%, a value similar to that of group C.
No differences in the percentage of reabsorptions
were observed between the different experimental
groups (Table II).

In a previous investigation,[12] we have shown that
administration of a-TOH alone (i.e. without an
unheated or pre-heated culinary oil) to our gestating
female rat colony did not exert an influence on the
rates of malformations or reabsorptions observed in
the untreated control (C) group.

The embryos from the HO group had a lower
crown-rump length and somite number than the C or
the O group (Table III). Again, the administration of
a-TOH normalized the crown-rump length and

TABLE I Thiobarbituric acid reactive substances (TBARS), n-alkanal, trans-2-alkanal, cis,trans-alka-2,4-dienal, trans,trans-alka-2,4-dienal
and a-tocopherol (a-TOH) concentrations in heated and unheated safflower oil

Heated oil Unheated oil

TBARS (mmol kg21) 73 ^ 2*** 15 ^ 1
n-alkanals (mmol kg21) 1.13 ^ 0.32 ND
trans-2-alkenals (mmol kg21) 3.20 ^ 0.54 ND
cis,trans-alka-2,4-dienals (mmol kg21) 0.49 ^ 0.02 ND
trans,trans-alka-2,4-dienals (mmol kg21) 2.39 ^ 0.22 ND
a-TOH (mmol kg21) 0.65 ^ 0.16* 1.68 ^ 0.08

Mean ^ s.e. of the control (unheated) and heated safflower oil samples used in the experiments. For the TBARS and a-tocopherol six different oil samples
were analysed and for the remaining analytes three samples were tested. (*): Denotes differences between heated and unheated sunflower oil; *: p , 0:05;
***: p # 0:001; ND: non-detectable.

TABLE II Percentage of malformations and reabsorptions

Yolk sacs Embryos

Total number of rats Total
Reabsoprtions

Total
Malformed

(n ) (n ) (n ) (%) (n ) (n ) (%)

C 18 215 15 6.97 200 16 8
O 19 232 13 5.6 219 27 12.32þþ

HO 21 222 15 6.75 207 45 21.73***

HOE 12 130 9 6.92 121 12 9.91þþ

Abbreviations: C: control (untreated) animals; O: those treated with unheated safflower oil; HO: thermally-stressed safflower oil without any further
treatment; HOE: thermally-stressed safflower oil supplemented daily with a-TOH (500 mg ml21). (*): Denotes differences between control animals vs the
different groups of rats supplemented with oil; ***: p # 0:001; and (þ ) the differences between rats treated with heated oil vs the animals supplemented with
vitamin E or treated with non-heated oil; þþ: p # 0:01:
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the somite number. When, in the analysis of
the embryos, only normal embryos were considered,
no differences in the CR length and the somite
number were found between any of the experimental
groups (data not shown).

The weights of the animals in groups C, O, HO and
HOE (mean ^ s.e.) were 195.6 ^ 3.0, 198.6 ^ 3.9,
198.4 ^ 2.8 and 197.0 ^ 5.4, respectively, at day 0,
and 257.9 ^ 3.9, 257.0 ^ 2.6, 256.1 ^ 3.6 and
254.6 ^ 7.9, respectively, at day 11.5 of gestation.
These data represent percentage weight increases of
32.0 ^ 1.9 (group C), 32.6 ^ 1.5 (group O), 29.2 ^ 1.5
(group HO) and 29.3 ^ 1.8 (group HOE) during this
time period, and there were no significant diffe-
rences between these mean weight gain values (one-
way ANOVA followed by further analysis using
Tukey’s test). Hence, there was no effect of unheated
or pre-heated oil administration on the calorific
intake/weight gain of the animals throughout the
experimental period.

The administration of thermally-stressed oil did
not lead to any significant modifications in plasma
triglyceride, TBARS and a-TOH levels, nor in liver
a-TOH content, when compared to the values
observed in the C and O groups (Table IV).
As expected, in the HOE group the levels of a-TOH
in plasma and liver were much higher than that of all
the other groups.

DISCUSSION

To the best of our knowledge, the results presented
here, show for the first time in an experimental
animal model system that administration of a
thermally-stressed culinary oil containing high levels
of aldehydes increases the incidence of neural tube
malformations.

The teratogenic properties of LOPs are, of course,
critically dependent on the rate and extent of their
in vivo absorption from the gut into the systemic
circulation. In 1970, Bergen and Draper[20] presented
data consistent with the failure of conjugated
hydroperoxydienes (CHPDs) to be absorbed across
the gastric or intestinal epithelium. However,
Grootveld et al.[4] have demonstrated that in rats,
reactive trans-2-alkenal “end-products” of the lipid
peroxidation process (specifically trans-2-pentanal
and -nonenal) are indeed absorbed, then metabolised
and excreted in the urine as C-3 mercapturate
conjugates.

In view of their high reactivity with biomolecules,
this class of a,b-unsaturated aldehyde has the
capacity to exert damaging actions towards a variety
of cells and tissues. Indeed, amongst other effects
these agents induce the lysis of erythrocytes, poten-
tiate human platelet aggregation,[21] are cytotoxic
towards human umbilical cord vein endothelial
cells,[22] Ehrlich tumour ascites cells[23] and are
both genotoxic and cytotoxic to rat hepato-
cytes.[24] 4-Hydroxy-trans-2-nonenal also inactivates
adenylate cyclase, 50-nucleotidase,[25] glucose-6-
phosphatase and cytochome P-450, suppresses the
proliferative response to phyto-haemaglutinin and
alloantigens,[26] and the expression of c-myconco-
gene.[27] They also may react with thiols therein such
as glutathione (via a Michael addition process,
involving addition of the thiol across electrophilic
carbon–carbon double bonds at the C-3 position of
a,b-unsaturated aldehydes) generating beta-thiyl-
substituted aldehyde metabolites that serve as
further source of bioactive unsaturated aldehydes,
allowing the propagation and prolongation of these

TABLE III Mean ^ S.E. number of somites and crown rump
length in 11.5 day old rat embryos

Group Embryos (n ) Somites (n ) Crown-Rump (mm)

C 200 26.46 ^ 0.14 3.77 ^ 0.03
O 219 26.60 ^ 0.16 3.77 ^ 0.03þ

HO 207 25.90 ^ 0.18* 3.65 ^ 0.03*
HOE 121 26.76 ^ 0.16þþ 3.74 ^ 0.03

Abbreviations: C: control (untreated) animals; O: those treated with
unheated safflower oil; HO: thermally-stressed safflower oil without any
further treatment; HOE: thermally-stressed safflower oil supplemented
daily with a-TOH (500 mg ml21). (*): Denotes differences between control
animals and different groups of rats supplemented with oil; *: p # 0:05; (þ )
represents the differences between rats treated with heated oil and animals
either supplemented with a-TOH, or treated with the unheated oil;
þþ : p # 0:01 and þ: p # 0:05:

TABLE IV Mean ^ s.e. concentrations of thiobarbituric acid reactive substances (TBARS), a-TOH and triglycerides (TG) in plasma, and
the a-TOH content of liver specimens collected from animals in the four experimental groups

Plasma
Liver

n TG (mg dl21) TBARS mmol dm23) a-TOH mmol dm23) a-TOH (mg g21 tissue)

C 18 129.66 ^ 8.11 1.56 ^ 0.11 16.17 ^ 0.94 43.18 ^ 1.93
O 19 104.44 ^ 5.26 1.82 ^ 0.14 18.57 ^ 1.05 50.46 ^ 1.98
HO 21 106.82 ^ 7.02 1.63 ^ 0.14 16.21 ^ 0.72 48.21 ^ 4.57
HOE 12 107.87 ^ 7.83 1.64 ^ 0.21 48.48 ^ 3.23***,þþþ 119.50 ^ 7.75***,þþþ

Abbreviations: C: control (untreated) animals; O: those treated with unheated safflower oil; HO: thermally-stressed safflower oil without any further
treatment; HOE: thermally-stressed safflower oil supplemented daily with a-TOH (500 mg ml21). (*): Denotes differences between control animals and the
different groups of rats supplemented with oil; ***: p # 0:001; (þ) represents the differences between rats treated with heated oil and the animals
supplemented with a-TOH, or treated with unheated oil; þþþ : p # 0:001:
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dietary-derived xenobiotics.[28] These compounds
can also covalently modify alternative biomolecules
such as DNA base moieties; such chemically-
altered DNA bases may not be recognized by
their homologous bases and hence cause mutations.
Furthermore, the DNA replicating systems can
be inactivated by such LOP products,[29,30]

which could increase the level of DNA damage.
Therefore, when incorporated into cells, autoxidised
PUFA-derived aldehydes can cause DNA and
chromosomal damage. If these processes occur
during embryo development, a period of very active
cell division and differentiation, malformations may
arise. The results presented here indicate that
this process could occur in the neural tube of the
embryos of rats treated with thermally-stressed
safflower oil.

We have also demonstrated that the neural tube
defects induced by the administration of LOPs
contained in the thermally-stressed culinary oils can
be inhibited by the co-administration of a-TOH, a
powerful chain-breaking peroxyl radical scavenger.
This observation indicates that, irrespective of their
apparent lack of absorption from the gut into the
systemic circulation in vivo,[20] CHPDs present in the
pre-heated safflower oil are the agents responsible
for the teratogenic actions of this material. However,
this protective effect is not simply explicable, and
a-TOH could also act by (1) prevention of the further
fragmentation of safflower oil LOPs in the gut prior
to absorption, decreasing the overall availability of
circulating aldehydes; (2) blockage of membrane
lipid peroxidation in vivo arising from the ability of
pre-absorbed LOPs to stimulate reactive oxygen
species (ROS) generation by phagocytic cells and/or
(3) competitively inhibiting the absorption of
aldehydes from the gut into the systemic circulation,
a process that may be facilitated by the high
lipophilicity of this chain-breaking antioxidant.
With regard to (2) above, it should be noted
that reactive a,b-unsaturated aldehydes can trigger
the generation of ROS and hence promote and
potentiate cellular oxidative stress. Indeed,
oxidised linoleic acid markedly enhances ROS
production by monocytes,[31] 4-hydroxy-trans-2-
nonenal (HNE) and other a,b-unsaturated aldehydes
induce intracellular peroxide generation in cul-
tured hepatocytes,[32] and HNE itself induces lipid
peroxidation (indicated by elevated MDA concen-
trations).[33]

Hence, it is conceivable that the toxic effects of
thermally-stressed safflower oil could be prevented
with its enrichment with antioxidants such as a-TOH
or butylated hydroxytoluene (BHT), either prior to
the heating process (suppressing the thermally-
induced oxidation of PUFAs), or prior to its oral
administration. Currently, further work is being

conducted in our laboratories to determine whether
the toxic effects of thermally stressed oils are
preventable by enrichment with such lipid-soluble
antioxidants prior to their subjection to heating
episodes.

If, indeed, any culinary oil-borne CHPDs are
absorbed from the gut into the systemic circulation,
or, alternatively, pre-absorbed peroxidation end-
products further stimulate their generation
in vivo,[31 – 33] these agents may also play a role in
the development of embryonic neural tube malfor-
mations. Interestingly, Graf et al.[34,35] found that
children with neural tube defects have significantly
lower levels of erythrocyte glutathione peroxidase
(an enzyme involved in the clearance of CHPDs),
an observation providing evidence for the involve-
ment of oxidative stress in the development of this
defect.

Interestingly, the unheated safflower oil also gave
rise to a statistically significant increase in the rate of
embryo malformations, but this observation is not
unexpected since PUFA-rich culinary oils not
subjected to thermal stressing episodes also contain
detectable levels of LOPs (albeit much lower than
those that are pre-heated).[2,3] Although n-alkanals,
trans-2-alkenals, and cis,trans- and trans,trans-alka-
2,4-dienals were not detectable in the unheated oil by
1H NMR spectroscopy, this material had a TBARS
level of 15mmol kg21. Moreover, in a previous
investigation we have noted a trend towards a
higher rate of embryo malformations in our rat
colony when treated with unheated safflower oil that
had been stored at ambient temperature for
prolonged periods of time, an observation consistent
with the time-dependent peroxidation of PUFAs
therein.

Thermal stressing of monounsaturate-rich olive
oils (virgin or extra-virgin) under conditions similar
to those employed here generates only low levels of
selected aldehydes (n-alkanals and trans-2-alke-
nals)[2,3] and hence it is conceivable that, when
utilized for standard frying/cooking practices, the
teratogenic potential of this material is lower than
that of polyunsaturated-rich safflower oil as detailed
here. Indeed, monounsaturates are far more resistant
to peroxidation than polyunsaturates. Moreover, the
relatively high levels of antioxidants other than
tocopherols present in this culinary oil may also
provide further protection of the low levels of
polyunsaturates present against thermally-induced
peroxidation and/or the teratogenic actions of LOPs
in vivo.

In summary, our results demonstrate that in an
experimental animal model, administration of LOP-
rich thermally stressed culinary oil increases the rate
of neural tube defects. Hence, it is conceivable that if
a similar process occurs in humans, differences in
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cooking practices may be related to the differential
incidence of neural tube defects observed amongst
different populations.
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