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Abstract

4-Hydroxynon-2-enal (4-HNE) is one of the major adehydic products of lipid peroxidation (LPO) and is involved in a
number of pathophysiological processes. Since LPO products are useful indicators for oxidative stress in vivo, a number of
detection methods for LPO products in biological tissues were developed. However, none of these methods is presently used
in clinical settings. In order to introduce LPO products as biomarkers in clinical studies a suitable GC-MS method for
4-HNE detection was adapted to meet clinical requirements. As one result, the minimal sample volume could be decreased to
50 wl of plasma so that the method might even be suitable for pediatric purposes. The best internal standard (1.S.) for 4-HNE
detection by GC-MS 9,9,9-D,-4-hydroxynon-2-enal was introduced by van Kuijk et a. [Anal. Biochem., 224 (1995) 420].
However, because of its limited availability, benzaldehyde-ring-d,, 4-hydroxybenzaldehyde, and 2,5-dihydroxybenzal dehyde
were tested to find an alternative. Out of these three, 4-hydroxybenzaldehyde was shown to serve best as |.S. To examine the
applicability of the adapted method, tests on the stability of 4-HNE in samples during storage were carried out. It was shown
that plasma samples need to be stored at —80 °C or less to avoid greater loss of 4-HNE. Samples with 4-HNE concentrations
close to the physiological level were shown to be stable over 22 months at —80 °C. The introduction of a new and easily
available 1.S., reduction of the sample volume, and information about sample stability provided by this study facilitate
4-HNE determination in most clinical settings. O 2002 Published by Elsevier Science BV.
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1. Introduction

Reactive oxygen species were shown to be in-
volved in a number of pathological processes. For
some of the most common degenerative diseases a
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direct link could be shown between their patho-
geneses and chronic oxidative stress [1-3]. As a
consequence, numerous methods were developed for
measurement of oxidative stress in vivo in the last
two decades. However, up to now none of these
methods has found its way into clinical routine
settings.

In general, oxidative stress might be measured in
different ways. One possibility is the detection of
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reactive oxygen species themselves. However, free
radicals might be measured only in the close vicinity
of their formation and these data do not give
information about cumulative effects. More infor-
mation about the potential toxicity of increased
radical formation is given by the products of free
radical action. When radical formation reaches a
certain level, lipid peroxidation (LPO) is initiated in
cellular systems leading to the formation of large
amounts of aldehydic products. Some of theses
aldehydes, in particular 4-hydroxyalkenals, represent
oxidized omega-6 and omega-3 polyunsaturated fatty
acids (PUFA) [4]. 4-Hydroxyakenals are strong
electrophilic reagents which react in tissues with
nucleophils, preferentially with sulfhydryl (SH),
amino (NH,) groups and the imidazole group of
histidine. Thus, these LPO products are biologically
very active and can cause severe disturbances of cell
functions at the biochemical and genetic level [5,6].
Therefore, LPO products are so-called ‘* second toxic
messengers’ of free radicals and represent excellent
indicators in studies on oxidative stress in vivo.

It has been proposed that most biological effects
of 4-hydroxyalkenals are based on the reaction of
4-hydroxynonenal (4-HNE) which is formed exclu-
sively from -6 PUFA [4]. Other toxic LPO prod-
ucts commonly determined (propanal, hexanal,
malondialdehyde) are formed from both -3 or »-6
PUFAs [4]. However, w-6 PUFAs are the PUFAs
with the highest concentration in mammalian tissues.
Therefore, and since 4-HNE was reported to be one
of the most toxic aldehydes formed in vivo, it is
probably the best indicator for LPO derived from
cytotoxic reactions. In order to detect 4-HNE in vivo
various analytical methods were developed using
different techniques, such as HPLC [7-10], GC-MS
[11-16], GC [17], LC-MS [18,19], TLC [20] and
immunohistochemistry [21].

GC-MS methods applying negative ion chemical
ionisation (NICI) and the use of an internal standard
show a much higher sensitivity compared to other
quantification techniques. This results in a much
lower detection limit for 4-HNE which alows a
reduction of the sample volume per analysis. Some
methods using GC—-MS may fulfill the requirements
of clinical application after some modification. The
method published by Luo et al. [22] alows a simple
and fast processing of samples, as well as analysis of

22 different aldehydes simultaneously. Quantification
of aldehydic LPO products, such as propanal, hexa-
nal, and MDA, can easily be achieved. However, an
accurate measurement of 4-HNE is not possible with
this method, as the recovery of this aldehyde from
plasma varies between 60 and 80% even under
optimal conditions. Luo et a. [22], therefore, re-
commended the use of a specific, stable isotopic
internal standard. However, since isotopic 4-HNE
cannot be obtained commercially and is aso very
difficult to synthesize, this presents indeed a major
problem of 4-HNE quantification with this otherwise
excellent method. Therefore, this study attempted to
find an aternative and tested benzaldehyde-ring-d
(RBA) [22], 4-hydroxybenzaldehyde (4-HBA), and
2,5-dihydroxybenzaldehyde (2,5-DBA) [23] for their
suitability as internal standards (1.S.). Furthermore,
we tried to reduce the necessary sample size and
tested also the stability of 4-HNE samples during
storage at different temperatures.

2. Experimental
2.1. Chemicals

0-(2,3,4,5,6-Pentafluorobenzyl )hydroxylamine hy-
drochloride (PFBHA-HCI) was obtained from Fluka
(Buchs) and N,O-bis(trimethylsilyl)-trifluoroaceta-
mide (BSTFA)+ 1% trimethylchlorosilane (TMCS)
was purchased from Supelco (Bellefonte, PA; Sylon
BFT kit, 144 ampoules of 0.1 ml). (*)-4-Hydroxy-
non-2-enal (4-HNE, 1 mg/100 pl in hexane) was
obtained from Biomol (Hamburg, Germany), 9,9,9-
D;-4-hydroxynon-2-enal (D,-HNE, 1 mg/ml in ace-
tonitrile) was a gift of F.J.G.M. van Kuijk (Depart-
ment of Ophthalmology and Visual Sciences, Uni-
versity of Texas Medica Branch, Galveston, TX,
USA). Benzaldehyde-ring-d, (RBA) was purchased
from Cambridge Isotope (Andover, MA, USA), 2,5
dihydroxybenzaldehyde (2,5-DBA) and 4-hydroxy-
benzaldehyde (4-HBA) were purchased from Merck-
Schuchardt (Hohenbrunn, Germany). All other
chemicals used were obtained from Sigma—Aldrich
(Deisenhofen, Germany). Standard solutions of
RBA, 2,5-DBA and 4-HBA were prepared by dis-
solving 641 pmol of each substance in 10 ml
methanol following dilution to the appropriate con-
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centration. All solvents used were of anaytical
grade.

2.2. Collection of blood plasma samples

Blood was collected into potassium—EDTA coated
syringes containing 1.6 mg EDTA (Sarstedt) which
are commonly used in clinical routine. To stabilize
LPO products, syringes were precoated before with
50 pg 2,6-di-tert.-butyl-p-cresol (BHT). For sepa-
ration of plasma from cellular components blood was
centrifuged at 1900 g for 10 min at 4 °C. To test the
suitability of the methods for conditions of limited
blood availability in some experiments only 100 .l
blood was drawn in small, potassium—EDTA coated
caps supplied with a capillary (Sarstedt).

2.3. Sability of 4-HNE during storage

Fresh plasma from a healthy volunteer was spiked
with 4-HNE according to the following procedure:
195 pl of 4-HNE in hexane [1 pg/100 pl] was
added to 2.5 ml plasma, mixed well and divided into
50-pl portions. Three portions were stored at differ-
ent temperatures (—196, —80, —20 °C) for 4 weeks
and two were alowed to stay at 4°C for different
periods of time (1 or 3 h) prior to being stored at
—196 °C for 4 weeks. All samples (n=6 per portion)
were treated as described below using D,-HNE as
I.S.

For control of plasma containing 4-HNE in phys-
iological amounts freshly taken plasma from six
healthy volunteers was stored at —80°C for 22
months.

2.4. Sample preparation for GC-MS analysis

For sample preparation 1.S. was mixed with 50 p.l
plasma and 250 pl of 0.05 M PFBHA-HCI in water.
For 1.S. experiments, different amounts of the po-
tential 1.S. substances were used (5 ng of D,-HNE,
3.56 ng of RBA, 2.35 ng of 4-HBA, and 7.08 ng of
2,5-DBA). The mix was incubated at room tempera-
ture for 30 min. After incubation 0.5 ml of methanol
was added followed by 2 ml of hexane. Additionally,
six drops of concentrated sulfuric acid were added
dropwise and the sample was mixed and centrifuged
again. After separation hexane fractions were col-

lected, dried over anhydrous sodium sulfate and
evaporated under nitrogen. The sample was deriva
tised with 40 pl of Sylon BFT at 80°C. When
D,-HNE or RBA samples were used as |.S., samples
were derivatised only for 5 min. When 4-HBA or
2,5-DBA were used as |.S., samples had to be
derivatised for 2 h 15 min to achieve complete
derivatisation [23].

2.5. Gas chromatography—mass spectrometry

GC-MS analysis was performed on a Varian GC
3400 gas chromatograph in combination with a
Finniggn MAT TSQ 70 mass spectrometer. For
separation a ZB5 capillary column (30 m, 0.25 1.D.,
0.25-pm film thickness, Phenomenex) was used. The
temperature program started at 60°C. After the
conditions were held isothermic for 1 min, the
temperature was increased up to 85 °C at 20 °C/min.
Theresafter, the temperature was increased to 310 °C
a 8°C/min and held isothermic for 3 min. The
temperature of both the injector and the transfer line
were set at 250 °C. The source temperature was kept
a 120°C and electron energy was set to 70 év.
Helium was used as carrier gas with a flow-rate of 1
ml/min. The injection volume was 0.5 pl splitless
changing to split 20:1 at 0.7 min. Negative ion
chemical ionisation (NICI) was applied using
methane as reagent gas. MS acquisition was per-
formed in the single ion monitoring (SIM) mode,
monitoring m/z 403 and 406 for the unlabeled and
labeled 4-HNE derivatives, m/z 256, 447, 369 for
RBA, 2,5-DBA, and 4-HBA derivatives. The frag-
ment ions m/z 403, 406 and 369 represent the
[M-HF] anion [24], whereas m/z 256 represents the
[M-HFNO] anion of the derivatised RBA [22]. The
fragment ion m/z 447 corresponds to the [M-30]
anion which might result from the loss of two methyl
groups of the disilylated derivative of 2,5-RBA.

2.6. Satigtical analysis

All data are given as mean+SD. Correlation of
I.S. was examined for significance by the Pearson
test. A significant correlation was accepted at the
a=0.05 level. Mean values were examined by the
unpaired t-test using Welsh's correction. Statistical
significance was assumed at P=0.05. All tests were



234 D. Spies-Martin et al. / J. Chromatogr. B 774 (2002) 231-239

performed using the Prism 2 software package
(Graphpad Software Inc.).

3. Reaults

3.1. Adaptation and reliability tests of the GC-MS
method

Full scan NICI mass spectra of the most abundant
sterecisomers of the O-PFB-oxime (TMS ether) of
4-HNE and the internal standards were recorded
(Fig. 1). For single ion monitoring (SIM), charac-
teristic fragmentation ions were chosen for each
compound. Retention times (RT), molecular ion
(M7), and the ion chosen for measurement are listed
in Table 1. For each substance used as |.S. cali-
bration, curves applying a five-level calibration were
recorded per 50 wl plasma (from 2.5 to 25 pmol
4-HNE). Applying an acceptance criterium for
linearity of R*>0.9800, best linearity was achieved
using D,-HNE. For 4-HBA and 2,5-DBA linearity
was dtill in an acceptable range. In the experiments
applying RBA, a poorer linearity was found. A
comparison of calibration curves set up in 50-pl
samples is given in Table 2. The coefficient of
determination, residual standard deviation and pro-
cess standard deviation of the calibration curves are
also given.

Applying a signal-to-noise ratio of 4 (S/N = 4), no
signal for 4-HNE could be recorded in a blank level
(n=3, Fig. 2). However, in al our physiological
samples 4-HNE could be detected (n=6 adults;
Table 3, Fig. 2). Depending on the I.S., chosen
values varied from 2.6 to 76.6 nmol/I.

The precision of the method was determined by
calculating the coefficient of variation V, for five
repeated measurements of spiked plasma samples
containing 100 and 500 nmol/l HNE (Table 4).
Acceptance criterium for V. isV,<10%. Recovery of
the method could not be determined as there are no
suitable reference standards available.

3.2. Comparison of D,-HNE, RBA, 2,5-DBA, and
4-HBA

Comparison of different 1.S. was carried out with
different samples of one patient undergoing liver

transplantation in whom pathological levels of 4-
HNE were expected. Using D,-HNE as |.S., 4-HNE
concentrations were in the range of 20—120 nmol/I.
These 4-HNE values were compared to the results
obtained in experiments with the other 1.S. sub-
stances. Using single point determination, a correla
tion to the results obtained with D,-HNE could be
achieved only for 4-HBA (R*=0.8655; y=
0.6916x + 2.0496; a=0.05, P<<0.0001; Fig. 3). In
contrast, the results gained with 25-DBA (R*=
0.0176) and RBA (R*=0.0293) did not show any
linear correlation to the values measured with Ds-
HNE.

3.3 Sabhility of 4-HNE during storage

Samples spiked with 4-HNE were stored at differ-
ent temperatures. There was no difference in re-
covery between samples stored in liquid nitrogen
(—196°C) and samples stored at —80°C. In the
latter, 8.7 pmol 4-HNE could be found. In those
samples kept at 4 °C for 1 h prior to storage in liquid
nitrogen, 6.5 pmol 4-HNE was recovered. With 3 h
at 4°C, prior to storage in liquid nitrogen only 4.1
pmol 4-HNE could be found. Samples stored at
—20°C contained only 2.3 pmol 4-HNE per 50 wl
plasma after storage (Fig. 4).

In physiological plasma samples stored at —80 °C
for 22 months, an insignificant decrease of 4-HNE
was found compared with those samples which had
been worked up immediately. While stored samples
showed a mean 4-HNE concentration of 16.7+3.0
nmol/l, the mean concentration of the samples
worked up immediately was 21.9+7.2 nmol/l (n=
6).

4. Discussion

The method by Luo et a. [22] provides simulta-
neous determination of 22 aldehydes. However, with
respect to 4-HNE and other unsaturated aldehydes
this method does not provide reliable results, when
RBA isused as |.S. A stable isotopic I.S. for 4-HNE
determination, as suggested by Luo et al. [22], was
introduced by van Kuijk et al. [25]. However, this
I.S. is difficult to synthesize and commercially not
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Table 1

Retention times (RT) and characteristic ions of the NICI mass spectra of PFB-oxime-TMS derivatives (isomeres) of the aldehydes

Aldehyde PFB-oxime-TMS M- Characteristic RT
derivative ion (min)

4-HNE C,oH,cFsNO,SI 423 403° 19.99, 20.35*

D,-HNE C,oH,;D;FsNO,Si 426 406" 19.90, 20.29*

Benzaldehyde-ring-d, C,,H,D,F;ON 306 256° 15.85, 15.96*

2,5-Dihydroxybenzal dehyde C,oH,,FsNO,Si, 477 447° 22.56*

4-Hydroxybenzaldehyde C,,H,cFsNO,Si 389 369° 20.66, 20.96*

* |somere chosen for SIM.

® Fragment ion corresponds to [M-HF] ~.
® Fragment ion corresponds to [M-HFNO] ~.
° Fragment ion corresponds to [M-30] ~ most probably from the loss of two methyl groups.

Table 2

Comparison of calibration curves obtained using 50-p.l sample amounts

Internal standard Sample Curve function R? Residual Process

amount (pl) SD SD

D,-HNE 50 y = 0.0406x + 0.0769 0.9947 0.0306 0.7537
4-Hydroxybenzal dehyde 50 y = 0.0026x — 0.0001 0.9872 0.0031 1.1923
2,5-Dihydroxybenzal dehyde 50 y = 0.0479x + 0.0239 0.9825 0.0743 15511
Benzaldehyde-ring-d 50 y = 0.0098x + 0.0017 0.9542 0.02255 2.3010

Calibration was evaluated between 50 and 500 nmol HNE/I plasma applying a five-level calibration. Acceptance criteria for the
calibration is R*>0.9800 (corresponds to R>0.99).

R®= coefficient of determination.

Table 3
Concentrations of 4-HNE in physiological plasma samples (n=6) and their dependence of the internal standard used
Internal standard HNE range HNE median HNE mean HNE
[nmol /1] [nmol /1] [nmol /1] SD [%]
D,-HNE 2.6-49.9 329 30.0 19.6
4-Hydroxybenzal dehyde 26.7-59.4 46.0 44.6 135
2,5-Dihydroxybenzal dehyde 29.2-76.6 324 27 22.7
Benzal dehyde-ring-d, 18.5-46.6 30.8 30.0 9.2
% \ X intensity
/71403
U N zE.
50 ’- )
]
Table 4 <00 u/zi483 . %403
Coefficient of variation V, for 100 and 500 nmol/l HNE (n=5) 50 /_\ F'E“
Internal standard v, [%]* we| T XE+02
6.330
100 nmol /| 500 nmol /1 “M\\Wﬂ
DANE 3 » D T A
4-Hydroxybenzal dehyde 15 5.3 2% 2053 min
2,5-Dihydroxybenzal dehyde 25 44 ) )
Benzaldehyde-ring-d, 21.3 12.0 Fig. 2. SIM spectra of 4-HNE (m/z 403) in (a) solvent sample, (b)

# Acceptance criterium: V, <10%.

physiological plasma sample, (c) physiological plasma sample

spiked with 2.5 pmol 4-HNE.
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Fig. 3. Correlation between 4-HNE quantification via D,-HNE
and 4-hydroxybenzaldehyde. The 4-HNE concentration deter-
mined with 4-hydroxybenzaldehyde as internal standard is plotted
against 4-HNE concentration determined with D,-HNE as internal
standard. The dotted slopes give the 95% confidence interval.

available. This study shows that the widely available
substance 4-HBA may well be used as I.S. for
4-HNE determination instead of a deuterated com-
pound.

Deuterated substances are often used as I.S. for
quantification since they show very similar charac-
teristics compared with the corresponding unlabeled
compound. However, quantification will be only
successful as long as the labeled compound is stable
enough and no exchange of deuterium occurs during
sample preparation. D,-HNE, as proposed by van
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2,0 -
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conditions of storage

Kuijk et al. [25], fulfills these requirements for 4-
HNE analysis.

In our experiments using the method by Luo et al.
[22] excellent results were achieved with D,-HNE.
As alternatives, we tested three other substances
showing some structural similarity to D,-HNE:
RBA, introduced by Luo et a. [22], 2,5-DBA as
suggested by Rauli et a. [23] and, for the first time,
4-HBA were tested as potential 1.S. and compared
with results obtained with D,-HNE. All these I.S.
have a molecular structure different from 4-HNE.
While 4-HNE is an aliphatic molecule the suggested
|.S. are aromatic substances. However, RBA and
2,5-DBA are adehydes that differ also concerning
the number of hydroxy groups. While RBA has no
hydroxy moiety, 2,5-DBA is equipped with two
hydroxy groups. 4-HBA contains the same number
of functional groups as 4-HNE, and therefore, we
speculated that 4-HBA might be a more suitable |.S.
than the other two compounds suggested by other
authors.

Indeed, the linearity of 4-HBA was only dightly
less than that of D,-HNE and the calibration curves
showed an acceptable correlation. The residual stan-
dard deviation of 4-HBA and RBA is less than that
of D,-HNE, wheress for 2,5-DBA the residual SD is
worse. As the residual SD depends on the regression
coefficient, the process standard deviation was calcu-
lated to be able to compare the data. D,-HNE indeed
shows the smallest process SD followed by 4-HBA.

0-196 °C
O-80 °C
E1 hat4°C, then-196 °C
E3 hat 4 °C, then -196 °C
l-20 °C

Fig. 4. 4-HNE concentrations found in plasma samples (n=6) spiked with 25 pmol/50 pl HNE &fter storage at different temperatures.
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Our acceptance criteria for process SD is to be
closest to the values of D,-HNE because we chose
D,-HNE as the gold standard for this method.
Therefore, 4-HBA is considered the best alternative
to D,-HNE.

The coefficient of variation (Table 4) reveals that
the precision of D;-HNE, 4-HBA and 2,5-DBA is
within the acceptable range (<10%), only RBA does
not meet the criterium.

In experiments where 4-HNE concentrations were
measured in human plasma, the results obtained with
4-HBA correlated well with those of D,-HNE (R*=
0.8655, Fig. 3). Though this correlation might not be
ideal from the point of view of an analytical chemist
as the average 4-HNE values found with 4-HBA are
about 30% below the values found with D,-HNE
(Fig. 3), it isthe best which could be achieved. It isa
great improvement to all so far known 1.S. suggested
to replace D,-HNE. A disadvantage of 4-HBA may
be that it requires longer derivatisation time (2 h 15
min) in comparison to D,-HNE (5 min). In contrast
to 4-HBA, 4-HNE concentrations detected with RBA
and 2,5-DBA as internal standard showed very bad
correlation (R°=0.0176 and R*=0.0293) to the
values determined with D,-HNE. Keeping in mind
that 2,5-DBA and RBA both show an acceptable
coefficient of determination in spiked samples (see
Table 2), there is no correlation in real plasma
samples. These results show the importance of
verifying the suitability of this method by testing the
I.S. under redlistic conditions. In addition, the cali-
bration curve of RBA showed much less linearity
than those of D,-HNE, 4-HBA or 2,5-DBA in 50-pl
samples. Therefore, neither 2,5-DBA nor RBA
should be used as I.S. for 4-HNE detection.

While this work was in progress, Ogihara et al.
[26] reported the application of a GC-MS method
for measurements of aldehydes in newborn infants.
The authors employed hydroxylamine hydrochloride
and tert.-butyl-dimethylchlorosilane for derivatisa
tion of adehydes according to Norsten-Hoog and
Cronholm [16] and introduced 2,2,6,6-D,-cyclohex-
anone as |.S. Unfortunately, in their paper no data
were given on the reliability of the method used.
Compared to 4-HNE, 2,2,6,6-D,-cyclohexanone
shows less structural similarity than 4-HBA or 2,5-
DBA. Furthermore, 2,2,6,6-D,-cyclohexanone has
neither an aldehydic functional group nor a hydroxy

group. From these structural differences, it appears
doubtful that 2,2,6,6-D,-cyclohexanone is suitable as
an |.S. for 4-HNE determination.

4.1. Sability of 4-HNE during storage

Stability of LPO products in biological samples is
a major problem [27]. Under experimental condi-
tions, this problem might be solved by designing the
experiment in such away that all samples are treated
similarly and are measured after the same time.
Unfortunately, this is not possible in clinical studies
in which samples are most often collected at differ-
ent time-points.

In our experiments, the influence of time before
freezing, duration of storage, and storage temperature
on the 4-HNE concentration in the samples was
investigated. As can be seen from our results, there
are differences between samples with physiological
4-HNE concentrations and samples spiked with 4-
HNE. The spiked samples showed a loss of 4-HNE
during storage at 4 and —20 °C compared to samples
stored at —80 or —196 °C. In physiological samples
there was no significant difference in 4-HNE con-
centrations in samples worked up immediately com-
pared to those stored for 22 months at —80 °C.

An explanation for the loss of 4-HNE in the
spiked samples might be the reactivity of the alde-
hyde towards other biomolecules. Bruenner et al.
[28] showed that more than 99% of 4-HNE—protein
adducts occur via Michael addition, and only trace
amounts of reversible Schiff base adducts are
formed. Common GC-MS and HPLC methods are
able to measure either Schiff base bound or free
4-HNE. In spiked or highly oxidized samples, huge
amounts of free 4-HNE are present. Once the
reaction equilibrium between 4-HNE and proteins
within the spiked sample is reached, only trace
amounts of the originally present 4-HNE may be
detected. Concerning physiological samples, the
reaction equilibrium is aready present at time of
sample collection.

The introduction of a new reliable 1.S., infor-
mation on storage conditions required, and the
reduction of the sample size to the volume of
capillary collection tubes, lead to a significant im-
provement of the method developed originaly by
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Luo et a. [22]. This enhances the possibilities of
application in clinical settings.
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