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ABSTRACT

Oxidative stress can lead to tissue damage in the body, resulting in con-
ditions that may lead to heart failure. Carbonyl proteins and malondial-
dehyde are common markers for determining oxidative stress. In this
study, a high-performance liquid chromatography with ultraviolet-
visible (HPLC-UV-Vis) method was developed for both carbonyl

ARTICLE HISTORY
Received 12 June 2018
Accepted 24 July 2018

KEYWORDS
Carbonyl proteins;
high-performance liquid

proteins and malondialdehyde and compared with common spectro-
photometric methods. The HPLC-UV-Vis method for determining car-
bonyl proteins showed a linear correlation in a range of 0.05-1.6
pgmL™" (correlation coefficient: 0.9939). The limits of detection and
quantitation were determined to be 1.7 and 5.1 pmol on-column,

chromatography with
ultraviolet-visible
(HPLC-UV-Vis) detection;
malondialdehyde; reactive
oxygen species (ROS)

respectively. The HPLC-UV-Vis method for malondialdehyde exhibited
a linear correlation in the range of 0.04-13.6 pgmL~" (correlation coef-
ficient: 0.9982) with limits of detection and quantitation of 1.5 and
4.5 pmol on-column, respectively. As a proof of concept, the applicabil-
ity of the methods for both marker substances was investigated in
chicken heart tissue as a complex matrix sample. To simulate oxidative
stress, the tissue was treated with hydrogen peroxide as the oxidizing
agent. Samples prepared with hydrogen peroxide showed increased
carbonyl protein and malondialdehyde levels when compared to non-
oxidized samples and samples treated additionally with the antioxidant
Trolox. Regarding oxidative stress, similar results were achieved when
compared with common spectrophotometric methods. However,
HPLC-UV-Vis presented higher reproducibility and accuracy. The devel-
oped methods for both markers enable rapid and simple investigation
of possible antioxidant effects on tissue samples.

Introduction

Reactive oxygen and nitrogen species (ROS and RNS) are mainly involved in oxidative stress
effects. They are able to cause genotoxic damage, cell dysfunction or inactivation of enzymes
by oxidizing structures such as proteins, lipids, and DNA, resulting in tissue damage
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(Han et al. 2014; Rjiba-Touati et al. 2016). Even though ROS and RNS show mediation
effects at a physiological level, their excess leads to cell structure oxidation (Zhou et al. 2015).

Oxidative stress is defined as an imbalance between free radicals and antioxidants.
The latter counteract the radicals under physiological conditions (Betteridge 2000). Due
to the resulting tissue damage caused by high radical levels, diseases like diabetes
(Oberley 1988; Baynes 1991), Alzheimer (Selkoe 2001; Sultana et al. 2013) and heart
failure (Giordano 2005; Tsutsui et al. 2011; Pani et al. 2015) can develop.

For the investigation of oxidative stress and its resulting effects on a molecular level,
there are approved markers. The most common in tissue are carbonyl proteins as
markers for protein oxidation and malondialdehyde as markers for lipid peroxidation
(Venardos et al. 2004).

Malondialdehyde is mainly measured spectrophotometrically as a thiobarbituric acid
derivative and determined applying a molar extinction coefficient of 1.56 x 10°/M/cm for
the chromophore (Pikul and Leszczynski 1986; Noeman et al. 2011; Olszewska-Stonina
et al. 2011; Rjiba-Touati et al. 2016). In addition, there are different high-performance
liquid chromatography methods with ultraviolet-visible (HPLC-UV-Vis) detection to
determine malondialdehyde in body fluids and tissue by using 2,4-dinitrophenylhydrazine
or thiobarbituric acid as reagent (Cini and Moretti 1995; Khoschsorur et al. 2000; Sim et al.
2003; Ying et al. 2008). Carbonyl proteins are usually determined via a spectrophotometric
method by using 2,4-dinitrophenylhydrazine for derivatization and its molar extinction
coefficient of 22.0 mM ~'/cm for calculation (Cini and Moretti 1995; Noeman et al. 2011;
Mesquita et al. 2014; Rjiba-Touati et al. 2016). However, for carbonyl protein quantifica-
tion in tissue, no HPLC-UV-Vis method at all was found in literature. There are
HPLC-UV-Vis methods existing only for the detection of simple aldehydes and ketones
without applications in complex matrices or tissue (Barth et al. 1991; Wang et al. 2009).

Additionally, the measurements identified in literature on carbonyl protein and malon-
dialdehyde detection were carried out in different tissues (heart, kidney, liver, blood) and the
results were calculated in different units. Thus, these methods were difficult to compare.

The aim of this work was to develop an HPLC-UV-Vis method for both carbonyl pro-
tein and malondialdehyde determination in tissue and in further consequence to compare it
with common spectrophotometric methods. For these investigations, heart tissue was
chosen. The simulation of oxidative stress was performed by applying hydrogen peroxide.
This imitation of ROS was carried out before with bovine serum albumin (Adams et al.
2001; Mesquita et al. 2014) for carbonyl proteins and with human cells for malondialdehyde
analysis (Rac et al. 2015). As the counter actor of this oxidant, the antioxidative vitamin E
analog Trolox was applied in order to test a possible antioxidative effect in tissue samples.
For better comparison, the methods were optimized so that the same samples were applied
for both spectrophotometric and HPLC-UV-Vis determination. For all methods, the analyt-
ical parameters were investigated and all results were calculated in nmolg ' tissue. Finally,
the methods were compared considering outcome, reproducibility, accuracy and linearity.

Experimental
Materials and reagents

All chemicals and reagents were of analytical grade and were applied without further
purification.
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Ethanol, ammonium acetate, acetonitrile, 1-butanol, HPLC-grade water, hydrogen
peroxide and hydrochloride acid were obtained from Merck (Darmstadt, Germany).
HPLC-grade water was used during all experiments. 2-Thiobarbituric acid, butylated
hydroxytoluene, ethyl acetate, trichloroacetic acid solution, 2,4-dinitrophenylhydrazine,
malondialdehyde tetra-butylammonium salt, guanidine-hydrochloride, tris(hydroxyme-
thyl)aminomethane (Tris) and 6-hydroxy-2,5,7,8,-tetramethylchromane-2-carboxylic acid
(Trolox) were obtained from Sigma-Aldrich (Vienna, Austria). NaCl, KCl, KH,PO,,
MgSO,, CaCl,, NaHCOj; and dextrose were obtained from Roth (Karlsruhe, Germany).
Chicken hearts were purchased at a local supermarket.

Instrumentation

Spectrophotometric analysis was carried out with a Shimadzu UV-1800 spectrophotom-
eter. For HPLC analysis, an Agilent Technologies 1260 Infinity Quat Pump VL, a
Merck-Hitachi LaChrom L-7400 UV-detector and a LiChroCart RP-18 endcapped
(5 pum) column (250-4) were used. The mobile phase was composed of 100 mM
ammonium acetate buffer and acetonitrile at a ratio of 50450 (v/v) at an applied flow
of 1mL'min~'. Samples were injected via a 100 pL loop. The detection wavelength
was set to 370nm for investigation of carbonyl protein samples and to 532nm for
malondialdehyde samples.

For evaluation of the peak areas, the Agilent ChemStation software was used. 2,4-
Dinitrophenylhydrazine in the range of 0.05-1.6 pgmL ™' and malondialdehyde in the
range of 0.04-13.6 pgmL ™" were determined by using six concentrations. Each concentra-
tion was measured twice on three different days (n =6) to obtain the calibration plot and
accuracy. Limits of detection and quantitation were calculated at signal-to-noise ratios of
3:1 and 9:1, respectively.

To achieve accurate determination, external standards were freshly prepared daily
and investigated. The results were calculated via 2,4-dinitrophenylhydrazine and
malondialdehyde calibration plots in nmol'g~" wet tissue. For better comparison, basal
values were set as 100% and oxidized values were calculated as percentages compared to
the basal values.

Preparation of incubation solutions

The heart tissue was incubated with water, Krebs-Ringer solution or Trolox, which was
mixed with either water for basal values or hydrogen peroxide for oxidized values 1+ 1
(v/v). Krebs-Ringer stock solution was prepared with 2.37 M NaCl, 0.094 M KCl, 0.024
M KH,PO,, 0.023 M MgSO, and 0.05 M CaCl,. The final used Krebs-Ringer solution
was composed of 100 mL Krebs—Ringer stock solution, 0.05 M NaHCOj; and 0.023 M
dextrose, diluted with water to 2 L.

Trolox was used at the concentration of 3mM in water. The hydrogen peroxide solution
was diluted to 10% from 30%. The final concentration of hydrogen peroxide in the applied
mixtures was 5%. All solutions were filtered through a 0.45 pm membrane and stored
at 4°C.
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Preparation of heart tissue

Chicken hearts were sliced into pieces (about 0.5 cm) with a razor blade. Visible blood
vessels and conjunctive tissue were not used. To minimize effects through the different
surface of the tissue, mixtures of all pieces were applied for each experiment.

About 2 g of the heart pieces were stored for 60 min, each in 10 mL of one of the dif-
ferent solutions described above. Then the solutions were decanted and the tissue was
placed in 10 mL water for 5min in order to avoid solvent residues on the tissue. This
washing step was repeated. For homogenization, the hearts were frozen in liquid nitro-
gen and pestled afterwards. The final powdery tissue was placed in Eppendorf tubes in
100mg quantities and stored at -20°C. Before starting the derivatization, the pestled
heart tissue was mixed with 1 mL Tris buffer (10 mM, pH 7.4 with hydrochloric acid),
vortexed and centrifuged with 6500 rpm at 4°C for 30 min. The supernatant was used
for all further work.

Analysis of lipid peroxidation

Two hundred microliters of supernatant were mixed with 200 pL 0.05% butylated
hydroxytoluene in Tris-HCI (10 mM, pH 7.4) and vortexed. Afterwards, 500 pL 10 mM
thiobarbituric acid in 0.5 M HCI were added. In case of blank values, only 0.5 M HCl
was used. The mixture was vortexed and allowed to react at 80 °C in a water bath. After
60 min, the samples were placed on ice for 10 min and malondialdehyde was extracted
with 1 mL butanol. After vigorous vortexing, the emulsion was separated by centrifuga-
tion. The butanol phases of both sample and blank values were investigated in the spec-
trophotometer at 532 nm, applying pure butanol as the background. For calculations,
the blank value was subtracted from the sample value. The same samples were injected
into the HPLC system and analyzed using the parameters described above.

Analysis of carbonyl proteins

Two hundred microliters supernatant were mixed with 500 pL of 5mM 2,4-dinitrophe-
nylhydrazine in 2.5 M HCL. For blank values, 500 pL pure 2.5 M HCI were used instead
of the 2,4-dinitrophenylhydrazine reagent. The mixture was allowed to react for 90 min
in the dark at room temperature. Samples were vortexed every 20 min. Afterward, 1 mL
of 20% trichloroacetic acid solution was added, the samples were put on ice for 10 min
and then centrifuged for 20 min at 6500 rpm and 4°C. The supernatant was decanted
and the remaining pellet was washed with 1 mL of ethanol/ethyl acetate (1+1; v+v)
and again centrifuged and decanted. This washing step was carried out three times to
remove free 2,4-dinitrophenylhydrazine. The final pellet was dried with nitrogen and
resolved in 1 mL of 6 M guanidine HCI overnight.

Spectrophotometric detection was carried out the next day at a wavelength of
370nm. Pure 6 M guanidine HCl was applied as background. The blank value was
subtracted from the sample value for calculations. The samples were injected into the
HPLC system for analysis.
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Results and discussion
Optimization of tissue preparation

The sample preparation was optimized considering homogenization, extraction and the
applied amount of heart tissue. Final homogenization was accomplished by liquid nitro-
gen freezing and pestling. Furthermore, different extraction attempts were done with
Tris buffer and KCl buffer each with 10 and 150 mM at room temperature and at 37 °C.
The best results were achieved using 10 mM Tris buffer. No differences between temper-
atures were observed. Hence, extraction at room temperature was carried out in subse-
quent measurements.

The optimization was also done for the applied amount of pulverized heart tissue.
100, 200, and 500mg were extracted with 1mL Tris buffer and analyzed. Applying
100mg led to the best evaluable peaks and showed the easiest practical handling. In
further measurements, the heart tissue was prepared and stored in tubes in amounts of
100 mg each. The tissue sample of each tube was extracted with 1 mL 10 mM Tris buffer
and used for one carbonyl protein and one malondialdehyde assay including
blank values.

Optimization of the derivatization

Based on methods found in literature, the optimization was carried out considering single
steps. For carbonyl protein analysis, the sample was mixed with the 2,4-dinitrophenylhy-
drazine reagent, precipitated with trichloroacetic acid solution, washed and afterwards the
resulting pellet was redissolved with guanidine HCIl. 2,4-Dinitrophenylhydrazine reagent
was tested in 5 and 10 mM dissolved in 0.5 M HCl or 2.5 M HCI. The best solubility was
achieved with 5mM 2,4-dinitrophenylhydrazine in 2.5 M HCI. However, this solution
showed stability problems. The application of a 2,4-dinitrophenylhydrazine solution led
to significant lower results after 24 h. Therefore it was prepared freshly every day before
performing the carbonyl protein assay.

Furthermore, the resolving time (10 min, 1h, 5h, and overnight) of the pellet in 1 mL
of 6 M guanidine HCI was tested. The dissolution of the pellet overnight led to the best
results with the best reproducibility.

For malondialdehyde analysis, the sample reacted with thiobarbituric acid and the
chromophore was extracted with butanol. The thiobarbituric acid reagent was first used
at a concentration of 120mM in 0.5 M HCl. Due to solubility problems, different
molarities of thiobarbituric acid were investigated. The concentration with the best sta-
bility and satisfactory results was 10 mM which was used in subsequent measurements.

The reaction of thiobarbituric acid with the heart tissue was carried out for one hour
at room temperature, at 40°C, and at 80°C. Heating led to the highest amount of
detectable product, but also to a blank value containing small peaks. In order to avoid
this, butylated hydroxytoluene was applied against autooxidation as reported elsewhere
(Pikul and Leszczynski 1986). The extraction of the adduct in the reaction mixture
with n-butanol and cooling with ice after the reaction time of 1h also led to better
blank values. The best results were achieved using this approach.
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Table 1. Summary of the analytical parameters.

Parameter 2,4-Dinitrophenylhydrazine Malondialdehyde
Linear range (pg/mL) 0.05-1.6 0.04-13.6
Correlation coefficient 0.9939 0.9982
Standard deviation (%) <3 <3

Accuracy (%) 95.5-109.9 98.9-104.1
Limit of detection (pmol on-column) 1.7 1.5

Limit of quantitation (pmol on-column) 5.1 45

HPLC-UV-Vis method development and optimization

The HPLC-UV-Vis method was developed and optimized in a way that allows applica-
tion for both carbonyl protein and malondialdehyde quantification. Only the wavelength
has to be altered from 370 nm for carbonyl proteins to 532 nm for the malondialdehyde
measurement series for detection purposes.

Reversed-phase and HILIC columns were tested. The mobile phase was studied with
different ratios of acetonitrile and water or acetonitrile and ammonium acetate buffer.
The latter was applied at concentrations of 10, 50, and 100 mM. Additives such as 2%
glacial acetic acid and 0.01%-0.1% trifluoroacetic acid were also examined. The pH
value of the investigated mobile phases was varied from 3.7 to 6.9. The best results were
achieved using the LiChroCart RP-18 endcapped (5 pm) column (250-4) and a mobile
phase containing acetonitrile and 0.1 M ammonium acetate buffer at a ratio of 50+ 50
(v+v) without additives and a 100 pL loop. Both methods were validated with standard
substances (2,4-dinitrophenylhydrazine and malondialdehyde). Table 1 shows a sum-
mary of the optimized analytical parameters.

With this approach, carbonyl proteins were detected at a retention time of about
45min and malondialdehyde at a retention time of about 2min. Figure 1 shows
the corresponding chromatograms of carbonyl proteins and malondialdehyde in
heart tissue.

(a)50 4 (b) 50 -
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[ ]
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s [
] [}
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o 48 A S 48 -
2 a
= =
z \ S
47 { 47 -
46 — 46 : . - . :
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Figure 1. Typical heart tissue chromatograms of (a) carbonyl proteins in guanidine detected after
reaction with 2,4-dinitrophenylhydrazine at 370 nm and (b) malondialdehyde in butanol detected after
reaction with thiobarbituric acid at 532 nm including blanks (gray lines). The mobile phase was pH
6.9 100mM ammonium acetate buffer and acetonitrile (14 1). The stationary phase was a reverse
phase C18 column.
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Figure 2. Increase of malondialdehyde in heart tissue following treatment with 5% hydro-
gen peroxide.

Determination of lipid peroxidation

Malondialdehyde analysis was carried out according to the formerly described method.
Different hearts (n=2) were used and the assay was repeated four times. The average
detected concentration of malondialdehyde in non-oxidized tissue was 51.96 + 2.27 nmol'g ™"
tissue with spectrophotometric detection and 48.03+1.34nmolg ' tissue with
HPLC-UV-Vis. These results agree well with values previously found in rat tissue (liver 22,
heart 49, kidney 42 nmol'g ™" wet tissue) (Noeman et al. 2011). Figure 2 shows the increase of
malondialdehyde in heart tissue compared to the non-oxidized levels as percentages when
treated with 5% hydrogen peroxide.

Both the water- and Krebs—Ringer solution-mixture showed an increase of malondialde-
hyde of about 180%. This indicates that an oxidation of tissue samples through the applied
hydrogen peroxide occurred. On the other hand, the mixture with Trolox resulted only in
an increase of 140%. The reduced increase shows the expected antioxidative effect of
Trolox. Similar results were achieved by spectrophotometry and HPLC-UV-Vis.

Determination of carbonyl proteins

Carbonyl protein investigation was performed as described above. In these measure-
ments, two hearts (same hearts as for malondialdehyde determination) were used and
the assay was repeated four times. The mean concentration of carbonyl proteins in non-
oxidized tissue was 25.12+0.97 nmol'g™ " tissue with spectrophotometric detection and
1.53£0.04nmol'g ' tissue with HPLC-UV-Vis. The detected values of carbonyl pro-
teins were on average 10 times lower with HPLC-UV-Vis. This can be a hint to the
higher specificity of the HPLC-UV-Vis method compared to spectrophotometry.
Comparing these results with previous spectrophotometrically determined values in rat
tissue (liver 20, heart 23, kidney 19 nmolg™' wet tissue), similar quantities are found
(Noeman et al. 2011).

Figure 3 displays the increase of carbonyl proteins in heart tissue as percentages com-
pared to the basal value of non-oxidized heart tissue.

Again, water- and Krebs-Ringer solution-mixture did not block the oxidizing effect
of hydrogen peroxide. Carbonyl proteins in this tissue were increased by approximately
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Figure 3. Increase of carbonyl proteins in heart tissue following treatment with 5% hydro-
gen peroxide.

140%. No oxidation took place in the tissue treated with Trolox-mixture. These car-
bonyl protein values remained near the basal value of 100%, even though they were
exposed to an oxidative milieu. HPLC-UV-Vis and spectrophotometry showed similar
results when comparing the increase as a percentage.

Conclusion

An HPLC-UV-Vis method was developed for the determination of carbonyl proteins
and malondialdehyde in heart tissue. The determinations showed the expected increase
through application of the oxidant hydrogen peroxide and a reduction of this effect
through the utilization of the antioxidant Trolox. This confirms the applicability of the
method in tissue for the investigation of possible antioxidative effects. Compared to
common spectrophotometric methods, the HPLC-UV-Vis method showed similar
results considering the increase of carbonyl proteins and malondialdehyde calculated as
percentages. The results point out the accuracy of the developed HPLC-UV-Vis
method. Overall, the results of this study indicate that there are some differences
between the HPLC-UV-Vis and spectrophotometry methods for both markers.
HPLC-UV-Vis has advantages considering reproducibility and accuracy, as well as a
higher specificity, especially for carbonyl proteins. Additionally, this approach can be
used as a reliable and simple tool for pre-investigation of the effect of antioxidants
in tissue.
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