Article

Sensitivity of Osteosarcoma Cells to Concentration-Dependent
Bioactivities of Lipid Peroxidation Product 4-Hydroxynonenal
Depend on Their Level of Differentiation

Suzana Borovic Sunjic !, Ana Cipak Gasparovic
Andreas Meinitzer 3, Tilman Grune

check for

updates
Citation: Sunjic, S.B.;
Gasparovic, A.C.; Jaganjac, M.;
Rechberger, G.; Meinitzer, A.;
Grune, T.; Kohlwein, S.D.;
Mihaljevic, B.; Zarkovic, N.
Sensitivity of Osteosarcoma Cells to
Concentration-Dependent
Bioactivities of Lipid Peroxidation
Product 4-Hydroxynonenal Depend
on Their Level of Differentiation.
Cells 2021, 10, 269. https://doi.org/
10.3390/ cells10020269

Academic Editor: Alex Kalyuzhny
Received: 20 December 2020
Accepted: 26 January 2021
Published: 29 January 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

10, Morana Jaganjac (0, Gerald Rechberger 20,

450, Sepp D. Kohlwein 2, Branka Mihaljevic ! and Neven Zarkovic 1'*

Laboratory for Oxidative Stress (LabOS), Division of Molecular Medicine, Rudjer Boskovic Institute,
HR-10000 Zagreb, Croatia; Suzana.Borovic.Sunjic@irb.hr (S.B.S.); Ana.Cipak.Gasparovic@irb.hr (A.C.G.);
Morana.Jaganjac@irb.hr (M.].); Branka.Mihaljevic@irb.hr (B.M.)

Institute of Molecular Biosciences, Bio TechMed-Graz, University of Graz, 8010 Graz, Austria;
gerald.rechberger@uni-graz.at (G.R.); seppie99@gmail.com (5.D.K.)

University Clinic of Traumatology, University of Graz, 8010 Graz, Austria;
andreas.meinitzer@klinikum-graz.at

Department of Molecular Toxicology, German Institute of Human Nutrition Potsdam-Rehbruecke,

14558 Nuthetal, Germany; scientific.director@dife.de

Department of Physiological Chemistry, Faculty of Chemistry, University of Vienna, A-1090 Vienna, Austria
*  Correspondence: Neven.Zarkovic@irb.hr

Abstract: 4-Hydroxynonenal (HNE) is a major aldehydic product of lipid peroxidation known to
exert several biological effects. Normal and malignant cells of the same origin express different
sensitivity to HNE. We used human osteosarcoma cells (HOS) in different stages of differentiation
in vitro, showing differences in mitosis, DNA synthesis, and alkaline phosphatase (ALP) staining.
Differentiated HOS cells showed decreased proliferation (BH—thymidine incorporation), decreased
viability (thiazolyl blue tetrazolium bromide-MTT), and increased apoptosis and necrosis (nuclear
morphology by staining with 4’,6-diamidino-2-phenylindole-DAPI). Differentiated HOS also had
less expressed c-MYC, but the same amount of ¢-FOS (immunocytochemistry). When exposed to
HNE, differentiated HOS produced more reactive oxygen species (ROS) in comparison with undiffer-
entiated HOS. To clarify this, we measured HNE metabolism by an HPLC method, total glutathione
(GSH), oxidized GSH (ox GSH), glutathione transferase activity (GST), proteasomal activity by en-
zymatic methods, HNE-protein adducts by genuine ELISA and fatty acid composition by GC-MS
in these cell cultures. Differentiated HOS cells had less GSH, lower HNE metabolism, increased
formation of HNE-protein adducts, and lower proteasomal activity, in comparison to undifferentiated
counterpart cells, while GST and oxGSH were the same. Fatty acids analyzed by GC-MS showed that
there is an increase in C20:3 in differentiated HOS while the amount of C20:4 remained the same.
The results showed that the cellular machinery responsible for protection against toxicity of HNE was
less efficient in differentiated HOS cells. Moreover, differentiated HOS cells contained more C20:3
fatty acid, which might make them more sensitive to free radical-initiated oxidative chain reactions
and more vulnerable to the effects of reactive aldehydes such as HNE. We propose that HNE might
act as natural promotor of decay of malignant (osteosarcoma) cells in case of their differentiation
associated with alteration of the lipid metabolism.

Keywords: 4-hydroxynonenal; human osteosarcoma; differentiation; proliferation; apoptosis; ALP;
GSH; GST; proteasomal activity; HNE-protein adducts; fatty acid; C20:3

1. Introduction

Oxidative stress occurs in cells as a consequence of oxygen metabolism. The reactive
oxygen species (ROS) produced during oxidative stress may damage intracellular compo-
nents, including lipids causing chain reaction of lipid peroxidation. Reactive aldehydes,
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end-products of lipid peroxidation, are involved in the onset and progression of many
diseases such as cardiovascular diseases, neurodegeneration, fibroproliferative disorders,
cancer, etc. [1-3]. Unregulated or prolonged production of ROS as well as of reactive alde-
hydes may influence cancer development and progression not only directly as a mutagen
but also through modification of gene expression [4]. Tumor cells are under persistent
mild oxidative stress which seems to be beneficial for them, increasing their metastatic
potential and genetic instability, thus helping tumor cells to survive and progress [5,6].
It is well documented that antioxidant defense systems are altered in tumorigenesis pro-
moting tumor progression [7]. On the other hand, severe oxidative stress is harmful for
tumor cells; additional ROS production caused by chemotherapy, irradiation, or innate
immune response is cytotoxic and leads to cellular destruction [1,8]. Nowadays, numerous
strategies in cancer therapy rely on inducing excessive ROS, promoting lipid peroxidation
and ferroptosis [9]. Osteosarcoma cells are often resistant to oxidative stress induced by
chemotherapy [10,11].

The focus of our research is differences in response of differentiated and undifferenti-
ated cells to lipid peroxidation, in particular with respect to the role of second messenger of
ROS 4-hydroxynonenal (HNE). HNE alters cellular functions such as membrane integrity,
mitochondrial respiration, etc.; but it is also a signaling molecule modulating expression of
stress genes [4,12].

Normal and malignant cells of the same origin differ in sensitivity to oxidative stress.
We have previously described differential sensitivity to HNE of CEM-NKR leukemic cells
and normal human peripheral mononuclear cells, where HNE inhibited the growth of ma-
lignant cells, but not normal [13]. The same result is observed when normal and malignant
mesenchymal cells are analyzed. Normal human osteoblasts and WI38 fibroblasts are less
sensitive to HNE than 143 B and HOS osteosarcoma cells [14]. In this article we wanted
to clarify whether differentiation of the mesenchymal cells would influence sensitivity to
HNE. HOS cell line is able to differentiate in cell culture, so it is used for this purpose [15].
We analyzed HOS cells with different degrees of differentiation in respect to their sensitiv-
ity to HNE, ability to detoxify HNE, GSH content, GST activity, and proteasomal activity.
We also analyzed the composition of fatty acids in those cells as they serve as a substrate
for oxidation, increasing the damage to the cells.

2. Materials and Methods
2.1. HOS Cell Line

The human osteosarcoma cell line HOS was obtained from American Type Culture
Collection (ATCC). Cells were maintained in DMEM (Dulbecco’s modified eagle’s medium,
Sigma-Aldrich, St. Louis, MO, USA) with 5% (v/v) fetal calf serum (FCS, Sigma-Aldrich,
St. Louis, MO, USA) in T75 cell culture flasks (Sarstedt, Niimbrecht, Germany), in an incuba-
tor (Heraeus, Hanau, Germany) at 37°C, with a humid air atmosphere containing 5% CO,.
For the experiments, cells were detached from semiconfluent cultures with a 0.25% (w/v)
trypsin solution for 5 min. Viable cells (upon trypan blue exclusion assay) were counted on
a Biirker-Ttirk hemocytometer and used for experiments. All cell culture experiments were
performed in such conditions if not stated otherwise for each particular experiment.

In order to differentiate the HOS cell culture, cells were grown for 10 days without
detaching and medium was changed every second day. After this period, cells were used
for experiments, and are referred as differentiated HOS. Likewise, HOS cells which were
maintained in semiconfluent state are referred as undifferentiated HOS.

2.2. Alkaline Phosphatase Staining

Undifferentiated and differentiated HOS were washed with phosphate buffered saline
(PBS) pH 7, fixed with 4% buffered paraformaldehyde (Kemika, Zagreb, Croatia) for 1 h at
4 °C. Before staining cells were washed three times with PBS and three times with 0.9%
NaCl. Cells were then incubated with 500 uL/cm? of stain (naphthol phosphate AsMx
(Sigma-Aldrich, St. Louis, MO, USA), 4.4 mg sodium borate (Kemika, Zagreb, Croatia),
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0.9 mg Fast Blue RR (Sigma-Aldrich, St. Louis, MO, USA), 36 ug magnesium sulphate
(Kemika, Zagreb, Croatia) in 1 mL of 0.9% NaCl (Kemika, Zagreb, Croatia) pH 8.5) at
37 °C for 30 min in incubator (Heraeus, Hanau, Germany). Cells of osteogenic origin have
alkaline phosphatase (ALP) which increase with cell differentiation [15,16]. Yellow stain
was metabolized to blue deposits if ALP was present in cells. Number of ALP-positive
nodules was counted in cell cultures.

2.3. 3H-Thymidine Incorporation Assay

The rate of radioactive *H-thymidine incorporation into DNA was used to measure
proliferative activity of differentiated and undifferentiated HOS. Differentiated and undif-
ferentiated HOS were detached, seeded 2 x 10% cells in 96-well microtiter plates (Greiner
Bio-One GmbH, Frickenhausen, Germany) in a final volume of 200 uL and were cultured
for 48 h. For testing effects of HNE on cell proliferation, HOS were treated with different
concentrations of HNE (0, 1, 5, or 10 uM) for 48 h. After the first 24 h 0.1 uCi of radioactive
thymidine ([6-°H] thymidine, 1 mCi/mL, Amersham Biosciences, Amersham, UK) was
added to each well. The cells were harvested on glass filters in a cell harvester (Skatron,
Lier, Norway) and *H-thymidine incorporation was measured using a liquid scintillation
B-counter (Beckman 7400, Brea, CA, USA) [15].

2.4. GSH Measurement

Differentiated and undifferentiated HOS were detached, washed with PBS and frozen
immediately in liquid nitrogen. Total and oxidized glutathione were determined by method
of Teitze [17]. Briefly, 1 x 106 cells were resuspended in 50 pL of 0.1 M phosphate buffer
with 5 mM EDTA, pH 7.5. Next, 5 uL of such sample was resuspended in 250 pL of
phosphate buffer, vortexed, centrifuged for 7 min at 500 x g and supernatant was taken
for analysis. GSH standards were prepared from freshly prepared 1 mM GSH (Sigma-
Aldrich, St. Louis, MO, USA) stock solution. A total of 10 uL of standards and samples
were pipetted to 96-microwell plates with 50 uL phosphate buffer and background ab-
sorbance was measured at 415 nm (Easy-Reader 400 FW, SLT Lab Instruments GmbH,
Salzburg, Austria). After that, 50 L of 0.948 mg/mL DTNB (5,5"-dithio-bis-2-Nitrobenzoic
Acid, Sigma-Aldrich, St. Louis, MO, USA), 50 uL of glutathione reductase, 8 U/mL and
0.667 mg/mL NADPH were added. The reaction mix was incubated for 3 min at room
temperature, when absorbance was measured at 415 nm. The cellular GSH content was
calculated from the standard curve. The same cell lysates were used for determination of
oxidized GSH. The procedure was the same, only with 0.02 M NEM (N-ethylmaleimid,
Sigma-Aldrich, St. Louis, MO, USA) in phosphate buffer used in the second step cells were
resuspended. NEM blocks free GSH and leaves only oxidized GSH in cell sample [17].
The amount of GSH was calculated according to amount of cellular proteins determined
by Bradford assay [18].

2.5. GST Activity

Differentiated and undifferentiated HOS were detached, washed with PBS, and frozen
immediately in liquid nitrogen. GST was determined by enzymatic method [19]. Samples
of 1 x 10° cells were lysed with 500 uL of distilled water by vortexing for 2 min. Cell lysates
were centrifuged at 500x g for 7 min and supernatant was used for analysis. In total, 25 pL
of sample or GST (Sigma-Aldrich, St. Louis, MO, USA) standards were added into plastic
cuvette followed by 750 pL of 100 mM KH,PO4 (Kemika, Zagreb, Croatia) pH 6.25 and
incubated at room temperature for 5 min. Background absorbance was measured at 340 nm
(Shimatzu, Kyoto, Japan). Then, 100 uL of 7.5 mM 1-choloro-2,4-dinitrobenzene (CDNB,
Sigma-Aldrich, St. Louis, MO, USA) was added immediately followed by 100 puL of 10 mM
GSH (Sigma-Aldrich, St. Louis, MO, USA). Samples were incubated at room temperature
for 15 min and second absorbance was measured at 340 nm. First absorbance was taken
from the second one and results were calculated from standard curve. The amount of GST
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activity was calculated according to amount of cellular proteins determined by Bradford
assay [18].

2.6. Cell Viability Assay

Thiazolyl blue tetrazolium bromide (MTT) was used to measure mitochondrial activity
which reflects viability of the cells. Differentiated and undifferentiated HOS were detached;
the cells were plated at density of 2 x 10*/well in quadruplicates into 96-microwell plates
(Greiner Bio-One GmbH, Frickenhausen, Germany) in final volume of 200 uL/well and
incubated for 24 h in DMEM with 5% of FCS containing different concentrations of HNE
0,1,25,5,10, or 20 uM). After 24 h, the medium was removed and replaced with 200 pL
of Hank’s balanced salt solution without phenol red and 20 pL of the MTT substrate
solution (EZ4U, Biomedica, Vienna, Austria). Cells were incubated at 37 °C for 2 h and the
absorbance was measured at 450 nm with 620 nm as a reference wavelength [20] on a plate
reader (Easy-Reader 400 FW, SLT Lab Instruments GmbH, Worgl, Austria).

2.7. Cell Treatments with HNE for Free HNE Analysis, GSH Analysis, and HNE-ELISA Analysis

Undifferentiated and differentiated HOS were detached, cells were washed twice
with sterile Krebs-Henseleit buffer, and suspension of 1 x 10° cells/mL was pipetted into
sterile glass tubes. Cells were then treated with HNE at final concentration of 20 M
(20 nmol/10° cells) and incubated at 37 °C in incubator for 120 min unless specified
differently. This particular HNE:cells ratio was chosen because it corresponds to 2 uM
HNE in experiments in microwell plates we used through this work.

For cell viability by Trypan blue exclusion assay, cells were centrifuged at 200x g for
5 min (Heraeus, Hanau, Germany), the supernatants were discarded, and cell viability was
determined immediately by Trypan blue.

For free-HNE analysis, samples were taken at different time points (30, 60, 90, and 120 min),
and centrifuged at 200 x g for 5 min (Heraeus, Hanau, Germany). The supernatants were
mixed with an equal volume of acetonitrile/acetic acid (24:1 v:v, (Merck, Darmstadt,
Germany), centrifuged, and the supernatants were further stored at —80 °C for free HNE
analysis on HPLC.

For the HNE-ELISA (HNE-binding studies), cells were centrifuged at 200 x g for 5 min
(Heraeus, Hanau, Germany) the supernatants were discarded, and the cell pellets were
washed twice with PBS, centrifuged, and stored at —80 °C till analyses.

For the GSH analysis, cells were centrifuged at 200x g for 5 min (Heraeus, Hanau,
Germany), the supernatants were discarded, and the cell pellets were washed twice with
PBS, centrifuged, and stored at —80 °C till the analyses.

2.8. Determination of Free HNE by HPLC Method

HNE standards were prepared by serial dilution from 1M HNE stock solution stored
at —20 °C. Samples stored at —80 °C where thawed prior to analysis. After thawing,
samples were vortexed, centrifuged at 500x g 20 min at 4 °C (Sigma Laborzentrifugen
GmbH, Osterode am Harz, Germany) and analyzed by HPLC as already described [21].
The samples (20 uL) were injected into the HPLC system (Beckman System Gold Solvent
module 128 with the UV Detector, Beckman, Brea, CA, USA and a Midas Spark Holland
autosampler, Spark Holland, Emmen, The Netherlands). The mobile phase consisted
of acetonitrile/water (42:58, v/v) (Merck, Darmstadt, Germany). The flow was set to
0.9 mL/min and the absorbance at 223 nm. The samples were analyzed on a Beckman
Ultrasphere ODS, 5 pm, 4.6 x 150 mm column (Beckman Coulter, Brea, CA, USA) at
room temperature.

2.9. Determination of HNE-Protein Adducts by HNE-ELISA

Cell pellets were lysed with 400 puL of lysis buffer (6M guanidine, 0.6055 g TRIS,
0.8766 g NaCl in 100 mL H,O, pH 7.5 with 1% (v/v) Triton X-100, 2% (w/v) sodium
deoxycholate and 2% (w/v) SDS; all Sigma-Aldrich, St. Louis, MO, USA) and immediately
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before use, phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich, St. Louis, MO, USA)
was added to reach final concentration of 1 mM per 1 x 10° cells. The lysates were set to
concentration of 5 x 10* cells in 20 pL. Samples were analyzed by the ELISA as described
before [21]. The results obtained in the experiments are expressed as nmol of HNE-His/mg
of proteins.

2.10. Analysis of Nuclear Morphology with 4',6-diamidino-2-phenylindole

Cells were prepared the same way as for MTT assay and plated on an 8-well Nunc
chamber slide (Sigma, St. Louis, MO, USA). Differentiated and undifferentiated HOS
were treated with different concentrations of HNE (0, 1, 5, or 10 uM) as described above.
After 24 h cells were fixed with 4% formaldehyde. Cells were then incubated with 0.3 uM
4/ 6-diamidino-2-phenylindole (DAPI) solution in PBS for 5 min, rinsed with distilled
water, and air-dried in the dark. Slides were mounted with glycerol and were scored
blind for gross nuclear morphology under fluorescence microscope (Zeiss Axiovert25,
HBO 50 Oberkochen, Germany). Morphology evaluation included scoring for nucleus
size, chromatin condensation (condensation of chromosomes and necrotic shrinkage of
chromatin), and presence of micronuclei, providing information about cell cycle phases,
apoptosis, and necrosis, as described before [15,22].

2.11. ROS Measurement

Cellular ROS production was measured by a method based on oxidation of 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA, Fluka, Charlotte, NC, USA) to the fluores-
cent compound 2,7-dichlorofluorescein (DCF). This probe is highly reactive with hydrogen
peroxide and has been used to evaluate ROS generation in cells [23,24]. HOS cells were
seeded in white 96-well plates at density of 2 x 10* cells per well in DMEM supplemented
with 5% FCS 2 h prior to treatment. After 2 h, medium was removed, the cells were washed
with Hanks balanced salt solution (HBSS) and incubated with 10uM DCFH-DA in the
HBSS. After DCFH-DA was removed, the cells were washed and incubated with HBSS
buffer with different concentrations of HNE (0, 1, 2.5, 5, or 10 uM HNE) for 2 h and the
fluorescence intensity was measured with a Varian fluorescence spectrophotometer (Varian,
Palo Alto, CA, USA) with an excitation wavelength of 500 nm and emission detection
at 529 nm and under fluorescence microscope (Zeiss Axiovert25, HBO 50, Oberkochen,
Germany). Results are expressed as relative fluorescence units (RFU).

2.12. Immunocytochemical Fluorescence Labeling for c-FOS and c-MYC

Cells were prepared the same way as for MTT assay and plated on an 8-well Nunc
chamber slide (Sigma, St. Louis, MO, USA) and left to attach for 6 h. Differentiated
and undifferentiated HOS were treated with different concentrations of HNE (0, 1 uM)
as described above. After 24 h cells were fixed 2 min with methanol and stored in 4%
buffered formaldehyde until analysis. Samples were washed 3 x 5 min with PBS before
immunocytochemistry.

C-MYC immunostaining was performed with primary antibody against c-MYC (SC-42
Santa Cruz Biotechnology, Dallas, TX, USA) diluted 1:50 with 1% of bovine serum albumin
(BSA) in PBS incubated overnight at +4 °C. After that, samples were washed with 3 x 5 min
with PBS and overlaid with secondary antibody labelled with Texas red (TR, sc 3797 Santa
Cruz Biotechnology, Dallas, TX, USA) diluted 1:100 in 1% BSA with PBS for 2 h. Samples
were washed 3 x 5 min with PBS, mounted in glycerol, and analyzed under fluorescence
microscope (Zeiss Axiovert25, HBO 50, Oberkochen, Germany) with Image]J software (NIH
and LOCI, Bethesda, WI, USA). Results are expressed as fluorescence intensity.

C-FOS immunostaining was performed with primary antibody against c-FOS (F7799
Sigma-Aldrich, St. Louis, MO, USA) diluted 1:100 with 1% of bovine serum albumin (BSA)
in PBS incubated overnight at £4 °C. After that, samples were washed with 3 x 5 min with
PBS and overlaid with secondary antibody labeled with fluorescein isothiocyanate (FITC,
F1262 Sigma, St. Louis, MO, USA) diluted 1:100 in 1% BSA with PBS for 2 h. Samples
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were washed 3 x 5 min with PBS, mounted in glycerol and analyzed under fluorescence
microscope (Zeiss Axiovert25, HBO 50, Oberkochen, Germany) with Image]J software (NIH
and LOCI, Bethesda, WI, USA). Results are expressed as fluorescence intensity.

2.13. Proteasomal Activity

Cells were grown in T25 cell culture flasks (Sarstedt, Niimbrecht, Germany), trypsinized,
centrifuged 5 min at 200x g, and supernatant was discarded. Cell pellets were resuspended
in 200 pL cold (4 °C) lysis buffer (250 mM saccharose, 25 mM HEPES, 10 mM MgCl,, 1 mM
EDTA, pH 7.8 with 1 mM dithiothreitol, DTT, Carl Roth, Karlsruhe, Germany) and lysed
on shaker at highest speed for 1 h at 4 °C. Samples were then centrifuged for 30 min at
3000x g at 4 °C. Supernatants were used for determination of 26S proteasomal activity.
Reaction mix consisted of 10 puL of sample; 33.3 uL of incubation buffer (450 mM TRIS,
90 mM KCl, 15 mM Mg-acetate, 15 mM Mg-chloride, pH 8.2); 0.2 uL of 0.5 M DTT; 61.5 uLL
of HyO, 4.5 uL 531 pM Lactacystin (Sigma-Aldrich, St. Louis, MO, USA). Reaction mix
was left for 10 min, and then 5 puLL. of 100 mM ATP and 10 pL of 2 mM Suc-LLVY-MCA
(Bachem, Bubendorf, Switzerland) fluorogenic peptide substrate was added. Standards
were prepared by dissolving 7-Amino-4-methylcoumarin (MCA, Sigma-Aldrich, St. Louis,
MO, USA). Reaction was then incubated in dark at 37 °C 30-60 min. Results were analyzed
by plate reader fluorometer with Aex 360 nm and Aem 460 nm [25].

2.14. Fatty Acid Analysis

For the analysis of fatty acid composition, undifferentiated and differentiated HOS
were grown in flasks and triplicates of two different cultures were prepared. Cells were
trypsinized, washed, counted, and 1 x 107 cell was used for fatty acid analyses. Lipids were
extracted in chloroform:methanol (2:1) according to Folch [26]. Heptadecanoic acid C17:0
was added as an internal standard (IS). Fatty acid methyl esters (FAME) were prepared
by transesterification with 14% (v/v) boron trifluoride and dissolved in petroleum ether.
Fatty acid methyl esters were analyzed with GC-MS, using a Trace GC and a DSQ mass
spectrometer (Thermo, San Jose, CA, USA). Separation was performed on a DB-5MS
column (60 m, ID 0.32 mm, 0.25 um film thickness) (Agilent, Waldbronn, Germany), helium
was used as carrier gas and a temperature gradient from 130 to 250 °C within 50 min was
applied. Data analysis was done with Xcalibur 1.4 software (Thermo, San Jose, CA, USA)
and the NIST library for spectrum identification [27,28].

2.15. Statistical Analysis

All assays were carried out in triplicates unless otherwise stated for each particular
method. The comparison of the mean values was done using Student’s ¢-test considering
values of p < 0.05 as significantly different.

3. Results
3.1. Characterization of Undifferentiated and Differentiated HOS

Differentiated and undifferentiated HOS cells stained for the presence of alkaline phos-
phatase (ALP) are presented in Figure 1A,B. Undifferentiated HOS cell cultures (Figure 1A)
were not stained blue indicating lack of ALP activity. Differentiated HOS cell cultures
(Figure 1B) showed blue nodules, which indicated presence of ALP activity.

DAPI staining of differentiated and undifferentiated HOS are presented in Figure 1C,D.
Undifferentiated HOS cell cultures (Figure 1C) had high numbers of mitotic cells and pres-
ence of these cells is indicated by pink arrows, while differentiated HOS cell cultures had
low numbers of mitotic cells. Differentiated and undifferentiated HOS cells are different
(Table 1) with respect to the number of alkaline phosphatase positive nodules in cell culture
(p < 0.0002), mitosis (p < 0.001), and *H-thymidine incorporation (p < 0.05). Apoptotic cells
were not detected in either of the cell cultures.
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A B

Figure 1. Differentiated and undifferentiated HOS: alkaline phosphatase staining of (A) undifferentiated HOS and (B) differ-
entiated HOS (blue staining of nodules indicate alkaline phosphatase positive cells); DAPI staining of (C) undifferentiated
HOS and (D) differentiated HOS (arrows point to the mitotic cells).

Table 1. Characterization of undifferentiated and differentiated cell cultures.

Mitosis Apoptosis ALP Positive Nodules/10 cm? SH-Thymidine
Undifferentiated HOS 23% 0% 0.74 + 0.64 17,698 + 1230
Differentiated HOS 3% 0% 37.77 £ 4.84 9814 + 920
-test p <0001 p < 0.0002 p <005

3.2. GSH, ox GSH, GST, and Proteasomal Activity in Undifferentiated and Differentiated HOS

Total glutathione (GSH) content in cell cultures expressed in nmol/mg of cellular
proteins is presented in Figure 2A. Differentiated HOS contained lower amount of GSH
than undifferentiated HOS (p < 0.05). Content of oxidized GSH in cell cultures is presented
in Figure 2C. Both cell cultures had level of oxidized glutathione below 10% of total
GSH and it was not different between undifferentiated and differentiated HOS (p > 0.05).
Glutathione transferase (GST) activity expressed in U/mg of cellular proteins is presented in
Figure 2B. Undifferentiated and differentiated HOS cell cultures had the same GST activity
(p > 0.05). Proteasomal activity was calculated as activity in pmol/(mg*min) and presented
in Figure 2D. Differentiated HOS had lower proteasomal activity than undifferentiated
HOS (p < 0.05).
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Figure 2. Antioxidative parameters in differentiated and undifferentiated HOS, indicating ability to reduce HNE damage:
(a) GSH; (b) GST activity; (c) ox GSH; (d) proteasomal activity (PSA). Difference according to t-test significant between two

cultures, * p < 0.05.

3.3. Cell Viability, Proliferation, Mitosis, Apoptosis, and Necrosis after Treatment with HNE

Cell viability of HOS treated with different concentrations of HNE is presented in
Figure 3A. Low concentrations of HNE (1 uM, 2.5 uM) did not show differences when
compared to control, untreated cells (p > 0.05), while higher concentrations of HNE (5 uM,
10 uM) significantly decreased viability in both, undifferentiated and differentiated HOS
cells (p < 0.05). While there was no difference between viability of differentiated and
undifferentiated HOS treated with 1 uM HNE, differentiated HOS had significantly lower
viability when treated with 2.5 uM, 5 uM, and 10 pM HNE (p < 0.05).

Proliferation of HOS treated with different concentrations of HNE is presented in
Figure 3B. Similarly to cell viability assay, both undifferentiated and differentiated HOS
treated with 1 pM HNE did not show any differences when compared to control, untreated
cells nor compared to each other (p > 0.05). Higher concentrations of HNE (5 uM, 10 pM)
significantly decreased proliferation in both, undifferentiated and differentiated HOS
compared to the control (p < 0.05). Treatment with 5 uM HNE significantly decreased prolif-
eration of differentiated HOS compared to undifferentiated HOS (p < 0.05). Treatment with
10 uM HNE completely blocked proliferation of both undifferentiated and differentiated
HOS (p > 0.05).
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Figure 3. Viability, proliferation, and cell cycle events in differentiated and undifferentiated HOS: (a) cell viability (MTT)
after HNE treatment; (b) proliferation (*H-T) after HNE treatment; (c) phases of cell cycle in cells treated with HNE.
Difference according to t-test significant between two cultures, * p < 0.05.

Effects of different concentrations of HNE on distribution of different phases of cell
cycle are presented in Figure 3B. In control cultures, undifferentiated HOS cells had high
number of mitosis (22 4 4%). Control cultures of differentiated HOS cells recovered mitotic
activity when trypsinized and plated at low density (20 &= 6%). While undifferentiated
HOS were slightly stimulated by 1 uM HNE, differentiated HOS significantly decreased
mitotic index (6 &= 3%, p < 0.05), had similar reaction pattern as treatment with 5 uM HNE
(mitotic index 3 £ 4%, apoptosis 6 £ 6%, necrosis 14 + 10%). Unlike differentiated HOS,
undifferentiated HOS treated with 5 pM HNE had higher mitotic index (11 £ 3%) and
lower percentage of necrotic cells (2 = 1%). Finally, while treatment with 10 pM HNE
caused necrosis of differentiated HOS, undifferentiated HOS had 21 + 5% apoptosis and
16 % 6% necrosis/late apoptosis.

3.4. HNE Metabolism, GSH Content, Formation of HNE-Protein Adducts

Effects of concentration of HNE 20 nmol/10° cells on HNE metabolism, GSH content,
formation of HNE-protein adducts, and cell viability in undifferentiated and differentiated
HOS cell cultures are presented in Figure 4.
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Figure 4. Treatment of undifferentiated and differentiated HOS with HNE (20 nmol/ 10° cells). (a) elimination of HNE from
the media; (b) content of GSH in cells treated with HNE; (c¢) amount of HNE-protein adducts in cell cultures treated with
HNE; (d) cell viability checked through the time of experiment upon trypan blue exclusion assay. Difference according to
t-test significant between two cultures, * p < 0.05.

Free HNE in cell cultures supernatants is presented in Figure 4A. Undifferentiated and
differentiated HOS decreased initial HNE concentration already after 30 min (p < 0.05 for
both cultures). Undifferentiated HOS were more efficient in decreasing free HNE to 40% of
initial value after 120 min (p < 0.05) while in the same period differentiated HOS decreased
HNE to 60% of initial value (p < 0.05). Kinetic of GSH in undifferentiated and differentiated
cell cultures after treatment with HNE are presented in Figure 4B. GSH decreased during
observed period of 120 min in both undifferentiated and differentiated HOS (p < 0.05).
Concentration of GSH remained higher in undifferentiated cells throughout the observed
period of 90 min (p < 0.05). HNE-protein adducts formed after treatment with HNE are
presented on Figure 4C. In undifferentiated HOS cells HNE-protein adducts increased until
30 min when they reached plateau, while in differentiated HOS the plateau was reached af-
ter 60 min. Amount of HNE-protein adducts in differentiated HOS cell cultures was higher
than in undifferentiated (p < 0.05). Cell viability evaluated upon trypan blue exclusion
assay presented in Figure 4D shows that both undifferentiated HOS and differentiated
HOS were viable throughout the whole experiment, (p > 0.05).

3.5. ROS Production in Cells after Treatment with HNE

ROS production in undifferentiated and differentiated HOS 2 h after treatment with
different concentrations of HNE (0, 1, 2.5, 5, and 10 uM) is presented in Figure 5. Green flu-
orescence indicated presence of ROS in cell cultures. HNE caused concentration-dependent
increase in ROS production in both cell cultures (p < 0.05 for 5 and 10 uM HNE). More ROS
was present in differentiated HOS cell cultures (p < 0.05 for 5 and 10 uM HNE).
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Figure 5. Induction of ROS in cell cultures treated with HNE. (a) Green fluorescence as a measure of ROS in differentiated
and undifferentiated HOS treated with HNE; (b) fluorescence intensity in undifferentiated and differentiated HOS analyzed

by t-test, * p < 0.05.

3.6. c-FOS and c-MYC in Undifferentiated and Differentiated HOS

Immunocytochemical fluorescent staining for c-FOS and ¢-MYC is presented in
Figure 6. There is no difference in the intensity of c-FOS staining in control cultures
for differentiated and undifferentiated HOS (p > 0.05). The intensity of c-FOS positivity is
the same in both cultures, differentiated and undifferentiated HOS when treated with 1 uM
HNE (p > 0.05). Unlike c-FOS, undifferentiated HOS have higher c-MYC positivity in both
control and HNE treated cultures compared to differentiated HOS (p < 0.05). C-MYC posi-
tivity decreased in undifferentiated HOS when treated with 1 uM HNE (p < 0.05).
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Figure 6. Representative immunofluorescence labeling for c-FOS and c-MYC in differentiated and undifferentiated HOS.
Difference according to t-test significant between two cultures, * p < 0.05; and 0 and 1 uM HNE, ** p < 0.05.

3.7. Fatty Acids Composition in Undifferentiated and Differentiated HOS

Samples of fatty acids chromatograms of undifferentiated and differentiated HOS
cell cultures separated by GC are presented in Figure 7. Differentiated cell cultures have
one peak higher and this was designated on a chromatogram. Based on the obtained data,
peaks eluting at the selected retention times were further analyzed by the MS. Fatty acids
determined by GC-MS in cell culture samples are presented in Table 2. The most abundant
fatty acids were palmitic acid C16:0, oleic acid C18:1, and stearic acid C18:0, although
they did not significantly differ between two cultures (p > 0.05 for all). We observed very
small amounts of C18:2 in both undifferentiated and differentiated HOS as three peaks (RT
19.52,19.64, 19.71 min), but exact structures we could not determine so those data are not
presented in the table.
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Figure 7. Representative GC chromatograms of fatty acids extracted from (a) undifferentiated HOS and (b) differentiated

HOS cell culture. Fatty acids detected in HOS are labeled on chromatograms. Differences in chromatographs are extracted

for each sample.

Table 2. Fatty acids detected in cell samples. Values are expressed as a percentage of IS £ sd. Difference according to t-test

significant between two cultures, * p < 0.05.

Fatty Acid Undifferentiated HOS Differentiated HOS

C14:0 Myristic acid (Tetradecanoic acid) 3.03£0.72 357 +£1.27
C16:0 Palmitic acid (Hexadecanoic acid) 74.01 4+ 14.45 85.41 + 32.26
Ci16:1 Palmitoleic acid (9-hexadecenoic acid) 10.00 4+ 3.58 11.56 + 5.01
Cc17:0! Margaric acid (Heptadecanoic acid)

C18:1 Oleic acid (9-Octadecenoic acid) 70.88 + 21.05 108.37 + 47.25
C18:0 Stearic acid (Octadecanoic acid) 40.72 £ 11.56 59.75 + 20.63
C20:4 Arachidonic acid (5,8,11,14-Eicosatetraenoic acid) 14.29 +4.75 20.11 +9.15
C20:3 Mead acid (5,8,11-Eicosatrienoic acid) 5.40 £+ 1.65 24.40 + 10.50 *
C22:6 (4,7,10,13,16,19-Docosahexaenoic acid) 433 +1.86 6.13 + 3.07

! Fatty acid added to samples as IS.
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In agreement with the initial screening performed by GC-FID one fatty acid was found
to significantly differ between differentiated and undifferentiated HOS cells (Figure 8).
Differentiated HOS cells have significantly increased level of 5,8,11-eicosatrienoic acid
C20:3 n-9 (p < 0.05). The amounts of other fatty acids were not different between cultures
(p > 0.05).

20:4 ME
(@) mws3is) /
40 * O Undifferentiated
HOS
35 H Differentiated
HOS
0 150.0 30
175.0 25
2124717318 1 39304282 537.6 5666 £
‘020
20:3 ME s I
(b) (MW 320) / 15
10
61.0 5 L
180. o 0
Jk k C20:3 C20:4
bl

200

320.1
[ 1 ,271 1] 8882 452250305411

300
m/z

400 500 600

Figure 8. Fatty acid analyses. (a) Arachidonic acid, 20:4 (MW 318) and (b) mead acid 20:3, (MW 320); (c) amounts of 20:3
and 20:4 in undifferentiated and differentiated HOS normalized with internal standard. Amount of C20:3 was different
*

p <0.05.

between cultures,

4. Discussion

Evidence suggest that normal cells are less sensitive to HNE than corresponding
malignant cells, such as normal human peripheral lymphocytes compared to CEM-NKR
leukemic cells [13] and normal mesenchymal cells such as human osteoblasts and WI38
fibroblasts compared to malignant 143B and HOS osteosarcoma cells [14]. Therefore,
we wanted to investigate how the process of differentiation affects sensitivity of malignant
cells to HNE. For this purpose, we used HOS osteosarcoma cells as they are able to
differentiate in cell culture. When HOS cells reach confluence, they start to differentiate
and express alkaline phosphatase as functional and morphological biomarker of osteogenic
differentiation [15]. These cells retained viability and do not undergo apoptosis, but were
able to proliferate when seeded at lower density and even completely recover ability to
proliferate reaching the same percentage of mitosis in the culture as undifferentiated HOS.
If the cultures are regularly maintained, it is not expected that deprivation of nutrients
is caused. Similar effect is observed on adipocytes where contact inhibition and growth
arrest cause differentiation [29]. It is important to notice that HNE itself is also a growth
regulating factor which can induce differentiation in different cell types [30,31]. In HOS
model we used HNE decreased differentiation when added repeatedly every second day
for 10 days [15].

Therefore, we expected that differentiated HOS cells will exert characteristics of
osteoblasts because of the presence of ALP, and will be more resistant to HNE due to our
previous results on mesenchymal cells [14].
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Firstly, we performed MTT assay and 3H-thymidine proliferation assay which,
surprisingly, showed that differentiated HOS are more sensitive to HNE. They also had
more apoptotic cells and late apoptotic/necrotic cells than undifferentiated HOS. Furthermore,
we made immunostaining HOS cells for the two transcription factors, c-FOS and c-MYC.
The results of c-FOS presence in the cells are in the agreement on HL-60 cells where HNE
does not affect c-FOS [32], but inhibits c-MYC [33] indicating that this decrease can be the
cause of lower proliferation and viability at higher HNE concentrations. Interestingly,
c-MYC showed to be differently present in differentiated and undifferentiated HOS.
Overexpression of c-MYC increases proliferation of mesenchymal stem cells [34]. As c-
MYC is a transcription factor which activates genes involved in proliferation [35], this result
supports lower proliferation index in differentiated HOS.

One of the possible explanations of those results is that differentiated HOS probably
reached senescence. In support of this possibility is the data showing that senescent
chondrocytes are more sensitive to oxidative stress [36]. We expected that one of the factors
causing different sensitivity to HNE could be the changes in reduced glutathione (GSH)
level. GSH is an important intracellular protector against free radicals as well as radical
scavenger responsible for HNE detoxification [37].

The GSH content in differentiated and undifferentiated HOS was measured showing
that differentiated HOS cells had lower levels of GSH, which might explain their higher
sensitivity to HNE. Levels of oxidized GSH were below 10% in both nondifferentiated and
differentiated HOS cell cultures, showing that those cells were equally viable. The process
of HOS cells differentiation was associated with changes in cell metabolism resulting in
decreased GSH content in those cells. GSH content in cells is different depending on the
cell cycle: it increases from G phase through S phase and reaches maximum at G2/M
phase [38]. Differentiated osteosarcoma cells had lower number of mitotic cells, thereby
agreeing with this study. Some malignant cells like hepatoma have higher GSH than
normal hepatic cells [39], while nonmalignant mesenchymal cells have higher amounts of
GSH than osteosarcoma cells [14]. Differences in GSH content appear to play an important
role in cellular sensitivity to HNE.

Treatment with HNE additionally decreased GSH content in cells [37]. Lower content
of GSH and its consumption resulted in higher HNE-protein adducts in differentiated HOS
cells. Previously, we presented linear correlation between GSH content and HNE-protein
adducts formed in cells after exposure to HNE [14]. After a certain period of time, both GSH
level and HNE-protein adducts reached equilibrium, regardless of the free HNE in cell
supernatant and free GSH. In this equilibrium state GSH and HNE-protein adducts reached
plateau. One of the possibilities for these results is the method for measuring HNE-protein
adducts, which detects only HNE-histidine adducts, but not other modifications, such as
lysine, cysteine, or arginine [40]. HNE-protein adducts are formed in vivo in cancer cells
and normal tissue and change during tumor progression. Depending on tumor origin
and stage, formation of adducts could be lower, the same, and higher than corresponding
normal tissue [41,42].

HNE is a substrate of glutathione S-transferases (GST) [43], a family of enzymes
that catalyzes the conjugation of chemicals to glutathione. Two isozymes of x-class of
GSTs, hGSTA4-4 and hGST5.8 have high catalytic affinity for HNE [44,45]. GS-HNE con-
jugates are exported from the cells by active ATP-dependent transport through RLIP76
protein [46]. We measured total glutathione transferase activity in HOS and there was no
difference between differentiated and undifferentiated HOS. Overexpression of GSTs is
related to an increase in resistance to anticancer drugs or alkylating agents [47,48]. In ker-
atinocytes, HNE metabolites are determined by MS; 48% are attributed to two unconjugated
metabolites created by aldehyde dehydrogenase [49] and 52% are four metabolites created
by conjugation with GSH further metabolized by oxido-reductive enzymatic processes.
In erythrocytes, 70% of metabolites are conjugates with glutathione and 25% one of the
unconjugated metabolites [50]. It seems that cells of different origin differ in preference of
metabolic pathways which is used for HNE degradation. Earlier, we determined linear
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correlation between HNE-modified proteins and GSH content in mesenchymal cells [14],
so we supposed that these cells use GSH preferentially to eliminate HNE.

Proteasomes are responsible for degradation of damaged proteins and its role in tumor
progression is not yet clear although there are attempts to use proteasomal inhibitors in
tumor treatments [51]. HNE damages proteins which are then substrate for degradation
by 20S proteasome subunit of 26S proteasome, responsible also for degrading oxidized
proteins. Mildly modified proteins with HNE concentrations such as 1-10 uM are easily
degraded by the proteasome, while high concentrations of HNE such as 100 uM extensively
modify proteins. This results in formation of protein aggregates which inhibit proteasomal
activity [52]. Undifferentiated and differentiated HOS were checked for 265 proteasomal
activity and we found that differentiated HOS had lower proteasomal activity which makes
processing damaged proteins more problematic. HNE induced production of ROS in undif-
ferentiated and differentiated HOS after treatment in a concentration dependent manner,
the higher the HNE concentration used, the higher were the ROS levels measured. In sup-
port to GSH results, HNE caused higher increase of ROS in differentiated HOS. The method
we used for ROS determination with DCFH-DA is widely used for HyO,, although there
are some controversies about the compound which causes oxidation of this substrate. It is
suggested that hydroxy radicals or peroxinitrite could do that also [53]. Fatty acid compo-
sition in undifferentiated and differentiated HOS was measured because PUFAs can serve
as a substrate for oxidation. Only one fatty acid was found to be significantly different
between HOS with different degree of differentiation and this was 5,8,11-eicosatrienoic
acid (C20:3 n-9, mead acid) which was found to be higher in differentiated cells.

This particular fatty acid belongs to the group of omega-9 fatty acids and is the
only one formed de novo in the body in the state of fatty acid deficiency. Essential fatty
acid deficiency (EFAD) is considered when the ratio between triene/tetraene fatty acids
is >0.4 [54]. C20:3 is formed from oleic acid when there is restriction in omega-6 fatty
acids [55]. The elevated level of C20:3 in differentiated HOS cells could be due to increased
expression of enzymes involved in omega-9 fatty acid synthesis. Indeed, studies on NIH3T3
and Hepal-6 cells demonstrated that Elovl5, Fadsl, or Fads2 are involved in synthesis of
20:3 omega-9 fatty acid and their downregulation causes a decrease in C20:3 fatty acid
level [56]. Furthermore, EFAD changes composition of fatty acids in bone tissues toward
high C20:3 and low C20:4 [57]. Normal, young cartilage has very high content of C20:3
levels and low level of C20:4 [58]. This is supposed to be result of fatty acid deficiency due
to low vascularization, and C20:3 is also blocking angiogenesis [59]. However, data are not
straightforward because results in growing chicks show very high C20:4 in bone as well as
in cartilage, but not C20:3 [60]. Perhaps consummation of food with a higher amount of
omega-6 linoleic acid than omega-9 oleic acid causes this [60].

There are no literature data about the role of C20:3 fatty acid in cells of osteogenic origin
as well as osteosarcoma cells. It is known that it serves as a substrate for 5-lipooxigenase
and is converted into LTA3 which inhibits synthesis of proinflammatory LTB4 [61]. It is
supposed to block osteoblasts activity, decreasing ALP activity in osteoblasts [62]. In our
study differentiated HOS had both increased alkaline phosphatase activity and more C20:3,
therefore, our results do not support this. It is known that addition of other fatty acids
such as docosahexaenoic acid n-3 induces apoptosis via ROS production [63]; addition of
PUFAs can induce oxidative stress [64] because PUFAs can be autoxidized or enzymatically
oxidized by oxidases [65,66]. In our study differentiated HOS had more PUFAs in total,
which can increase their sensitivity to cytotoxic activity of HNE.

The differentiation of HOS was accompanied by a decrease in the ability of HOS cells
to metabolize HNE and protect themselves from its toxic effects. Since differentiation of
HOS cells was accompanied also by increased production of C20:3 fatty acid, we assume
that could make them more subjected to free radical-initiated oxidative chain reactions and
more vulnerable to the effects of reactive aldehydes such as HNE. In favor of this possibility
are findings of novel, selective anticancer effects of HNE observed for the other cancer cell
types [67], related to the lipid metabolism and ROS production by cancer and surrounding



Cells 2021, 10, 269 17 of 20

nonmalignant cells [68], resembling findings observed also for another reactive aldehyde
acrolein [69,70], thus supporting further studies on biomedical relevance of these bioactive
markers of lipid peroxidation [71,72].

Author Contributions: Conceptualization, S.B.S.; methodology, S.B.S., A.C.G., M.]., G.R,, B.M. and
A.M,; validation, S.B.S.; formal analysis, S.B.S., A.C.G., M.J. and G.R,; investigation, S.B.S., A.C.G.
and M.J.; resources, N.Z., AM., T.G. and S.D K.; writing—original draft preparation, S.B.S.; writing—
review and editing, S.B.S., A.C.G., M.J., G.R,, T.G. and N.Z,; visualization, S.B.S.; supervision, S.B.S.;
project administration, S.B.S.; funding acquisition, N.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Croatian Ministry of Science, Education and Sport project No.
098-0982464-2519 and by COST Action B35.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: The authors wish to express gratitude to Nevenka Hirsl and Lenka Glavina
for excellent technical assistance. We also thank Oksana Tehlivets and Stephanie Allenfort for
helpful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Halliwell, B.; Gutteridge, ]. M.C. Oxygen Free Radicals and Iron in Relation to Biology and Medicine: Some Problems and
Concepts. Arch. Biochem. Biophys. 1986, 246, 501-514. [CrossRef]

2. Burcham, P.C. Genotoxic Lipid Peroxidation Products: Their DNA Damaging Properties and Role in Formation of Endogenous
DNA Adducts. Mutagenesis 1998, 13, 287-305. [CrossRef] [PubMed]

3. Esterbauer, H.; Schaur, R.J.; Zollner, H. Chemistry and Biochemistry of 4-Hydroxynonenal, Malonaldehyde and Related Aldehy-
des. Free Radic. Biol. Med. 1991, 11, 81-128. [CrossRef]

4. Dalleau, S.; Baradat, M.; Guéraud, F,; Huc, L. Cell Death and Diseases Related to Oxidative Stress: 4-Hydroxynonenal (HNE) in
the Balance. Cell Death Differ. 2013, 20, 1615-1630. [CrossRef]

5. Toyokuni, S.; Okamoto, K.; Yodoi, J.; Hiai, H. Persistent Oxidative Stress in Cancer. FEBS Lett. 1995, 358, 1-3. [CrossRef]

6. Hayes, ].D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell 2020, 38, 167-197. [CrossRef]

7. Jaganjac, M.; Milkovic, L.; Sunjic, S.B.; Zarkovic, N. The NRF2, Thioredoxin, and Glutathione System in Tumorigenesis and
Anticancer Therapies. Antioxidants 2020, 9, 1151. [CrossRef]

8.  Pennington, ].D.; Wang, T.].C.; Nguyen, P.; Sun, L.; Bisht, K.; Smart, D.; Gius, D. Redox-Sensitive Signaling Factors as a Novel
Molecular Targets for Cancer Therapy. Drug Resist. Updates 2005, 8, 322-330. [CrossRef]

9.  Jaganjac, M.; Borovic Sunjic, S.; Zarkovic, N. Utilizing Iron for Targeted Lipid Peroxidation as Anticancer Option of Integrative
Biomedicine: A Short Review of Nanosystems Containing Iron. Antioxidants 2020, 9, 191. [CrossRef]

10. He, H.; Ni, J.; Huang, J. Molecular Mechanisms of Chemoresistance in Osteosarcoma (Review). Oncol. Lett. 2014, 7, 1352-1362.
[CrossRef]

11.  dos Santos Cavalcanti, A.; Meohas, W.; de Ribeiro, G.O.; de Sa Lopes, A.C.; Gholamin, S.; Razavi, M.; Hanae Kasai Brunswick, T.;
Avan, A.; Matheus Guimaraes, J.A.; Leite Duarte, M.E; et al. Patient-Derived Osteosarcoma Cells Are Resistant to Methotrexate.
PLoS ONE 2017, 12, e0184891. [CrossRef]

12.  Milkovic, L.; Gasparovic, A.C.; Zarkovic, N. Overview on Major Lipid Peroxidation Bioactive Factor 4-Hydroxynonenal as
Pluripotent Growth-Regulating Factor. Free Radic. Res. 2015, 49, 850-860. [CrossRef] [PubMed]

13.  Semlitsch, T.; Tillian, H.M.; Zarkovic, N.; Borovic, S.; Purtscher, M.; Hohenwarter, O.; Schaur, R.J. Differential Influence of the
Lipid Peroxidation Product 4-Hydroxynonenal on the Growth of Human Lymphatic Leukaemia Cells and Human Periopherial
Blood Lymphocytes. Anticancer Res. 2002, 22, 1689-1697. [PubMed]

14. Borovic, S.; Cipak, A.; Meinitzer, A.; Kejla, Z.; Perovic, D.; Waeg, G.; Zarkovic, N. Differential Sensitivity to 4-Hydroxynonenal for
Normal and Malignant Mesenchymal Cells. Redox Rep. 2007, 12, 50-54. [PubMed]

15. Sunjic, S.B.; Cipak, A.; Rabuzin, F; Wildburger, R.; Zarkovic, N. The Influence of 4-Hydroxy-2-Nonenal on Proliferation,
Differentiation and Apoptosis of Human Osteosarcoma Cells. BioFactors 2005, 24, 141-148. [CrossRef]

16. Diduch, D.R.; Coe, M.R;; Joyner, O.; Owen, M.E.; Balian, G. Two Cell Lines from Bone Marrow That Differ in Terms of Collagen
Synthesis, Osteogenic Characteristics, and Matrix Mineralization. J. Bone Jt. Surg. Ser. A 1993, 75, 92-105. [CrossRef]

17. Tietze, F. Enzymic Method for Quantitative Determination of Nanogram Amounts of Total and Oxidized Glutathione: Applica-
tions to Mammalian Blood and Other Tissues. Anal. Biochem. 1969, 27, 502-522. [CrossRef]

18. Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of

Protein-Dye Binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]


http://doi.org/10.1016/0003-9861(86)90305-X
http://doi.org/10.1093/mutage/13.3.287
http://www.ncbi.nlm.nih.gov/pubmed/9643589
http://doi.org/10.1016/0891-5849(91)90192-6
http://doi.org/10.1038/cdd.2013.138
http://doi.org/10.1016/0014-5793(94)01368-B
http://doi.org/10.1016/j.ccell.2020.06.001
http://doi.org/10.3390/antiox9111151
http://doi.org/10.1016/j.drup.2005.09.002
http://doi.org/10.3390/antiox9030191
http://doi.org/10.3892/ol.2014.1935
http://doi.org/10.1371/journal.pone.0184891
http://doi.org/10.3109/10715762.2014.999056
http://www.ncbi.nlm.nih.gov/pubmed/25532703
http://www.ncbi.nlm.nih.gov/pubmed/12168855
http://www.ncbi.nlm.nih.gov/pubmed/17263909
http://doi.org/10.1002/biof.5520240117
http://doi.org/10.2106/00004623-199301000-00012
http://doi.org/10.1016/0003-2697(69)90064-5
http://doi.org/10.1016/0003-2697(76)90527-3

Cells 2021, 10, 269 18 of 20

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Carmagnol, F; Sinet, PM.; Rapin, ].; Jerome, H. Glutathione-S-Transferase of Human Red Blood Cells; Assay, Values in Normal
Subjects and in Two Pathological Circumstances: Hyperbilirubinemia and Impaired Renal Function. Clin. Chim. Acta 1981, 117,
209-217. [CrossRef]

Masteli¢, J.; Jerkovig, I; BlaZevi¢, I.; Poljak-BlaZi, M.; Borovi¢, S.; Ivanci¢-Bace, I.; Smrécki, V.; Zarkovié, N.; Breié-Kostic, K.;
Vikié-Topié, D.; et al. Comparative Study on the Antioxidant and Biological Activities of Carvacrol, Thymol, and Eugenol
Derivatives. J. Agric. Food Chem. 2008, 56. [CrossRef]

Borovic, S.; Rabuzin, F; Waeg, G.; Zarkovic, N. Enzyme-Linked Immunosorbent Assay for 4-Hydroxynonenal-Histidine
Conjugates. Free Radic. Res. 2006, 40, 809-820. [CrossRef] [PubMed]

Tarnowski, B.I,; Spinale, E.G.; Nicholson, J.H. DAPI as a Useful Stain for Nuclear Quantitation. Biotech. Histochem. 1991, 66,
296-302. [CrossRef]

Rosenkranz, A.R.; Schmaldienst, S.; Stuhlmeier, K.M.; Chen, W.; Knapp, W.; Zlabinger, G.J. A Microplate Assay for the Detection
of Oxidative Products Using 2’,7'-Dichlorofluorescin-Diacetate. J. Immunol. Methods 1992, 156, 39—45. [CrossRef]

McLennan, H.R.; Esposti, M.D. The Contribution of Mitochondrial Respiratory Complexes to the Production of Reactive Oxygen
Species. |. Bioenerg. Biomembr. 2000, 32, 153-162. [CrossRef]

Reinheckel, T.; Ullrich, O.; Sitte, N.; Grune, T. Differential Impairment of 20S and 26S Proteasome Activities in Human Hematopoi-
etic K562 Cells during Oxidative Stress. Arch. Biochem. Biophys. 2000, 377, 65-68. [CrossRef]

Folch, J.; Lees, M.; Sloane Stanley, G.H. A Simple Method for the Isolation and Purification of Total Lipides from Animal Tissues.
J. Biol. Chem. 1957, 226, 497-509. [CrossRef]

Kang, ].X.; Man, S.EP; Brown, N.E.; Labrecque, P.A.; Garg, M.L.; Clandinin, M.T. Essential Fatty Acid Metabolism in Cultured
Human Airway Epithelial Cells. Biochim. Biophys. Acta (BBA)/Lipids Lipid Metab. 1992, 1128, 267-274. [CrossRef]

Cipak, A.; Hasslacher, M.; Tehlivets, O.; Collinson, E.J.; Zivkovic, M.; Matijevic, T.; Wonisch, W.; Waeg, G.; Dawes, LW.; Zarkovic,
N.; et al. Saccharomyces Cerevisiae Strain Expressing a Plant Fatty Acid Desaturase Produces Polyunsaturated Fatty Acids and Is
Susceptible to Oxidative Stress Induced by Lipid Peroxidation. Free Radic. Biol. Med. 2006, 40, 897-906. [CrossRef]

Zhu, D.; Shi, S.; Wang, H.; Liao, K. Growth Arrest Induces Primary-Cilium Formation and Sensitizes IGF-1-Receptor Signaling
during Differentiation Induction of 3T3-L1 Preadipocytes. J. Cell Sci. 2009, 122, 2760-2768. [CrossRef]

Barrera, G.; di Mauro, C.; Muraca, R.; Ferrero, D.; Cavalli, G.; Fazio, V.M.; Paradisi, L.; Dianzani, M.U. Induction of Differentiation
in Human HL-60 Cells by 4-Hydroxynonenal, a Product of Lipid Peroxidation. Exp. Cell Res. 1991, 197, 148-152. [CrossRef]
Cheng, J.Z.; Singhal, S.S.; Saini, M.; Singhal, J.; Piper, ].T.; van Kuijk, E].G.M.; Zimniak, P.; Awasthi, Y.C.; Awasthi, S. Effects of
MGST A4 Transfection on 4-Hydroxynonenal-Mediated Apoptosis and Differentiation of K562 Human Erythroleukemia Cells.
Arch. Biochem. Biophys. 1999, 372, 29-36. [CrossRef] [PubMed]

Barrera, G.; Pizzimenti, S.; Serra, A.; Ferretti, C.; Fazio, V.M.; Saglio, G.; Dianzani, M.U. 4-Hydroxynonenal Specifically Inhibits
c-Myb but Does Not Affect c-Fos Expressions in HL-60 Cells. Biochem. Biophys. Res. Commun. 1996, 227, 589-593. [CrossRef]
[PubMed]

Barrera, G.; Muraca, R.; Pizzimenti, S.; Serra, A.; Rosso, C.; Saglio, G.; Farce, M.G.; Fazio, V.M.; Danzani, M.U. Inhibition of
C-Myc Expression Induced by 4-Hydroxynonenal, a Product of Lipid Peroxidation, in the HL-60 Human Leukemic Cell Line.
Biochem. Biophys. Res. Commun. 1994, 203, 553-561. [CrossRef] [PubMed]

Melnik, S.; Werth, N.; Boeuf, S.; Hahn, E.M.; Gotterbarm, T.; Anton, M.; Richter, W. Impact of C-MYC Expression on Proliferation,
Differentiation, and Risk of Neoplastic Transformation of Human Mesenchymal Stromal Cells. Stem Cell Res. Ther. 2019, 10, 73.
[CrossRef]

Fernandez, P.C.; Frank, S.R.; Wang, L.; Schroeder, M; Liu, S.; Greene, J.; Cocito, A.; Amati, B. Genomic Targets of the Human
C-Myc Protein. Genes Dev. 2003, 17, 1115-1129. [CrossRef]

Brandl, A.; Hartmann, A.; Bechmann, V.; Graf, B.; Nerlich, M.; Angele, P. Oxidative Stress Induces Senescence in Chondrocytes.
J. Orthop. Res. 2011, 29, 1114-1120. [CrossRef]

Forman, H.J.; Dickinson, D.A; Iles, K.E. HNE-Signaling Pathways Leading to Its Elimination. In Molecular Aspects of Medicine;
Elsevier Ltd.: Amsterdam, The Netherlands, 2003; Volume 24, pp. 189-194.

Soderdahl, T.; Enoksson, M.; Lundberg, M.; Holmgren, A.; Ottersen, O.P,; Orrenius, S.; Bolesfoldi, G.; Cotgreave, I.A. Visualization
of the Compartmentalization of Glutathione and Protein-Glutathione Mixed Disulfides in Cultured Cells. FASEB ]. Off. Publ. Fed.
Am. Soc. Exp. Biol. 2003, 17, 124-126. [CrossRef]

Lee, Y.Y.; Kim, H.G,; Jung, H.IL; Shin, Y.H.; Hong, S.M.; Park, E.H.; Sa, ]. H.; Lim, C.J. Activities of Antioxidant and Redox Enzymes
in Human Normal Hepatic and Hepatoma Cell Lines. Mol. Cells 2002, 14, 305-311.

Castro, J.P; Jung, T.; Grune, T.; Siems, W. 4-Hydroxynonenal (HNE) Modified Proteins in Metabolic Diseases. Free Radic. Biol. Med.
2017, 111, 309-315. [CrossRef]

Oberley, T.D.; Toyokuni, S.; Szweda, L.I. Localization of Hydroxynonenal Protein Adducts in Normal Human Kidney and
Selected Human Kidney Cancers. Free Radic. Biol. Med. 1999, 27, 695-703. [CrossRef]

Juric-Sekhar, G.; Zarkovic, K.; Waeg, G.; Cipak, A.; Zarkovic, N. Distribution of 4-Hydroxynonenal-Protein Conjugates as a
Marker of Lipid Peroxidation and Parameter of Malignancy in Astrocytic and Ependymal Tumors of the Brain. Tumori J. 2009, 95,
762-768. [CrossRef]

Alin, P; Danielson, U.H.; Mannervik, B. 4-Hydroxyalk-2-Enals Are Substrates for Glutathione Transferase. FEBS Lett. 1985, 179,
267-270. [CrossRef]


http://doi.org/10.1016/0009-8981(81)90040-1
http://doi.org/10.1021/jf073272v
http://doi.org/10.1080/10715760600693422
http://www.ncbi.nlm.nih.gov/pubmed/17015259
http://doi.org/10.3109/10520299109109990
http://doi.org/10.1016/0022-1759(92)90008-H
http://doi.org/10.1023/A:1005507913372
http://doi.org/10.1006/abbi.2000.1717
http://doi.org/10.1016/S0021-9258(18)64849-5
http://doi.org/10.1016/0005-2760(92)90317-O
http://doi.org/10.1016/j.freeradbiomed.2005.10.039
http://doi.org/10.1242/jcs.046276
http://doi.org/10.1016/0014-4827(91)90416-R
http://doi.org/10.1006/abbi.1999.1479
http://www.ncbi.nlm.nih.gov/pubmed/10562413
http://doi.org/10.1006/bbrc.1996.1550
http://www.ncbi.nlm.nih.gov/pubmed/8878557
http://doi.org/10.1006/bbrc.1994.2218
http://www.ncbi.nlm.nih.gov/pubmed/8074703
http://doi.org/10.1186/s13287-019-1187-z
http://doi.org/10.1101/gad.1067003
http://doi.org/10.1002/jor.21348
http://doi.org/10.1096/fj.02-0259fje
http://doi.org/10.1016/j.freeradbiomed.2016.10.497
http://doi.org/10.1016/S0891-5849(99)00117-3
http://doi.org/10.1177/030089160909500620
http://doi.org/10.1016/0014-5793(85)80532-9

Cells 2021, 10, 269 19 of 20

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Hubatsch, I; Ridderstrom, M.; Mannervik, B. Human Glutathione Transferase A4-4: An Alpha Class Enzyme with High Catalytic
Efficiency in the Conjugation of 4-Hydroxynonenal and Other Genotoxic Products of Lipid Peroxidation. Biochem. ]. 1998, 330,
175-179. [CrossRef] [PubMed]

Singhal, S.S.; Zimniak, P.; Awasthi, S.; Piper, ].T.; He, N.G.; Teng, J.IL; Petersen, D.R.; Awasthi, Y.C. Several Closely Related
Glutathione S-Transferase Isozymes Catalyzing Conjugation of 4-Hydroxynonenal Are Differentially Expressed in Human Tissues.
Arch. Biochem. Biophys. 1994, 311, 242-250. [CrossRef]

Awasthi, S.; Sharma, R.; Singhal, S.S.; Zimniak, P.; Awasthi, Y.C. RLIP76, a Novel Transporter Catalyzing ATP-Dependent Efflux
of Xenobiotics. Drug Metab. Dispos. 2002, 30, 1300-1310. [CrossRef]

Welters, M.].P,; Fichtinger-Schepman, A.M.]J.; Baan, R.A.; Flens, M.].; Scheper, R.J.; Braakhuis, B.J.M. Role of Glutathione,
Glutathione S-Transferases and Multidrug Resistance-Related Proteins in Cisplatin Sensitivity of Head and Neck Cancer Cell
Lines. Br. J. Cancer 1998, 77, 556-561. [CrossRef]

Chao, C.C.; Huang, Y.T.; Ma, C.M.; Chou, W.Y,; Lin-Chao, S. Overexpression of Glutathione S-Transferase and Elevation of Thiol
Pools in a Multidrug-Resistant Human Colon Cancer Cell Line. Mol. Pharmacol. 1992, 41, 69-75.

Aldini, G.; Granata, P; Orioli, M.; Santaniello, E.; Carini, M. Detoxification of 4-Hydroxynonenal (HNE) in Keratinocytes:
Characterization of Conjugated Metabolites by Liquid Chromatography/Electrospray Ionization Tandem Mass Spectrometry.
J. Mass Spectrom. 2003, 38, 1160-1168. [CrossRef]

Srivastava, S.; Dixit, B.L.; Cai, J.; Sharma, S.; Hurst, H.E.; Bhatnagar, A.; Srivastava, S.K. Metabolism of Lipid Peroxidation
Product, 4-Hydroxynonenal (HNE) in Rat Erythrocytes: Role of Aldose Reductase. Free Radic. Biol. Med. 2000, 29, 642—651.
[CrossRef]

Voutsadakis, I.A. Proteasome Expression and Activity in Cancer and Cancer Stem Cells. Tumor Biol. 2017, 39, 1-17. [CrossRef]
Grune, T.; Davies, K.J.A. The Proteasomal System and HNE-Modified Proteins. In Molecular Aspects of Medicine; Elsevier Ltd.:
Amsterdam, The Netherlands, 2003; Volume 24, pp. 195-204.

Chen, X,; Zhong, Z.; Xu, Z.; Chen, L.; Wang, Y. 2/ ,7’-Dichlorodihydrofluorescein as a Fluorescent Probe for Reactive Oxygen
Species Measurement: Forty Years of Application and Controversy. Free Radic. Res. 2010, 44, 587-604. [CrossRef] [PubMed]
O’Neill, J.A.; Caldwell, M.D.; Meng, H.C. Essential Fatty Acid Deficiency in Surgical Patients. Ann. Surg. 1977, 185, 535-542.
[CrossRef] [PubMed]

Barbosa, D.S.; Simao, A.C.; Dichi, I. Use of Olive Oil in Patients with Rheumatoid Arthritis. In Olives and Olive Oil in Health and
Disease Prevention; Elsevier Inc.: Amsterdam, The Netherlands, 2010; pp. 1057-1064. ISBN 9780123744203.

Ichi, I; Kono, N.; Arita, Y.; Haga, S.; Arisawa, K.; Yamano, M.; Nagase, M.; Fujiwara, Y.; Arai, H. Identification of Genes and
Pathways Involved in the Synthesis of Mead Acid (20:3n-9), an Indicator of Essential Fatty Acid Deficiency. Biochim. Biophys.
Acta-Mol. Cell Biol. Lipids 2014, 1841, 204-213. [CrossRef] [PubMed]

Trugnan, G.; Thomas-Benhamou, G.; Cardot, P.; Rayssiguier, Y.; Bereziat, G. Short Term Essential Fatty Acid Deficiency in Rats.
Influence of Dietary Carbohydrates. Lipids 1985, 20, 862-868. [CrossRef]

Adkisson, H.D.; Risener, ES.; Zarrinkar, P.P.; Walla, M.D.; Christie, W.W.; Wuthier, R.E. Unique Fatty Acid Composition of Normal
Cartilage: Discovery of High Levels of N-9 Eicosatrienoic Acid and Low Levels of N-6 Polyunsaturated Fatty Acids. FASEB ].
1991, 5, 344-353. [CrossRef]

Hamazaki, T.; Nagasawa, T.; Hamazaki, K.; Itomura, M. Inhibitory Effect of 5,8,11-Eicosatrienoic Acid on Angiogenesis.
Prostaglandins Leukot. Essent. Fat. Acids 2012, 86, 221-224. [CrossRef]

Dotegowska, B.; Machoy, Z.; Chlubek, D. Profiles of Fatty Acids in Different Bone Structures of Growing Chicks. Vet. Res. Commun.
2006, 30, 735-747. [CrossRef]

James, M.J.; Gibson, R.A.; Cleland, L.G. Dietary Polyunsaturated Fatty Acids and Inflammatory Mediator Production.
Am. . Clin. Nutr. 2000, 71, 343s-348s. [CrossRef]

Hamazaki, T.; Suzuki, N.; Widyowati, R.; Miyahara, T.; Kadota, S.; Ochiai, H.; Hamazaki, K. The Depressive Effects of 5,8,11-
Eicosatrienoic Acid (20:3n-9) on Osteoblasts. Lipids 2009, 44, 97-102. [CrossRef]

Sung Kang, K.; Wang, P.; Yamabe, N.; Fukui, M.; Jay, T.; Ting Zhu, B. Docosahexaenoic Acid Induces Apoptosis in MCF-7 Cells In
Vitro and In Vivo via Reactive Oxygen Species Formation and Caspase 8 Activation. PLoS ONE 2010, 5, €10296. [CrossRef]
Guichardant, M.; Chen, P,; Liu, M.; Calzada, C.; Colas, R.; Véricel, E.; Lagarde, M. Functional Lipidomics of Oxidized Products
from Polyunsaturated Fatty Acids. Chem. Phys. Lipids 2011, 164, 544-548. [CrossRef] [PubMed]

Cosgrove, ].P; Church, D.F; Pryor, W.A. The Kinetics of the Autoxidation of Polyunsaturated Fatty Acids. Lipids 1987, 22, 299-304.
[CrossRef] [PubMed]

Astarita, G.; Kendall, A.C.; Dennis, E.A.; Nicolaou, A. Targeted Lipidomic Strategies for Oxygenated Metabolites of Polyunsatu-
rated Fatty Acids. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 2015, 1851, 456—468. [CrossRef] [PubMed]

Bauer, G.; Zarkovic, N. Revealing mechanisms of selective, concentration-dependent potentials of 4-hydroxy-2-nonenal to induce
apoptosis in cancer cells through inactivation of membrane-associated catalase. Free Radic. Biol. Med. 2015, 81, 128-144. [CrossRef]
[PubMed]

Zhong, H.; Xiao, M.; Zarkovic, K.; Zhu, M.; Sa, R.; Lu, J.; Tao, Y.; Chen, Q.; Xia, L.; Cheng, S.; et al. Mitochondrial Control of
Apoptosis through Modulation of Cardiolipin Oxidation in Hepatocellular Carcinoma: A Novel Link between Oxidative Stress
and Cancer. Free Radic. Biol. Med. 2015, 176, 67-76. [CrossRef] [PubMed]


http://doi.org/10.1042/bj3300175
http://www.ncbi.nlm.nih.gov/pubmed/9461507
http://doi.org/10.1006/abbi.1994.1233
http://doi.org/10.1124/dmd.30.12.1300
http://doi.org/10.1038/bjc.1998.90
http://doi.org/10.1002/jms.533
http://doi.org/10.1016/S0891-5849(00)00351-8
http://doi.org/10.1177/1010428317692248
http://doi.org/10.3109/10715761003709802
http://www.ncbi.nlm.nih.gov/pubmed/20370560
http://doi.org/10.1097/00000658-197705000-00005
http://www.ncbi.nlm.nih.gov/pubmed/404973
http://doi.org/10.1016/j.bbalip.2013.10.013
http://www.ncbi.nlm.nih.gov/pubmed/24184513
http://doi.org/10.1007/BF02534769
http://doi.org/10.1096/fasebj.5.3.2001795
http://doi.org/10.1016/j.plefa.2012.04.004
http://doi.org/10.1007/s11259-006-3362-9
http://doi.org/10.1093/ajcn/71.1.343s
http://doi.org/10.1007/s11745-008-3252-8
http://doi.org/10.1371/journal.pone.0010296
http://doi.org/10.1016/j.chemphyslip.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21703251
http://doi.org/10.1007/BF02533996
http://www.ncbi.nlm.nih.gov/pubmed/3600206
http://doi.org/10.1016/j.bbalip.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/25486530
http://doi.org/10.1016/j.freeradbiomed.2015.01.010
http://www.ncbi.nlm.nih.gov/pubmed/25619142
http://doi.org/10.1016/j.freeradbiomed.2016.10.494
http://www.ncbi.nlm.nih.gov/pubmed/27838437

Cells 2021, 10, 269 20 of 20

69. Zarkovié¢, K.; Uchida, K.; Kolenc, D.; Hlupi¢, L.; Zarkovi¢, N. Tissue distribution of lipid peroxidation product acrolein in human
colon carcinogenesis. Free Radic. Res. 2006, 40, 543-552. [CrossRef]

70. Jaganjac, M.; Matijevic Glavan, T.; Zarkovic, N. The Role of Acrolein and NADPH Oxidase in the Granulocyte-Mediated
Growth-Inhibition of Tumor Cells. Cells 2019, 8, 292. [CrossRef]

71. Zarkovic, K ; Jakovcevic, A.; Zarkovic, N. Contribution of the HNE-Immunohistochemistry to Modern Pathological Concepts of
Major Human Diseases. Free Radic. Biol. Med. 2017, 111, 110-125. [CrossRef]

72.  Milkovic, L.; Cipak Gasparovic, A.; Cindric, M.; Mouthuy, P.A.; Zarkovic, N. Short overview of ROS as cell function regulators
and their implications in therapy concepts. Cells 2019, 8, 793. [CrossRef]


http://doi.org/10.1080/10715760500370048
http://doi.org/10.3390/cells8040292
http://doi.org/10.1016/j.freeradbiomed.2016.12.009
http://doi.org/10.3390/cells8080793

	Introduction 
	Materials and Methods 
	HOS Cell Line 
	Alkaline Phosphatase Staining 
	3H-Thymidine Incorporation Assay 
	GSH Measurement 
	GST Activity 
	Cell Viability Assay 
	Cell Treatments with HNE for Free HNE Analysis, GSH Analysis, and HNE-ELISA Analysis 
	Determination of Free HNE by HPLC Method 
	Determination of HNE-Protein Adducts by HNE-ELISA 
	Analysis of Nuclear Morphology with 4',6-diamidino-2-phenylindole 
	ROS Measurement 
	Immunocytochemical Fluorescence Labeling for c-FOS and c-MYC 
	Proteasomal Activity 
	Fatty Acid Analysis 
	Statistical Analysis 

	Results 
	Characterization of Undifferentiated and Differentiated HOS 
	GSH, ox GSH, GST, and Proteasomal Activity in Undifferentiated and Differentiated HOS 
	Cell Viability, Proliferation, Mitosis, Apoptosis, and Necrosis after Treatment with HNE 
	HNE Metabolism, GSH Content, Formation of HNE-Protein Adducts 
	ROS Production in Cells after Treatment with HNE 
	c-FOS and c-MYC in Undifferentiated and Differentiated HOS 
	Fatty Acids Composition in Undifferentiated and Differentiated HOS 

	Discussion 
	References

