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Abstract: We investigated the effect of the Arabidopsis thaliana-derived decapeptide
OSIP108 on human cell tolerance to the chemotherapeutic agent cisplatin (Cp), which
induces apoptosis and mitochondrial dysfunction. We found that OSIP108 increases the
tolerance of HepG2 cells to Cp and prevents Cp-induced changes in basic cellular
metabolism. More specifically, we demonstrate that OSIP108 reduces Cp-induced
inhibition of respiration, decreases glycolysis and prevents Cp-uptake in HepG2 cells.
Apart from its protective action against Cp in human cells, OSIP108 also increases the
yeast Saccharomyces cerevisiae tolerance to Cp. A limited yeast-based study of OSIP108
analogs showed that cyclization does not severely affect its activity, which was further
confirmed in HepG2 cells. Furthermore, the similarity in the activity of the D-stereoisomer
(mirror image) form of OSIP108 with the L-stereoisomer suggests that its mode of action
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does not involve binding to a stereospecific receptor. In addition, as OSIP108 decreases Cp
uptake in HepG2 cells and the anti-Cp activity of OSIP108 analogs without free cysteine is
reduced, OSIP108 seems to protect against Cp-induced toxicity only partly via
complexation. Taken together, our data indicate that OSIP108 and its cyclic derivatives can
protect against Cp-induced toxicity and, thus, show potential as treatment options for
mitochondrial dysfunction- and apoptosis-related conditions.
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1. Introduction

Cisplatin (cis-diamminedichloroplatinum (II), Cp) is one of the most widely used and effective
chemotherapeutic agents and has been used to treat various types of cancer including lung, ovary
and bladder cancer [1]. However, cytotoxic side effects [2] and cellular resistance to Cp have been
reported [3,4]. The molecular mechanism underlying Cp-induced cell death is thought to arise from
cross-linking of DNA, which results in cell-cycle arrest and apoptosis [5]. Moreover, Cp activates acid
sphingomyelinase (aSMase) [6], leading to increased production of the apoptosis-inducer ceramide [7].
In addition, several studies have described a damaging effect of Cp on mitochondria in Cp treated
cells [8]. For instance, the activity of complexes I to IV of the respiratory chain decrease upon Cp
treatment [9]. As respiration of isolated mitochondria seems not inhibited by Cp, the latter indicates
that Cp is probably not a direct inhibitor of complexes I to IV [10]. More recently, Cp has been
shown to induce renal oxidative stress and to affect mitochondrial structure and function, whereas
mitochondria-targeted anti-oxidants protect against Cp-mediated effects [11]. Moreover, Cp induces a
mitochondria-dependent increase in reactive oxygen species (ROS) production, which significantly
contributes to Cp-induced DNA damage-related cytotoxicity in prostate cancer cells [12].

We previously identified a bioactive Arabidopsis thaliana-derived decapeptide termed OSIP108
(Oxidative Stress-Induced Peptide 108) upon treatment of plants with the ROS-inducing herbicide
paraquat (PQ) [13,14]. In addition, OSIP108 increases plant and yeast tolerance to oxidative
stress-inducing agents like PQ and hydrogen peroxide, respectively [13]. Furthermore, OSIP108
prevents copper-induced (Cu) apoptosis in yeast and human cells [15]. Cu-induced toxicity is
fundamentally linked to oxidative stress and apoptosis [16—20], and is implicated in the human pathology
Wilson disease. The latter is characterized by excess Cu accumulation in the liver, resulting in acute
liver failure or cirrhosis, as well as neurodegeneration due to elevated intracellular Cu levels [21-24].
Interestingly, OSIP108 also prevents Cu-induced cell death of neuroglioblastoma cells, as well as
Cu-induced changes in liver morphology and oxidative stress levels in zebrafish larvae [25]. Like Cp,
Cu induces apoptosis in human cells via activation of aSMase [16] and mitochondrial dysfunction [20]. For
instance, Cu causes mitochondrial dysfunction by inducing oxidative stress [17-19] and by causing a
deficiency of complex IV of the mitochondrial respiratory chain [26]. Thus, given the similarities in
Cu and Cp-induced toxicity, in the present study we assessed the response of basic cellular metabolism
of HepG2 cells upon treatment with the chemotherapeutic agent Cp and investigated the effect of
OSIP108 on HepG2 tolerance to Cp. In addition, we analyzed the effect of OSIP108 analogs on
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Cp-stressed Saccharomyces cerevisiae cells and translated these results to HepG2 cells. All data
indicate that OSIP108 can alleviate Cp-induced toxicity in yeast and human cells.

2. Results and Discussion
2.1. OSIP108 Increases Tolerance of the Human Hepatocyte HepG2 Model Cell Line to Cp

We first investigated the effect of OSIP108 against Cp-induced toxicity in HepG2 cells. To this end,
HepG2 cells were treated with various Cp concentrations (12.5 uM-250 uM) or control (0.9% NaCl,
0 uM Cp) in the presence of control (1% DMSO) or OSIP108 (50 uM or 200 uM in 1% DMSO) for
72 h, after which cell viability was determined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. As expected, a dose-dependent decrease in HepG2 cell viability was observed
with increasing Cp concentrations, reaching maximal inhibition of cell viability at 50 uM Cp
(Figure 1). Treatment with different OSIP108 concentrations (50 or 200 uM) of Cp-treated HepG2
cells (25 uM-50 uM) increased cell viability by at least 50%. Cell viability of HepG2 cells treated
with a higher Cp dose (100 uM) could be increased by coincubation with 200 uM OSIP108. At Cp
doses higher than 100 uM, OSIP108 could not protect HepG2 cells from Cp-induced cell death. These
data indicate that OSIP108 increases tolerance of HepG2 cells to Cp.

Figure 1. OSIP108 increases tolerance of HepG2 cells to Cp. HepG2 cells were incubated
with control (1% DMSO, black bars) or OSIP108 (50 uM, grey bars or 200 uM, white
bars) in absence (0 uM) or presence of low to high doses of Cp (12.5 uM-250 uM).
Following 72 h incubation, cell viability was determined by MTT assay. All experiments
were performed in triplicate and were repeated with different cell batches. (* p < 0.05;
** p<0.01; *** p <0.001; ANOVA test using Tukey correction).
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2.2. OSIP108 Reduces Cp-Induced Inhibition of Respiration

To gain more insight into the protective effect of OSIP108 against Cp-induced cytotoxicity, we
measured in real-time basic cellular metabolism of HepG2 cells using a Bionas 2500 cell biosensor
chip. The latter measures changes in acidification and oxygen content of the medium, as an indirect
measure of glycolysis and respiration, respectively [27]. Thus, we indirectly analyzed glycolysis and
respiration in HepG2 cells during treatment with 25 uM Cp and 200 uM OSIP108, alone or in
combination [10]. Upon treatment with Cp, we observed that respiration is immediately decreased



Molecules 2014, 19 15091

(Figure 2a), whereas glycolysis is increased in the earlier phase of treatment. The extent of these
effects varied between experimental repetitions, however, these effects rapidly decreased after about
15-17 h, marking a rapid onset of cell death at this time (Figure 2b). Although OSIP108 treatment did
not affect respiration (Figure 2a), we observed that OSIP108 treatment reduced the glycolytic rate by
approximately 30% and this effect was abrogated upon removal of OSIP108 (Figure 2b). Co-treatment
with OSIP108 and Cp following pre-incubation with OSIP108 significantly reduced the Cp-mediated
decrease in respiration (Figure 2a), whereas the effect on glycolysis of the combination of Cp and
OSIP108 as compared to OSIP108 was similar (Figure 2b). These data indicate that OSIP108 protects
cells against Cp-induced inhibition of respiration and affects the rate of glycolysis in HepG2 cells.

Figure 2. OSIP108 prevents Cp-induced respiration inhibition and decreases glycolysis in
the human hepatoma HepG2 cell line. HepG2 cells were incubated with 25 uM Cp in
presence of 200 uM OSIP108 or control (1% DMSO) using an exposure protocol with
OSIP108 or control pretreatment in a Bionas 2500 cell biosensor chip system. RM: running
medium, equilibration of cell culture in the system and compound free period following
treatment; Osip: period of pretreatment with OSIP108 when applicable; exposure: period
of treatment with Cp when applicable. Standard respiration rates (a) and acidification rates
(b) were continuously monitored and are presented as percent activity relative to untreated
control. The graphs show the measurements of one experimental run with 6 samples
continuously analyzed in parallel; representative of three independent experiments.
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Note that despite the metabolic shift of cancerous cell lines from aerobic respiration to glycolysis,
also known as the Warburg effect [28,29], which does not reflect normal mitochondrial activity
in normal mammalian cells, immortalized cell lines are still routinely used to study toxicity
mechanisms [30-34]. In addition, the Bionas 2500 sensor system has already been used to study the effect
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of several routinely-used hepatotoxic drugs on HepG2 cells with focus on mitochondrial function [30].
Hence, to further explore the biological mechanism underlying the beneficial effect of OSIP108 on
Cp-induced toxicity in HepG2 cells, we analyzed basic cellular metabolism upon Cp and/or OSIP108
treatment. Strikingly, treatment with OSIP108 alone leads to a clear reduction of glycolysis, which
remains reduced even after addition of Cp in cells pretreated with OSIP108 at amounts exceeding
those of Cp (molar ratio > 8). In addition, OSIP108-mediated decreased glycolysis is restored upon
removal of OSIP108, implicating a direct effect of OSIP108 on cellular metabolism. We previously
reported that OSIP108 perturbs homeostasis of sphingolipids [15], a class of lipid molecules that have
a pivotal role as membrane constituents and as signaling molecules orchestrating cellular processes,
such as inflammation, apoptosis and mitochondrial function [35-40]. It is, therefore, plausible that
OSIP108-induced aberrancies in SL homeostasis affect the rate of glycolysis in HepG2 cells.
However, given the aberrant cellular metabolism of cancerous cell lines, further research is needed to
determine whether OSIP108 induces similar metabolic changes in normal cell lines.

Additionally, whereas treatment with Cp led to an immediate decrease in respiration, the latter was
not affected by OSIP108 in absence of Cp. Nonetheless, co-treatment of Cp-treated cells with excess
OSIP108 clearly reduced but did not abolish the strong inhibitory effect of Cp on respiration.
Interestingly, this observed reduction in respiration inhibition resembles decreased respiration rates
after treatment with lower amounts of Cp (data not shown), suggesting reduced cellular Cp uptake in
presence of OSIP108.

Figure 3. OSIP108 blocks uptake of Cp in HepG2 cells (a) Chemical structure of Cp;
(b) HepG2 cells were exposed to Cp (10 uM) for 48 h in absence (control, 1% DMSO) or
presence of OSIP108 (100 uM) and intracellular platinum (Pt) was measured by HR-CS
AAS. Results are given at ng Pt per mg of protein in the cell lysates. Data is average from
three independent experiments. (** p < 0.01; Student #-test).
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2.3. OSIP108 Affects Cp Uptake in HepG2 Cells

As the activity of Cp depends directly on the efficiency of the cellular uptake [41], as is the case for
many other cytotoxic compounds, we analyzed whether OSIP108 influences Cp uptake in HepG2
cells. Given that Cp is a platinum-containing agent (Figure 3a), we determined platinum (Pt) levels in
cell lysates of HepG2 cells treated with Cp in presence or absence of OSIP108. To this end, cells were
incubated with 10 pM Cp in the absence (1% DMSO) or presence of 100 uM OSIP108 for 48 h. After
removal of medium, cells were washed and lysed and the amount of intracellular Pt in the cell lysate
was analyzed by high-resolution continuum source atomic absorption spectrometry (HR-CS AAS). We
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observed that Cp treatment (10 pM) resulted in approx. 200 ng Pt/mg protein present in the cell lysates
(Figure 3b). In the presence of OSIP108 (100 uM) however, the amount of Pt was significantly reduced
to 50 ng Pt/mg cellular protein. These data indicate that coincubation of cells with OSIP108 and Cp
reduces Cp-uptake by 4-fold (Figure 3b). Hence, it seems that OSIP108 prevents Cp-uptake, leading to
a decreased intracellular Cp concentration and thereby reduces Cp-induced toxicity in HepG2 cells.

2.4. Activity of OSIP108 Analogs on Cp-Stressed Yeast

To obtain more insight into the structure-activity relationships (SAR) of OSIP108, we assessed the
effect of OSIP108 analogs on Cp-stressed S. cerevisiae. Using Cp-induced toxicity in yeast allows
high-throughput analysis of the SAR of the peptide, as compared to an additional mammalian cell line,
next to the aspect that pathways that, e.g., modulate mitochondrial function and apoptosis are well
conserved [42,43]. In line with the HepG2 data, we observed a dose-dependent decrease in yeast
growth upon treatment with Cp (125 uM-500 uM) (Figure 4a). Coincubation of the yeast cells with
OSIP108 (100 uM) significantly increased yeast growth as compared to control (2.5% DMSO) (Figure 4a).
As our results showed that 100 uM OSIP108 has the most pronounced effect on S. cerevisiae growth
in the presence of 250 pM Cp, we further analyzed the effect of 250 pM Cp and control (2.5% DMSO)
or 100 uM OSIP108 in a time-dependent manner and expressed it as colony forming units/mL
(CFU/mL) as a measure for cell viability and cell growth. Cell growth was observed in absence of Cp
starting from 8 h of incubation, which was similar for the OSIP108-treated cells (Figure 4b). In
addition, low growth was observed for the Cp-treated cells after 8 h up to 12 h of incubation, after
which the CFU/mL dropped, indicating cell death (Figure 4b). Conversely, OSIP108 significantly
increased CFU/mL of Cp-treated cells after 12 h and 16 h of incubation. Hence, this indicates that
250 uM Cp inhibits cell growth, and this effect is abrogated upon treatment with OSIP108.

Subsequently, the effect of 100 uM OSIP108 on yeast viability in presence of 250 uM Cp after 16 h
of incubation was the most pronounced, and, thus, these conditions were chosen to evaluate the effect
of OSIP108 analogs on yeast growth in presence of Cp. We investigated the effect of three cyclic
OSIP108 derivatives (Figure 5a) on Cp-stressed yeast. Cyclotides, cyclic peptides found in plants [44], are
exceptionally resistant to enzymatic degradation, which makes them useful scaffolds in peptide-based
drug design [45]. To obtain the first cyclic derivative, termed [Cyc1]OSIP108, the N- and C-termini of
the native OSIP108 peptide were joined head-to-tail to yield cyclo-MLCVLQGLRE. The second cyclic
derivative ([Cyc2]OSIP108) was cyclized head-to-tail following addition of two glycine residues to
the C-terminus of the native peptide (cyclo-MLCVLQGLREGG). The third cyclic OSIP108 form
([Cyc3]OSIP108) was synthesized by addition of a C-terminal cysteine residue in order to form a
disulfide bridge with the cysteine at position 3; this led to the formation of a disulfide-cyclized peptide
(MLCVLQGLREC (cyclo-C3-C11). An additional D-stereoisomer variant OSIP108 (D-OSIP108) was
also included, allowing us to investigate any putative binding of OSIP108 with a receptor. The use of
mirror image peptides is widely used as a tool to distinguish mechanisms of action that require binding
to a stereospecific receptor (e.g., protein binding) from those that do not (e.g., chemical complex
formation or binding to membranes) [46]. Additionally, D-stereoisomers are less sensitive to peptide
proteases [47,48]. Formation of OSIP108 dimers via Cys-linkage of two OSIP108 monomers was
excluded by chromatography or mass spectrometry [49]. Lastly, we included a [C3A]OSIP108 variant,
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as thiol group-containing agents are known to prevent Cp-induced toxicity by formation of thiol-Cp-thiol

complexes [50].

Figure 4. OSIP108 increases yeast tolerance to Cp. (a) WT yeast cells were incubated with
Cp (125 uM-500 uM) for 16 h in presence of control treatment (2.5% DMSO, black bars)
or 100 uM OSIP108 (grey bars). Growth was calculated by determining CFU/mL as
compared to control treatment (100%). Experiment performed in quadruplicate, biological
repeats is three (** p < 0.01; *** p < 0.001; Student #-test) (b) WT yeast cells were treated
with control (2.5% DMSO; black bars and horizontal dashed bars) or 100 uM OSIP108
(white bars and vertical dashed bars) in absence (black and white bars) or presence
(horizontal and vertical dashed bars) of 250 uM Cp. CFU/mL were determined periodically
during 16 h of treatment. Dashed line indicates the average CFU/mL at the time point that
the experiments were initiated. Biological repeats is three. (* p < 0.05; *** p < 0.001;
ANOVA test using Tukey corrections).
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We consistently found that the native peptide as well as all the tested peptide analogs significantly
increased yeast growth in presence of Cp (Figure 5b). In addition, we observed that the activity
of [Cyc3]OSIP108 was significantly lower than that of the native peptide, [Cycl1]OSIP108S,
[Cyc2]OSIP108 and D-OSIP108. Furthermore, the activity of [C3A]OSIP108 was significantly lower
as compared to [Cycl1]OSIP108 and [Cyc2]OSIP108. As thiol group-containing agents are known to
prevent Cp-induced toxicity by Cp complexation via formation of thiol-cisplatin-thiol complexes [50],
the decrease in anti-Cp activity of [Cyc3]OSIP108 could be attributed to its inability to form
complexes with Cp. Indeed, [C3A]JOSIP108 showed significantly reduced activity as compared to
[Cycl1]OSIP108, [Cyc2]OSIP108, and not the native peptide, suggesting that the latter two peptides
exhibit improved activity as compared to the native peptide, and that the effect of OSIP108 against
Cp-induced toxicity seems only partly attributed to Cp complexation. The fact that the mirror image
form of OSIP108 is equipotent to the L-stereoisomer is consistent with this mechanism of action since
complex formation would not be affected by the stereochemistry. In addition, as the [Cyc3]OSIP108
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analog is supposedly unable to complexate Cp, this suggests that this type of cyclization imposes steric
constraints on the peptide structure by interfering with the spatial organization of the amino acid
sidechains resulting in additional loss of anti-Cp activity. These data indicate that OSIP108 probably
does not interact with a specific receptor, as its D-stereoisomer is as active as native OSIP108, that
cyclic peptide modifications do not severely affect its activity, unless the Cys® is involved in the
cyclization and that OSIP108 protects against Cp-induced toxicity at least partly by Cp complexation.

Figure 5. OSIP108 variants increase yeast tolerance to Cp. (a) Amino acid sequence and
structure of OSIP108, [C3A]OSIP108 and cyclic derivatives tested in this study. Thick
black lines represent head-to-tail cyclization; thin black line indicates disulfide bridge;
(b) WT yeast cells were incubated with 250 uM Cp for 16 h in presence of control
(2.5% DMSO) or 100 uM OSIP108, [Cyc1]OSIP108, [Cyc2]OSIP108, [Cyc3]OSIP108,
D-OSIP108 or [C3A]OSIP108. Following incubation, cells were plated onto YPD agar
plates and growth was calculated by determining CFU/mL as compared to cells receiving
no Cp. Experiment performed in quadruplicate, biological repeats is three. (** p < 0.01;
**% p <0.001; ANOVA test using Tukey corrections).
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To validate Cp-induced toxicity in S. cerevisiae as a model to perform SAR studies on OSIP108,
we investigated the effects of native OSIP108, [Cyc1]OSIP108, [Cyc2]OSIP108 and [Cyc3]OSIP108
on Cp-induced toxicity in HepG2 cells by BrdU assay, as an alternative for MTT viability assay. The
BrdU assay is based on the incorporation of the nucleoside analog 5-bromo-2'-deoxyuridine (BrdU)
into replicating DNA and subsequent detection, and, thus, is a measure for cell proliferation. In a first
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step, HepG2 cells were treated with different Cp doses and cell viability and cell proliferation was
determined by MTT assay and BrdU assay, respectively. While only marginal effects on cell viability
were observed by MTT staining at low Cp doses (<12.5 uM Cp), we observed a dose-dependent
decrease in cell proliferation by BrdU assay upon treatment with low Cp doses (data not shown),
resulting in almost maximal inhibition of cell proliferation upon treatment with 10 uM Cp (Figure 6).
These data indicate that Cp-induced decreased cell proliferation in HepG2 cells precedes Cp-induced
decreases in cell viability. Indeed, Cp is known to induces cross-linking of DNA and thus inhibits cell
replication and concomitantly triggers cell death [5]. Subsequently, we investigated the effect of 100 uM
OSIP108 and the three cyclic analogs on cell proliferation upon treatment with 10 uM Cp. We
observed that all tested peptides significantly increased cell proliferation in presence of Cp (Figure 6).
Interestingly, the anti-Cp effect of [Cyc3]OSIP108, as measured by BrdU assay, was significantly
lower as compared to the native peptide, as was also evident from our yeast data (Figure 5b). Taken
together, this indicates that cyclic peptides can also increase HepG2 tolerance to Cp, and that
Cp-induced toxicity in yeast can be used as a model to perform SAR studies on OSIP108 regarding the
anti-Cp effect in a mammalian cell model.

Figure 6. OSIP108 variants increase HepG2 tolerance to Cp. HepG2 cells were incubated
with control (1% DMSO, black bars) or 100 uM OSIP108 (white bars), [Cyc1]OSIP108
(grey bars), [Cyc2]OSIP108 (vertical dashed bars) or [Cyc3]OSIP108 (horizontal dashed
bars) in absence (0 uM Cp) or presence of 10 uM Cp. Following 72 h of incubation, cell
proliferation was determined by BrdU assay and expressed as signal intensity as compared
to untreated control. Technical repeats is three. (¥ p < 0.05; *** p < 0.001; ANOVA test
using Tukey corrections).
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Although OSIP108 strongly reduces Cp uptake in HepG2 cells, which is likely to be mediated by
Cp complexation, we hypothesize that this is not the sole mechanism mediating the protective effect as
OSIP108 also impacts on basic cellular metabolism (this study) and sphingolipid metabolism [15].
However, it cannot be excluded that Cp complexation significantly contributes to the protective effect
of OSIP108 against Cp-induced toxicity; additional OSIP108-mediated effects on cellular metabolism
might also play an important role. For instance, 200 pM OSIP108 increases HepG2 viability in
presence of 50 uM Cp (1:4 Cp/OSIP108 ratio) to an extent that equates to residual viability of HepG2
cells treated with 12.5 pM Cp. This corresponds to 75% reduction in Cp uptake. Nevertheless, as a
1:10 Cp/OSIP108 ratio results in a 75% reduction of Cp uptake, a lower Cp/OSIP108 ratio could result
in less pronounced reductions in Cp uptake.
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3. Experimental Section
3.1. Materials and Microorganisms

The yeast strain used in this study was Saccharomyces cerevisiae wild type strain BY4741 (WT)
and was cultured in SC (0.77 g/L complete amino acid supplement mixture (CSM) (Bio 101 Systems);
6.7 g/L yeast nitrogen base without amino acids (YNB); 20 g/L glucose). To determine colony-forming
units (CFU/mL), cells were routinely plated on YPD agar plates (1% yeast extract, 2% peptone, 2%
glucose, 1.5% agar). HepG2 cells (ATCC) were grown in DMEM (Gibco, Invitrogen, Carlsbad, CA, USA)
supplemented with 10% FCS (PAA, Pasching, Austria) and 1% penicillin/streptomycin (Gibco Invitrogen)
using standard tissue culture conditions. Running medium (RM) consisted of DMEM without carbonate
buffer (PAN-Biotech GmbH, Aidenbach, Germany) supplemented with 1 g/L glucose, 0.1% FCS, 1 mM
HEPES pH 7.4 and 1% penicillin/streptomycin. OSIP108 (MLCVLQGLRE, MW = 1161.43 g/mol)
and [C3A]OSIP108 (MLAVLQGLRE, MW = 1129.38 g/mol) were purchased from Thermo Fisher
Scientific (Ulm, Germany). Cyclic OSIP108 forms ([Cycl]OSIP108 (cyclo-(MLCVLQGLRE),
MW = 1143.42 g/mol), [Cyc2]OSIP108 (cyclo-(MLCVLQGLREGG), MW = 1257.52 g/mol)) and
[Cyc3]OSIP108 (cyclo-C3-C11-(MLCVLQLGREC, MW = 1262.58 g/mol)), as well as D-OSIP108
(all p-amino acids) were synthesized as described [49]. Cis-diamminedichloroplatinum (II) (cisplatin,
Cp) (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% NaCl or DMSO as indicated. Note
that the OSIP108 rescuing effect on Cp-induced toxicity was apparent irrespective of the type of Cp
solvent. As reported by Cunha and coworkers [S1], variability in Cp cytotoxicity was inevitable
between independent experiments. DMSO was used for solubilizing peptides.

3.2. Cp Toxicity in HepG?2 Cells

HepG2 cells were seeded at a density of 5.000 cells/well in 96 well-plates for 24 h prior to
treatment with 1% DMSO (control) or different OSIP108 concentrations (50 uM or 200 uM) in
presence of 0.9% NaCl (control) or Cp (12.5uM-250 uM). Following 72 h of incubation, as measure
for cell viability, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) conversion was
assessed according to the manufacturer’s instructions.

3.3. BrdU Assay in Cp-Treated HepG2 Cells

HepG2 cells were seeded at a density of 10.000 cells/well in 96-well plates prior to treatment with
1% DMSO (control) or 100 pM OSIP108, [Cyc1]OSIP108, [Cyc2]OSIP108 or [Cyc3]OSIP108 in the
presence of 0.9% NaCl (control) or 10 uM Cp. Following 72 h of incubation, cell proliferation was
assessed by using the Cell Proliferation ELISA BrdU (colorimetric) kit (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s instructions.

3.4. Real-Time Monitoring of HepG2 Metabolism

Real-time monitoring of toxicity and metabolic response to Cp treatment was performed using the
microfluidic cell biosensor chip system BIONAS 2500 (Bionas, Rostock, Germany), recording
changes in medium pH, as an indirect measure for rate of glycolysis, and oxygen, an indirect measure
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for respiration rate, as described earlier [10]. Parameters were continuously recorded, while medium
conditions were maintained at defined values by medium exchange in 20 min cycles (4 min flow, 16 min
stop). Before measurement cells were seeded at 20.000 cells/chip followed by overnight incubation in
a standard tissue culture incubator, to establish the cell layer on the chip surface. Sensorchips were
then transferred to the microfluidic biosensor chip workstation (Bionas 2500) and equilibrated in flow
conditions for 4 h with RM before treatment started. Sensorchip cultures were subsequently
pre-incubated with 1% DMSO (control) or 200 uM OSIP108 for 4 h before transfer into the
microfluidic workstation, and then pre-incubated for an additional 10 h in the microfluidic system.
Next, sensorchip cultures were treated with RM or 25 uM Cp in presence of 1% DMSO or 200 uM
OSIP108 for 24 h, after which cells were cultured for an additional 24 h in drug-free RM.

3.5. Cellular Cp Uptake in HepG2 Cells

HepG2 cells were treated with control (1% DMSO) or 100 uM OSIP108 in presence of 10 uM Cp
for 48 h as described in Section 3.2. Subsequently, cellular platinum (Pt) content was measured by
high-resolution continuum source atomic absorption spectrometry (HR-CS AAS; contrAA® 700,
Analytik Jena AG). Pt was measured at 265.945 nm (emission line). For sample preparation, cells were
harvested and cell lysates were prepared by 30 min of ultrasonication. Protein content of each sample
was determined in a Bradford assay for normalization and matrix matched calibration. From each
sample 25 pL aliquots were injected into coated standard graphite tubes (“AAS IC-Standardrohr,
beschichtet”, AnalytikJena AG) and analyzed running the following temperature program: drying (i):
Temp: 90 °C, Ramp: 6 °C-s™!, Hold: 15 s; drying (ii): Temp: 130 °C, Ramp: 10 °C-s”!, Hold: 30 s;
drying (iii): Temp: 500 °C, Ramp: 50 °C-s™!, Hold: 30 s; pyrolysis: Temp: 1300 °C, Ramp: 300 °C-s !,
Hold: 10 s; AZ (zeroing): Temp: 1300 °C, Ramp: 0 °C-s™!, Hold: 5 s; atomization: Temp: 2300 °C,
Ramp: 1500 °C-s™!, Hold: 8 s; tube cleaning: Temp: 2400 °C, Ramp: 500 °C-s™', Hold: 4 s). During
measurements, the graphite tube was purged with a constant argon gas flow, which was only
interrupted during zeroing and atomization steps. Calibration for Pt quantification was done with Cp.
Results were calculated as ng Pt per milligram of cellular protein.

3.6. Yeast Growth Assays

An overnight yeast culture in SC (average OD600 = 3.5) was diluted to OD600 = 0.1 in fresh SC
and incubated with 2.5% DMSO (control) or Cp (125 puM-500 uM) for 16 h (30 °C, 250 rpm) in the
presence of 2.5% DMSO (control) or 100 uM peptide. Following treatment, cells were plated onto
YPD agar plates and percentage growth was calculated by determining CFU/mL as compared to cells
receiving no Cp.

3.7. Statistical Analysis

Values are presented as mean with standard error (SEM). Data were analyzed by GraphPad
Prism 6.0. p < 0.05 was considered as statistically significant.



Molecules 2014, 19 15099

4. Conclusions

In conclusion, our observations show that the plant-derived peptide OSIP108 or analogs increase
yeast and human cell tolerance to Cp. As Cp induces apoptosis and mitochondrial dysfunction, our
results suggest that OSIP108 and its cyclic derivates show promise as potential treatment options for
mitochondrial dysfunction- and apoptosis-related conditions. Indeed, we recently showed that OSIP108
prevents Cu-induced apoptosis in yeast and human cells, as well as Cu-induced liver damage in a
zebrafish model for the human pathology Wilson disease [15,25]. However, further research is needed
to further unravel specific underlying mechanistic effects that are involved in the OSIP108-mediated
protective effect against Cp-induced toxicity.

Acknowledgments

This work was supported by grants from FWO-Vlaanderen (G.A062.10N and G.0414.09) and
“Bijzonder Onderzoeksfonds KU Leuven” (GOA/2008/11). PS is supported by IWT-Vlaanderen; DC
by FWO-Vlaanderen as a fundamental-clinical researcher; and KT by “Industrial Research Fund” of
KU Leuven (IOF-M). DJC’s acknowledges a Professorial Fellowship (APP1026501) and grant
(APP1009267) from the National Health and Medical Research Council (Australia). SW and 10
acknowledge support by the DFG Forschergruppe FOR630. The research by JvP and JD is supported
by VLK (Flemish League against Cancer grant: “Can we guide cancer treatment”).

Author Contributions

Pieter Spincemaille performed the yeast experiments while HepG2 cell line experiments regarding
Cp toxicity were performed by Hamed Alborzinia, Petra Windmolders, Jeroen Dekervel and Jos van
Pelt. Julia Schur and Ingo Ott analyzed Cp uptake in HepG2 cells. Synthesis of OSIP108 analogous was
performed by Olivier Cheneval and David J. Craik. Pieter Spincemaille and Stefan Wo6lfl designed the
experiments, analyzed the data and wrote the manuscript, with additional coordination and feedback from
David Cassiman, Bruno P.A. Cammue and Karin Thevissen. All authors approved the final manuscript.

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

Einhorn, E.H. Testicular cancer: An oncological success story. Clin. Cancer Res. 1997, 3, 2630-2632.

2. Hanigan, M.H.; Devarajan, P. Cisplatin nephrotoxicity: Molecular mechanisms. Cancer Ther.
2003, 7, 47-61.

3. Florea, A.M.; Biisselberg, D. Cisplatin as an Anti-Tumor Drug: Cellular Mechanisms of Activity,
Drug Resistance and Induced Side Effects. Cancers 2011, 3, 1351-1371.

4. Koberle, B.; Tomicic, M.T.; Usanova, S.; Kaina, B. Cisplatin resistance: Preclinical findings and
clinical implications. Biochim. Biophys. Acta 2010, 1806, 172—182.



Molecules 2014, 19 15100

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Jordan, P.; Carmo-Fonseca, M. Molecular mechanisms involved in cisplatin cytotoxicity.
Cell. Mol. Life Sci. 2000, 57, 1229-1235.

Rebillard, A.; Rioux-Leclercq, N.; Muller, C.; Bellaud, P.; Jouan, F.; Meurette, O.; Jouan, E.;
Vernhet, L.; Le Quement, C.; Carpinteiro, A.; et al. Acid sphingomyelinase deficiency protects
from cisplatin-induced gastrointestinal damage. Oncogene 2008, 27, 6590—6595.

Thevissen, K.; Francois, L.E.; Winderickx, J.; Pannecouque, C.; Cammue, B.P. Ceramide
involvement in apoptosis and apoptotic diseases. Mini Rev. Med. Chem. 2006, 6, 699—709.

Yang, Y.; Liu, H.; Liu, F.; Dong, Z. Mitochondrial dysregulation and protection in cisplatin
nephrotoxicity. Arch. Toxicol. 2014, 88, 1249-1256.

Kruidering, M.; van de Water, B.; de Heer, E.; Mulder, G.J.; Nagelkerke, J.F. Cisplatin-induced
nephrotoxicity in porcine proximal tubular cells: Mitochondrial dysfunction by inhibition of
complexes I to IV of the respiratory chain. J. Pharmacol. Exp. Ther. 1997, 280, 638—649.
Alborzinia, H.; Can, S.; Holenya, P.; Scholl, C.; Lederer, E.; Kitanovic, I.; Wolfl, S.
Real-time monitoring of cisplatin-induced cell death. PLoS One 2011, 6, €19714.

Mukhopadhyay, P.; Horvath, B.; Zsengeller, Z.; Zielonka, J.; Tanchian, G.; Holovac, E.;
Kechrid, M.; Patel, V.; Stillman, LE.; Parikh, S.M.; et al. Mitochondrial-targeted antioxidants
represent a promising approach for prevention of cisplatin-induced nephropathy. Free Radic.
Biol. Med. 2012, 52, 497-506.

Marullo, R.; Wemer, E.; Degtyareva, N.; Moore, B.; Altavilla, G.; Ramalingam, S.S.; Doetsch, P.W.
Cisplatin Induces a Mitochondrial-ROS Response That Contributes to Cytotoxicity Depending on
Mitochondrial Redox Status and Bioenergetic Functions. PLoS One 2013, 8, e81162.

De Coninck, B.; Carron, D.; Tavormina, P.; Willem, L.; Craik, D.J.; Vos, C.; Thevissen, K.;
Mathys, J.; Cammue, B.P. Mining the genome of Arabidopsis thaliana as a basis for the identification
of novel bioactive peptides involved in oxidative stress tolerance. J. Exp. Bot. 2013, 64, 5297-5307.
Farrington, J.A.; Ebert, M.; Land, E.J.; Fletcher, K. Bipyridylium quaternary salts and related
compounds. V. Pulse radiolysis studies of the reaction of paraquat radical with oxygen. Implications
for the mode of action of bipyridyl herbicides. Biochim. Biophys. Acta 1973, 314, 372-381.
Spincemaille, P.; Chandhok, G.; Newcomb, B.; Verbeek, J.; Vriens, K.; Zibert, A.; Schmidt, H.;
Hannun, Y.A.; van Pelt, J.; Cassiman, D.; et al. The plant decapeptide OSIP108 prevents
copper-induced apoptosis in yeast and human cells. Biochim. Biophys. Acta 2014, 1843.

Lang, P.A.; Schenck, M.; Nicolay, J.P.; Becker, J.U.; Kempe, D.S.; Lupescu, A.; Koka, S.;
Eisele, K.; Klarl, B.A.; Rubben, H.; et al. Liver cell death and anemia in Wilson disease involve
acid sphingomyelinase and ceramide. Nat. Med. 2007, 13, 164—170.

Seth, R.; Yang, S.; Choi, S.; Sabean, M.; Roberts, E.A. In vitro assessment of copper-induced
toxicity in the human hepatoma line, Hep G2. Toxicol. In Vitro 2004, 18, 501-509.

Sokol, R.J.; Twedt, D.; McKim, J.M., Jr.; Devereaux, M.W.; Karrer, F.M.; Kam, I;
von Steigman, G.; Narkewicz, M.R.; Bacon, B.R.; Britton, R.S.; et al. Oxidant injury to hepatic
mitochondria in patients with Wilson's disease and Bedlington terriers with copper toxicosis.
Gastroenterology 1994, 107, 1788—1798.

Gaetke, L.M.; Chow, C.K. Copper toxicity, oxidative stress, and antioxidant nutrients. 7Toxicology
2003, /89, 147-163.



Molecules 2014, 19 15101

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Zischka, H.; Lichtmannegger, J. Pathological mitochondrial copper overload in livers of Wilson’s
disease patients and related animal models. Ann. N. Y. Acad. Sci. 2014, 1315, 6-15.

Ferenci, P. Regional distribution of mutations of the ATP7B gene in patients with Wilson disease:
Impact on genetic testing. Hum. Genet. 2006, 120, 151-159.

Loudianos, G.; Gitlin, J.D. Wilson’s disease. Semin. Liver Dis. 2000, 20, 353-364.

Huster, D. Wilson disease. Best Pract. Res. Clin. Gastroenterol. 2010, 24, 531-539.

Ala, A.; Walker, A.P.; Ashkan, K.; Dooley, J.S.; Schilsky, M.L. Wilson’s disease. Lancet 2007,
369, 397-408.

Spincemaille, P.; Pham, D.H.; Chandhok, G.; Verbeek, J.; Zibert, A.; Libbrecht, L.; Schmidt, H.;
Esguerra, C.V.; de Witte, P.A.; Cammue, B.P.; et al. The plant decapeptide OSIP108 prevents
copper-induced toxicity in various models for Wilson disease. Toxicol. Appl. Pharmacol. 2014, in press.
Roberts, E.A.; Robinson, B.H.; Yang, S. Mitochondrial structure and function in the untreated
Jackson toxic milk (tx-j) mouse, a model for Wilson disease. Mol. Genet. Metab. 2008, 93, 54-65.
Thedinga, E.; Kob, A.; Holst, H.; Keuer, A.; Drechsler, S.; Niendorf, R.; Baumann, W.; Freund, L;
Lehmann, M.; Ehret, R. Online monitoring of cell metabolism for studying pharmacodynamic
effects. Toxicol. Appl. Pharmacol. 2007, 220, 33-44.

Bayley, J.P.; Devilee, P. The Warburg effect in 2012. Curr. Opin. Oncol. 2012, 24, 62—67.
Warburg, O.; Wind, F.; Negelein, E. The Metabolism of Tumors in the Body. J. Gen. Physiol.
1927, 8, 519-530.

Seeland, S.; Torok, M.; Kettiger, H.; Treiber, A.; Hafner, M.; Huwyler, J. A cell-based,
multiparametric sensor approach characterises drug-induced cytotoxicity in human liver HepG2
cells. Toxicol. In Vitro 2013, 27, 1109-1120.

Felser, A.; Blum, K.; Lindinger, P.W.; Bouitbir, J.; Krahenbuhl, S. Mechanisms of hepatocellular
toxicity associated with dronedarone—A comparison to amiodarone. Toxicol. Sci. 2013, 131,
480-490.

Tolosa, L.; Pinto, S.; Donato, M.T.; Lahoz, A.; Castell, J.V.; O’Connor, J.E.; Gomez-Lechon, M.J.
Development of a multiparametric cell-based protocol to screen and classify the hepatotoxicity
potential of drugs. Toxicol. Sci. 2012, 127, 187-198.

Jennen, D.; Ruiz-Aracama, A.; Magkoufopoulou, C.; Peijnenburg, A.; Lommen, A.; van Delft, J.;
Kleinjans, J. Integrating transcriptomics and metabonomics to unravel modes-of-action of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in HepG?2 cells. BMC Syst. Biol. 2011, 5, 139.

Raza, H.; John, A. Implications of altered glutathione metabolism in aspirin-induced oxidative
stress and mitochondrial dysfunction in HepG2 cells. PLoS One 2012, 7, €36325.

Kitagaki, H.; Cowart, L.A.; Matmati, N.; Montefusco, D.; Gandy, J.; de Avalos, S.V.
Novgorodov, S.A.; Zheng, J.; Obeid, L.M.; Hannun, Y.A. ISC1-dependent metabolic adaptation
reveals an indispensable role for mitochondria in induction of nuclear genes during the diauxic
shift in Saccharomyces cerevisiae. J. Biol. Chem. 2009, 284, 10818—10830.

Bartke, N.; Hannun, Y.A. Bioactive sphingolipids: Metabolism and function. J. Lipid Res. 2009,
50, S91-S96.

Montefusco, D.J.; Chen, L.; Matmati, N.; Lu, S.; Newcomb, B.; Cooper, G.F.; Hannun, Y.A,;
Lu, X. Distinct signaling roles of ceramide species in yeast revealed through systematic
perturbation and systems biology analyses. Sci. Signal. 2013, 6, rs14.



Molecules 2014, 19 15102

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Kogot-Levin, A.; Saada, A. Ceramide and the mitochondrial respiratory chain. Biochimie 2014,
100, 88-94.

Spincemaille, P.; Matmati, N.; Hannun, Y.A.; Cammue, B.P.A.; Thevissen, K. Sphingolipids and
Mitochondrial Function in Budding Yeast. Biochim. Biophys. Acta 2014, in press.

Spincemaille, P.; Cammue, B.P.A.; Thevissen, K. Sphingolipids and Mitochondrial Function,
Lessons Learned from Yeast. Microb. Cell 2014, 1, 210-224.

Wensing, K.U.; Ciarimboli, G. Saving ears and kidneys from cisplatin. Anticancer Res. 2013, 33,
4183—4188.

Frohlich, K.U.; Fussi, H.; Ruckenstuhl, C. Yeast apoptosis—From genes to pathways.
Semin. Cancer Biol. 2007, 17, 112—-121.

Rea, S.L.; Graham, B.H.; Nakamaru-Ogiso, E.; Kar, A.; Falk, M.J. Bacteria, yeast, worms, and
flies: Exploiting simple model organisms to investigate human mitochondrial diseases. Dev. Disabil.
Res. Rev. 2010, 16, 200-218.

Craik, D.J.; Daly, N.L.; Mulvenna, J.; Plan, M.R.; Trabi, M. Discovery, structure and biological
activities of the cyclotides. Curr. Protein Pept. Sci. 2004, 5, 297-315.

Gould, A.; Ji, Y.; Aboye, T.L.; Camarero, J.A. Cyclotides, a novel ultrastable polypeptide scaffold
for drug discovery. Curr. Pharm. Des. 2011, 17, 4294-4307.

Sando, L.; Henriques, S.T.; Foley, F.; Simonsen, S.M.; Daly, N.L.; Hall, K.N.; Gustafson, K.R.;
Aguilar, M.L.; Craik, D.J. A synthetic mirror image of kalata B1 reveals that cyclotide activity is
independent of a protein receptor. ChemBioChem 2011, 12, 2456-2462.

Hamamoto, K.; Kida, Y.; Zhang, Y.; Shimizu, T.; Kuwano, K. Antimicrobial activity and stability
to proteolysis of small linear cationic peptides with D-amino acid substitutions. Microbiol. Immunol.
2002, 46, 741-749.

Fischer, P.M. The design, synthesis and application of stereochemical and directional peptide
isomers: A critical review. Curr. Protein Pept. Sci. 2003, 4, 339-356.

Delattin, N.; de Brucker, K.; Craik, D.J.; Cheneval, O.; Frohlich, M.; Veber, M.; Girandon, L.;
Davis, T.R.; Weeks, A.E.; Kumamoto, C.A.; et al. Plant-derived decapeptide OSIP108 interferes with
Candida albicans biofilm formation without affecting cell viability. Antimicrob. Agents Chemother.
2014, 58, 2647-2656.

Custodio, J.B.; Cardoso, C.M.; Santos, M.S.; Almeida, L.M.; Vicente, J.A.; Fernandes, M.A.
Cisplatin impairs rat liver mitochondrial functions by inducing changes on membrane ion
permeability: Prevention by thiol group protecting agents. Toxicology 2009, 259, 18-24.

Cunha, D.; Cunha, R.; Corte-Real, M.; Chaves, S.R. Cisplatin-induced cell death in Saccharomyces
cerevisiae is programmed and rescued by proteasome inhibition. DNA Repair 2013, 12, 444-449.

Sample Availability: Not available.

© 2014 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 license

(http://creativecommons.org/licenses/by/3.0/).



