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Abstract: Cisplatin is a first-choice chemotherapeutic agent used to treat solid tumors even though the
onset of multi-drug resistance and the time–dose side-effects impair its mono-therapeutic application.
Therefore, new drug-delivery approaches, based on nanomedicine strategies, are needed to enhance
its therapeutic potential in favor of a dose-reduction of cisplatin. Polyunsaturated fatty acids and
their metabolism-derived intermediates, as well as lipid peroxidation end-products, are used as
adjuvants to improve the effectiveness of chemotherapy. Lipid hydroperoxides, derived from the
oxidation of edible oils, can contribute to cell death, generating breakdown products (e.g., reactive
aldehydes). In this regard, the aim of this present study was to evaluate an invitro combinatory
strategy between a lecithin-based nanoemulsion system of K600, a patented mixture of peroxidated
oil and peroxidated cholesterol, and cisplatin on DLD1 human adenocarcinoma cells. Our findings
showed that nanoemulsions, acting in synergy with cisplatin, improve cisplatin bioactivity, in terms
of enhancing its anti-cancer activity, towards DLD1 cells. Indeed, this combination approach, whilst
maintaining cisplatin at low concentrations, induces a significant reduction in DLD1 cell viability,
an increase in pro-apoptotic markers, and genotoxic damage. Therefore, K600 nanoemulsions as
an efficient targeted delivery system of cisplatin allow for the reduction in the chemotherapeutic
agent doses.

Keywords: invitro study; cancer cells; nanoemulsion; cisplatin; anticancer effects

1. Introduction

The success of chemotherapy is restricted by multi-drug resistance (MDR) within
cancer cells. The genomic instability of cancer cells may increase their survivability due to
adaptive molecular mechanisms in response to the antiblastic drug used. Therefore, it is
often necessary to carry out a combination of multi-chemotherapeutic agents, multi-drug
therapy or even suspend therapy in order to reach a positive prognosis for the patient. As
known, cisplatin is still a first-choice chemotherapy for several cancer treatments despite the
onset of MDR and time–dose side-effects impairing its monotherapeutic application [1–5].
In this regard, several previous studies have shown that, to reach a better therapeutic
efficacy, it is necessary to exploit the synergy between drugs and to develop new drug-
delivery approaches based on nanomedicine [6,7].

It is well-known that most chemotherapeutic agents through redox regulation enhance
the intracellular oxidative stress rate, leading to cancer cell death (i.e., arsenic trioxide,
doxorubicin, and PEITC) [8–11].

From this perspective, the ‘oxidation therapy’, based on PUFAs [12,13], or PUFA’s
metabolically derived intermediates or lipid peroxidation end-products [14–16], plays an
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adjuvant role in the effectiveness of chemotherapy. In particular, lipid hydroperoxides
(LOOHs), intermediates of the metabolism of edible oil oxidation, are considered the
mediators of cell death, resulting in the generation of breakdown products (i.e., reactive
aldehydes) [17].

In this regard, our study assessed, using an invitro model, the combinatory strategy be-
tween nanoemulsions of K600, a patented peroxidated oil and peroxidated cholesterol-based
mixture, rich in LOOHs, (the so-called NK600), and cisplatin (CCDP)on a human adenocar-
cinoma cell line (DLD1), according to oxidation therapy and nanomedicine approaches.

The nanoemulsion form can, indeed, improve the solubilization of low water-soluble
chemotherapeutic drugs and their bioavailability because, thanks to their small size, they
can easily penetrate cell membranes without damaging them [18–20].

2. Material and Methods
2.1. Cell Cultures

Human colon cancer cell lines, DLD-1, were obtained from The Biological Bank
and Cell Factory (IRCCS Ospedale Policlinico San Martino–IST Istituto Nazionale per la
Ricerca sul Cancro) and were maintained in DMEM (Dulbecco’s modified Eagle’s medium-
Euroclone®, Milan, Italy) supplemented with 10% FBS and2 mM of glutamine (Euroclone®

Milan, Italy), w/o antibiotics.
DLD-1 were cultured at 37 ◦C in a humidified incubator containing 5% CO2. Cells

were subcultured by TripLE™ Express (Invitrogen Life Technologies, Carlsbad, CA, USA)
treatment when the original flask was approximately 75% confluent. All cell cultures were
found to be mycoplasma-free during regular checks with the Reagent Set Mycoplasma
Euroclone (Euroclone® Milan, Italy).

2.2. NK600 Preparations

Extra-virgin olive oil (free of heavy metals) was heated to 80 ◦C and was added to 10%
of certified heavy-metal-free cholesterol. The resulting mixture was then exposed to a UV
source reaching a peroxide level of 600 EqO2/kg (see Supplementary Materials. European
Patent Specification, international publication number: WO 2009060493 A1).

The emulsifying solution was prepared by dissolving 1 wt.% of commercial granular
soybean lecithin in 0.01 M of PBS at pH 7.4 (Sigma-Aldrich, Darmstadt, Germany ) with
continuous stirring for 1 h. Then, 5 wt.% K600 oil was added to the solution and was vor-
texed for 5 min. The samples, 1 mL each, were treated by batch ultrasonic homogenization
at 40 kHz for 1 min. The obtained emulsion was stored in the dark at room temperature.
For invitro testing, the emulsions were diluted in DMEM and were passed through 0.22 µm
syringe filters.

2.3. N-K600 Size and Electrophoretic Measurements

The mean particle size and electrophoretic mobility (zeta potential, ζ) of the nanoemul-
sion were determined by dynamic laser light scattering (DLS) using a Malvern Zeta sizer
Nano ZS (Malvern Instruments, Worcestershire, UK). The samples were diluted to a droplet
concentration of 0.5 wt.% with buffer solution. A refractive index of 1.467 was used to
calculate the particle size distribution. All samples were measured in triplicate and mea-
surements were performed in five repetitions.

2.4. N-K600 Stability

Samples were stored at room temperature in the dark for up to one month. The
mean particle size and electrophoretic mobility were analyzed during the storage time, as
described above.
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2.5. Cisplatin-CCDP

Cisplatin powder (Cisplatin CRS, European Pharmacopoeia Reference Standard) was
dissolved in 0.9% sodium chloride solution and was filtered with 0.22 µm syringe filters,
reaching a stock solution final concentration of 1mg/mL.

2.6. Experimental Conditions

The effects of NK600, CCDP, and several combinations (Combos) of these 2 compounds
(NK600 + CCDP) on DLD1 were carried out up to a maximum of 48 h of exposure.

Both the single compounds and the Combos, in terms of concentrations and exposure
times, differed according to the specific test performed (Table 1).

Table 1. Protocols in place based on tests performed.

Test Cell Culture Supports N◦ Cells Experimental Treatments

Viability Assay (MTT) 96 MW 10 × 103/well
1.5–9 µg/mL CCDP

Combos: 1.5–9 µg/mL CCDP+
1.5–9 mg/mL NK600

Proliferation Assay (DNA Assay) 12 MW 80 × 103/well
1.5–9 µg/mL CCDP

Combos: 1.5–9 µg/mL CCDP+
1.5–9 mg/mL NK600

qPCR, WB, GSH Flask 75 cm2 150 × 103/well
6 mg/mL NK600
6 µg/mL CCDP

Combo: 6 µg/mL CCDP+ 6 mg/mL NK600

2.7. MTT Assay

At the end of each experimental treatment, the cell viability, in terms of mitochondria
functionality, was assessed in DLD1 via MTT assay. The optical densities (ODs) of the
dissolved formazan crystals were determined spectrophotometrically at 570 nm. The
quantification of cell viability was obtained by comparing the optical density of the extracts,
and the relative cell viability was calculated for each tissue as a percentage of the mean of
the negative control tissues [21].

In order to evaluate if the NK600 and CCDP combination, compared to the single
compounds, achieved an improved therapeutic result on DLD-1, the data were analyzed
by CompuSyn software (ComboSyn, Inc., Paramus, NJ. USA). The combination index
(CI), obtained from the several combinations, allowed us to study the possible biologi-
cal/metabolism interactions between the drugs or compounds in order to evaluate the
antagonism (CI > 1), additive (C = 1), or synergistic effects (C < 1) [22,23].

2.8. DNA Assay

The cellular DNA content for cell proliferation was measured by the method of Rao
and Otto (1992) [24]. At each check point time, the experimental medium was removed
and, after washing with warm PBS, 1 mL of lysis solution (urea 10 M, 0.01% SDS in saline
sodium citrate buffer [SSC], 0.154 M of NaCl, 0.015 M of Na3 citrate, pH 7) was added to
each well. The dissolved cell suspensions were incubated at 37 ◦C in a shaking bath for 2 h,
and then 1 mL of Hoechst 33258 dye, 1 mg/mL in SSC buffer, was added in the dark. The
absorbance was measured with an LS5 Perkin Elmer spectrofluorometer at excitation and
emission wavelengths of 355 and 460 nm, respectively. The cell proliferation was estimated
by referring fluorescence units to a linear standard curve for DNA fluorescence versus
cell number.

2.9. qPCR

The total RNA was extracted using the QuickRNATMMiniPrepKit (Zymo Research,
Irvine, CA, USA) according to the manufacturer’s instructions. The quality and quantity of
RNA were analyzed using a NanoDrop spectrophotometer (Nanodrop Technologies, Wilm-
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ington, DE, USA). The cDNA was synthesized by using a SuperScriptTM III First Strand
Synthesis System (ThermoFisher Scientific, Milan, Italy). The Primer Assay—Plate (Bio-
Rad, Milan, Italy) was used for PCR reaction, according to the manufacturer’s instructions.
All samples were analyzed in triplicate (Table 2).

Table 2. Genes used for real-time quantitative polymerase chain reaction analysis.

Gene Assay Type Amplicon

BCL2L11 SYBR Green
AGACCAAATGGCAAAGCAACCTTCTGATGTAAGTTCTGAGTGTGACCGAGAAGGTA
GACAATTGCAGCCTGCGGAGAGGCCTCCCCAGCTCAGACCTGGGGCCCCTACCTCC

CTACAGACAGAGCCACAAGGTAATCC

CASP3 SYBR Green
TTCTGAATGTTTCCCTGAGGTTTGCTGCATCGACATCTGTACCAGACCGAGATGTCA

TTCCAGTGCTTTTATGAAAATTCTTATTATTAATTATTATACATAAACCCATCTCAGGAT
AATCCATTTTATAACTGTTGTCCAGGGATATTCCAGAGTCCATTGATTCGCTTCCAT

GCLC SYBR Green

GAAGTTATTGTGCAAAGAGCCTGATTTTCTTCTAATATAGAAGTAGCCTCCTTCCGGC
GTTTTCGCATGTTGGCCTCAACTGTATTGAACTCGGACATTGTTCCTCCGTAGGGCT
GTCCTGGTGTCCCTTCAATCATGTAACTCCCATACTCTGGTCTCCAAAGGGTAGGAT

GGTTTGGGTTTGTCCTTTCCCCCTTCTCTTGCAGAGTTTCAAGAACT

GSTP1 SYBR Green
CTCACCCTGTACCAGTCCAATACCATCCTGCGTCACCTGGGCCGCACCCTTGGGCTC
TATGGGAAGGACCAGCAGGAGGCAGCCCTGGTGGACATGGTGAATGACGGCGTGG

AGGACCTCC

HMOX1 SYBR Green

CATTGCCAGTGCCACCAAGTTCAAGCAGCTCTACCGCTCCCGCATGAACTCCCTGG
AGATGACTCCCGCAGTCAGGCAGAGGGTGATAGAAGAGGCCAAGACTGCGTTCCTG
CTCAACATCCAGCTCTTTGAGGAGTTGCAGGAGCTGCTGACCCATGACACCAAGGA

C

LDOC1 SYBR Green TGGCATTTTCCAGGTTGGTCCTGATCTCGAAAGGTGGTAGTCTGTAGGTGGGATGTG
GTGAGTGGATGTGAAGTGGCAGCATAGTTCTCTGGGAAG

GAPDH SYBR Green
GTATGACAACGAATTTGGCTACAGCAACAGGGTGGTGGACCTCATGGCCCACATGG

CCTCCAAGGAGTAAGACCCCTGGACCACCAGCCCCAGCAAGAGCACAAGAGGAAG
AGAGAGACCCTCACTGCTGGGGAGTCCCTGCCACAC

2.10. Western Blotting
2.10.1. Nuclear/Cytosol Fractionation

The nuclear/cytosol fractionation on DLD-1 was performed using a lysis buffer
solution with HEPES, 2 mM of MgCl2, 15 mM of KCl, 0.1 mM of EDTA, 1% 0.1 M of
1,4-dithiothreitol, and 1% protease inhibitor-CompleteTM ULTRA tablets (Merck KGaA,
Darmstadt, Germany). After 20 min at 4◦C, for each sample,0.05% (v/v) NonidetTM-
P40(Merck KGaA) was added. Then, the suspension was centrifuged at 10,000×g to split
the nuclear fraction from the cytosol fraction. The nuclear pellet was resuspended in a
volume of HEPES, 300 mM of NaCl, 50 mM of KCl, 0.1 mM of EDTA, 10% glycerol, 1%
0.1 M of DTT, and 1% protease inhibitor-CompleteTM ULTRA tablets (Merck KGaA) lysis
buffer, and it was sonicated and incubated ON at 4 ◦C on a rotary shaker. The cytosol
fraction was stored at −80 ◦C. The following day, each sample containing the nuclear
fraction was centrifuged at 10,000 × g and the supernatant was stored at −80 ◦C.

2.10.2. Whole Lysates collection

Cell lysates were collected using RIPA buffer (Sigma Aldrich, Darmstadt, Germany)
plus a protease inhibitor cocktail (Complete Tablets, Roche Diagnostic GmbH, Mannheim,
Germany), and they were sonicated until solubilized.

2.10.3. Immunoblotting

Protein measurement was carried out using a PierceTMBCA Protein assay Kit (Thermo
Scientific, Rockford, IL, USA). An equal amount of protein was resolved in Ani kDTM

mini precast gel (Bio-Rad Laboratories, Inc., Hercules, CA, USA) in anSDS-PAGE Run-
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ning Buffer, and it was transferred onto a PVDF membrane (Thermo Scientific, Rockford,
IL, USA) and probed with primary antibodies (Table 3), followed by incubation with
HRP-conjugated secondary antibodies (NA9340V and NA931V, against rabbit and mouse
primary antibodies, respectively, Amersham Life Science, Milano, Italy). The proteins were
detected by Western BrightTM ECL (Advansta, CA, USA), exposed to film, and analyzed
using a BIORAD Geldoc 2000. The data presented were calculated after normalization
with GAPDH/HADAC1. Densitometrical data obtained from Quantity One software
(Bio-Rad) were applied for statistical analysis and normalized against the housekeeping
GAPDH/HADAC1.

Table 3. List of primary antibodies used.

Protein MW (kDa) Company

NRF2 (A-10): sc-365949 61 Santa Cruz Biotechnology, Santa Cruz, CA, USA

NF-kB (D14E12) 65 Cell Signaling Technology, Danvers, MA, USA

NF-kB-P (Ser536-93H1) 65 Cell Signaling Technology, Danvers, MA, USA

PARP (46D11) 116/89 Cell Signaling Technology, Danvers, MA, USA

PUMA(D30C10) 23 Cell Signaling Technology, Danvers, MA, USA

P53 53 Cell Signaling Technology, Danvers, MA, USA

HO-1 (TA327035) 32 Origene, Rockville, MD, USA

HDAC1 (H-11): sc-8410 60 Santa Cruz Biotechnology, Santa Cruz, CA, USA

GAPDH (0411): sc-47724 37 Santa Cruz Biotechnology, Santa Cruz, CA, USA

2.11. GSH Measurement

Reduced glutathione (GSH) was determined in DLD1 according to the procedure
described by Hissin and Hilf [25]. The cells (5 × 106 cells/mL), washed out from incubation
medium, were treated with 5% TCA solution, as a protein precipitant. Upon centrifugation,
the GSH content in the supernatant was determined by reaction with o-phthaldialdehyde
(OPT), and the resulting fluorescence was monitored [26].

2.12. Statistical Analysis

The data are represented as means ± standard deviation of the mean of three inde-
pendent experiments performed in triplicate. The significance was assessed by one-way
analysis of ANOVA variance followed by both posttests: Dunnett’s test vs. untreated
DLD-1 cultures, and Bonferroni’s test for multiple comparison, using GraphPad Prism
for Windows (version 5.03 and GraphPad Software, Inc., La Jolla, CA, USA). Statistically
significant differences were set at p < 0.05 and p < 0.01.

3. Results
3.1. NK600 Characterization

The nanoemulsion droplets were characterized at room temperature, immediately
after their preparation. The average zeta potential was found to be −49.53 ± 2.30 mV,
indicating a strong repulsive force among the droplets, therefore suggesting that the
nanoemulsion was physically stable [27]. The average diameter of the particles was found
to be 140 ± 2 nm, with a polydispersity index (PI) of 0.226, indicating a highly uniform
distribution [28]. In order to assess the stability of nanoemulsion over time, the average
diameter was monitored for up to one month (Figure 1). Nanoemulsions showed high
stability in terms of both the average diameter and the zeta potential throughout the
storage period.
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Figure 1. Stability of nanoemulsion droplets size over time.

3.2. Synergic Effect of NK600-CCDP Combination

In order to investigate the effects of the association between NK600 and CCDP
(Combo),we analyzed the viability index of the DLD-1 human adenocarcinoma cell line
via MTT assay at different time points, from 24 to 48h. DLD1 cells were treated with in-
creasing concentrations of CCDP alone, ranging from 1.5 to 9µg/mL, and with the Combos
(1.5–9µg/mL of CCDP+ and 1.5–9 mg/mL of NK600). As shown in Figure 2, the viability
of DLD-1 cells was more compromised by the Combo treatment compared to CCDP in a
concentration-dependent manner.
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viaMTT assay after 24 and 48 h. The data are expressed as percentages vs. viability index of untreated
DLD-1 (represented in the graphs as the red dotted line), and each value represents the mean ±
SD of 3 separate experiments running in triplicate. The CCDP concentrations are expressed as
µg/mL; Combo units are in µg/mL of CCDP and mg/mL of NK600 in each Combo.*** p < 0.001;
** p < 0.01; * p < 0.05 vs. untreated DLD1; § p < 0.001; # p < 0.01 vs. CCDP alone, untreated DLD1
(one-way ANOVA).
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To determine which of the Combos have reduced cell viability due to a synergic effect,
we used Compusyn software, a computerized quantitation of synergism and antagonism
(Figure 3). Indeed, it is of interest to understand whether the use of multiple compounds
may have the same target or several targets in order to identify a more effective treatment
for colon adenocarcinoma cells. This test, as a synergism outcome, showed that only some
tested ‘Combos’ were able to increase the efficacy of the therapeutic effects, namely Combo
1.5, Combo 6, and Combo 9. Our studies then focused on testing just Combo 6 (CCDP
6 µg/mL and NK600 6 mg/mL) because it highlighted both a Fraction affected (Fa) of
about 0.48 and a combination index (CI) of 0.95, which specify, respectively, half of the
maximal inhibitory concentration (IC50) and the synergic effect of such a Combo.
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3.3. Basal Nuclear Levels of NRF2 and Gene/Protein Involved in the NRF2 Pathway on DLD1
Cells Treated with CCDP, NK600, and Combo 6

Nuclear NRF2 levels analyzed on nuclear fractions of DLD1 cells, using Western
blotting analysis, were seen to increase at 6 h with this ranking: CCDP 6 µg/mL > NK600
6 mg/mL > Combo 6 (Figure 4A). NRF2 is a transcription factor and its translocation from
the cytoplasm into the nucleus can increase the antioxidant gene transcription [29,30]. Next,
we determined the expression levels of representative genes involved in the NRF2 pathway,
normalized vs. GAPDH gene expression levels by qRT-PCR. Indeed, the HOMOX1 and
GCLC levels at 12 h showed an increased capacity for an antioxidant defense by Combo 6,
whereas GSTP1 levels were also increased by NK600 6 mg/mL (Figure 4B). Therefore, we
assumed that the ROS imbalance, induced by Combo 6 on DLD1, was stronger than CCDP
and that it may be a key modulator of NRF2 activity. In fact, after 24 h of experimental
procedures, we observed a significant increase in GSH levels in DLD1 treated with NK600,
as well as with Combo 6 (Figure 4C). As known, GSH, being the most important antioxidant
element in mammalian cells, is often responsible for reducing the intracellular accumulation
of CCDP [31–35]. However, to confirm whether or not Combo-induced GSH levels were
able to modulate the CCDP sensitivity of DLD1, we analyzed the HO-1 protein levels at
48 h (Figure 4D). Surprisingly, the reduction in the HO-1 protein after Combo 6 and NK600,
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but not after CCDP, suggested that DLD1 cells lose protection over time against stress
conditions, thus increasing the level of cell death [30,36,37].
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Figure 4. Antioxidant response analysis. (A) Nuclear levels of NRF2 protein were evaluated in DLD1 after 6 h of 6 µg/mL
of CCDP, 6 mg/mL of NK600, and Combo 6 exposure. The analysis was performed by immunoblotting and the bars
are expressed as % vs. untreated (U.T.) DLD1 cultures. (B) Gene expression analysis was performed on DLD1 after 12 h
of 6 µg/mL of CCDP, 6 mg/mL of NK600, and Combo 6 exposure.HOMOX1, GCLC, and GSTP1 data are expressed as
fold-increases relative to untreated cultures at the same end-point, and they are normalized to GAPDH housekeeping gene
expression. (C) GSH levels in DLD1 after 24 h of 6 µg/mL of CCDP, 6 mg/mL of NK600, and Combo 6 exposure. The
cellular GSH concentration was determined by fluorimetric analysis and is expressed as % vs. U.T. cells. (D) HO-1 protein
levels were evaluated in DLD1 after 48 h of 6 µg/mL of CCDP, 6 mg/mL of NK600, and Combo 6 exposure. The analysis
was performed by immunoblotting and the bars are expressed as % vs. untreated (U.T.) DLD1 cultures. (E) The figures
depicted are representative of at least three similar immunoblot analyses: NRF2 and HO-1 protein levels in untreated
DLD1, and in treated DLD1 (6 µg/mL of CCDP, 6 mg/mL of NK600, and Combo 6). HDAC1 and GAPDH were used as
internal controls for equal protein loading on gels. The data represent the mean ± standard deviation (SD) of 3 independent
experiments. * treated DLD1 vs. U.T. DLD1; §CCDP vs. NK600/Combo6; @NK600 vs. CCDP/Combo 6. * p < 0.01; § p < 0.01;
@ p < 0.01 (two-way ANOVA followed by Bonferroni’s test).
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3.4. P53-Dependent Pathway Interferes with Antioxidant Responses

P53 is a transcription factor with a central role in genome integrity maintenance.
As known, under stress conditions, the p53-pathway can modulate several proteins and
microRNAs involved in cell cycle arrest, DNA repair or apoptosis, inhibiting tumor devel-
opment [38,39]. Unfortunately, its protective role is defective in several cancers. Therefore,
in order to understand the p53 role in DLD1 cells, we first evaluated its nuclear levels,
using Western blot analysis, at 3 h of experimental treatment. These results revealed
an increasedp53 nuclear translocation by 6 µg/mL of CCDP and markedly by Combo 6
(Figure 5A,B).
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Figure 5. Apoptosis analysis (immunoblotting). (A) Nuclear levels of p53 protein were evaluated
in DLD1 after 3 h of 6 µg/mL of CCDP, 6 mg/mL of NK600, and Combo 6 exposure. The bars
are expressed as % vs. untreated (U.T.) DLD1 cultures. (B) The figures depicted are representative
of at least three similar immunoblot analysis p53 protein levels in untreated DLD1, and in treated
DLD1 (6 µg/mL of CCDP, 6 mg/mL of NK600, and Combo 6). HDAC1 was used as internal controls
for equal protein loading on gels. The data represent the mean ± standard deviation (SD) of 3
independent experiments. * treated DLD1 vs. U.T. DLD1; §CCDP vs. NK600/Combo6; @NK600 vs.
CCDP/Combo 6. * p < 0.01; § p < 0.01; @ p < 0.01 (two-way ANOVA followed by Bonferroni’s test).

The qRT-PCR analysis detected that the BCL2L11 expression, the Bim protein gene,
was increased by Combo 6 solely at 12 h, confirming its greater ability to trigger apoptosis
(Figure 6A). Furthermore, to support the apoptosis hypothesis, we assessed the PUMA
protein levels and PARP cleavage fragments using Western blot analysis (Figure 6B–D).
PUMA belongs to ’BH3-only’ and it is an essential apoptosis p53-mediator [40–46]. This
obtained result confirmed the apoptotic role of Combo 6 compared to CCDP. Indeed, the ad-
dition of NK600 to CCDP (Combo 6) greatly increased the PUMA expression (Figure 6C,D).
Finally, we evaluated the CASP3 gene expression (Figure 6A) and one of its protein tar-
gets, the PARP cleavage (Figure 6B,D), using qRT-PCR and Western blot analysis, respec-
tively [47–49]. In this case, at 6 h, the CASP3 gene amplification resulted in being more
increased by Combo 6 whilst being decreased by CCDP treatment alone. However, al-
though the PARP cleavage index showed that both Combo 6 and 6 µg/mL of CCDP were
able to trigger DLD1 cell apoptosis, it was observed that CCDP alone induced the stronger
effect of the two.
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Figure 6. Apoptosis analysis. (A) Gene expression analysis was performed on DLD1 after 12 h
of 6 µg/mLof CCDP, 6 mg/mLof NK600, and Combo 6 exposure.BCL2L11 and CASP3. Data are
expressed as fold-increases relative to untreated cultures at the same end-point and are normalized
to the GAPDH housekeeping gene expression. (B,C) Immunoblotting analysis. Bars represent the
ratio of cleaved PARP(B) and Puma protein levels (C), and the data are expressed as fold values vs.
U.T. DLD1 cells. (D) The figures depicted are representative of at least three similar immunoblot
analyses of PARP and PUMA protein levels in untreated DLD1, and in treated DLD1 (6 µg/mL of
CCDP, 6 mg/mLof NK600, and Combo 6). GAPDH was used as an internal control for equal protein
loading on gel. The data represent the mean ± standard deviation (SD) of 3 independent experiments.
* treated DLD1 vs. U.T. DLD1; §CCDP vs. NK600/Combo6; @NK600 vs. CCDP/Combo 6. * p < 0.01;
§ p < 0.01; @ p< 0.01 (two-way ANOVA followed by Bonferroni’s test).

4. Discussion and Conclusions

Some of the traditional cancer therapy approaches, including chemotherapy, surgery
and radiotherapy, today still show limited efficacy due to their side effects [50]. Moreover,
when such traditional approaches are used as a single modality, they do not necessarily
provide satisfactory outcomes, as in the case of surgery, where it is not always possible
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to carry out a complete tumor lesion resection [51], or in the case of chemotherapy and
radiotherapy, where there is the onset of both MDR [52,53] and the insensitivity of hypoxic
cancer cells to ionizing radiation [54,55].

In this regard, several past studies have demonstrated that the effects of certain
treatments can be enhanced if used in combination with other treatments, resulting in
considering the combination therapy approach as a valid alternative to the monotherapeutic
approach [56–59]. In fact, in clinical cancer treatments, the combined therapy, that is,
either of a co-delivery of two or more therapeutic agents or of a combination of different
treatments, shows a reduced individual drug-related toxicity and suppressed MDR in
addition to synergistic anti-cancer effects.

This present work aims to demonstrate that the CCDP effects can be enhanced by the
combinatory use of K600 nanoemulsion in vitro on the DLD1human adenocarcinoma cell
line. Indeed, the synergistic effects of some Combos (CCPD/NK600 combinations) proved
their ability to reduce DLD1 viability in a dose-dependent manner compared to CCDP
alone at the same dose (Figures 2 and 3). However, from the analysis of the results obtained
with the various Combos, Combo 6 was chosen because it exhibited a more potent effect
(IC50 = 6 µg/mL CCPD + 6 mg/mL NK600) than the others in DLD1 cells.

In order to verify whether the reduction in cell viability was due to an increase of
oxidative stress rate so much so as to trigger apoptosis, we analyzed both the antioxidant
response and the apoptotic response.

As known, under oxidative stress insult, cells mainly activate the p53 and NRF2
pathways in order to enhance their ability to mitigate such conditions. Indeed, several
findings have supported the existence of a p53-NRF2 cross-talk through a positive feedback
loop [60,61], which becomes crucial in mutant p53cancer cells due to them gaining an
improved survival to oxidative stress [62]. Moreover, in several cancers, somatic mutations,
either in NRF2 or in KEAP1, prevent NRF2 degradation, often resulting in a poor prognosis
given that the high NRF2 expression or its nuclear localization is correlated with reduced
oxidative stress and an increased MDR [63].

In our cancer cell model, untreated DLD1 cells showed lower basal levels of nuclear
NRF2 compared to those treated with either Combo 6 or single treatments (6 µg/mL of
CCDP or 6 mg/mL of NK600) even though a significant increase (p < 0.01) of both the
selected NRF2 downstream gene expressions analyzed and the GSH levels were observed
only in the Combo 6-treated DLD1 (Figure 4).

However, Combo 6 treatment and, to a lesser extent, NK600 alone, showed to activate
the apoptotic pathway, as evidenced by the increase in PUMA protein levels, as well as
PARP cleavage index (Figures 5 and 6), and so, we have speculated that the combination of
CCDP and NK600 was able to target the anti-oxidative stress modules, thus increasing the
cellular ROS and, consequently, promoting cell death.

Although we do not know the actual mechanism by which Combo 6 is able to sensitize
DLD1 to apoptosis, in this study, we have demonstrated that such a combination therapy
enhances the efficacy of CCDP in favor of its dose-reduction. Therefore, it can be considered
as a preliminary approach towards a combination therapy of lipo-peroxide nanoemulsion
(NK600) as a pro-oxidant agent with a traditional chemotherapeutic compound. However,
further studies using other chemotherapeutic drugs in combination with NK600need to
be undertaken to confirm the effect of the nanoemulsions and to better understand the
underlying mechanisms involved in their anti-cancer activity.
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