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There are growing interests in the complex combinations of natural compounds that may advance the therapy of cancer. Such
combinations already exist in foods, and a good representative is seed oils. Two raspberry oils: cold pressed (ROCOP) and one
extracted by supercritical CO, (ROSCO2) were evaluated for their chemical characteristics and oil emulsions for cell
suppression potential against colon adenocarcinoma (LoVo), doxorubicin-resistant colon adenocarcinoma (LoVo/DX), breast
cancer (MCF7), doxorubicin-resistant breast cancer (MCF7/DX), and lung cancer (A549) cell lines. The cytotoxicity was also
assessed on normal human dermal fibroblasts (NHDFs). With increasing concentration of raspberry oil emulsions (0.5-10%),
increasing inhibition of cancer cell viability and proliferation in all of the lines was observed, with different degrees of potency
between cancer types and oil tested. ROSCO?2 strongly induced free radical production and DNA strand damage in LoVo and
MCF?7 cells especially doxorubicin-resistant lines. This suggests that ROSCO2 engages and effectively targets the vulnerabilities
of the cancer cell. Generally, both ROSCO2 and ROCOP could be a nontoxic support in therapy of selected human cancers.

1. Introduction

Cancer is the leading cause of death in the world. And yet, a
growing problem in clinically effective chemotherapeutic
treatment is the increased resistance to commonly used cyto-
statics. Treatment of patients with chemotherapy becomes
ineffective and often only results in the side effects of cyto-
statics and disease progression. Interests of many researches
have had focused recently on compounds that are capable
of stimulating reactive oxygen species (ROS) and reactive

nitrogen species (RNS) formation, which may collectively
be responsible for damaging cells, including cancer [1-3].
These compounds are often grouped in complex combina-
tions, acting synergistically, and may modestly advance the
therapy of cancer. Such combinations already exist in foods,
and a good representative is seed oils. In recent years, oils
recovered from various seeds have been an unconventional
lipid source occupying an important position in the nutrition
field and extensively evaluated regarding their effects on
health. Vegetable seed oils are a nutrition source of
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polyunsaturated fatty acids, sterols, and tocopherols, but also
consist of other bioactive compounds presented in smaller
quantities: carotenoids and phenolics. Raspberry seed oil is
an excellent source of polyunsaturated fatty acids (PUFAs)
exceeding 80% of the total lipid content and various micro-
nutrients of high bioactivity [4-7].

Pharmacological properties of raspberry seed oils have
been scrutinized, with anti-inflammatory, antioxidative, and
hypolipidemic effects in animal studies [8, 9]. Antioxidant
properties of raspberry oil may also suggest their chemopre-
ventive activities. The primary fatty acids are linoleic acid
(LA) and a-linolenic acid (ALA), which are present in a ratio
of less than two to one. Oleic acid in another significant fatty
acid and in raspberry oil is present at 10-12%. Several mech-
anisms seem to be involved in the antitumor PUFA activity,
including alterations in cell signalling, chromatin remodel-
ing, and DNA methylation [10-12]. In addition to PUFA
and monounsaturated fatty acids (MUFAs), raspberry seed
oils contain high levels of phytosterols (up to 5384 mg/kg),
tocopherols (up to 4000 mg/kg), and carotenoids (ca. 25
mg/kg), higher than many other berry species [4, 5, 7].
Among the bioactivities of minor components of raspberry
seed oil, the important role of tocopherols in the protection
of cell membranes from oxidation, gene regulation, and sig-
nal transduction has been well documented [13, 14]. In vitro
studies have shown the effects of y- and a-tocopherols in
reducing the activity of colon cancer and breast cancer cells,
respectively [14]. Previous studies have identified specific
antioxidant properties of carotenoids. Both nonoxygenated
carotenoids and the oxygenated derivatives xanthophylls,
singly and in combination, may suppress cancer develop-
ment and improve the immune response [15-17]. Sterols
present in raspberry oil have shown anti-inflammatory, anti-
carcinogenic, and wound-healing properties [18]. However,
the biological activity of raspberry seed oil with a view to dif-
ferent oil recovery techniques has not been extensively
investigated.

Raspberry seeds are a decent oil source; 10-25% of the oil
can be recovered. The yield and composition of oil and con-
sequently its biological properties are influenced by the
method of oil extraction. Among oil extraction technologies,
cold pressing is a widely adopted practice in manufacturing
high-quality and environmentally friendly oil. The limitation
of cold pressing is low yield and exposing oil rich in PUFA to
oxidation. Supercritical CO, (SCO2) oil extraction has
attracted researchers’ attention due to better oil recuperation
from residues, the absence of oxygen, and operating at low
temperature that can minimize oxidative oil deterioration.
Another important asset of supercritical CO, is the high pen-
etration and solvating power. In the literature, the authors
have highlighted that SCO2 extraction is selective towards
nonpolar and low molecular weight nonpolar and slightly
polar components such as phytosterols, tocopherols, and
phenols [19-21], not to mention the full CO, retrievability,
which makes the oil extraction environmentally friendly [19].

Taking together all the facts quoted beforehand, this
study is primarily aimed at characterizing raspberry oils
obtained by supercritical CO, extraction and cold pressing
and justifying their cell suppression potential against a panel
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of human normal and cancer cell lines. These findings would
provide the basis for further in vivo studies as well as for clin-
ical trials.

2. Materials and Methods

2.1. Raw Material. Seeds provided by the Polish manufac-
turer Oleowita (Milicz, Poland) were purified from any unde-
sirable remains and then freeze-dried (Figure 1). Both
methods of oil recovery seeds came from the same harvest.

2.2. Seed Oils. Raspberry oil obtained by supercritical carbon
dioxide extraction (ROSCO2) was obtained from seeds
crushed in a mill crusher under nitrogen to particle sizes of
approximately 0.4-0.6 mm immediately before supercritical
carbon dioxide extraction. The supercritical carbon dioxide
extraction was carried out on an extraction apparatus pilot
plant (ELAB) designed and made by engineers from the
Lukasiewicz Research Network-New Chemical Synthesis
Institute in Pulawy (Poland). 1660 g of ground seeds was
loaded into the extractor basket. The extraction procedure
has been described in detail elsewhere [21]. Briefly, the
extraction with supercritical carbon dioxide started at a pres-
sure of 340 bar and temperature of 40°C. The flow rate and
CO, consumption were 89.7 kg CO,/h. and 62.0 kg CO,/kg,
respectively. The extraction yield was 10.65 wt.%.

Cold-pressed raspberry oil (ROCOP) was obtained by
cold pressing in a hydraulic press under nitrogen atmosphere
by the Polish manufacturer Oleowita and immediately
(within 24 hours) delivered to the laboratory. The extraction
yield was 9 wt.%.

Both oils were bottled up under nitrogen atmosphere and
stored at -26°C until analysis.

2.3. Oils’ Chemical Characteristics

2.3.1. Fatty Acid Compositions. The procedure of fatty acid
determination was described previously by Prescha et al.
[22]. The chromatographic separation was performed on a
gas chromatograph 6890N (Agilent Technologies, USA)
equipped with an FID detector and a Supelco SPTM-2560
fused silica capillary column 100m x 0.25mm x 0.2 ym
(Bellefonte, USA). Hydrogen at a flow rate of 1.5ml/min
was used as a carrier gas, and the initial temperature of chro-
matographic separation was 165°C held for 10 min; then, the
temperature was increased at the rate of 2°C/min to the final
temperature of 220°C held for 10 min. The identification of
fatty acids was accomplished using external fatty acid methyl
ester (FAME) standards.

2.3.2. Phytosterol and Squalene Content. The analysis of ste-
rols and squalene in oil samples was performed according
to the protocol described by Shukla et al. [23]. Volatile com-
ponents were separated on a DB-5MS capillary column 30
mx025mmx0.1um (J & W Scientific, USA) using a
7890A gas chromatograph equipped with an electron ioniza-
tion source and the autosampler system PAL3 RSI (CTC
Analytics AG, Switzerland) coupled to a 5975C mass spec-
trometer (Agilent Technology, USA). Helium at a flow rate
of 1.1 ml/min was used as the carrier gas. Source temperature
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FIGURE 1: Raspberry seeds used in cold pressing and supercritical
extraction came from the same batch.

was 230°C, and temperature of the transfer line was 290°C;
the separation started at 120°C held for 1 minute; then, the
temperature was increased at the rate of 5°C/min to a final
temperature of 290°C held for 15 minutes. Identification of
individual phytosterols and squalene was carried out using
mass spectra and retention times of external standards.

2.3.3. Tocopherol and Carotenoid Composition and Content.
The procedures of extraction of tocopherols and carotenoids
from oil samples and analysis were based on the method
already described by Fromm et al. [24]. Then, the unsaponi-
fiable fraction was separated on a C18 UPLC column
(Acquity, 100 mm x 2.1 mm x 1.7 ym, Waters, USA) con-
nected to an Acquity UPLC system equipped with a PDA
detector (Waters, USA). Two eluents were used as follows:
(a) 30% methanol, 50% acetonitrile, and 20% water; (b)
50% methanol and 50% acetonitrile (v/v) at a flow rate of
0.5 ml/min in a timed gradient program: 100% A held for 1
min, linear gradient up to 100% B for 4 min, from 5min to
10 min 100% B.

2.3.4. Phenolic Compounds’ Compositions and Content. The
procedure of phenolic compounds’ extraction was acquired
from the protocol previously published [25] using solid-
phase C8 cartridges. Then, the hydrophilic compounds were
separated on a C18 UPLC column (BEH Acquity, 100 mm
x 2.1 mm x 1.7 ym, Waters, USA) connected to an Acquity
UPLC system equipped with PDA 200-500 nm and mass
spectrometer Xevo-Q-TOF (Waters, Milford, CT, USA).
The mobile phase was a mixture of A—deionized waterfor-
mic acid (99.5:0.5), and B—acetonitrileformic acid (99.5:
0.5), at a flow rate of 0.5 ml/min. The electrospray ionization
source of the mass spectrometer operated at a capillary volt-
age of +2.80kV in the positive and negative ion mode,
respectively, a sampling cone of 66kV, and an extraction
cone of 4.0kV. Collision energy was set at 0, 20, 20-30, 30,
and 30-50kV. Data were processed using MassLynx 2.0
(Waters, Milford, CT, USA). Single components were identi-
fied by comparison of experimental mass, UV absorption

spectra, and retention time with standards and literature
data.

2.3.5. Statistical Analysis. The statistical significance of differ-
ences in the content of oil components was determined using
the t-test and Mann-Whiney U test for normally and not
normally distributed variables, respectively. The normality
of the variable distribution was assessed with the Shapiro-
Wilk test.

2.4. In Vitro Studies

2.4.1. Preparation of Oil Emulsions. For in vitro studies, the
raspberry oil emulsions were formulated in accordance with
a protocol developed in a study by Skorkowska-
Telichowska et al. [26]. One gram of soybean lecithin, 0.5
ml of Tween 80, and 2.5ml of oil were mixed gradually and
completed with a 5ml of an aqueous phase containing glyc-
erol 25% v/v. Raspberry oil emulsions were prepared at
0.5%, 1%, 2%, 5%, and 10% at room temperature (RT) and
in sterile conditions.

2.4.2. Cell Lines and Culture Conditions. All cell lines were
maintained under sterile conditions at 37°C in a humidified
atmosphere of 5% CO, in the complete culture medium.
Normal human dermal fibroblasts (NHDFs; Lonza: CC-
2511) and five cancer lines—colon adenocarcinoma cell line
(LoVo; ECACC: 870601011-1VL), doxorubicin-resistant
colon adenocarcinoma cell line (LoVo/DX), breast cancer
(MCF7; ECACC: 86012803-1VL), doxorubicin-resistant
breast cancer (MCF7/DX), and lung cancer (A549; ECACC:
86012804-1VL)—were cultured in an appropriate medium
supplemented with penicillin (10000 U/ml), streptomycin
(10 mg/ml), L-glutamine (200 mM), and 10% fetal bovine
serum (FBS). NHDF was purchased from Lonza (Verviers,
Belgium; cat. no. CC-2511) and cultured in Dulbecco’s Mod-
ified Eagle Medium (DMEM) without phenol red. The colon
adenocarcinoma cell line (LoVo) was obtained from EATCC
(cat. no. 870601011-1VL), and doxorubicin-resistant breast
cancer (LoVo/DX) was derived from them as a result of incu-
bation in the presence of low concentrations of doxorubicin
for a period of three months [2]. Both types of cell line were
grown in Dulbecco’s Modified Eagle Medium/Nutrient Mix-
ture F-12 (DMEM/F-12) medium. The breast cancer line
(MCF7) was purchased from the EATCC collection (cat.
no. 86012803-1VL), and the doxorubicin-resistant breast
cancer line (MCF7/DX) was derived from it as a result of
incubation in the presence of low concentrations of doxoru-
bicin for a period of three months [27]. The lung cancer line
(A549) was purchased from EATCC (cat. no. 86012804-
1VL). Cells of both breast cancer lines and lung cancer were
cultured in Minimal Essential Medium (MEM). The cells
were evaluated at least twice a week under a microscope
and then passaged using TrypLE solution or the appropriate
medium was changed.

When the cell confluence was above 70%, the cells were
separated from culture flasks using TrypLE. The cell suspen-
sion was collected into centrifuge tubes, and an appropriate
medium for the cell line was added to inactivate TrypLE
activity. The tubes were then centrifuged at 1000 x g for 5
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TaBLE 1: Chemical characteristics of raspberry oil obtained by supercritical carbon dioxide extraction (ROSCO2) and cold pressed (ROCOP);
statistically significant differences between oils (p < 0.05) are marked in bold.

ROSCO2 ROCOP p
Fatty acid composition (%)
Palmitic acid 3.98+0.18 5.37+0.17 0.00331
Stearic acid 1.37+£0.15 2.58 £0.05 0.00085
Oleic acid (OA) 15.55+0.85 26.38 +0.20 0.00016
Linoleic acid (LA) 50.78 +0.14 53.25+0.24 0.00108
a-Linolenic acid (ALA) 27.22+1.01 11.05+0.11 0.00008
Others 1.10 £ 0.04 0.61+0.03 0.00047
Y SFA 6.24+0.30 8.42+0.22 0.00229
> MUFA 15.76 £ 0.86 27.28 +0.18 0.00015
> PUFA 78.00 £ 1.15 64.29 +0.23 0.00021
0-6:1-3 1.87+0.14 4.82+0.06 0.00001
Phytosterols (mg/kg)
Campesterol 616.38 £465.99 274.29 +46.35 0.01773
Stigmasterol 128.48 £7.74 147.63 £3.70 0.09433
B-Sitosterol 15020.17 £ 693.51 4082.44 +476.42 0.00295
A5-Avenasterol 2266.62 +161.28 595.91 +31.29 0.00480
Cycloartenol 445.99 + 5.46 220.96 +12.34 0.00179
A’-Avenasterol 117.69 £ 1.25 54.82+7.25 0.00480
24-Methylene-cycloartenol 1272.06 +42.71 432.04 +13.73 0.00142
Citrostadienol 221.73 £19.25 260.80 + 60.45 0.47480
B-Amyrin (mg/kg) 181.14 +£45.77 319.08 £35.04 0.16469
Total 20562.28 +919.47 6631.60 +251.00 0.00325
Squalene (mg/kg) 125.16 + 0.62 110.68 + 0.86 0.35420
Tocopherols (mg/kg)
a-Tocopherol 513.37 £22.16 321.24 +£15.02 0.00128
y-Tocopherol 1979.98 + 120.17 550.16 +42.21 0.00026
S-Tocopherol 824.15+11.10 234.06 £0.29 0.00000
Total 3317.50 £109.11 1105.26 +7.43 0.00005
Carotenoids (mg/kg)
All-transneoxanthin - 5.79+£1.02 -
All-transzeaxanthin 1329.05 + 183.59 97.87 +11.06 0.01017
All-translutein 82.48 +5.90 51.55+4.13 0.17910
All-trans-a-cryptoxanthin 255.32 +15.49 48.14+1.42 0.00014
All-trans-f-cryptoxanthin 205.27 +£26.38 10.75+0.17 0.00907
Fucoxanthin 70.40 +11.19 - -
All-trans-a-carotene 373.87+£19.70 27.30+0.39 0.00161
All-trans--carotene 159.44 + 12.48 12.49 + 1.89 0.00367
Total 2475.85 +443.02 235.41 £26.26 0.01906
Phenolic compounds (mg/kg)
4-Hydroxybenzoic acid 4.57 +0.038 0.05+0.03 0.00007
Vanillic acid 2.88+0.37 0.80 £0.21 0.01382
4-Hydroxybenzaldehyde 11.57£1.53 3.37+0.61 0.03244
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TaBLE 1: Continued.
ROSCO2 ROCOP p
Vanillin 16.32 £ 0.95 1.69+0.10 0.00184
Sinapaldehyde 3.07+0.15 0.22 +0.02 0.00224
t-Ferulic acid 1.06 £ 0.036 0.59 +£0.02 0.00676
Isoferulic acid 2.05+0.09 - -
Total 41.52+2.98 6.76 £ 0.48 0.00404

min. At this time, the number of cells was counted in a Biir-
ker chamber.

A negative control was used in this study as a reference,
which was a cell culture incubated in the primary medium
without tested oils. All assays were performed in five inde-
pendent replicates.

2.4.3. Cell Viability Assay. The methylthiazol tetrazolium
(MTT) assay, based on the conversation of 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetra-zolium bromide to MTT for-
mazan, was used to evaluate the effect of oils’ emulsions on
cell viability according to the ISO 10.9993 standard, part V.
For the assays’ purpose, cells were seeded on 96-well plates
at a density 1x 10* cells/ml per well and subjected to 24-
hour incubation under 5% CO, in air. Then, the cells were
treated with increasing concentrations of oil emulsion. At
the end of the incubation time, the supernatant was removed,
then the cells were washed with PBS, and 50 ul of 1 mg/ml
MTT solution in MEM without phenol red was added to
the culture plates and left in a CO, incubator at 37°C for 2
hours. The supernatant was then removed, and colored for-
mazan was added to the medium, after being dissolved in
100 yl of isopropanol for 30 min while shaking. The percent-
age of viable cells was calculated by measuring the absor-
bance of the colored formazan reaction product at 570 nm
using a Varioskan LUX microplate reader (Thermo Scien-
tific, USA).

2.4.4. Cell Proliferation Assay. Cell proliferation was deter-
mined by the sulforhodamine B assay (SRB). Cells were
seeded on 96-well plates at a density of 1 x 10* cells/ml per
well. Before the addition of the oil emulsions, one plate from
each cell line was fixed with cold 50% trichloroacetic acid
(TCA) at 4-8°C (these plates were the control). After 48-
hour incubation with increasing concentrations of oil emul-
sion, the culture plates were also fixed with 50% TCA for 1
h at 4-8°C. The plates were then washed five times under run-
ning water, the plates were air-dried, and then, sulforhoda-
minen B dye was added for another 30 minutes to stain cell
proteins. Unbound dye was removed five times by washing
with 1% acetic acid and air-dried again. The SRB dye was dis-
solved in Trizma solution, and the absorbance was measured
at 570nm, using a Varioskan LUX microplate reader
(Thermo Scientific, USA).

2.4.5. Scavenging Activity against Reactive Oxygen Species
(ROS). The spectrofluorometric method using 2',7’

-dichlorofluorescein-diacetate (DCF-DA) for quantifying
the intracellular levels of reactive oxygen species (ROS) pro-
duced in five cultured cancer cell lines was utilized. Cells were
seeded on 96-well plates at a density 1 x 10* cells/ml per well.
After 24-hour incubation with oil emulsion, the supernatant
was transferred to new plates, and the DCF-DA solution was
added to the culture for the next 1 hour of incubation. After
that time, the supernatant was removed, cells were washed
twice with phosphate buffered saline (PBS), and then, 100
ul of H,O, was added for the next 30 min. Finally, the fluo-
rescence was measured at A..=485nm and A, .=535nm
using a Varioskan LUX microplate reader (Thermo Scien-
tific, USA) [28].

2.4.6. Scavenging Activity against Nitric Oxide. For the evalu-
ation of intracellular concentration of nitric oxide, Griess
reagent (1:1 mixture (v/v) of 1% sulfanilamide in 5% phos-
phoric acid and 0.1% N-(1-naphthyl)ethylenediamine dihy-
drochloride) was added to the supernatant plates. The
plates were left for 20 minutes in the dark at RT. Nitrite level
was measured at 548 nm using a Varioskan LUX microplate
reader (Thermo Scientific, USA) [29].

2.4.7. Fast Halo Assay. The fast halo assay (FHA) was con-
ducted to evaluate the effect of the tested oils on double-
strand breaks (DSBs). Cells were seeded on 24-well plates at
a density 2.5x 10* cells/ml per well. After incubating with
the tested oils, the supernatant was transferred to centrifuge
tubes, which were previously properly signed and prepared,
and the culture was washed with PBS, which was also col-
lected into tubes. The cells were separated from the surface
of the plate with TrypLE solution up to 3min at 37°C in a
CO, incubator, and the cell suspensions were transferred into
tubes, which were then centrifuged at 1000 x g for 5min.
After removal of the supernatant, the cell pellet was washed
in PBS and again centrifuged at 1000 x g for 5min. The cells
were resuspended in PBS with Ca®" and Mg”* at a density of
1000 cells/ul; the cells in tubes were placed in a water bath.
Then, 120 ul of 1.25% low melting agarose in PBS was added
to the cells, and the mixture was immediately squeezed
between a slide coated with agarose (high melting point)
and a coverslip. The slides were placed on a cooling block
for 10min for gel formation. The coverslips were then
removed, and the slides were placed in the lysis buffer over-
night. The slides were then transferred into alkaline solution
(pH =13.0) for 30 min and then washed twice for 5min in
neutralizing buffer. The preparations were stained using 5
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FI1GURE 2: The effect of oil emulsion from raspberry oils extracted by supercritical CO, (ROSCO2) and cold pressed (ROCOP) at various
concentrations—0.5%, 1%, 2%, 5%, and 10%—on the viability of colon adenocarcinoma cell lines (LoVo), doxorubicin-resistant colon
adenocarcinoma cell line (LoVo/DX), breast cancer cell line (MCF7), doxorubicin-resistant breast cancer cell line (MCF7/DX), lung
cancer cell line (A549), and normal human dermal fibroblast (NHDF). The results were compared to control and expressed as E/E,—the
ratio of spectrometrically measured viability of cells with tested oils (E) to a negative control culture (E,—cells without tested oils). Linear
regression models and coefficients of determination were calculated.

uM DAPI for 20 min and examined immediately under a  the concentrations of the oil emulsions at which 50% inhibi-
fluorescence microscope. Photographs were taken, and then,  tion of succinate dehydrogenase activity (MTT assay) or total
the ratio of cell nucleus diameter to halo diameter (whichisa  cellular protein synthesis (SRB assay) was observed (depend-
measure of DNA damage) was analyzed [29]. ing on the assay performed) compared to the control. The

normality of the data and the equality of variance were
2.4.8. Statistical Analysis. The results obtained in the MTT  checked using the Shapiro-Wilk and Levene’a tests, respec-
and SRB assays are presented as ICs, values, which indicate tively. Due to the possibility of adopting the hypothesis of
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TaBLE 2: IC;, values (concentration that causes 50% decrease in cell
growth) of oil emulsions from raspberry oils extracted by
supercritical CO, (ROSCO2) and cold pressed (ROCOP) against
different cell lines in inhibition of metabolic activity (MTT) assay.

IC;, values (%)

Cell line ROSCO2 ROCOP p value
LoVo 17.3 (3.4) 10.3 (5.2) 0.03
LoVo/DX 9.6 (6.3) 6.9 (5.4) 0.48
MCEF7 49.5 (8.4) 51.7 (10.1) 0.72
MCF7/DX 24.9 (2.8) 29.4 (3.1) 0.04
A549 25.9 (17.6) 12.7 (15.6) 0.25
NHDF 51.9 (3.5) 88.4 (3.7) 0.0001

MCF?7: breast cancer cell line; MCF7/DX: doxorubicin-resistant breast
cancer cell line; A549: lung cancer cell line; NHDF: normal human dermal
fibroblast. The results are presented as mean (SD).

normal distribution and equal variance, parametric tests
were used for statistical analysis. Other results are shown as
mean + SEM (standard error of the mean) relative to the
control (E/E,). E represents the result obtained for the cul-
ture with the test oils after subtraction of the values obtained
for the solvent alone, and E|; is the result for negative control.
The two-way ANOVA was used (with Tukey post hoc
test) for the comparison of data obtained for cell lines. In
all assays, p < 0.05 was used as the significance level. To com-
pare the activity of the tested oils, multiple-criteria decision
analysis (MCDA) was carried out using a weighted sum
model (WSM). The weights were chosen according to the
meaning of each biological assay. Pearson’s correlation coef-
ficients were calculated to show the relationship between
double-stranded DNA breaks and free radical levels.

3. Results

To compare the impact of bioactive compounds of oils’ emul-
sions on cell treatment, several chemical characteristics were
measured.

3.1. Oils’ Chemical Characteristics. Raspberry oil extracted by
supercritical CO, (ROSCO2) contained about 78% PUFA,
and in comparison with ROCOP—raspberry oil cold-
pressed, this was about 18% more. In both raspberry oils,
LA represented slightly more than 50% of total fatty acids,
and ALA represented around 27% of ROSCO2. However,
in ROCOP, 2.5 times less ALA was recorded than in
ROSCO2. Oleic acid (OA) is another significant fatty acid
present at 15% in ROSCO2 and 26% in ROCOP.

In addition to high levels of PUFA, raspberry oil con-
tained considerable amounts of phytosterols, reaching over
20 g/kg in ROSCO?2, while in ROCOP, the total phytosterol
content was only ca. 30% of that determined in ROSCO2
(Table 1). The primary component of the phytosterol frac-
tion in both oils was -sitosterol, which accounted for 75%
in ROSCO2 and 67% in ROCOP, and other significant phy-
tosterols present in smaller amounts were A’-avenasterol

and  24-methylenecycloartenol  (10-11% and  6-7%,
respectively).

Squalene content in both oils was low, and in ROSCO2, it
was higher than in ROCOP by ca. 12%. -Amyrin content
was recorded as 1.8-fold higher in ROCOP that in ROSCO2.

The total amount of tocopherols was 1105mg/kg in
ROCOP, and it was 3 times less than the total amount of
tocopherols obtained in this study for ROSCO2. In both oils,
y-tocopherol was the dominant one but in ROSCO?2, its con-
tribution to the total tocopherols was about 10% higher than
that recorded for ROCOP.

Raspberry oil obtained by SCO2 extraction stood out in
terms of carotenoid content. The total carotenoid content
in ROSCO2 was almost ten times higher than that in
ROCOP. Moreover, SCO2 extraction seemed to recover bet-
ter xanthophylls, especially all-transzeaxanthin, and
carotenes.

Phenolic compound recovery in raspberry oils was again
higher in ROSCO2 than ROCOP, but still was not so pro-
nounced as it was in the case of carotenoid content or com-
position. The difference in total phenolic content was 6
times greater. ROSCO2 was characterized by a pronounced
presence of vanillin, 4-hydroxybenzaldehyde, and 4-
hydroxybenzoic acid.

3.2. In Vitro Studies

3.2.1. Cytotoxicity. In the entire range of concentrations
tested for both oils, no significant reduction in metabolic
activity (MTT assay) in normal cells was observed—ICj,
values were high (51.9% and 88.4%, respectively, for
ROSCO2 and ROCOP oils) (Figure 2 and Table 2).

In LoVo cancer cells, ROCOP oil had a stronger effect,
while in MCF7/DX cells, ROSCO?2 oil had slightly but signif-
icantly more affected cells’ metabolic activity. Generally, for
both oils, a greater reduction of metabolic activity was
observed in doxorubicin-resistant cell lines, both colorectal
and breast cancer. Based on the calculated IC;, values, it
can be concluded that in the lung cancer line, ROCOP oil
inhibited metabolic activity approximately twice as strongly
as ROSCO2.

3.2.2. Cell Proliferation. Raspberry oil (ROSCO2 and
ROCOP) emulsions were examined for their antiproliferative
activity against a panel of human cancer (5) and normal (1)
cell lines. ROSCO2 emulsions exhibited a noncytotoxic effect
on human normal fibroblast cells (NHDFs) at all studied
concentrations. In contrast to ROSCO2, the ROCOP emul-
sion showed an antiproliferative effect at 57.0% (ICs;)
(Figure 3 and Table 3). However, the different cancer cell
lines exhibited different sensitivity to raspberry oil emulsions,
evident from the different IC,, values (Table 3). In the case of
colorectal cancer cells (LoVo), ROSCO2 oil was more cyto-
toxic than ROCOP, but at the same time, the effect was
slightly weaker for the doxorubicin-resistant line
(LoVo/DX). In contrast to the doxorubicin-sensitive breast
cancer cell line (MCF7), where stronger antiproliferative
activity was demonstrated for ROCOP oil, in the
doxorubicin-resistant MCF7 cells, the effect was similar for
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FIGURE 3: In vitro antiproliferative activity of oil emulsion from raspberry oils extracted by supercritical CO, (ROSCO2) and cold pressed
(ROCOP) against human cancer and normal cell lines. Antiproliferative effect of oil emulsions in 0.5%, 1%, 2%, 5%, and 10%
concentrations on colon adenocarcinoma cell line (LoVo), doxorubicin-resistant colon adenocarcinoma cell line (LoVo/DX), breast cancer
cell line (MCF7), doxorubicin-resistant breast cancer cell line (MCF7/DX), lung cancer cell line (A549), and normal human dermal
fibroblast (NHDF). Cell growth percentage was analyzed with sulforhodamine B (SRB) assay. The results were compared to control and
expressed as E/E;. E—cells with tested oils; E,—a negative control culture (cells without tested oils). Linear regression model and
coefficients of determination were calculated.

both oils. For the lung cancer line (A549), the ICy, values
determined for both oils were almost identical.

3.2.3. Intracellular Levels of Free Oxygen Radicals and Nitric
Oxide. To assess the effect of the tested oils on the level of free
oxygen radicals and nitric oxide (NO), DCF-DA and Griess
assays were performed, respectively. Some cytostatics

increase the level of free radicals in cancer cells, which in turn
causes DNA damage and subsequent cancer cell death. At the
same time, the observed ROS levels are lower in resting cyto-
static resistant cell lines compared to the corresponding sen-
sitive cell lines [2].

This study showed significant higher ROS levels in both
doxorubicin-resistant cancer cell lines (colorectal and breast)
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TaBLE 3: IC;, values (concentration that causes 50% decrease in cell
growth) of oil emulsions from raspberry oils extracted by
supercritical CO, (ROSCO2) and cold pressed (ROCOP) against
different cell lines determined with the SRB assay. The results are
presented as mean (SD).

ICs, values (%)

Cell line ROSCO2 ROCOP p value
LoVo 15.0 (2.5) 23.1 (3.4) 0.0026
LoVo/DX 17.1 2.2) 18.7 (3.0) 0.36
MCE7 69.4 (7.3) 35.5 (8.0) 0.0001
MCEF7/DX 483 (2.2) 522 (2.8) 0.04
A549 14.5 (2.8) 14.4 (2.7) 0.96
NHDF Nontoxic 57.0 (2.4) N/A

LoVo: colon adenocarcinoma cell line; LoVo/DX: doxorubicin-resistant
colon adenocarcinoma cell line; MCF7: breast cancer cell line; MCF7/DX:
doxorubicin-resistant breast cancer cell line; A549: lung cancer cell line;
NHDF: normal human dermal fibroblast; N/A: not applicable.

compared to the corresponding sensitive cell lines after incu-
bation with tested raspberry oils, especially ROSCO2 (the
increase was 20-80% in colorectal cancer cell and 30-60% in
breast cancer cells) (Figure 4). A statistically significantly
higher level of free oxygen radicals in resistant lines of colo-
rectal and breast cancer after the use of ROSCO2 oil was
observed (40-100% for the colon cancer line and 30-70%
for breast cancer) when compared to ROCOP oil. However,
the impact of the tested oils on the ROS level in
doxorubicin-sensitive lines was independent of the method
of oil extraction. In turn, after incubation of lung cancer cells
with the examined oils in the concentration range of 0.5-5%,
a statistically significant reduction in the level of ROS was
observed. At the lowest concentration (0.5%), stronger scav-
enging of free oxygen radicals was observed after treatment
of this cell line with ROSCO2 emulsion in comparison to
ROCOP. In the case of A549 cells, incubation with a 10%
concentration of ROSCO2 oil statistically significantly
increased the level of free oxygen radicals.

In contrast, nitric oxide levels were higher in the
doxorubicin-sensitive LoVo and MCF7 cells than in their
resistant counterparts (Figure 5). After incubation with each
tested oil, a concentration-dependent increase in NO level in
the concentration range of 1-10% was observed in these cell
cultures. In the doxorubicin-resistant colorectal cancer line,
a statistically significant increase in NO level was observed
in the entire tested concentration range after incubation with
ROSCO2 emulsion and in the concentration range of 2-10%
of ROCOP. The level of nitric oxide in LoVo/DX after
administration of ROSCO?2 at the concentrations of 0.5 and
1.0% was significantly higher than in the case of ROCOP.
In the doxorubicin-resistant cell line of breast cancer, after
incubation with oils at concentrations of 0.5-2.0%, a decrease
in nitric oxide levels was observed compared to the culture
incubated only in medium. In the case of the lung tumor cell
line (A549), there was a concentration-dependent increase in
NO level after treatment with the tested oils. What is more, in
the concentrations of 0.5-2.0%, this increase was statistically

significantly higher after using supercritical extracted oil
compared to cold-pressed oil.

3.2.4. DNA Double-Strand Damage Assessment. To investi-
gate the amount of DNA strand damage after application of
the tested oils, a fast halo assay (FHA) was performed. In
all cancer lines tested, a concentration-dependent increase
in DNA strand breaks was observed regardless of the oil used
(Figure 6). At the same time, the amount of DNA damage
was always greater after the treatment of cell cultures with
ROSCO2 than ROCOP, and these differences were statisti-
cally significant for some oil concentrations in doxorubicin-
resistant cell lines, both LoVo/DX and MCF7/DX.

Correlation coefficients between DNA damage and ROS
or NO levels were assessed. In all cases, after using each tested
oil (except for ROSCO2 oil in A549 cells), a strong positive
and statistically significant correlation between NO level
and DNA damage was found (Table 4). A strong positive cor-
relation was also found between the ROS level and DNA
strand damage in the LoVo and MCF7/DX lines after incuba-
tion with both tested oils and in the MCF7 line after using
ROSCO2 oil.

3.2.5. Multiple-Criteria Decision Analysis. Multiple-criteria
decision analysis (MCDA) was performed based on the
results obtained from all assays. The MCDA results showed
that at concentrations where the oil effect was clearly pro-
nounced (5 and 10%), the activity of the supercritical
extracted oil was stronger compared to the cold-pressed oil
(Figure 7). At a concentration of 2%, the effect of the oils
was very similar. On the other hand, low concentrations
showed the opposite activity than expected, and it was stron-
ger in the case of ROCOP oil. Generally, it can be concluded
that in the concentration range of 2-10%, the tested oils
showed a concentration-dependent suppressive impact on
cancer cells.

4. Discussion

The overall objective of this study was to determine whether
raspberry oils obtained by different extraction techniques
have any diverse and selective effects against the panel of
human normal and cancer cell lines. From the current
results, it is clear that the two raspberry oils—extracted by
supercritical CO, and cold pressed—significantly differ in
phytochemical characteristics. In comparison to cold-
pressed raspberry oil (ROCOP), SCO2-extracted raspberry
oil stood out in terms of composition of fatty acids (particu-
larly ALA), phytosterols (substantially 3-sitosterol, A5-ave-
nasterol, and 24-methylene-cycloartenol), tocopherols,
carotenoids, and phenolic compounds. In both raspberry
oils, the fatty acid composition was close to the data pub-
lished so far [5-7, 30], except for ALA and OA in ROCOP,
the levels of which were 2- to 3-fold lower than the results
previously published [5, 30].

From the proceeding results, it is clear that both rasp-
berry oils exert multiple in vitro suppressive effects on the
human colon adenocarcinoma cell line (LoVo),
doxorubicin-resistant colon adenocarcinoma cell line
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FIGURE 4: Level of free oxygen radicals after incubation with oil emulsion from raspberry oils extracted by supercritical CO, (ROSCO2) and
cold pressed (ROCOP); *p < 0.05, **p <0.01, and ***p < 0.001—significant difference compared to control; “p < 0.05, *p < 0.01, and

###

p <0.001—significant difference between tested oils. The results were compared to control and expressed as E/E,—the ratio of

spectrofluorometrically measured level of free oxygen radicals of cells with tested oils (E) to a negative control culture (E,—cells without
tested oils). Cell lines: colon adenocarcinoma (LoVo), doxorubicin-resistant colon adenocarcinoma (LoVo/DX), breast cancer (MCF7),
doxorubicin-resistant breast cancer (MCF7/DX), and lung cancer (A549).

(LoVo/DX), breast cancer cell line (MCF7), doxorubicin-
resistant breast cancer cell line (MCF7/DX), and lung cancer
cell line (A549), but its cancer cell suppression activity was
equally complex. However, the differences in the content of
bioactive components of both oils reflected in a distinct
cancer-suppressive potential.

The studied oils differ in terms of polyunsaturated fatty
acid (PUFA) composition and the ratio of n-6/n-3 PUFA

(mainly LA/ALA), which in turn could considerably affect
tumor cells. The cancer cell suppression activity of LA and
ALA is not definite as yet [31]. It has been previously shown
that the action of LA on cancer growth depends on its con-
centration and the type of cancer cell tested. Lu et al. [32]
observed cancer cell suppression at high LA concentration
in LoVo by MTT assay. This could explain the stronger inhi-
bition of mitochondrial metabolite activity by ROCOP,
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FIGURE 5: Level of nitric oxide after incubation with oil emulsion from raspberry oils extracted by supercritical CO, (ROSCO2) and cold
pressed (ROCOP); *p<0.05, **p<0.01, and ***p <0.001—significant difference compared to control; “p<0.05 and ***p <0.001
—significant difference between tested oils. The results were compared to control and expressed as E/E,—the ratio of spectrometrically
measured level of NO of cells with tested oils (E) to a negative control culture (E,—cells without tested oils). Cell lines: colon
adenocarcinoma (LoVo), doxorubicin-resistant colon adenocarcinoma (LoVo/DX), breast cancer (MCF7), doxorubicin-resistant breast

cancer (MCF7/DX), and lung cancer (A549).

which is rich in LA, in comparison to ROSCO2. As the reac-
tive oxygen species formation in LoVo cell lines was again
more pronounced in ROCOP than ROSCO2, especially in
the highest range of concentrations, this may indicate that
LA-induced cell death was primed by the mitochondrial apo-
ptotic pathway [33]. Thus, the mechanisms underlying
ROCOP apoptotic activity may enhance the cellular oxidant

status including mitochondrial dysfunction [32]. Abundant
in ALA, ROSCO?2 also affected considerably cell viability in
LoVo and LoVo/DX cell lines in dose-dependent manners
and moreover was more effective than ROCOP in prolifera-
tion inhibition of LoVo cells. Apoptotic cell activation via
induction of caspase activity, both extrinsic and intrinsic
pathways, was previously observed for ALA [10, 11]. These
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F1GURE 6: Amount of DNA strand damage after application of the oil emulsion from raspberry oils extracted by supercritical CO, (ROSCO2)
and cold pressed (ROCOP); *p < 0.05, **p < 0.01, and ***p < 0.001—significant difference compared to control; *p < 0.05, **p < 0.01, and

###

p

< 0.001—significant difference between tested oils. The results were compared to control and expressed as E/E,. E—cells with tested

oils; Ey—a negative control culture (cells without tested oils). Cell lines: colon adenocarcinoma (LoVo), doxorubicin-resistant colon
adenocarcinoma (LoVo/DX), breast cancer (MCF7), doxorubicin-resistant breast cancer (MCF7/DX), and lung cancer (A549).

findings also enhance the understanding of the n-6/n-3 ratio
in chemoprevention of colon and breast cancers. It seems
that smaller ratios could be more favorable in doxorubicin-
resistant breast cancer than colon cancer. The observed cor-
relation is in line with previous research where flaxseed oil
rich in ALA reduced growth and increased apoptosis in sev-
eral breast cancer lines, dynamically affecting gene expres-
sion and modifying signalling pathways [34].

Polyunsaturated fatty acids may influence cancer cell
membrane integrity, facilitating the penetration of other
potentially cancer toxic molecules. This means that PUFAs
are not solely or even primarily responsible for the apoptosis
of cancer cell lines observed in raspberry oil emulsions. The
raspberry oils contained a pronounced amount of phytos-
terols and an interesting compound derivative from 4,4-
dimethylphytosterols. 4,4-desmethylphytosterols exhibit
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TaBLE 4: Statistically significant correlation coefficients between
DNA damage and levels of reactive oxygen species (ROS) and
nitric oxide (NO).

ROS level vs. DNA  NO level vs. DNA

Cell line Oil type damage damage

ROSCO2 0.52 0.87
LoVo

ROCOP 0.89 0.7

ROSCO2 -0.34 0.76
LoVo/DX

ROCOP 0.32 0.7

ROSCO2 0.5 0.61
MCF7

ROCOP -0.29 0.52

ROSCO2 0.64 0.72
MCF7/DX

ROCOP 0.56 0.71

ROSCO2 - -0.36
A549

ROCOP 0.64 076

LoVo: colon adenocarcinoma cell line; LoVo/DX: doxorubicin-resistant
colon adenocarcinoma cell line; MCF7: breast cancer cell line; MCF7/DX:
doxorubicin-resistant breast cancer cell line; A549: lung cancer cell line;
ROSCO?2: raspberry oil extracted by supercritical CO2; ROCOP: raspberry
oil cold-pressed.

anticancer effects in many cancers including skin cancer,
bladder cancer, and colon cancer [18, 35]. The substan-
tially higher amount of pS-sitosterol and 4,4-desmethyl-
phytosterols ~ may  contribute  to  the  strong
antiproliferative effect of ROSCO2 against LoVo and
LoVo/DX cells. Tocopherols were also presented in
greater concentrations in ROSCO2, especially yp-tocoph-
erol, a strong apoptotic natural compound [14]. An even
stronger proapoptotic effect than y-tocopherol is exhibited
by &-tocopherol, presented in greater concentration in
ROSCO2 than ROCOP [36]. Both of these isoforms acti-
vate peroxisome proliferator-activated receptor y (PPARy)
expression, which is known to control inflammation by
inducing apoptosis and inhibiting cancer cell proliferation
[37, 38]. The y isoform shows a similar cytotoxic effect as
n-3 PUFA. In contrast, a-tocopherol is a weaker proa-
poptotic inducer. Some studies have revealed that this
homolog may attenuate the cell cycle block induction as
well as the cytotoxic and proapoptotic effects of n-3 fatty
acids on cancer cells [39]. a-Tocopherol has also been
shown to compromise the cytotoxic and cytostatic action
of chemotherapeutic agents acting as protein kinase
inhibitors. In prostate and colon cancer cells, intracellular
concentrations increased as the concentration of tocoph-
erols added to the media was increased. This effect was
more pronounced in cells treated with y-tocopherol than
those treated with a-tocopherol [14]. Interestingly, the
ratio of a:y:§ tocopherols found in this study for
ROSCO?2 is close to that of a-tocopherol mix rich in y
homolog, which shows a broad anticancer activity,
including reducing estrogen receptor expression and
increasing PPARy signalling in breast cancer cells [40].
Tocopherols are of course also powerful antioxidants
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and induce an antioxidant response by upregulating
Nrf2 and transcription of its target genes [41]. The lack
of influence of the tested oils on the production of ROS
and NO in A549 at low concentrations of the emulsions
reveals the advantage of the antioxidant effect of oils
(rich in tocopherols and other antioxidants). Notwith-
standing, in each line at the highest concentrations of
oils, the oxidative stress and NO production were
strongly expressed, especially under the influence of
ROSCO2. The carotenoids possessing provitamin A activ-
ity and present in raspberry oils, greatly pronounced in
the oil extracted by SCO2, e.g., a-carotene, f-carotene,
and f-cryptoxanthin, may be potential agents in biologi-
cal interference in cancer. Gloria et al. [17] observed
inhibition of proliferation of breast cancer cell line
MCF?7 after treatment with f-carotene at 2.5 and 5uM
for 48h and found that f-carotene induced programmed
cell death. From studies conducted on different cell lines
(gastric cancer cell lines and B-cell lymphoma), it has
been observed that treatment with S-carotene at a con-
centration exceeding physiological levels (100 uM)
increased the expression of p53 (proapoptotic protein)
and decreased antiapoptotic BCL-2 [16]. Overall, the
present studies demonstrate complex combinations of
compounds that may modestly advance the therapy of
cancer. Raspberry oil is an interesting example of such
combination already existing in nature, and the way of
its recovery may justify its chemopreventive potential.

A growing problem in cancer treatment is the
increased resistance to commonly used cytostatics, includ-
ing doxorubicin. Treatment of patients with chemotherapy
becomes ineffective and often only results in the side
effects of cytostatics and disease progression [42]. Signifi-
cantly lower levels of free oxygen radicals (ROSs) are
observed in cytostatic-resistant tumors [2]. Accordingly,
damage to the DNA strand, and hence the death of cancer
cells due to an increase in ROS or RNS, is significantly
reduced [43]. As we found in our research, the raspberry
oil emulsions were shown to possess good ability to prop-
agate the generation of free oxygen radicals and NO. And
especially ROSCO2 stimulates the generation of radicals in
cultures of cells resistant to doxorubicin. The observed
effects encourage further study to assess the synergistic
effect of ROSCO2 with cytostatic.

The results of the calculated correlations may suggest
that raspberry oil emulsions affect the NO-dependent
mechanism of DNA strand damage in LoVo and MCF7
cells for both doxorubicin-resistant and sensitive lines.
This is especially important when the exocytosis of drugs
is reduced either by lysosomal or P-glycoprotein action
[44, 45]. In the next stage of the research, it is planned
to investigate the effect of the studied oils in combination
with doxorubicin on cell cultures—evaluating the impact
of reducing drug exocytosis and increasing the effective-
ness of chemotherapy. Of course, an important aspect is
the appropriate preparation of a therapy containing plant
compounds that can undergo the first-pass metabolism.
Therefore, an important aspect is the development of tar-
geted therapies in the treatment of cancer.
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FIGURE 7: Results of multiple-criteria decision analysis of the collected results of all assays carried out, expressed as the percentage value
corresponding to the strength of the positive oil effect; MCDA results greater than zero indicate the expected positive effect on the cancer

cell lines.

5. Conclusions

Our study revealed many differences in the response of cell
lines to the treatment of raspberry oils obtained by two differ-
ent methods: extraction by supercritical CO, and cold
pressed. These data suggest that the way of oil manufacturing
is important in terms of chemical characteristics, but what is
also essential, may represent a cell suppression potential
which may differ regarding the type of tumor. It is also
important to conduct further investigations to determine
the limitations for some other types of cancer. This study also
showed that raspberry oil obtained by SCO2, due to its rich
composition, may act in favor of chemoprevention of colon
and breast cancers. We also observed that the metabolic
activity of colon and breast cancer cell lines may be sensitive
to the n-6/n-3 ratio.

Overall, the present study demonstrates the suppressive
activity of raspberry oil, and it is the first study to suggest a
role of raspberry oil in cancer prevention and/or therapy.
The ability to increase the formation of radicals (NO and
ROS), especially in doxorubicin cell lines, indicates possible
adjunctive therapeutic applications, but this hypothesis needs
further clarification.
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