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Abstract

Background: Foodstuffs of both plant and animal origin contain a wide range of bioactive compounds. Although
human intervention studies are mandatory to assess the health effects of bioactives, the in vitro approach is often
used to select the most promising molecules to be studied in vivo. To avoid misleading results, concentration and
chemical form, exposure time, and potential cytotoxicity of the tested bioactives should be carefully set prior to any
other experiments.

Methods: In this study the possible cytotoxicity of different bioactives (docosahexaenoic acid, propionate, cyanidin-
3-O-glucoside, protocatechuic acid), was investigated in HepG2 cells using different methods. Bioactives were

supplemented to cells at different concentrations within the physiological range in human blood, alone or in
combination, considering two different exposure times.

Results: Reported data clearly evidence that in vitro cytotoxicity is tightly related to the exposure time, and it
varies among bioactives, which could exert a cytotoxic effect even at a concentration within the in vivo physiological
blood concentration range. Furthermore, co-supplementation of different bioactives can increase the cytotoxic effect.

Conclusions: Our results underline the importance of in vitro cytotoxicity screening that should be considered
mandatory before performing studies aimed to evaluate the effect of bioactives on other cellular parameters.
Although this study is far from the demonstration of a toxic effect of the tested bioactives when administered to
humans, it represents a starting point for future research aimed at verifying the existence of a potential hazard due to
the wide use of high doses of multiple bioactives.
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Background

Food bioactives are both nutrients (i.e., peptides and
polyunsaturated fatty acids) and extra-nutritional con-
stituents that typically occur in small quantities in foods
and have positive effects on human health [1]. They vary
widely in chemical structure and function and are
grouped accordingly [2].
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Although food bioactives have shown potential health
benefits, currently there are no specific recommended
intakes (i.e., Dietary Reference Intakes, DRIs) for the
most of them. DRIs are based on requirements for the
specific nutrient to maintain normal physiologic or bio-
chemical function, and to prevent signs of deficiency
and adverse clinical effects; for some nutrients, they have
been expanded to include criteria for reducing the risk
of chronic degenerative diseases [3]. The evaluation of
the beneficial properties, the effective dose and the safety
of bioactives are essential for establishing the corre-
sponding DRIs, and this represents a big challenge to
many scientists.
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In vitro studies are often performed to establish the ef-
fectiveness and mechanism of action of bioactives, but
the scientific uncertainties of the extrapolation of in
vitro data to humans justifies the European Food Safety
Authority’s (EFSA) mandatory requirement for human
intervention studies before health claim approval. Not-
withstanding, in preliminary studies the use of cell cul-
ture is convenient and advantageous, one obvious
benefit being the reduction of animal use and the
involvement of human beings [4]. Despite the wide use
of cell cultures for the determination of bioactive effect-
iveness and mechanism of action, three important scien-
tific gaps are seldom considered:

— in vivo, foods are digested and some bioactives are
extensively metabolized so that the effective molecules
could be very different from parent compounds [5, 6].
Many studies reporting the protective effect of specific
bioactives have been performed supplementing cells
with putative active compounds in the form they are
present in the food, not in the human body;

— the bioactive concentration used for cell supplementation
should be similar to that reachable in vivo in the
circulatory system, which is nmol/L to low mmol/
L. In many studies cells have been exposed to super-
physiological bioactive concentrations;

— cell cultures represent a close system and their direct
and continuous exposure to bioactives could alter the
cell response, inducing cytotoxicity due to the lack of
the continuous detoxification and clearance of
compounds occurring in the whole body. In in
vitro studies bioactive concentrations that are
physiological in vivo could induce cytotoxicity,
and alter the cell response to bioactive compounds.
Cytotoxicity plays an important role in a number of
pathological processes, including carcinogenesis and
inflammation. It may also modulate the activity of
other agents, including free radicals, irritants, and
genotoxins [4]. In this light, the time of cell exposure
to bioactives should be carefully considered as well.

Hence, in in vitro studies it is fundamental to set the
bioactive concentration and chemical form and the time
of exposure prior to any other experiments concerning
effectiveness [7].

The aim of this study was to assess in vitro the time and
concentration related-cytotoxicity of four different food
bioactives having important implications for human
health. Since the liver is the organ mainly involved in
xenobiotic metabolism [8], the human hepatoma HepG2
cell line was used as model system. HepG2 cells are widely
used in biochemical and nutritional studies, and are con-
sidered one of the experimental models that more closely
resembles the primary cultured hepatocytes [9].
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Bioactives to be tested were selected based on their
differences in term of food source, chemical form, rate
of absorption and metabolism, and in vivo physiological
concentration in human blood.

(1).C22:6 n-3 docosahexaenoic acid (DHA) is a long-
chain omega-3 fatty acid. DHA is absorbed by intestinal
cells and it is delivered to peripheral cells in its parent
form. Although the bioavailability of DHA is subject to
considerable variability, DHA plasma concentration
being up to 600 pM 6 h after a meal rich in n-3
polyunsaturated fatty acids (PUFAs) [10], 50—200 pM
is considered as reference range of DHA plasma levels
[11-14]. Accordingly, cultured cells were firstly
supplemented with DHA at 200 uM concentration.

(ii)propionate (PRO) is a short-chain fatty acid (SCFA)
derived from the colonic microbiota fermentation of
fibers [15]. In vivo, the majority of the SCFAs by
fiber fermentation are absorbed by the caecum and
the colon, where they are used as an energy source
by colonocytes [16]. In contrast to butyrate, the
majority of PRO produced in the colon is absorbed,
passes the colonocytes and the viscera, and drains
into the portal vein [17, 18]. Around 90% of absorbed
PRO is metabolized by the liver. PRO concentration in
human peripheral blood ranges from 1 to 10 pM
[19-22], while portal concentration lies between 17
and 194 puM [23]. Since roughly 75% of the blood
entering the liver is venous blood from the portal vein,
PRO was first supplemented to cultured hepatic cells
at 100 uM concentration.

(iiiryanidin-3-O-glucoside (C3G) is one of the most
representative phenolic compound in anthocyanin-
rich foods, and its concentration in plasma is low
[24]. The C3G physiological range in plasma is
1-140 nM [25-29]. Accordingly, cytotoxicity was
first assessed supplementing cells with 140 nM
C3G concentration;

(ivjprotocatechuic acid (PCA) is the main metabolite of
the most anthocyanins [28, 29]. PCA concentration
in human plasma is in the range 0.1-10 pM [25, 28,
30-32], so first experiments were performed using
the 10 uM PCA concentration.

When testing a compound for cytotoxicity many bio-
logical endpoints can be considered, and simple tests are
needed to identify at a first glance the general aspects of
cellular toxicity. In the past, a number of methods have
been developed to study different parameters associated
with cell death and proliferation in cell culture [33]. In the
herein reported study, four different assays i.e., cell count,
MTT, Alamar Blue (AB), and trypan blue (TB) exclusion
were selected and compared. All these methods measure a
biochemical event that occurs in living cells, and stops
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Fig. 1 Cytotoxic effects of DHA after 24 (a, b) and 48 (c) hours of supplementation. Cell viability by MTT and AB is expressed as percentage of
control cells (assigned as 100%). TB is expressed as percentage of total cells. Cell count is expressed as number of cells per well. Colony count by
clonogenic assay is expressed as survival fraction. BAX/BCL2 gene expression ratio is expressed as the mean fold change of relative expression
compared to control cells, normalized to one. Data are means + SD of six samples obtained from two independent experiments. Statistical
analysis was by the one-way ANOVA (panel a: MTT and cell count p < 0.001, TB p < 0.05, AB n.s,; panel b: colony count n.s., BAX/BCL2 ratio n.s;
panel ¢ MTT, TB, and AB p < 0.05, cell count n.s) using Dunnett’s as post-test to compare supplemented cells to control ones (# p < 0.05; °
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after cell death, using indicator dyes that undergo a
change in physical properties [34].

Since toxicity could be induced without any sign of
cellular damage [35], in some experiments cell clono-
genic capacity and BAX (BCL2 associated X protein)
and BCL2 (B-cell CLL/lymphoma 2) gene expression ra-
tio were also evaluated. The clonogenic assays or colony
formation assay consists of an in vitro cell survivor
method based on the ability of single cultured cells to
grow into colonies consisting of at least 50 cells. It
therefore detects all cells that have retained the capacity
for producing a large number of progeny after possibly
damaging treatments [36]. BAX and BCL2 are cell

survival related genes encoding for proteins of the Bcl2
family, thought to be principal participants in a cellular
decision-making process regarding whether a cell in a
specific context will live or die [37]. In particular Bcl-2
and Bax proteins have been associated respectively to
anti-apoptotic and pro-apoptotic functions, and the ratio
between these two antagonists determines the suscepti-
bility of a cell to apoptosis [38].

The possible cytotoxic effects of the selected compounds
were first evaluated after 24 h exposure to the highest concen-
tration within the above reported physiological range in the
human plasma. According to the obtained results, other con-
centrations were then tested. Cytotoxicity was also assessed
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Fig. 2 Cytotoxic effects of PRO after 24 (a, b) and 48 (c) hours of supplementation. Cell viability by MTT and AB is expressed as percentage of
control cells (assigned as 100%). TB is expressed as percentage of total cells. Cell count is expressed as number of cells per well. Colony count by
clonogenic assay is expressed as survival fraction. BAX/BCL2 gene expression ratio is expressed as the mean fold change of relative expression
compared to control cells, normalized to one. Data are means + SD of six samples obtained from two independent experiments. Statistical
analysis was by the one-way ANOVA (panel a: MTT p < 0.001, TB, AB, and cell count n.s,; panel b: colony count n.s,, BAX/BCL2 ratio p < 0.001; panel
c. MTT, TB, AB, and cell count n.s.) using Dunnett's as post-test to compare supplemented cells to control ones (° p < 0.01; * p < 0.001)

after 48 h exposure to the bioactive concentrations not evi-
dencing any sign of toxicity after the shorter exposure time
(24 h). Furthermore, bioactives were tested in combination.

Results herein reported clearly show that the toxicity
limit depends on the type and concentration of the test
agent, the time of exposure, and the assay used, and
underline the importance of cytotoxicity screening
before performing in vitro studies.

Methods
Chemicals
Dulbecco’s modified Eagle’s medium (DMEM) and Dulbecco’s
phosphate-buffered saline (DPBS) were purchased from Lonza

(Basel, Switzerland). C3G was from Polyphenols Laboratories
AS (Sandnes, Norway). All other chemicals, reagents, and
solvents were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA), unless otherwise stated. All aqueous solutions
were prepared using ultrapure water (Milli-Q; Millipore,
Bedford, CT, USA).

Cell culture and bioactive compounds supplementation

HepG2 human hepatoma cells were maintained at 37 °C,
95% air, 5% CO, in DMEM supplemented with 10% (v/
v) fetal bovine serum (FBS), 100 U/mL penicillin and
100 mg/mL streptomycin (P/S). Once a week, cells were
split 1:20 into a new 75 cm?® flask, and medium was
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Fig. 3 Cytotoxic effects of C3G after 24 (a, b) and 48 (c) hours of supplementation. Cell viability by MTT and AB is expressed as percentage of
control cells (assigned as 100%). TB is expressed as percentage of total cells. Cell count is expressed as number of cells per well. Colony count by
clonogenic assay is expressed as survival fraction. BAX/BCL2 gene expression ratio is expressed as the mean fold change of relative expression
compared to control cells, normalized to one. Data are means + SD of six samples obtained from two independent experiments. Statistical
analysis was by the one-way ANOVA (panel a: MTT p < 0.001, TB, AB, and cell count n.s; panel b: colony count n.s.,, BAX/BCL2 ratio n.s; panel ¢
MTT, TB, AB, and cell count n.s) using Dunnett's as post-test to compare supplemented cells to control ones (# p < 0.05; ° p < 0.01; * p < 0.001)

J

refreshed [39]. Cells were seeded in 12-well plates at
0.6 x 10° cells/mL concentration. After 24 h, at 75-80%
confluence, cells were divided randomly into six groups
and incubated for 24 or 48 h with the different bioactive
compounds.

DHA was dissolved in 100% ethanol, and complexed to
bovine serum albumin (BSA); fatty acid—BSA complexes
were prepared fresh each time at a final BSA concentra-
tion of 0.5% in serum-free DMEM. PCA was dissolved in
dimethyl sulfoxide (DMSO) acidified with HCI (at pH 2),
while PRO was dissolved in water. Control cells received
corresponding amounts of BSA, ethanol and DMSO. The
final concentration of ethanol and DMSO was kept below
0.1% in serum-free DMEM. After 24 or 48 h incubation

with the bioactive compounds cells were washed twice
with warm DPBS and cell viability and number evaluated
in each well.

Viability and cell number

Cell viability was assessed using the methylthiazolyldiphenyl-
tetrazolium bromide (MTT) assay as reported by Valli et al.
(2012) [40] with slight modifications. Cells were washed twice
with warm DPBS, then MTT dissolved in RPMI-1640
medium (final concentration 0.5 mg/mL) was added to cells.
After 1 h at 37 °C, medium was completely removed, 0.5 mL
n-propanol were added to dissolve the formazan product, and
the absorbance measured against a propanol blank at 560 nm
using a microplate reader (Tecan Infinite M200; Tecan,
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Fig. 4 Cytotoxic effects of PCA after 24 (a, b) and 48 (c) hours of supplementation. Cell viability by MTT and AB is expressed as percentage of
control cells (assigned as 100%). TB is expressed as percentage of total cells. Cell count is expressed as number of cells per well. Colony count by
clonogenic assay is expressed as survival fraction. BAX/BCL2 gene expression ratio is expressed as the mean fold change of relative expression
compared to control cells, normalized to one. Data are means + SD of six samples obtained from two independent experiments. Statistical
analysis was by the one-way ANOVA (panel a: MTT, TB, AB, and cell count n.s; panel b: colony count n.s,, BAX/BCL2 ratio n.s,; panel ¢: MTT, TB, AB,

and cell count n.s) using Dunnett's as post-test to compare supplemented cells to control ones (n.s.)

Miénnedorf, Switzerland). Cell viability was expressed as
percentage of the viability of control cells, assigned as 100%.

In experiments performed in cells supplemented with
the single bioactives, cell viability was also assessed using
the Alamar Blue (AB) assay [41, 42]. Cells were incubated
18-24 h at 37 °C in the dark with AlamarBlue® Cell Viabil-
ity Reagent (Life Technologies Ltd.; Paisley, UK) in an
amount equal to 10% of the culture volume. Fluorescence
was measured at Aeycitation = 240 nm and A pigsion = 590 nm
using the fluorescence plate reader Fluostar Optima
(BMG Labtechnologies; Offenburg, Germany).

The number of total and viable cells was also deter-
mined by staining cell populations with trypan blue (TB)
[43]. Cells were washed twice with warm DPBS,

incubated with trypsin—~EDTA for 2 min to remove ad-
herent cells, and suspended in DMEM supplemented
with 10% (v/v) EBS. Ten pL of suspended cells were
mixed with an equal part of TB (final concentration
0.2%) and cells viability and number were determined
using a TC20 Automated Cell Counter (Bio-Rad Labora-
tories; Hercules, CA, USA). Cell viability was expressed
as percentage of the total cells.

Colony count

Clonogenic assay was performed according to Buch et
al. (2012) [44] with some modifications. After 24 h sup-
plementation, cells were washed twice with warm DPBS
and incubated with 200 pL of trypsin—EDTA for 2 min.
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After the addition of 800 pL complete growth medium
(DMEM plus EBS plus P/S), cells were collected, diluted
1: 10 and counted using a TC20 Automated Cell Counter
(Bio-Rad). Cells were then seeded in 6-well plates at 1500
cells/mL, and allowed to grow and form colonies for
11 days. Medium was refreshed every 72 h. On day 11
medium was removed, and cells were washed twice with
warm DPBS. Cells were then fixed and stained adding a
mixture of 0.5% crystal violet in 50:50 methanol:water
(1 mL/well) for 30 min under shaking. Dishes were rinsed
with water and allowed to dry at room temperature.
Colonies were visualized with ChemiDoc™ MP (Bio-Rad
Laboratories; Hercules, CA, USA) equipped with a white
light conversion screen; images were acquired with Image
Lab™ Software. The counting of the colonies was per-
formed using Image] software [45]. Clonogenic capacity
was expressed as survival fraction as previously reported
by Franken et al. (2006) [36].

BAX/BCL2 gene expression ratio

Total RNA was automatically isolated by Maxwell® 16 sys-
tem (Promega; Mannheim, Germany), and cDNA was ob-
tained by the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems; Foster City, CA, USA). Real-time
polymerase chain reaction (qQPCR) was carried out on a

7300 Real-Time PCR System, using the TagMan® chemis-
try with commercial primers and probes (BAX,
Hs01016552_g1; BCL2, H Hs00608023_m1) (Applied Bio-
systems; Foster City, CA, USA). Gene expression was nor-
malized to the reference gene p-actin (4326315e). Data
were analyzed with 7300 System SDS Software (Applied
Biosystems; Foster City, CA, USA), and are presented as
mean fold change of expression compared to control cells,
normalized to one.

Statistical analysis

Resulting data on and fatty acid composition, lipid accu-
mulation and cholesterol concentration are given as
mean + standard deviation (SD). The statistical differences
were determined by the one-way analysis of variance
(ANOVA) followed by Dunnett’s test for comparison with
control cells, considering p < 0.05 as significant.

Results

Single bioactive supplementation

After 24 h exposure, the first DHA concentration used
to assess cytotoxicity (200 pM) negatively influenced
both cell viability (by MTT and TB assays) and cell
count (Fig. 1a). Therefore, seven lower DHA concentra-
tions (180, 160, 140, 120, 100, 80 and 60 uM) were
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tested. No significant differences in cell number/well
were detected up to 140 pM DHA concentrations, while
the percentage of viable cells significantly decreased at
120 uM DHA concentration by the TB method, and at
100 uM DHA concentration by MTT assay (Fig. 1a). No
differences were detected using the AB assay.

To further substantiate these findings at the apoptotic
level, cell clonogenic ability and BAX/BCL2 gene expres-
sion ratio were evaluated using the two highest bioactive
concentrations showing no detrimental effects in the
previous experiments. No modifications in colony for-
mation or BAX/BCL?2 ratio were detected (Fig. 1b).

DHA cytotoxicity was then assessed after 48 h exposure,
using the two highest concentrations showing no toxic ef-
fects in any test after 24 h exposure (80 and 60 pM). In
addition, three lower concentrations (50, 40 and 30 pM)
were tested. No significant modifications in cell number/
well and cell viability by the TB method were detected at
any concentration, while cell viability evaluated by the
MTT method significantly decreased at 80 uM DHA con-
centration. The AB assay showed an increased viability in
cells supplemented with 30-60 uM DHA (Fig. 1c).

PRO cytotoxicity was first assessed using the 100 uM
concentration for 24 h. Cell viability by TB and AB
assays and cell count were not affected by the

supplementation, while the MTT method evidenced a
significant decrease in cell viability (Fig. 2a). So, five
lower PRO concentrations (90, 80, 70, 60, and 50 uM)
were tested. Again, the MTT method was the only one
evidencing a cytotoxic effect starting at 80 uM PRO
concentration (Fig. 2a).

To further exclude cytotoxicity of PRO concentrations
lower than 80 uM, cell clonogenic ability and BAX/BCL2
gene expression ratio were evaluated at PRO 70 and
60 uM concentration. Compared to control cells, supple-
mented ones showed neither decrease in clonogenic
ability nor increase in susceptibility to apoptosis, which
appeared significantly lower after supplementation with
60 uM PRO (Fig. 2b).

The 60 and 70 uM concentrations were then used to
assess PRO cytotoxicity after 48 h exposure, and no sig-
nificant modifications were detected at any concentra-
tion using the different tests (Fig. 2c).

No significant modifications in cell number/well and
cell viability were detected after 24 h exposure using
the C3G 140 nM concentration (Fig. 3a). Accordingly,
three higher (160, 180, and 200 nM) and two lower
C3G concentrations (120 and 100 nM) were then
tested. The MTT assay evidenced a decrease in cell via-
bility at concentrations higher than 140 nM, while no
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differences compared to controls were detected using
other assays (Fig. 3a).

The two highest concentrations showing no cytotoxic
effects (120 and 140 nM) were then used to evaluate the
clonogenic ability and BAX/BCL2 gene expression ratio,
that appeared comparable to controls (Fig. 3b).

The 120 and 140 nM C3G concentration were then
tested after 48 h exposure, and no significant modifica-
tions in cell number/well and percentage of viable cells
were detected (Fig. 3c).

PCA cytotoxicity was first assessed using the 10 uM
concentration for 24 h. Since no sign of toxicity was
detected at this concentration (Fig. 4a), five higher
concentrations (12, 14, 16, 18, and 20 pM) were
tested, and neither modifications in cell number/well
nor in cell viability were evidenced (Fig. 4a). As well,
the two highest PCA concentrations showed no effect
on clonogenic ability and BAX/BCL2 gene expression
ratio (Fig. 4b).

PCA cytotoxicity was then assessed after 48 h expos-
ure using the two highest concentrations showing no
toxicity after the shorter exposure time (18 and 20 pM).
Again, no significant modifications were detected at any
concentration used (Fig. 4c).

Combined bioactive supplementations

To point out possible synergism or antagonism, in the sec-
ond part of the study bioactives were supplemented to
cells in combination. Different combinations were consid-
ered: i. C3G plus PCA; ii. DHA plus other bioactives.

In experiments evaluating C3G plus PCA cytotoxicity,
the six highest non-toxic C3G concentrations were used,
maintaining a C3G: PCA ratio = 1:100. Accordingly, com-
binations tested for cytotoxicity ranged from 140 nM
C3G: 14 pM PCA to 90 nM C3G: 9 uM PCA.

After 24 h, cell number/well significantly decreased
using the 140 nM C3G: 14 puM PCA supplementation,
while no significant modifications in cell viability were
detected at any concentration (Fig. 5a). C3G plus PCA
cytotoxicity was also assessed after 48 h exposure using
the two highest concentrations showing no toxicity after
the shorter exposure time (130 nM C3G: 13 uM PCA
and 120 nM C3G: 12 uM PCA), and no significant mod-
ifications were detected (Fig. 5b).

To evaluate the effects of DHA combined with other
bioactives, three concentrations were chosen: i. the highest
concentration showing no toxicity after 48 h supplementa-
tion (DHA = 60 pM; PRO = 70 uM; PCA = 20 uM; C3G
plus PCA = 130 nM + 13 uM, respectively); ii. the lowest
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concentration within the physiological range in human
plasma (DHA = 50 pM; PRO = 1 uM; PCA = 0.1 pM;
C3G plus PCA =1 nM + 0.1 pM, respectively) [12, 19,
32]; iii. The average of the previous two (DHA = 55 pM;
PRO 35 uM; PCA 10 uM; C3G plus
PCA = 65 nM + 6.5 puM, respectively).

After 24 h supplementation, no significant differences
in cell number/well and cell viability were detected in
cells supplemented with DHA in combination with
other bioactives (Figs. 6a, 7a, and 8a). As well, after
48 h supplementation no modifications in cell number
were detected in any combination and concentration
used (Figs. 6b, 7b, and 8b). Using the TB assay, no sig-
nificant differences were detected in cells supplemented
with DHA plus PRO, and DHA plus C3G plus PCA.
On the contrary, in cells supplemented with DHA plus
PCA viability decreased when the highest DHA concen-
tration was used, independent of PCA concentration.
The MTT assay revealed a decreased viability in all
DHA plus PRO supplemented cells except the ones
receiving the highest PRO concentration, in cells
supplemented with 60 or 55 uM DHA plus 20 pM

PCA, and in all cells supplemented with DHA plus
C3G plus PCA.

Discussion
The main aim of the present study was to evidence the
possible cytotoxic effects of different bioactives, supple-
mented alone or in combination to cultured hepatic cells.
Different cytotoxicity assays were used to detect early
cytotoxic events, so increasing the reliability of the data
and avoiding over- or underestimations due to the differ-
ent sensitivity of the methods themselves. Bioactives were
first supplemented at concentrations corresponding to the
highest physiological concentration found in human
plasma, then other concentrations were tested according
to the obtained results. Once the highest concentrations
with no toxic effects after 24 h exposure were selected,
they were tested also after a longer exposure time (48 h).
In our experimental conditions, PRO supplementation
at concentration up to 70 puM, which is achievable in hu-
man portal blood [20] but is 7 times above the highest
concentration found in the systemic circulation, did not
show any cytotoxicity either after 24 or 48 h exposure.
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These results are in line with previous findings showing
that PRO exerts cytotoxic effects only at millimolar con-
centrations [46], probably related to autophagy associ-
ated with a decreased mechanistic target of rapamycin
(mTOR) activity and enhanced AMP-activated protein
kinase (AMPK) activity [47].

As well, no cytotoxic effects after both 24 and 48 h ex-
posure were detected in cells supplemented with C3G
alone and PCA alone at concentrations equal (C3G
140 nM) or even higher (PCA 20 puM) than the corre-
sponding highest concentration found in human blood.
Our results are in agreement with a previous study indi-
cating that C3G has pro-apoptotic and anti-proliferative
effects at concentrations >10 uM [48]. Although PCA is
the main metabolite that is formed after anthocyanin-
rich food consumption [28], small C3G amounts, gener-
ally <1%, of intake, are present in plasma in the native
form [28, 49, 50]. Therefore, in the present study the
possible cytotoxicity of combined supplementation with
C3G and PCA was also assessed, maintaining a C3G:
PCA ratio = 1:100. It is worth noting that the co-
supplementation of C3G and PCA had an additive effect
on the cytotoxic effects of the single compounds. It is
worth noting that these effects could be not only due to
C3G and PCA themselves, but also to newly-formed me-
tabolites within the cell model. Detailed investigation of
the compounds derived from anthocyanins in hepatic
cells is still lacking in literature, as recently observed by
Aragones et al. (2017) [51]. Regardless consideration
about a direct or not direct cytotoxicity due to C3G and
PCA supplementation, the additive effect of co-
supplementation deserve attention.

Comparing the physiological range in human blood to
the results obtained in the first part of the present study
(Table 1), DHA appeared the bioactive having the highest
cytotoxic potential in vitro even when supplemented
within the in vivo physiological range. Fatty acids are
known to influence cell proliferation both in vivo and in
vitro [52], and in vitro studies evidenced that n-3 and n-6
PUFAs at micromolar concentrations are toxic to several
cell lines [53]. The mechanisms responsible for the cyto-
toxic effect of DHA have not been completely defined, but
published evidence supports the hypothesis that this fatty
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acid may induce cytotoxicity with different mechanisms
including reactive oxygen species (ROS) formation [54],
alteration of plasma membrane fluidity [55], interference
with cell signaling [56] and accumulation of neutral lipid
droplets in the cytosol [57]. Although lipoperoxidation is
considered one of the most probable cause of DHA cyto-
toxic effect in various cell lines [58], in a previous work
we evidenced that 60 uM DHA supplementation to
Hep@G2 cells did not cause lipid peroxidation. On the con-
trary, it induced the intracellular antioxidant defenses
[59]. DHA cytotoxicity could be related to the selective in-
corporation of the fatty acid in the different lipid classes.
DHA supplemented to primary cultures of rat cardio-
myocytes is esterified in phospholipids (PLs) and triacyl-
glycerols [60]. The consequent higher unsaturation of
membrane PLs may alter lipid rafts and their environment
[61, 62], thereby modulating the in vitro potential cytotox-
icity of DHA.

To verify possible additive or antagonist effects of co-
supplemented bioactives, DHA was also supplemented
to cells in combination with PRO, PCA, and C3G plus
PCA. Combined supplementation of DHA and C3G was
not tested, since in vivo C3G is metabolized to PCA,
thus resulting in the appearance of PCA or PCA plus
C3G in human plasma, and not C3G alone [28, 63].

After 24 h exposure, co-supplementation of DHA and
other bioactives did not cause detrimental consequences,
indicating the absence of additive effects.

On the contrary, when co-supplementation lasted for
48 h an additive effect was clearly evidenced. According
to Vauzour et al. (2015) [64], the additive effect of C3G
and PCA cannot be ascribed to an increased DHA intra-
cellular concentration due to enhanced DHA synthesis
from precursors. As well, in a recent study we observed
neither an increased DHA concentration in hepatic cells
supplemented with PRO, nor an additional increase of
DHA concentration in cell supplemented with DHA
plus PRO compared to DHA alone [65].

Notably, the increase in DHA cytotoxicity was not evi-
dent when PRO was co-supplemented at the highest
concentration. This antagonist effect cannot be ascribed
to competition in uptake between the two fatty acids,
since in mammalian cells long chain fatty acid uptake is

Table 1 Summary of the highest bioactive concentrations found in human plasma compared to the highest non-cytotoxic ones

detected in the herein reported in vitro study

Bioactive Highest concentration found in vivo Highest non-cytotoxic concentration Highest non-cytotoxic concentration
observed in vitro (24 h exposure) observed in vitro (48 h exposure)
DHA 200 uM [11-14] 80 uM 60 UM
PRO 10 UM (systemic circulation) [19-22]; 70 uM 70 uM
=200 UM (portal circulation) [23]
Q3G 140 nM [25-29] 140 nM 140 nM
PCA 10 puM [25, 28, 30-32] 20 uM 20 uM
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strictly regulated by CD36, plasma membrane-associated
fatty acid-binding protein (FABP), and family of fatty
acid transport proteins (FATPs) [66], while short-chain
fatty acids mainly diffuse across plasma membrane or
enter into cells with a monocarboxylate transporter-
dependent mechanism [67].

Conclusions

In summary, our results clearly evidence that some bioac-
tives exert cytotoxic effects in vitro even at a concentra-
tion within the in vivo physiological blood concentration
range. Our understanding of the molecular mechanism
behind the observed effects is still limited, and to further
explore them is out of the scope of this study. Our aim
was to demonstrate that bioactives cytotoxic concentra-
tion not always overlaps in vitro and in vivo, and to under-
line the importance of in vitro cytotoxicity screening. In
order to avoid misleading results, cytotoxicity screening
should be considered mandatory before performing stud-
ies aimed to evaluate the effect of bioactives on other
cellular parameters.

In addition, our results point out that bioactive toxicity
is tightly related to the exposure time, and the combined
supplementation of different bioactives, considered a
promising approach to optimize the dietary strategies
against many diseases, could generate synergism/antag-
onism having both positive [68] and detrimental effects.

From a methodological point of view, results herein
reported indicate AB as the less sensitive, and MTT as
the most sensitive assay among the ones used to detect
cytotoxicity, as previously suggested by Fotakis and Tim-
brell (2006) [69]. The high sensitivity of the MTT assay
was also verified using two additional assays aimed to
verify an apoptotic effect that could be induced without
any sign of cellular damage. Bioactive concentrations
negative to MTT assay did not increase cell susceptibility
to apoptosis, confirming that this method is fast, inex-
pensive and very sensitive.

The authors are aware that the herein reported data
are far from the demonstration of a toxic effect of the
tested bioactives when administered to humans. The
aim of the study was to highlight the not complete
overlapping between in vitro and in vivo cytotoxic
concentrations. Bioactive consumption with the diet
appears to be safe. Notwithstanding, unresolved issues
related to toxicity still remain when bioactives are sup-
plemented to humans in high, concentrated doses and
in combination, and must be seriously addressed.
Although our results do not solve this important con-
cern, they could represent a starting point for future
research aimed to verify the existence of a potential
hazard due to the wide use of high doses of multiple
bioactive compounds.
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