
molecules

Article

Amperometric Cytosensor for Studying
Mitochondrial Interferences Induced by Plasticizers
Bisphenol B and Bisphenol A

Roberto Dragone 1, Gerardo Grasso 1,* and Chiara Frazzoli 2

1 Istituto per lo Studio dei Materiali Nanostrutturati, Consiglio Nazionale delle Ricerche, c/o Dipartimento di
Chimica, ‘Sapienza’ Università di Roma, Piazzale Aldo Moro, 5, 00185 Rome, Italy; roberto.dragone@cnr.it

2 Dipartimento Malattie Cardiovascolari, Dismetaboliche e dell’Invecchiamento, Istituto Superiore di Sanità,
Via Giano della Bella, 34, 00162 Rome, Italy; chiara.frazzoli@iss.it

* Correspondence: gerardo.grasso@cnr.it

Academic Editor: Antonella Curulli
Received: 7 October 2020; Accepted: 5 November 2020; Published: 7 November 2020

����������
�������

Abstract: The widespread presence of plasticizers Bisphenol B (BPB) and Bisphenol A (BPA) in food
contact materials, medical equipment, and common household products is a toxicological risk factor for
health due to internal exposure after environmental dietary exposure. This work describes the use of
an amperometric cytosensor (i.e., a whole cell-based amperometric biosensoristic device) for studying
mitochondrial interferences of BPA and BPB (5–100 µg/mL) in the yeast Saccharomyces cerevisiae
model following long-term (24 h) exposure (acute toxicity). Percentage interference (%ρ) on yeast
aerobic mitochondrial catabolism was calculated after comparison of aerobic respiration of exposed
and control S. cerevisiae cell suspensions. Results suggested the hypothesis of a dose-dependent
co-action of two mechanisms, namely uncoupling of oxidative phosphorylation and oxidative stress.
These mechanisms respectively matched with opposite effects of hyperstimulation and inhibition
of cellular respiration. While uncoupling of oxidative phosphorylation and oxidative stress have
been previously described as separate effects from in vitro BPA exposure using other biochemical
endpoints and biological systems, effects of BPB on cellular aerobic respiration are here reported for
the first time. Results highlighted a similar hyperstimulation effect after exposure to 5 µg/mL BPA
and BPB. About a 2-fold higher cellular respiration inhibition potency was observed after exposures
to 15, 30, and 100 µg/mL BPB compared to BPA. 2,4-Dinitrophenol (2,4-DNP) was used as model
uncoupling agent. A time-dependent mechanism of mitochondrial interference was also highlighted.
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1. Introduction

Bisphenol A (BPA; 2,2-bis(4-hydroxyphenyl)propane) is an industrial plasticizer widely used
for the production of epoxy resins, phenol resins, polycarbonates, polyacrylates, and polyesters.
It finds application in the manufacture of many types of products, including food containers
(e.g., baby bottles and water carboys) and food contact materials, thermal paper, and medical
devices (e.g., respirators). Biomonitoring data suggested that, notwithstanding its short biological
half-life [1–3], BPA is consistently found in human biological samples, including umbilical cord
blood and colostrum, as a result of widespread, continuous and/or repeated exposure. BPA is a
well-known estrogen-like endocrine-disrupting chemical [4,5]. Besides transgenerational exposure [6]
and sustainable food safety aspects [7], bottle-fed infants are a population group most exposed
to dietary BPA [8,9]. The increasing worldwide banning or restrictions on BPA-containing baby
bottles due to safety concerns could worsen the scenario of infant exposure in countries that are
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dumping destination [10,11]. BPA and BPA analogues can enter the food supply chain at various
stages [12,13]. Further research is needed to fill the gaps and uncertainties on the toxicological
profile of BPA and its proximate substitutes. Indeed, BPA has been extensively studied mainly for its
endocrine disrupting activity but not for other possible harmful effects like mitochondrial interference.
Concerning BPA substitutes such as BPF, BPS, BPAF, BPC, BPP, and BPB, toxicological profiles are
even more incomplete. Bisphenol B (BPB; 2,2-Bis(4-hydroxyphenyl)butane) is used as a monomer
alternative to BPA in the manufacturing of various materials (e.g., polycarbonate plastic and resin)
in commercial products [14]. BPB is currently used as a BPA alternative in countries such as the
United States, where it has been registered by the Food and Drug Administration as an indirect additive
used in certain food-contact coatings and polymers [15]. This bisphenol is relatively more resistant to
biodegradation than BPA in aquatic environments [16]; it is a potential food contaminant, e.g., of canned
foods and milk [17–19]. BPB has been found in human blood serum and urine [20,21] as well as in
indoor dust [22]. BPB exerts estrogenic effects similar to BPA [23–27], but its toxicological profile is
still more incomplete. Mitochondria are cell organelles that play a key role in cell bioenergetics and
ATP synthesis through cellular aerobic respiration. Mitochondrial dysfunctions, including alterations
of cellular redox homeostasis and cell metabolism, have been associated with processes like aging,
the insurgence of neurodegenerative diseases, and carcinogenesis [28]. Impairments of mitochondrial
functions have been reported by in vitro studies on cultured cells and isolated mitochondria exposed
to BPA 1–100 µg/mL. Mitochondrial dysfunctions include uncoupling of oxidative phosphorylation
and partial inhibition of mitochondrial electron transport chain complexes [29], reactive oxygen species
(ROS) overproduction [30], changes in mitochondrial enzymes activities, ATP content, mitochondria
ultrastructure, mitochondrial membrane permeability, mitochondrial membrane potential and lipid
peroxidation levels [31]; alteration of the glutathione synthesis and recycle [32], and decrease of
bovine spermatozoa motility (closely related to mitochondrial activity) [33]. As reported in a recent
in vitro study conducted on human peripheral blood cells, the exposure to a BPB concentration range
200–800 µM (about 50 µg/mL–200 µg/mL) increased ROS and lipid peroxidation levels, and decreased
GSH [34]. To date, no effects on cellular respiration have been reported in the literature for in vitro
exposure to BPB. The cellular aerobic respiration is related to cellular O2 consumption, and the
final steps of aerobic cellular respiration occur in mitochondria. The cellular aerobic respiration has
already proved to be a valuable biochemical and toxicological endpoint in our previous studies on
mitochondrial effects induced by toxicants [35–39]. Such studies were carried out using the model
yeast Saccharomyces cerevisiae as mediator in electrochemical biosensoristic devices. Electrochemical
biosensoristic devices have interesting analytical features that can be exploited for rapid and easy-to-use
in vitro bioassays that are useful for both toxicological studies and automated field monitoring and
diagnostics [40,41]. Whole cell-based biosensoristic devices (referred in this work as ‘cytosensors’,
see Section 4.2) are characterized by a peculiar analytical approach. Through the selection of a given
cellular function and an appropriate in vitro biochemical and toxicological endpoint, cytosensors can
provide useful information about the bioactivity of the tested chemical against the selected cellular
function [37,38]. In the present study, an amperometric cytosensor was used in respirometric bioassays
to study the mitochondrial interferences of BPA and BPB in the model yeast Saccharomyces cerevisiae
assessing acute toxicity following long-term (24 h) exposure. The adverse effects of acute toxicity can
usually occur within 24 h of exposure to the toxicant. Among BPA proximate substitutes, BPB was
chosen because its molecular structure is closely related to that of BPA, i.e., an additional methyl group
is present in the hydrocarbon bridge of BPB molecule. The organic compound 2,4-Dinitrophenol
(2,4-DNP) was used as a model chemical for its known mechanism of alteration of mitochondrial
functions (uncoupling of oxidative phosphorylation) [42] in S. cerevisiae [43].

2. Results

The results of the respirometric bioassays on S. cerevisiae cell suspensions exposed to different
concentrations of BPA, BPB, and 2,4-DNP are summarized in Figure 1.
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Figure 1. Dose-effect histogram of 24 h exposure of S. cerevisiae cell suspensions to BPA, BPB,
and 2,4-DNP. %RSD ≤ 15%; ANOVA testing using randomized block design was applied for statistical
differences between means values of ∆ppm O2 exp and ∆ppm O2 blk. Statistical significance of the
results is indicated with asterisks (* p ≤ 0.05).

Statistical tests were done using ANOVA testing for randomized bock design. A significant
relationship between the mean variation of dissolved O2 in exposed and control S. cerevisiae cell
suspensions (∆ppm O2 exp and ∆ppm O2 blk, see Section 4.2) was found at all concentrations tested
(p ≤ 0.05). The use of randomized block design of ANOVA testing helped to reduce possible
confounding factors that may affect the comparison between data acquired in different days of
testing, e.g., possible differences between stock yeast cell suspensions prepared on different days.

Negative values of %ρ are expected to indicate an increase in cellular O2 consumption in the
exposed S. cerevisiae cell suspensions (compared to control cell suspensions) due to hyperstimulation of
mitochondrial activity. Positive values are expected to indicate a decrease in cellular O2 consumption
in the exposed S. cerevisiae cell suspensions (compared to control cell suspensions) related to inhibition
of mitochondrial activity. Long-term exposure of S. cerevisiae cells to increasing doses (from 5 to
100 µg/mL) of bisphenols determined an increase of %ρ from negative values, i.e., hyperstimulatory
effect dominates (%ρ = −21,04% and %ρ = −19.05% for exposure to 5 µg/mL BPA and 5 µg/mL BPB,
respectively), to positive values (for bisphenol concentrations ≥ 15 µg/mL), i.e., inhibitory effect
dominates. Same doses of 2,4-DNP shown a higher toxic potency (compared to bisphenols). Short-term
(4 h and 9 h) exposures to 5 µg/mL 2,4-DNP were performed (Figure 2).
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3. Discussion

The dose-effect relationship for long-term (24 h) exposure to increasing doses (5–100 µg/mL) of
BPA, BPB, and 2,4-DNP (Figure 1) shows how at same administered doses, differences in %ρ values for
BPA, BPB, and 2,4-DNP can be ascribed to differences in toxic potencies. Such trends in %ρ values
could be attributable to a dose-dependent co-action and combined effects of two presumably sequential
mechanisms on cellular aerobic respiration, i.e., uncoupling of oxidative phosphorylation and oxidative
stress. These mechanisms fit well with measured opposite effects of hyperstimulation of cellular
aerobic respiration (negative %ρ values) and inhibition of cellular respiration (positive %ρ values).
These findings are corroborated by a previously reported effect of BPA (1–200 µg/mL) on bovine
spermatozoa motility (closely related to mitochondrial activity) [33]. Concerning hyperstimulation
of cellular aerobic respiration, preliminary tests have proven that in our experimental conditions,
S. cerevisiae cells are in an optimal physiological state for cellular aerobic respiration, i.e., maximal
respiration rate. The observed hyperstimulation of S. cerevisiae cells exposed to BPA and BPB is
expected to be the consequence of a partial uncoupling of oxidative phosphorylation in mitochondria,
as previously reported in the literature for isolated rat hepatocytes mitochondria exposed to similar
concentrations of BPA and other bisphenols [29].

Positive %ρ values in Figure 1 can rather be associated with the inhibition of cellular respiration
in exposed S. cerevisiae cells. This effect is expected to be the consequence of oxidative stress caused by
a ROS overproduction. Indeed, ROS overproduction may lead to irreversible damages of membrane
lipids and proteins, resulting in detrimental effects for mitochondrial structures and functions,
including aerobic respiration. Bereketoglu et al. (2017) have reported the expression of genes associated
with the response to oxidative stress in S. cerevisiae exposed to BPA [44]. Oxidative stress and ROS
overproduction induced by exposures to BPA concentrations higher than 5 µg/mL have been previously
reported in the literature using different biological and toxicological endpoints and biological model
systems [29–33]. To explain ROS overproduction in exposed S. cerevisiae cells, a parallel or sequential
involvement of hyperstimulation of cellular respiration and electron flow slowdown through the
mitochondrial electron transport chain complexes can be hypothesized. Under normal conditions, O2 is
reduced to H2O by cytochrome c oxidase (Complex IV), and the release of the intermediate compounds
of partially reduced O2 is very low. As a result of the uncoupling of oxidative phosphorylation,
the simultaneous increase of O2 consumption could promote an incomplete O2 reduction and ROS
overproduction at the level of Complex IV. Most studies report an inverse correlation between the
uncoupling of oxidative phosphorylation and ROS production [45–47]. However, many of these
studies were performed on isolated mitochondria. Some evidence suggests that a partial mitochondrial
uncoupling of oxidative phosphorylation in whole cells could increase the level of detectable ROS [48].
Therefore, in our experimental conditions, it is reasonable to assume a direct correlation between
uncoupling and ROS overproduction. The electron flow slowdown through the mitochondrial electron
transport chain complexes (caused by a partial inhibition of Complex II) could also be hypothesized
as mechanisms involved in ROS overproduction in exposed S. cerevisiae cells. Results reported by
Nakagawa and Tayama show that the exposure of isolated rat hepatocyte mitochondria to similar
concentrations of bisphenols can partially inhibit the mitochondrial electron transport chain of Complex
I and Complex II, i.e., NAD+- and FAD-linked respiration [29]. A slight inhibition of the Complex
IV has also been reported by Nakagawa and Tayama, but values for treated mitochondria were not
significantly different from values for untreated mitochondria [29]. Contrary to mammals, S. cerevisiae
mitochondria do not possess a multi-subunit Complex I-type NADH dehydrogenase [49]. Therefore,
a partial inhibition of Complex II in S. cerevisiae exposed to BPA and BPB is plausible.

Our results show that BPB possesses a similar or even higher toxic potency for mitochondrial
interference compared with BPA. Whereas at 5 µg/mL exposure concentration, a similar hyperstimulation
effect was observed for both bisphenols (%ρ BPB = −19.05% and %ρ BPA = −21.04%), the results for
exposure concentrations from 15 to 100 µg/mL showed a 2-fold higher cellular respiration inhibition
potency for BPB compared to BPA (see Figure 1). This difference in toxic potency for mitochondrial
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interference could be ascribed to differences in structure and hydrophobicity between bisphenols.
Nakagawa and Tayama [29] suggested a direct correlation between the toxic potency of bisphenols
and the relative length/molecular weight of the hydrocarbon bridge between the two phenyl groups
in bisphenols. Differences between cytotoxic effects observed in rat hepatocytes exposed to different
bisphenols might be dependent on a different affinity of bisphenol molecules for the lipid core of biological
membranes [29]. The interaction of BPA and other bisphenols with phosphatidylcholine and cardiolipin
has been previously described [50–53]. Both phosphatidylcholine and cardiolipin are two of the major
phospholipid constituents of mitochondrial membranes of eukaryotic cells (including S. cerevisiae) [54–56].
More specifically, the hydrocarbon bridge of bisphenols would appear to be directly involved in the
interactions with phospholipids [51,52], and the strength of the interactions appears to be mainly linked
to the hydrophobicity of the bisphenols [53]. Concerning our study, the presence of an additional methyl
group in the hydrocarbon bridge of BPB molecule (compared to BPA) and the higher hydrophobicity
of BPB (log Kow BPB = 4.13, log Kow BPA = 3.32) could therefore explain the higher inhibition potency
of aerobic cellular respiration observed in S. cerevisiae. It can be hypothesized that there is a role for
BPA and BPB interactions with mitochondrial phospholipids phosphatidylcholine and cardiolipin in
bioconcentration and accumulation of bisphenols at a mitochondrial level, as well as in the resulting
interferences on mitochondrial bioenergetics. In particular, cardiolipin plays a key role in several reactions
and processes involved in mitochondrial bioenergetics, e.g., for the optimal enzymatic activity of oxidative
phosphorylation complexes [57]. However, further studies are necessary to support this hypothesis.

2,4-DNP was used as a reference compound for the uncoupling of oxidative phosphorylation in
S. cerevisiae [43]. In our experimental conditions, no hyperstimulation of cellular aerobic respiration
was observed for 24 h exposure to 2,4-DNP (Figure 1). A set of respirometric bioassays for short-time
exposures (4 h and 9 h) to 5 µg/mL 2,4-DNP were carried out. The dose of 5 µg/mL was chosen because
at this concentration the hyperstimulation effect was observed for bisphenols after 24 h-exposure
(Figure 1). The results obtained (Figure 2) confirmed a lower toxic potency for bisphenols in comparison
with that of 2,4-DNP. This is possibly attributable to different toxicodynamics and/or kinetics of the
trigger and action of mechanisms involved. In addition to a dose-dependent resultant effect of
mitochondrial interference observed in S. cerevisiae cells for 24 h exposure time (Figure 1), these results
also suggested a presumptive time-dependence resultant effect of mitochondrial interference for a
fixed dose of 5 µg/mL (Figure 2). In both cases, the resultant effect of mitochondrial interference
is mainly characterized by a gradual increase in inhibition of cellular respiration that may occur
together or sequentially with respect for hyperstimulation. Further studies will help to elucidate the
time-dependence features of the resultant effect of mitochondrial interference observed.

4. Materials and Methods

4.1. Solutions

All 100 µg/mL stock solutions were prepared in high-purity deionized water (Milli-Q system,
Merck Millipore, Billerica, MA, USA) for all chemicals tested BPA (≥99% pure Sigma Aldrich, Milan,
Italy), BPB ≥98.0% pure (TCI Europe nv, Antwerp, Belgium) and 2,4-DNP 98% pure (ACROS Organics,
Fairrun, NJ, USA). Stock solutions were kept dark and stored at 4 ◦C in glass bottles. Before each
respirometric bioassays, spectrophotometric measurements against high-purity deionized water were
carried out at 25 ◦C on 1/20 dilutions of 100 µg/mL stock solutions of BPA (λmax = 275 nm; 0.069 ± 0.004
absorbance units or AU), BPB (λmax = 276 nm; 0.065 ± 0.003 AU) and 2,4-DNP (λmax = 355 nm;
0.277 ± 0.006 AU) (Unicam UV2 UV/Visible spectrophotometer, Unicam Instruments Ltd, Arbury Road,
Cambridge, United Kingdom). All measurements were carried out in quartz cuvettes with 1 cm optical
path lengths. A 3 mol/L glucose aqueous stock solution was weekly prepared from glucose D(+) 99.5%
GC (Sigma Aldrich, Milan, Italy). Between different bioassays, the glucose stock solution was stored in
a sterilized glass bottle at 4 ◦C. For all the respirometric bioassays, the final concentration of 0.5 mol/L
glucose was used as a metabolic substrate for S. cerevisiae cells. Preliminary respirometric bioassays
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have allowed us to assess the 0.5 mol/L glucose concentration as optimal for the achievement of the
maximum rate of cellular respiration (excess metabolic substrate). The 0.02 mol/L stock solution of
sodium azide, NaN3 (≥99.0%, AMS Biotechnology Ltd., Massagno, Switzerland) was prepared in
high-purity deionized water and stored at 4 ◦C. For the calibration of Clark-type oximeters, a 10 g/L
sodium sulfite solution (Na2SO3 ≥98% Sigma Aldrich, Milan, Italy) was prepared daily in high-purity
deionized water.

4.2. Assembly of Amperometric Cytosensors and Respirometric Bioassay Set-Up

The amperometric cytosensor is made up of two main components: (i) a yeast cell suspension
as biomediator, and (ii) a Clark-type oximeter (model 360, Amel Instruments S.r.l.; Milan, Italy) as
the amperometric transducer measuring changes in dissolved oxygen (O2) concentration in the yeast
cell suspension. Before the assembly of the amperometric cytosensors, a two-point calibration of the
Clark-type oximeters was performed at 25 ◦C by measuring O2 in open air and dissolved O2 in a
sodium sulfite solution (10 g/L). The amount of atmospheric O2 depends on both temperature and
barometric pressure [39]. The value of 8.35 ppm O2 in air at 25 ◦C is reported in a table provided by
manufacturers of Clark-type oximeters (Amel S.r.l). The calibration point with sodium sulfite gives a
zero-reference point since this sodium sulfite reacts with the dissolved O2 to form sulfate. Stock yeast
cell suspensions (500 mg/mL) were prepared daily, starting from 50.0 mg ± 0.1 mg of commercially
active dried baker’s yeast (Mastro Fornaio PaneAngeli Cameo S.p.a., Desenzano del Garda (BS), Italy),
rehydrated overnight with 10 mL of Milli-Q water in sterilized test tubes. Grasso et al. [36] previously
defined the most suitable cell concentration of the stock yeast cell suspension (1.5 × 108 colony forming
units/mL or cfu/mL) as well as the 1:100 dilution ratio of the stock yeast cell suspension for the assembly
of the amperometric cytosensors.

For each exposure test and respirometric bioassay, a set of eight amperometric cytosensors was
used. The experimental set-up included four blank yeast cell suspensions (as control) and four exposed
yeast cell suspensions:

• Blank yeast cell suspension: 12.50 mL of high-purity deionized water + 0.15 mL of 500 mg/mL of
stock yeast cell suspensions

• Exposed yeast cell suspension: 12.50 mL of BPA, BPB, or 2,4-DNP solution + 0.15 mL of 500 mg/mL
of stock yeast cell suspensions

The same stock yeast cell suspension was used to prepare both blank yeast cell suspension
control group and exposed yeast cell suspension group. Thus, any confounding variables would be
identical for both groups. Throughout the 24 h exposures and respirometric bioassays, both blank
and exposed yeast cell suspensions were placed into open-topped cylindrical measurement glass
vessels (volume 25 mL) at controlled temperature (25.0 ± 0.1 ◦C) and under constant magnet stirring
(200 rpm). During the 24 h exposures, all the measurement glass vessels were covered with 55 mm
diameter cellulose filter discs (Whatman® qualitative filter paper, Grade 1; Sigma Aldrich, Milan,
Italy) to limit water evaporation (<5%) while ensuring a proper O2 exchange between air and yeast
cell suspensions. The non-proliferation condition is a key aspect of the respirometric bioassay [36].
To guarantee a non-proliferation condition for the yeast S. cerevisiae, throughout the 24 h exposures,
both blank yeast cell suspensions group and exposed yeast cell suspensions group underwent the same
nutrient starving condition. For each blank and exposed yeast cell suspension, the non-proliferation
condition was verified by comparing the results of optical density measurements at the wavelength of
525 nm (OD525nm) performed at the beginning of each exposure and after each respirometric bioassay
(∆OD525nm). The OD525nm measurements were performed in quartz cuvettes with 1 cm optical path
lengths against high-purity deionized water as reference (UV2 UV/Visible, Unicam Instruments,
England). For all respirometric bioassays performed, no significant cellular proliferation of S. cerevisiae
was observed (∆OD525nm ≤ 0.005 AU). Respirometric bioassays were performed in an open system
(i.e., dissolved oxygen into the yeast cell suspensions was in equilibrium with the atmospheric oxygen)
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at controlled temperature (25.0 ± 0.1 ◦C) and under constant magnet stirring (200 rpm). At the end of
24 h exposure, each Clark-type oximeter were inserted in the eight measuring glass vessels for the
simultaneous measurement and registration of the dissolved O2 concentration variations (expressed
as ∆ppm) in the exposed and control yeast cell suspensions throughout the respirometric bioassays
(see example in Figure 3). Aliquots of 2.50 mL of 3 mol/L glucose aqueous solution was added to each
measuring glass vessel. As a direct consequence of the sudden subsequent change of cellular nutritional
status, the yeast aerobic metabolism increased from the basal level to the maximum physiological
value, and the dissolved O2 suddenly decreased (Figure 3). When the cellular consumption rate of the
dissolved O2 becomes equal to the dissolving rate of atmospheric O2, the signals were reached a plateau
(steady-state I; signal fluctuation ≤ 0.05 ppm) (Figure 3). At the steady state, 0.10 mL of 0.02 M NaN3

aqueous solution was added to each measuring glass vessel: NaN3 blocks the cellular O2 consumption
through the inhibition mitochondrial Complex IV, which reduced O2 to H2O. The interruption of
O2 cellular consumption triggered a progressively increase in dissolved O2 up to a second plateau
(steady-state II; signal fluctuation ≤ 0.05 ppm) (Figure 3).
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The analytical parameter considered in the respirometric bioassay was the variation of the
dissolved O2 (∆ppm O2) between the two steady-states. The percentage interference on cellular aerobic
respiration (%ρ) is expressed as (Equation (1)):

%ρ = [1 − (∆ppm O2 exp/∆ppm O2 blk)] × 100 (1)

where ∆ppmO2 exp = mean of variations of the dissolved O2 (in ppm) for exposed yeast cell suspensions,
and ∆ppmO2 blk = mean of variations of the dissolved O2 (in ppm) for control yeast cell suspensions.

In the described experimental conditions, %ρ values are readable as follows:

• %ρ < 0: hyperstimulation of cellular respiration in exposed yeast cell suspensions is over the
maximum physiological rate (compared to control yeast cell suspensions);

• %ρ = 0: no effects on cellular respiration in exposed yeast cell suspensions;
• 0 < %ρ < 100: inhibition of cellular respiration in exposed yeast cell suspensions.
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Considering that both blank yeast cell suspensions group and exposed yeast cell suspensions
group underwent the same nutrient starving condition, any possible cellular process that could occur
under this condition (e.g., induction of mitochondrial biogenesis and/or increase of mitochondrial
mass) would occur in both groups. Thus, any variation of oxygen consumption between the exposed
yeast cell suspensions group and blank yeast cell suspensions group can, therefore, only be associated
with interference on cellular aerobic respiration induced by the exposure to tested chemical. To assess
the repeatability of the measurements, four runs of the array measurements were performed on the
same day, whereas reproducibility was verified on three different days, starting from freshly prepared
solutions and yeast cell suspensions.

5. Conclusions

Cellular aerobic respiration of S. cerevisiae has proved to be a valid short-term in vitro toxicological
endpoint to highlight mitochondrial interferences of BPA and BPB. Our results indicate that BPB
possesses a similar hyperstimulation effect on S. cerevisiae cellular aerobic respiration and a 2-fold higher
cellular respiration inhibition compared with BPA at the same dose. Findings from the respirometric
bioassays after 24 h independent exposure to BPA and BPB allowed us to hypothesize, for the first time,
a dose-dependent mode of action of two mechanisms of mitochondrial interferences (uncoupling of
oxidative phosphorylation and oxidative stress). Future studies will investigate the time-dependence
of the resultant effect of mitochondrial interference observed for 2,4-DNP also for BPA e BPB.
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