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Abstract: Fungicides are used to suppress the growth of fungi for crop protection. The most widely
used fungicides are succinate dehydrogenase inhibitors (SDHIs) that act by blocking succinate dehydrogenase, the complex II of the mitochondrial electron transport chain. As recent reports suggested
that SDHI-fungicides could not be selective for their fungi targets, we tested the mitochondrial
function of human cells (Peripheral Blood Mononuclear Cells or PBMCs, HepG2 liver cells, and BJfibroblasts) after exposure for a short time to Boscalid and Bixafen, the two most used SDHIs. Electron
Paramagnetic Resonance (EPR) spectroscopy was used to assess the oxygen consumption rate (OCR)
and the level of mitochondrial superoxide radical. The OCR was significantly decreased in the three
cell lines after exposure to both SDHIs. The level of mitochondrial superoxide increased in HepG2
after Boscalid and Bixafen exposure. In BJ-fibroblasts, mitochondrial superoxide was increased after
Bixafen exposure, but not after Boscalid. No significant increase in mitochondrial superoxide was
observed in PBMCs. Flow cytometry revealed an increase in the number of early apoptotic cells in
HepG2 exposed to both SDHIs, but not in PBMCs and BJ-fibroblasts, results consistent with the high
level of mitochondrial superoxide found in HepG2 cells after exposure. In conclusion, short-term
exposure to Boscalid and Bixafen induces a mitochondrial dysfunction in human cells.
Keywords: EPR; oxygen consumption rate (OCR); superoxide; mitochondria; SDHI; Boscalid; Bixafen

Samhan-Arias
Received: 7 September 2021
Accepted: 24 September 2021
Published: 26 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article

1. Introduction
Fungicides are intensively used in agriculture to prevent or inhibit the growth of fungi
causing plant damage. The most widely used fungicides are succinate dehydrogenase
inhibitors (SDHIs) [1] that act by blocking succinate dehydrogenase (SDH), the complex II
of the mitochondrial electron transport chain (ETC) (Figure 1). Of commercialized SDHIs,
Bixafen and Boscalid account together for about 50% of the sales [2]. SDHIs are generally
considered as safe by pesticide-manufacturing companies and safety agencies [1–3]. However, recent alarming reports have demonstrated that SDHIs used as fungicides were not
selective for their fungi targets but also block the honeybee, earthworm and human SDH
with IC50 values in the µM range [4]. This is likely due to the high degree of conservation
of a large portion of the SDH sequences throughout different species [4]. The same authors
also showed that pre-existing mitochondrial defects, such as partial SDH dysfunction,
increased the susceptibility to SDHIs after several days of exposure [4].
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for 2 hours). Top row: Boscalid-treated cells. A: HepG2 liver cells, B: PBMCs, C: BJ-fibrobla
Bottom row: Bixafen-treated cells. (D): HepG2 liver cells, (E): PBMCs, (F): BJ-fibroblasts. Bars
tom
row: Bixafen-treated cells. D: HepG2 liver cells, E: PBMCs, F: BJ-fibroblasts. Bars re
represent mean ± SEM (%O2 /min). N = 3, (*): p < 0.05, (**): p < 0.01.
mean ± SEM (%O2/min). N = 3, (*): p < 0.05, (**): p < 0.01.
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Figure 3. Cellular ATP production of HepG2 cells after treatment with DMSO 0.1% (CTR), Boscalid
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and
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after SDHI exposure. A significant increase in early apoptotic cells, but not in late apoptotic/necrotic cells, was observed in HepG2 cells after 2 hours’ exposure
to Boscalid
and
6 of
12
Bixafen (Figure 7). In PBMC and BJ cells, no significant increase in cell mortality was found
after short-term exposure to Boscalid and Bixafen (Figure 7).
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3. Discussion
In this study, we found that short-term exposure (2 hours) of three human cell lines
to SDHI-fungicides Boscalid and Bixafen (1 µM) led to a mitochondrial dysfunction as the
oxygen consumption was significantly reduced (Figure 2). Our results on the mitochon-
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3. Discussion
In this study, we found that short-term exposure (2 h) of three human cell lines to
SDHI-fungicides Boscalid and Bixafen (1 µM) led to a mitochondrial dysfunction as the
oxygen consumption was significantly reduced (Figure 2). Our results on the mitochondrial
function are consistent with a previous study where enzymatic assays showed that SDHIfungicides inhibited the human SDH with IC50 in the µM range [4]. We confirm here that
SDHI-fungicides (Boscalid and Bixafen) are not selectively poisoning fungi, but are also
active on non-target human cells. Despite this alteration in cell respiration, we did not
observe a significant change in ATP level (Figure 3) after 2 hours’ and 24 hours’ exposure,
suggesting that compensatory mechanisms may exist to keep cellular bioenergetics.
An important consequence of the inhibition of the ETC in human cells was the increase
in mitochondrial superoxide level in HepG2 cells. In BJ-fibroblasts, only Bixafen induced
an increase in mitochondrial superoxide production (Figure 5). The fact that BJ-fibroblasts
display high antioxidant capacity [30] may likely explain the discrepancy between the effect
on OCR and the absence of effect on mitochondrial superoxide production in this cell line.
HepG2 cells were the most responsive to both SDHIs, with an 8-fold and 12-fold increase
in superoxide after Boscalid and Bixafen treatment, respectively. These results agree with
the important decrease in OCR observed in those cells after SDHI exposure and could be
explained by the intrinsic feature of hepatocytes that contain more mitochondria compared
with other cell types. Of note, as shown in Figure 2, basal OCR measured in HepG2 cells
was much higher than in other cells analyzed in the present study. Regarding mitoROS
production, Bixafen displayed more marked results than Boscalid (Figure 5). This could be
explained by the fact that new generation SDHIs such as Bixafen possess a methyl-pyrazol
fragment capable of inhibiting the ubiquinol cytochrome c reductase (complex III) of ETC,
in addition to the inhibition of SDH (complex II) (Figure 1) [4]. Interestingly, the global
level of ROS (as measured by the H2 DCFDA assay) after exposure of HepG2 cells was
not significantly modified (Figure 5) while the level of mitochondrial superoxide was
dramatically increased, suggesting that the higher ROS production seems confined to the
mitochondrial compartment. A similar observation of selective mitochondrial superoxide
production was previously reported in superinvasive cancer cells [27]. Of note, global
ROS production was observed in other studies, but after longer exposure and higher
concentrations of Boscalid in zebrafish (14.5 µM, 6 to 18 h post-fertilization) [6] and in
Chlorella vulgaris (4.5 µM, 96 h) [31]. An increase in SOD activity was also reported in
human fibroblasts (from a patient with familial Alzheimer disease) exposed during 13 days
to 1 µM Bixafen [4]. In the future, it would be interesting to investigate the nature of ROS
produced using other methods, for example, those using fluorescent probes coupled to
HPLC [32–34].
We further explored if the increase in mitochondrial ROS could lead to the induction
of apoptosis. By altering mitochondrial function, SDHIs could be capable of releasing
cytochrome c and initiating the apoptotic cascade. Here also, HepG2 cells demonstrated a
high susceptibility to SDHI exposure, as we observed an increase in early apoptotic cells
after both Boscalid and Bixafen (1 µM) short-term exposure (Figure 7). No significant
induction of apoptosis was observed in PBMCs and in BJ-fibroblasts (Figure 7). The latter
results are the likely consequence of the smaller increase in mitochondrial ROS production
(Figure 5) in those cells lines compared with HepG2 cells.
Overall, our results demonstrated that a short-term exposure to Boscalid and Bixafen
leads to mitochondrial dysfunction in human cells. While bioenergetics was not affected,
the SDHI exposure led to an increase in mitochondrial ROS in cells with insufficient
antioxidant capacity and to an induction of apoptosis in cells with the highest production
of mitochondrial superoxide.
As mentioned earlier, the cell lines used in the present study are representative of
cells that are most likely to be in contact with SDHIs after exposure (blood, liver and skin).
Of note, the HepG2 cell is not a normal hepatocyte but derives from a liver biopsy of a
differentiated hepatocellular carcinoma. However, the HepG2 human cell line is a model
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4.2. Cell Lines and Culture

All cell lines were purchased from The American Type Culture Collection (Manassas,
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◦
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serum (FBS) (Thermo Fisher Scientific). Hs27 (human skin fibroblasts) and PBMC (peripheral blood mononuclear cells) were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) and RPMI-1640 respectively, both supplemented with 10% of FBS.
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4.3. EPR Oximetry
EPR oximetry is based on the use of an oxygen-sensing probe, 15 N-PDT (4-oxo-2,2,6,6tetramethylpiperidine-d16 -15 N-1-oxyl), to measure variations in oxygen levels in samples,
and subsequently cells’ oxygen consumption rate (OCR) in a sealed capillary. 15 N-PDT
EPR linewidth is very narrow due to deuterium substituting hydrogen, providing a high
sensitivity to measure the broadening induced by the oxygen content in the preparation.
Oxygen consumption rate (OCR) of cell lines was measured using a Bruker EMX-Plus
spectrometer operating in X-band (9.85 GHz) and equipped with a PremiumX ultra low
noise microwave bridge and a SHQ high sensitivity resonator. The EPR cavity was heated
at 310 K with continuous nitrogen flow during all experiments. Respiration mixture was
composed of 60 µL of previously harvested cells (stock solution 5.106 cells/mL of culture
medium), 40 µL of Dextran solution (20%) and 4 µL of 15 N-PDT (2 mM), transferred into a
hematocrit capillary sealed with gum. The final device was inserted into a quartz tube and
put into the EPR cavity. Experimental parameters for acquisition set in the Bruker Xenon
Spin fit program were: microwave power, 2.518 mW; modulation frequency, 100 kHz;
modulation amplitude, 0.005 mT; center field, 335 mT; sweep width, 1.5 mT; sweep time,
15 s. An automated “2D-field-Delay” measurement was launched 3 min after probe mixing,
counting 15 points with a time delay of 60,000 ms. Data analysis was performed switching
to processing mode and using “peak picking” on selected regions of the 15 N-PDT –peaks.
The final file was saved as an ASCII file to extract linewidth data at each point. 15 N-PDT
linewidth was correlated with the % of oxygen with a calibration curve. OCR corresponded
to the slope of oxygen level during time.
4.4. EPR Superoxide Measurement
Mitochondrial superoxide measurements by EPR were based on the use of MitoTEMPO-H, a cyclic hydroxylamine, able to detect superoxide in complex biological media
with high sensitivity. Thanks to its tryphenylphosphonium moiety (TPP+ ), this probe enters
into and accumulates within mitochondria, enabling specific measurement of mitochondrial
superoxide. Superoxide production was monitored using a Bruker EMX-Plus spectrometer
operating in X-band (9.85 GHz) and equipped with a PremiumX ultra low noise microwave
bridge and a SHQ high sensitivity resonator. The EPR cavity was heated at 310 K with
continuous air flow during all experiments. The mixture combined 37 µL of cell suspension
(stock solution: 20.106 cells/mL culture medium), 0.56 µL of DTPA (100 mM), 5 µL of PBS
((1×) − pH 7.4) and 7.5 µL of Mito-TEMPO-H (1mM). Superoxide production contribution
was assessed by making another measurement using the same conditions but adding
2.5 µL of PEG-SOD2 (4000 U/mL) to replace 2.5 µL of PBS. PEG-SOD2 was incubated
15 min before adding the Mito-TEMPO-H probe. Previous studies have shown that the
pre-incubation of cells in the presence of PEG-SOD allows the cellular uptake of the enzyme
and intracellular scavenging of superoxide [42]. Mito-TEMPO-H stock solution was flushed
with Argon prior and during pipetting to avoid probe oxidation. The final solution was
transferred into a PTFA tube (inside diameter 0.025 in., wall thickness 0.002 in.) cutting
of 12 cm using a needle and folded in 6 before being inserted into an open quartz tube.
Experimental parameters for acquisition set in the Bruker Xenon Spin fit program were:
microwave power, 20 mW; modulation frequency, 100 kHz; modulation amplitude, 0.1 mT;
center field, 336.5 mT; sweep width, 1.5 mT; sweep time, 30.48 s. An automated “2D-fieldDelay” measurement was launched 3 min after probe mixing, counting 11 points with
a time delay of 40,000 ms. Data analysis was performed switching to processing mode
and using “Integration & derivative” and “double integration” on selected regions of the
peaks. The final file was saved as an ASCII file to extract double integration (DI) data at
each timepoint. Point 1 DI was subtracted from point 11 DI for each condition. Superoxide
contribution was measured by subtracting mean PEGSOD2 DI to mean control DI.
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4.5. Cell death Detection by Flow Cytometry
Apoptotic changes in cells were assessed using the eBioscience™ Annexin V Apoptosis
Detection Kit APC (Thermofisher, Waltham, MA, USA). A total of 50,000 cells per condition
were plated 2 days before treatment in T25 flasks. On the day of the experiment, cells were
treated for 2 h with 1 µM of Boscalid, Bixafen or control solution (DMSO 0.1%) mixed into
their respective culture media. Cells were then detached with trypsin (0.25% trypsin-EDTA
was used for HepG2 cells), harvested into their respective old media, centrifuged and
transferred into a FACS tube with fresh media. The staining protocol briefly included
washing the cells with PBS, then adding 80 µL of binding buffer along with 5 µL Annexin V
(AnnV) and 5 µL Propidium Iodide (PI) per tube. Cells were kept in the dark for 15 min until
FACS assessment, with an additional 100 µL of binding buffer. Data were acquired using a
BD FACSCantoII flow cytometer equipped with Diva Software and processed with FlowJo
software. At least 10,000 events were analyzed for each condition. Cells’ subpopulations
were identified according to unstained control cells and distinguished between alive
(AnV− PI−), early apoptotic (AnV+ PI−) and late apoptotic/necrotic (AnV+ PI+).
4.6. Global ROS Production Using H2 DCFDA
Intracellular ROS were detected by flow cytometry using a cell-permanent 20 ,70 dichlorofluorescein diacetate (H2 DCFDA) fluorescent probe. Once inside the cell, the
probe was cleaved by endogenous esterases and became fluorescent after oxidation by ROS.
HepG2 cells were treated for 2 h with 1 µM of Boscalid (BOS) and Bixafen (BIX), or control
solution (DMSO 0.1%) then incubated with H2 DFCDA (10 µM final concentration) for
30 min at 37 ◦ C. Cells were then harvested with 0.25% trypsin-EDTA solution, suspended
into fresh medium, and immediately analyzed by flow cytometry. Data were acquired
using a FACSCanto II cytofluorimeter equipped with Diva Software and processed with
FlowJo software.
4.7. Cellular ATP Production
HepG2 ATP production was measured using the CellTiter-Glo® Luminescent Cell
Viability Assay (Promega, Madison, WI, USA). HepG2 were cultured on a 96-well plate
then treated the day after with 1 µM of Boscalid (BOS) and Bixafen (BIX), or control solution
(DMSO 0.1%) for 2 and 24 h (100 µL media/well). ATP quantification was performed with
a standard curve using ATP disodium (10 nM to 1 µM) in cell-free media. The entire plate
was then mixed for 2 min on an orbital plate after 100 µL of reagent was added to each
well. Luminescence was measured with the SpectraMax at 560 nm after 10 min incubation
at RT to stabilize signal.
4.8. Statistics
Data were represented as means ± SEM. All experiments were performed in triplicates
or more. Student T tests were applied for OCR and superoxide measurements experiments,
whereas One-way ANOVA were performed on all other experiments.
5. Conclusions
A short-term exposure of the HepG2 human cell line to SDHI-fungicides Boscalid
and Bixafen induces a mitochondrial dysfunction, altering the oxygen consumption, the
mitochondrial ROS production, and eventually leading to apoptosis. Further research is
warranted to assess the effect of repeated exposures and relevance of these observations
for human health.
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