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A B S T R A C T   

Vinclozolin (VCZ) is a common dicarboximide fungicide used to protect crops from diseases. It is also an 
endocrine disruptor, and its effects on various organs have been described but its influence on vasculature has 
not yet been addressed. This study focuses on the potential mechanism of VCZ-induced vascular injury. The effect 
of VCZ on vascular function in terms of relaxing and contracting response was evaluated in mice aorta. A short 
exposure to VCZ affected the endothelial but not the smooth muscle component. Specifically, it caused a 
disruption of the eNOS/NO signaling. In line, a short exposure to VCZ in bovine aortic endothelial cells promoted 
eNOS uncoupling resulting in a reduction of NO bioavailability and eNOS dimer/monomer ratio, and in turn an 
increase of nitro-tyrosine levels and ROS formation. Prolonging the exposure to VCZ (3 and 6h) an up-regulation 
of Nox4, enzyme-generating ROS constitutively expressed in endothelial cells, and an increase in ROS and 
malondialdehyde content coupled with a reduction in NO levels were found. These events were strictly linked to 
endoplasmic reticulum stress as demonstrated by the phosphorylation of inositol-requiring transmembrane ki
nase endoribonuclease 1α (IRE1α), a stress sensor and its reversion by using a selective inhibitor. Collectively, 
these results demonstrated that VCZ provokes endothelial dysfunction by oxidative stress involving eNOS/Nox4/ 
IRE1α axis. The rapid exposure affected the endothelial function promoting eNOS uncoupling while a post- 
transcriptional modification, involving Nox4/IRE1α signaling, occurred following prolonged exposure. Thus, 
exposure to VCZ could contribute to the onset and/or progression of cardiovascular diseases associated with 
endothelial dysfunction.   

1. Introduction 

Over the last decades, an increase in the incidence of cardiovascular 
and metabolic disorders has been registered (Wilkins et al., 2017). 
Although poor diet and physical inactivity are contributing factors, these 
lifestyle changes alone are not enough to explain the scale and speed of 

the epidemic. Nowadays, endocrine-disrupting chemicals (EDCs) are 
gaining attention among different chemical classes causing various 
adverse health effects. EDCs are substances that interfere with hormones 
by several mechanisms including receptor activation or antagonism, 
changes in gene and protein expression, modification of signal trans
duction, and/or epigenetic modifications in hormone-producing cells 
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(Hall and Korach, 2021; Kahn et al., 2020). EDCs are extensively present 
in consumer products, food-contact materials, plasticizers, pharmaceuti
cals, industrial pollutants, phytochemicals, and pesticides therefore there 
is continuous daily human exposure to these environmentally toxic 
chemicals (Kuo et al., 2012; Yilmaz et al., 2020). Epidemiological evi
dence supports an association between EDCs exposure and diminished 
quality of life, lower cancer-free survival, and endocrine diseases 
including obesity, type 2 diabetes mellitus, and metabolic syndrome 
(Gore et al., 2015; Kahn et al., 2020; Zoeller et al., 2012). Specifically, 
epidemiological and preclinical studies support the role of various con
taminants in the pathogenesis of diabetes, and macrovascular complica
tions, including atherosclerosis, stroke, coronary artery disease, and 
peripheral vascular disease (Cosselman et al., 2015; Kirkley and Sargis, 
2014; Migliaccio et al., 2021). Among EDCs, Vinclozolin [3-(3, 
5-dichlorophenyl)-5-methyl-5-vinyloxazolidine-2,4-dione] (VCZ), a 
common dicarboximide fungicide, is widely used in Europe and United 
States of America to control fungal diseases caused by Botrytis cinerea, 
Sclerotinia sclerotiorum, and Monilinia sp. in fruits and vegetables as well as 
in turf on golf courses (Marinaro and Tanrikut, 2019, [U.S. Environmental 
Protection Agency (EPA) 2003]). Among the effects attributable to VCZ, 
this is known to bind the androgen receptor (AR) competitively, thereby 
antagonizing the binding of natural androgens, disrupting 
androgen-dependent gene expression, and thus the function of tissues 
sensitive to these hormones (Feijó et al., 2021; Kelce et al., 1994). 
Recently, Di Paola and coworkers demonstrated the nephrotoxicity of 
VCZ caused by renal fibrosis and impaired function due to altered mito
chondrial homeostasis, oxidative stress, and apoptosis (Di Paola et al., 
2022). In this scenario, it has also been demonstrated that prolonged and 
repeated exposure to VCZ causes cardiotoxicity. VCZ reduces the anti
oxidant capacity and increases lipid peroxidation in exposed rats, 
inducing myocardial tissue changes and fibrosis, coupled with an increase 
in levels of biomarker enzymes of cardiac injury (Peritore et al., 2023). 
Additionally, long-term exposure to VCZ by oral administration provokes 
serious alteration to the respiratory system in mice (D’Amico et al., 
2022a). Indeed, a significant increase in both Nf-kb and Nrf-2 pathways, 
as well as in pro-inflammatory cytokines and reactive oxygen species 
(ROS) production was found in the lung. Collectively, VCZ-induced 
toxicity beyond its binding to AR is due to the ROS production leading 
to an imbalance in the physiological cellular homeostasis (D’Amico et al., 
2022a, 2022b; Di Paola et al., 2022; Gazo et al., 2013; Peritore et al., 
2023). Although the toxic action of VCZ exposure on various organs has 
been studied, it remains to be ascertained whether VCZ could affect 
vascular function contributing to macrovascular complications associated 
with endocrine diseases. In this study, we aimed to fill this gap by eval
uating the impact of VCZ on vascular function in the mouse aorta and 
endothelial cells. 

2. Material and methods 

2.1. Animals 

Animal care and experimental procedures follow specific guidelines 
of the Italian and European Council law for experiments involving ani
mals. All procedures were approved by the local animal care office 
(Centro Servizi Veterinari, University of Naples, Federico II) and carried 
out following ARRIVE guidelines (Kilkenny et al., 2010; Lilley et al., 
2020) and EU recommendations (Directive, 2010/63/EU) for experi
mental design and analysis in pharmacology care. The procedure was 
authorized by the Italian Health Ministry (code number: 734/2023). 
Male CD1 mice (25–28 g, Charles River, Calco, Italy) were housed in the 
animal care facility at the Department of Molecular Medicine and 
Medical Biotechnology, School of Medicine and Surgery, University of 
Naples, Italy. Animals were kept in a controlled environment with 
temperature (21 ± 2 ◦C), humidity (60 ± 10%), and 12-h light/dark 
cycles with free access to standard rodent chow and water. 

2.2. Organ bath experiments 

Mice were euthanized by an overdose of enflurane, the thoracic aorta 
was rapidly removed and cleaned from adherent connective and fat 
tissue. Aortic rings (1–1.5 mm) were cut and placed in isolated organ 
baths filled with oxygenated Krebs solution (NaCl 118 mM, KCl 4.7 mM, 
MgCl2 1.2 mM, KH2PO4 1.2 mM, CaCl2 2.5 mM, NaHCO3 25 mM, and 
glucose 10.1 mM; Carlo Erba Reagents S.r.l., Milan, Italy) at 37 ◦C. The 
rings were connected to an isometric transducer (FORT25, World Pre
cision Instruments, 2Biological Instruments, Besozzo VA, Italy), and 
changes in tension were continuously recorded with a computerized 
system (Power Lab 8/35, 2Biological Instruments). Rings were initially 
stretched to a resting tension of 1 g and allowed to equilibrate for 60 
min. The bathing solution was periodically changed, and tension was 
reset when needed. In each set of experiments, rings were first chal
lenged with phenylephrine (PE, 1 μM; Sigma-Aldrich, Milan, Italy) until 
the response was reproducible. In order to verify the integrity of the 
endothelium, an acetylcholine (Ach) cumulative concentration-response 
curve (10 nM - 30 μM) was performed on PE pre-contracted rings 
(Mitidieri et al., 2018, 2020). Rings not reaching a relaxing response to 
Ach of 70% were discarded. To evaluate the effect of VCZ on contractile 
function, a concentration-response curve to PE (1 nM - 3 μM) was per
formed before and after 30 min of incubation with vehicle (DMSO 0.1%; 
Sigma-Aldrich, Milan, Italy) or VCZ (100 nM and 1 μM; Sigma-Aldrich, 
Milan, Italy). In order to verify a possible effect of VCZ on endothelium, 
a cumulative concentration–response curve to acetylcholine (Ach, 10 
nM–30 μM; Sigma-Aldrich, Milan, Italy) was performed on rings 
pre-contracted with PE (1 μM) before and after 30 min of incubation 
with vehicle or VCZ (100 nM and 1 μM). Similarly, the effect of VCZ was 
also evaluated on the isoprenaline-, a β agonist (10 nM - 30 μM; 
Sigma-Aldrich, Milan, Italy), and sodium nitroprusside-relaxant effect 
(SNP, 0.1 nM–0.1 μM; Sigma-Aldrich, Milan, Italy). Data, expressed as 
mean ± SD (n = 5), are reported as % of relaxation respect to 
PE-induced tone. 

2.3. Cell culture 

Bovine aortic endothelial cells (BAEC) were cultured in Modified 
Dulbecco’s Medium (DMEM) medium supplemented with 2 mmol/L 
glutamine, 10% heat-inactivated fetal bovine serum, 50 U/mL peni
cillin/streptomycin, and incubated at 37 ◦C in a 5% CO2/95% air 
environment. The medium was changed every day until the cells became 
confluent. Passages 6–9 were used in all experiments (Vellecco et al., 
2016). After serum deprivation for 24 h, the cells were treated with VCZ 
(100 nM) or vehicle for 30 min, 3 and 6 h with DMEM w/o phenol red. In 
another set of experiments, MKC3946 (10 μM; MedChemExpress - DBA 
ITALIA S.R.L., Milan, Italy), a selective inhibitor of inositol-requiring 
transmembrane kinase endoribonuclease-1α (IRE1α), was used in com
bination with VCZ (100 nM) for 3h and 6 h of exposure. 

2.4. MTT assay 

Cell proliferation was measured by MTT (3-(4,5-dimethylthiazol-2- 
yl) 2,5-diphenyltetrazolium bromide) assay (Casertano et al., 2023). 
BAEC were seeded on 96-well plates (5 × 104 cells/well) and maintained 
at 37 ◦C. After 24 h, cells were treated with VCZ (100 nM) or vehicle for 
30 min, 3 and 6 h. MTT (5 mg/ml in PBS 1x; Merk, Italy) was added to 
each well. The plate was incubated for 3 h at 37 ◦C. The medium was 
then removed from the wells and dimethyl sulfoxide (DMSO; 
Sigma-Aldrich, Milan, Italy) was added to dissolve formazan crystals 
and stirred for 15 min. Absorbance was measured with a microplate 
spectrophotometer (Thermo Scientific Multiskan GO, Thermo Fisher 
Scientific, MA, USA) equipped with a 570 nm filter. Data, expressed as 
mean ± SD (n = 5), are reported as % viability. 
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2.5. Trypan blue assay 

The cytotoxic effect of VCZ was measured by trypan blue assay. Cells 
were plated in 24-well multiwells (5 × 105 cells/well) and maintained at 
37 ◦C. After 24 h, cells were treated with VCZ (100 nM) or vehicle for 30 
min, 3 and 6 h. Trypan blue 0.4% was added to each well in a 1:1 ratio 
with the cell suspension, and the percentage of viability was measured 
with a cell counter (TC20 Automated Cell Counter-Biorad). Data, 
expressed as mean ± SD (n = 5), are reported as % viability. 

2.6. Western blot 

BAEC pellets pre-treated with vehicle or VCZ (100 nM) for 30 min, 3, 
and 6 h were homogenized with liquid nitrogen in modified RIPA buffer 
(Tris-HCl 50 mM, pH 7.4, Triton 1%, sodium deoxycholate 0.25%, NaCl 
150 mM, ethylenediaminetetraacetic acid 1 mM, phenyl
methylsulfonylfluoride 1 mM, aprotinin 10 μg/mL, leupeptin 20 μM, 
NaF 1 μM, sodium orthovanadate 1 μM). Protein concentration was 
assessed by Bradford assay, using bovine serum albumin (BSA; Biorad, 
Milan, Italy) as standard. Denatured proteins (50 μg) were separated by 
using a 8% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and 
transferred to a polyvinylidene fluoride membrane (d’Emmanuele di 
Villa Bianca et al., 2016). The membranes were blocked by incubation in 
phosphate-buffered saline (PBS) containing 0.1% v/v Tween 20% and 
5% nonfat dried milk (Applichem, Darmstadt, Germany) for 1 h at room 
temperature and then incubated overnight at 4 ◦C with primary rabbit 
antibodies against NADPH Oxidase 4 (Nox4; 1:500, NB110-58849, 
Novus Biologicals, Abingdon, UK), phospho-eNOS (p-eNOS, 1:1000; 
9571s, Cell Signaling, Milan, Italy), eNOS (1:1000; 610297, BD Trans
duction Laboratories, Milan, Italy)-p- IRE1α (; 1:500; DF8322, Affinity 
Biosciences, Melbourne, Victoria, Australia), nitro-tyrosine (1:1000; 
9691, Cell Signaling, Milan, Italy)or mouse antibodies against IRE1α 
(1:500; sc- 390960, Santa Cruz Biotechnology, Heidelberg, Germany). 
The target protein band intensity was normalized with the housekeeping 
protein Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH; 1:3000; 
E-AB, 20059, Elabscience Biotechnology, Houston, Texas, USA). Mem
branes were extensively washed in PBS containing 0.1% v/v Tween 20 
before incubation with horseradish peroxidase-conjugated secondary 
antibody for 2 h at room temperature and developed using Enhanced 
Chemiluminescence Substrate (Clarity TM Western ECL Substrate, 

Bio-Rad Laboratories, CA, USA). 
In another set of experiments low-temperature SDS-PAGE (LT-PAGE) 

was performed for detection of endothelial nitric oxide (eNOS) uncou
pling. BAEC homogenates were subjected to SDS-PAGE with 6% gel. 
Gels and buffers were equilibrated at 4 ◦C before electrophoresis, and 
the buffer tank was placed in an ice bath during electrophoresis to 
maintain the temperature of the gel <15 ◦C to detect intact eNOS dimers 
and monomers (Yang et al., 2009). Gels were transferred, and the blots 
were probed as routine Western blots. Membranes were incubated 
overnight at 4 ◦C with primary mouse antibodies against eNOS (1:1000; 
610297, BD Transduction Laboratories, Milan, Italy), and β-actin 
(1:3000; A5441, Sigma-Aldrich, Milan, Italy) was used as a house
keeping protein. Images for Western blot have been obtained by using 
the Chemidoc System (Bio-Rad, Milan, Italy). Quantification of results 
was determined using ImageJ Software (version 1.52a, U.S. National 
Institutes of Health). Data, expressed as mean ± SD (n = 3), are reported 
as optical density (O.D.). 

2.7. NOx levels 

BAEC treated with vehicle or VCZ (100 nM) at 30 min, 3h, or 6h were 
used to evaluate NOx levels. In another set of experiments, cells were 
treated with VCZ for 3h or 6h in the presence or absence of MKC3946 
(10 μM) to assess the involvement of IRE1α. In detail, homogenates were 
incubated in a 96-well plate with cadmium (Sigma-Aldrich; Milan Italy; 
50 mg/well) for 1 h to convert the inorganic anion nitrate (NO3

− ) to 
nitrite (NO2

− ) (Olivencia et al., 2023). After centrifugation at 8000g, 
total NOx content was determined using a fluorometric method by 
Promega Glomax explorer (Wisconsin, USA) and calculated against a 
standard curve of sodium nitrite (NaNO2, 50–2000 nM; Sigma-Aldrich, 
Milan Italy). Data, expressed as mean ± SD (n = 5), are reported as 
nmol/mg protein. 

2.8. RNA purification and quantitative real-time PCR 

Total RNA was extracted from BAEC cells using the QIAzol Lysis 
Reagent according to the manufacturer’s instructions (Qiagen, Hilden, 
Germany). Spectrophotometric quantization of each purified RNA was 
estimated using a Nanodrop apparatus (Thermo Fisher Scientific, MA, 
USA). The purified RNA was considered DNA and protein-free if the 

Fig. 1. Effect of exposure to VCZ on vascular reactivity in mouse aorta. Concentration-response curve of PE (1 nM - 3 μM) pre and post-incubation with VCZ (A) 
100 nM or (B) 1 μM for 30 min. Exposure to VCZ 100 nM or 1 μM did not significantly modify the contractile response of PE. Data, expressed as means ± SD (n = 5) 
are reported as dyne/mg tissue. Concentration-response curve of Ach (10 nM - 30 μM) on PE stable tone (1 μM) pre and post-incubation with VCZ (C) 100 nM or (D) 
1 μM for 30 min. Exposure to VCZ 100 nM or 1 μM significantly reduced Ach-induced relaxation (***p < 0.001). Data, expressed as mean ± SD (n = 5 mice), are 
reported as % of relaxation respect to PE stable tone. Two-way ANOVA analysis followed by Bonferroni post hoc test was used. 
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ratio between readings at 260/280 nm was ≥1.8. Isolated mRNA was 
reverse-transcribed using iScript Reverse Transcription Supermix for 
RT-qPCR (Bio-Rad, Italy). qPCR was carried out in a CFX96 real-time 
PCR detection system (Bio-Rad) with the use of SYBR Green master 
mix kit (Bio-Rad) and the following primers: Nox4: (Forward primer: 
ACACCTCTGCCTGCTTATCTG; Reverse primer: CGATCCTCGAAG
GAAAGCCA). The real-time PCR cycling protocol was: (i) polymerase 
activation and DNA denaturation 95 ◦C for 30 s; (ii) amplification for 40 
cycles; (iii) denaturation for 15 s at 95 ◦C; (iv) annealing and extension 
for 30 s 60 ◦C; (v) plate read at 60 ◦C; and (vi) melt-curve analysis 
performed at 65–95 ◦C in 0.5 ◦C increments at 5 s/step. The house
keeping gene GAPDH (Forward primer: TCGGAGTGAACGGATTCGGC; 
Reverse primer: TGATGACGAGCTTCCCGTTC) was used as an internal 
control to normalize the CT values, using the 2− ΔΔCt formula (Bello 
et al., 2023). 

2.9. Intracellular reactive oxygen species measurement 

The generation of ROS was estimated using the fluorescence probe 
2′,7′-Dichlorfluorescein (DCF, Sigma-Aldrich, Milan, Italy). BAEC cells 
were plated in 96-multiwell black plates (Corning, USA) at the density of 
104 cells/well and once reached 80% of confluence were incubated with 
VCZ (100 nM) for 30 min, 3 and 6 h. In another set of experiments, cells 
were treated with VCZ for 3h or 6h in the presence or absence of 
MKC3946 (10 μM) to assess the involvement of IRE1α. After washing 
with PBS, cells were incubated for 30 min with DCF 10 μM in HBSS 
containing 1% FBS. Finally, cells were washed and incubated with 
Fenton’s reagent (H2O2/Fe2

+ 2 mM) for 3 h at 37 ◦C. The DCF fluores
cence intensity was detected using a fluorescent microplate reader 
(excitation 485 nm and emission 538 nm; GloMax®-Multi Detection 
System, Promega). Data, expressed as mean ± SD (n = 5), are reported 

as relative DCF fluorescence after normalizing to viable cell numbers. 

2.10. Intracellular malondialdehyde measurement 

BAEC were treated with vehicle or VCZ for 3h, or 6h, and the 
malondialdehyde (MDA) content, as an index of lipid peroxidation, was 
evaluated. In detail, BAEC were homogenized according to the manu
facturer’s instructions (Sigma-Aldrich, Milan, Italy). Samples were 
centrifuged at 13000×g for 10 min and supernatants were incubated 
with thiobarbituric acid. The mixture was heated at 95 ◦C for 1h and 
then cooled in ice for 15 min. MDA content was determined using a 
colorimetric method by Promega Glomax Explorer (Wisconsin, USA) 
and calculated against a standard curve of MDA (4–20 mM). Data, 
expressed as mean ± SD (n = 5), are reported as nmol/ml. 

2.11. Statistics 

Analysis was performed using GraphPad Software v8 (GraphPad 
Software Inc., USA). Data are presented as means ± SD of n = 3/5. For 
this study Student’s t-test or Two-way ANOVA analysis was used as 
needed. p values less than 0.05 were considered statistically significant. 

3. Results 

3.1. Vinclozolin effect on mouse aorta 

The effect of VCZ exposure was evaluated on smooth muscle and 
endothelial components in mouse aorta. In order to address this issue, a 
concentration-response curve to PE, α1 adrenoceptor agonist, was per
formed before and after incubation with VCZ (100 nM or 1 μM) or 
vehicle. VCZ at both concentrations and vehicle (DMSO, Fig. S1A) did 

Fig. 2. Effect of exposure to VCZ on endothelial function in mouse aorta. 
Concentration-response curve of (A) isoprenaline (10 nM - 30 μM) or (B) sodium nitroprusside (0.1 nM-0.1 μM) on PE stable tone (1 μM), pre and post-incubation 
with VCZ (100 nM for 30 min). Exposure to VCZ significantly reduced the isoprenaline-induced relaxant effect (***p < 0.001). Exposure to VCZ did not influence the 
vasorelaxant effect of sodium nitroprusside. Data, expressed as mean ± SD (n = 5 mice), are reported as % of relaxation respect to PE stable tone. Two-way ANOVA 
analysis followed by Bonferroni post hoc test was used. 

Fig. 3. Effect of exposure to VCZ on cell viability Cell viability in BAEC incubated with VCZ (100 nM) or vehicle at 30 min, 3h, and 6h by using (A) MTT or (B) 
Trypan blue assay. The exposure to VCZ at 30 min, 3h, and 6h did not show any cytotoxic effect. Data, expressed as mean ± SD (n = 5), are reported as % viability. 
One-way ANOVA analysis followed by Bonferroni post hoc test was used. 
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not modify the contraction induced by PE, indicating no effect on the 
muscle component (Fig. 1A and B). In another set of experiments, a 
concentration-response curve to Ach before and after incubation with 

vehicle or VCZ (100 nM or 1 μM) was performed to assess the endothelial 
function. VCZ at both concentrations tested but not the vehicle 
(Fig. S1B), significantly reduced the Ach-induced relaxation, suggesting 
a damage to the endothelial component (***p < 0.001; Fig. 1C and D). 

To rule out that the observed effect on endothelium is not related to a 
selective action on muscarinic receptors, we used isoprenaline, a β 
agonist that in part acts via endothelium/NO-dependent mechanism 
(Ferro et al., 1999). VCZ (100 nM) but not the vehicle (Fig. S1C) caused a 
significant reduction in the isoprenaline relaxant effect (***p < 0.001 
Fig. 2A). Differently, the relaxant effect of SNP, a classic NO donor, was 
not modified by VCZ exposure (Fig. 2B). 

3.2. Effect of short exposure to vinclozolin on endothelial cells 

To better define the effect of VCZ on the endothelium we moved on 
BAEC. BAEC were exposed to VCZ (100 nM) for 30 min, to replicate the 
conditions used for functional studies, and also for a longer exposure i.e. 
3h or 6h. The effect of VCZ on cellular viability was evaluated to exclude 
a general (unspecific) cytotoxic action on endothelium. The incubation 
of VCZ at 30 min, 3h, and 6 h did not affect cell viability, suggesting a 
selective target on endothelial cell function (Fig. 3A and B). Based on the 
functional data, NO production, as a hallmark of endothelial injury, was 
measured in BAEC after 30 min of incubation. In line with the functional 
data, the exposure to VCZ significantly reduced the amount of NO 
compared to the vehicle (**p = 0.0016; Fig. 4A). In order to examine the 
interference of VCZ on NO bioavailability, the phosphorylation of eNOS 
on Ser 1177, an index of eNOS activity, was evaluated. BAEC exposed to 
VCZ for 30 min showed a reduction in the ratio of peNOS/eNOS (p =
0.051; Fig. 4B). In parallel, the eNOS expression in terms of dimer and 
monomer, as an indicator of eNOS uncoupling, was investigated (Eid 
et al., 2013; Rajapakse et al., 2011). The dimer-to-monomer ratio was 
significantly decreased in BAEC after 30 min of exposure to VCZ (***p =
0.0007; Fig. 4C). These latter results, i.e. the reduction of NO and eNOS 
dimer/monomer ratio, translate to an increase of nitro-tyrosine levels as 
a surrogate for peroxynitrite (ONOO− ) (David et al., 2023) (*p = 0.042, 
Fig. 4D). In parallel, ROS production was evaluated in BAEC exposed to 
VCZ for 30 min. A marked increase in ROS levels was found, suggesting 
that short exposure to VCZ leads to eNOS uncoupling coupled with a 
reduction in NOx bioavailability and an increase in ROS production 
(***p = 0.0008, Fig. 4E)Finally, Nox4, the major ROS-generating 
enzyme within the vasculature (Yu et al., 2021) was not modified in 
terms of both mRNA and protein expression, indicating that a 
post-transcriptional event is not involved after short exposure to VCZ 
(Fig. 4F and G). 

3.3. Effect of prolonged exposure to vinclozolin on endothelial cells 

A prolonged exposure to VCZ (100 nM) i.e. 3h caused a significant 
reduction in NO bioavailability (***p = 0.0004; Fig. 5A) coupled to a 
significant increase in Nox4 expression as both mRNA and protein (*p =
0.049 and *p = 0.0162; Fig. 5B and C). Based on the fact that Nox4 
induces ER stress in endothelial cells leading to endothelial dysfunction 
(Yu et al., 2021), IRE1α, as the interface between Nox4, ROS, and ER 
stress, was investigated. A marked increase in phosphorylation of IRE1α 
(*p = 0.04, Fig. 5D) coupled with a significant increase of ROS (**p =
0.0087, Fig. 5E) and MDA amount (*p = 0.042, Fig. 5F) was found in 
BAEC after 3h of exposure to VCZ. Prolonging the exposure to VCZ, i.e. 
6h, a marked reduction in NO levels yet persisted (***p = 0.0001; 
Fig. 6A) together with a significant increase in Nox4 expression as 
mRNA and protein (*p = 0.034and ***p = 0.0006; Fig. 6B and C) and 
IRE1α phosphorylation (*p = 0.033; Fig. 6D) along with a significant 
increase in ROS (***p = 0.0002; Fig. 6E) and MDA production (***p =
0.0002; Fig. 6F), confirming the involvement of Nox4-dependent ER 
stress axis. 

To further confirm the role of IRE1α in VCZ-induced effect, 
MKC3946 (10 μM), a selective inhibitor of IRE1α was used. The blockage 

Fig. 4. Effect of 30 min of exposure to VCZ on eNOS/NO signaling in BAEC 
(A) NOx measurement in BAEC incubated with vehicle or VCZ (100 nM). VCZ 
exposure significantly reduced NO production compared to the vehicle (**p =
0.0016). Data, expressed as mean ± SD (n = 5), are reported as nmol/mg 
protein. Representative Western blot for (B upper) p-eNOS and eNOS, (C upper) 
eNOS dimer and monomer, (D upper) nitro-tyrosine expression in BAEC incu
bated with vehicle or VCZ (100 nM). VCZ reduced peNOS/eNOS ratio (B, p =
0.051), and the eNOS dimer-to-monomer ratio (C, ***p = 0.0007) and 
increased nitro-tyrosine (D, *p = 0.042) expression compared to the vehicle. 
Data, expressed as mean ± SD (n = 3) are reported as optical density (O.D. 
*mm). (E) ROS content in BAEC incubated with vehicle or VCZ (100 nM). The 
amount of ROS significantly increased in BAEC exposed to VCZ compared to the 
vehicle (***p = 0.0008). Data, expressed as mean ± SD (n = 5), are reported as 
relative DCF fluorescence intensity after normalizing to viable cell numbers. (F) 
mRNA quantification and (G upper) representative Western Blot for Nox4 
expression in BAEC incubated with vehicle or VCZ (100 nM). The mRNA and 
protein expression of Nox4 were not modified in BAEC exposed to VCZ 
compared to the vehicle. Data, expressed as mean ± SD (n = 3) are reported as 
mRNA expression levels and optical density (O.D.*mm), respectively. Student’s 
t-test was used. 
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of IRE1α completely reverted the reduction in NO levels following 3h 
and 6 h of VCZ exposure (**p = 0.0022 at 3h and ***p = 0.0004 at 6h vs 
vehicle; #p = 0.0142 at 3h and #p = 0.047 at 6h vs VCZ, Fig. 7A and C). 
Similarly, MKC3946 (10 μM) prevented the increase in ROS production 
induced by VCZ exposure at 3h and 6h (***p = 0.0002 at 3h and ***p =
0.0003 at 6h vs vehicle and ##p = 0.0035 at 3h and ##p = 0.0080 at 6h 
vs VCZ, Fig. 7B and D). 

4. Discussion 

Public interest in the impact of EDCs on health is growing, given their 
increasing accumulation in the environment. Humans are widely 
exposed to their actions considering that EDCs are extensively present in 
food and contact materials, cosmetics, household goods, and toys 
(Zoeller et al., 2012). EDCs are actually recognized to affect various 
organs and systems, such as the prostate, breast, liver, thyroid, lung, and 
heart, and the reproductive system, or metabolism (Ahn and Jeung, 
2023; Schug et al., 2011). A huge number of chemicals have been 
identified as EDCs, among them, VCZ, a systemic fungicide, largely used 
in agriculture is drawing attention. To date, there is no information 
about the direct effect of VCZ on vasculature although a correlation 
between EDCs and the occurrence and development of cardiovascular 
disease has been reported (Fu et al., 2020; Lind and Lind, 2012; Lind 
et al., 2012). Here we have demonstrated the effect of VCZ in mouse 
aorta, dissecting the endothelium and smooth muscle component. Aortic 
rings were exposed to VCZ and the vascular response to contracting and 
relaxing agents was evaluated. The contractile effect induced by the α1 
adrenoceptor activation, the most abundant receptor in smooth muscle 
cells, was not modified by the exposure to VCZ, excluding an action on 
the muscle component in mice aorta rings. However, we cannot rule out 
that, in an in vivo system, the endothelial dysfunction caused by VCZ 

could also influence the modulation exercised by the endothelium fol
lowed α1 induced contraction, a physiological mechanism occurring 
especially in the resistance arteries. Next, we moved to the endothelium, 
the major regulator of vascular function (Hurairah and Ferro, 2004). In 
clinical practice, the measurement of Ach-dependent dilation or 
flow-mediated dilation makes endothelial dysfunction a measurable as 
well as an early predictor of cardiovascular diseases (Daiber et al., 
2017). Similarly, we used the relaxant effect of Ach in mouse aorta as a 
marker of endothelial function. Interestingly, VCZ incubation in aorta 
tissues caused a reduction in Ach-mediated relaxation, suggesting a 
disruption of the endothelial function. In this regard, it is well known 
that, Ach acts on muscarinic receptors in endothelial cells eliciting an 
increase in the intracellular calcium concentration, which binds to 
calmodulin, leading to the activation of eNOS (Chataigneau et al., 
1999). In this view, to rule out a selective action of VCZ on muscarinic 
receptors, we used isoprenaline, a β agonist that in part relaxes via 
endothelium/NO-dependent (Akimoto et al., 2002; Sorriento et al., 
2011). VCZ as occurs for Ach affected isoprenaline relaxation implying a 
direct effect on endothelium-derived NO. Indeed, the relaxant effect of 
SNP, an exogenous source of NO, that acts bypassing the endothelium, 
was not modified by the VCZ exposure, excluding again the involvement 
of smooth muscle. Collectively these results indicate that VCZ interferes 
with eNOS/NO signaling confined within the endothelium excluding a 
possible action on the smooth muscle component downstream of 
eNOS/NO signaling. To further investigate the VCZ effect on endothe
lium we moved from the mouse aorta to BAEC. In order to dissect the 
short and more prolonged effects of VCZ exposure, BAEC was challenged 
at different time points (30 min, 3h, and 6 h). Firstly, we excluded any 
cytotoxic action of VCZ as it did not affect cell viability. A significant 
reduction in NO amount was found in BAEC incubated with VCZ at all 
times (30 min, 3h, and 6h), confirming the endothelial damage observed 

Fig. 5. Effect of 3h of exposure to VCZ on NO levels and Nox4/IRE1α signaling in BAEC (A) NOx measurement in BAEC incubated with vehicle or VCZ (100 nM). VCZ 
exposure significantly reduced NOx production compared to the vehicle (***p = 0.0004). Data, expressed as mean ± SD (n = 5), are reported as nmol/mg protein. 
(B) mRNA quantification and (C upper) representative Western Blot for Nox4 expression in BAEC incubated with vehicle or VCZ (100 nM). The mRNA and protein 
expression of Nox4 was significantly increased in BAEC exposed to VCZ compared to the vehicle (*p = 0.049 and p = 0.0162, respectively). Data, expressed as mean 
± SD (n = 3) are reported as mRNA expression levels and optical density (O.D.*mm), respectively. (D upper) Representative Western Blot for p-IRE-1α and IRE-1α in 
BAEC incubated with vehicle or VCZ (100 nM). p-IRE-1α/IRE-1α ratio was markedly increased in BAEC exposed to VCZ compared to the vehicle (*p = 0.040). Data, 
expressed as mean ± SD (n = 3) are reported as optical density (O.D.*mm). (E)ROS and (F) MDA content in BAEC incubated with vehicle or VCZ (100 nM). The 
amount of both ROS and MDA was significantly increased in BAEC exposed to VCZ compared to the vehicle (**p = 0.0087 and p = 0.042). Data, expressed as mean 
± SD (n = 5), are reported as relative DCF fluorescence intensity after normalizing to viable cell numbers and nmol/ml, respectively. Student’s t-test was used. 
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Fig. 6. Effect of 6h of exposure to VCZ on NO levels and eNox4/IRE1α signaling in BAEC (A) NOx measurement in BAEC incubated with vehicle or VCZ (100 
nM). VCZ exposure significantly reduced NOx production compared to the vehicle (***p = 0.0001). Data, expressed as mean ± SD (n = 5), are reported as nmol/mg 
protein. (B) mRNA quantification and (C upper) representative Western blot for Nox4 expression in BAEC incubated with vehicle or VCZ (100 nM). The mRNA and 
protein expression of Nox4 was significantly increased in BAEC exposed to VCZ compared to the vehicle (*p = 0.034 and***p = 0.0006, respectively). Data, 
expressed as mean ± SD (n = 3) are reported as mRNA expression levels and optical density (O.D.*mm), respectively. (D upper) Representative Western Blot for p- 
IRE1α and IRE1α expression in BAEC incubated with vehicle or VCZ (100 nM). The phosphorylation of IRE1α is markedly increased in BAEC exposed to VCZ 
compared to the vehicle (*p = 0.033). Data, expressed as mean ± SD (n = 3) are reported as optical density (O.D.*mm). (E) ROS and (F) MDA content in BAEC 
incubated with vehicle or VCZ (100 nM). The amount of both ROS and MDA was significantly increased in BAEC exposed to VCZ compared to the vehicle (***p =
0.0002). Data, expressed as mean ± SD (n = 5), are reported as relative DCF fluorescence intensity after normalizing to viable cell numbers and nmol/ml, 
respectively. Student’s t-test was used. 

Fig. 7. Effect of IRE1α inhibition in BAEC exposed to VCZ for 3h and 6 h (A) and (C) NOx measurement in BAEC incubated with vehicle, VCZ (100 nM) with or 
without MKC3946, a selective IRE1α inhibitor (10 μM) for 3h and 6h respectively. The reduction in NOx bioavailability induced by VCZ (**p = 0.0022 at 3h and 
***p = 0.0004 at 6h vs vehicle) was reverted by MKC3946 (#p = 0.0142 at 3h and #p = 0.047 at 6h vs VCZ). Data, expressed as mean ± SD (n = 5), are reported as 
nmol/mg protein. (B) and (D) ROS content in BAEC incubated with vehicle, VCZ (100 nM), or VCZ with or without MKC3946, (10 μM) for 3h and 6h respectively. 
The increase in ROS production induced by VCZ (***p = 0.0002 at 3h and ***p = 0.0003 at 6h vs vehicle) was significantly reduced by the MKC3946 (##p = 0.0035 
at 3h and ##p = 0.0080 at 6h vs VCZ). Data, expressed as mean ± SD (n = 5), are reported as relative DCF fluorescence intensity after normalizing to viable cell 
numbers Student’s t-test was used. 
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in functional studies. Of note, the reduction in NO bioavailability is a 
common hallmark of endothelial dysfunction mainly related to an 
impairment in eNOS activity and/or eNOS uncoupling. The activity of 
eNOS is regulated by dynamic changes at different phosphorylation 
sites, where the phosphorylation of serine residue 1177 plays a key role 
in eNOS activation (Janaszak-Jasiecka et al., 2023). In line, short 
exposure to VCZ (30 min) reduced the ratio of p-eNOS/eNOS affecting 
eNOS activity. This effect was combined with oxidative NO scavenging 
that occurs in eNOS uncoupling. Specifically, the eNOS uncoupling re
sults in the reduction of NO bioavailability due to its reaction with O2

− to 
produce ONOO− , which can modulate cellular processes through pro
tein nitration. Basically, the uncoupling of eNOS can be indicated by a 
loss of the eNOS dimer and a decrease in the dimer-to-monomer ratio 
(Eid et al., 2013; Rajapakse et al., 2011). The short exposure to VCZ 
significantly reduced the eNOS dimer/monomer ratio in BAEC, indi
cating that VCZ promotes the uncoupling of eNOS, which reflects a 
reduction of NO combined with an increase in protein tyrosine nitration 
and an increase in ROS production. Recent evidence has conferred the 
detrimental effects of VCZ exposure to mitochondrial dysfunction and 
ROS generation in several organs and systems (Peritore et al., 2023; Di 
Paola et al., 2022; Interdonato et al., 2024). Thus, it is feasible to hy
pothesize that VCZ-induced oxidative stress from disruption of mito
chondrial function impairment can trigger eNOS-uncoupling. All these 
events participate in a vicious cycle that culminates in the oxidative 
stress driving endothelial dysfunction. Indeed, the presence of uncou
pled eNOS has been proven in patients with diabetes (Toutouzas et al., 
2008), stroke (Ismail et al., 2020), hypertension (Vokurkova et al., 
2007), and atherosclerosis (Guzik et al., 2013). 

One of the key factors involved in eNOS uncoupling is the oxidative 
stress, where ROS generated by Nox can exacerbate eNOS uncoupling 
(Cai, 2005; Landmesser et al., 2003). It has been demonstrated that 
elevated ROS levels increase in isolated arteries exposed to high pressure 
in vitro (Crimi et al., 2007) leading to endothelial dysfunction (Ungvari 
et al., 2003). Furthermore, the increase in blood pressure disrupts 
endothelial function and enhances oxidative stress in vivo (Ghaleh et al., 
1998; Huang et al., 1998; Virmani et al., 2002). Besides, ROS contributes 
to endothelial dysfunction in experimental and clinical atherosclerosis 
(Mallat et al., 1998; Taniyama and Griendling, 2003). In fact, several 
studies have demonstrated that elevated production of ROS contributes 
to oxidative alterations in the arterial wall, leading to changes in 
intracellular redox homeostasis and cellular damage (Borissoff et al., 
2011; Dikalov and Ungvari, 2013). In this scenario, Nox4, the main 
ROS-generating enzyme, expressed in endothelial cells, plays a role in 
physiological vascular function and also in vascular diseases (Chen 
et al., 2012; Hecker et al., 2023). More in detail, Nox4 is localized in ER 
and its upregulation in endothelial cells is associated with ER stress 
(Camargo et al., 2018; Santos et al., 2014; Wenceslau et al., 2018; Yu 
et al., 2021). Therefore, we evaluated the Nox4 expression in terms of 
either mRNA or protein in BAEC incubated for 30 min with VCZ. In this 
condition, Nox4 expression was not modified, indicating that a 
post-transcriptional event is not involved in short exposure to VCZ. 

On the other hand, a different scenario has been observed after 
prolonged exposure, i.e. 3 and 6 h, where post-transcriptional modifi
cations occurred. Interestingly, prolonged exposure to VCZ caused a 
significant reduction in NO bioavailability combined with a strong in
crease in Nox4 expression. Nox4 is believed to be constitutively active, 
and its activity is controlled primarily by its expression levels in endo
thelial cells. In fact, an increase in expression and activity is associated 
with oxidative stress leading to dysregulated endothelial cells and 
consequent vascular injury (Konior et al., 2014; Schröder et al., 2012). 
In line, an increase in ROS and MDA content was found in BAEC after 
prolonged exposure to VCZ. Generally, elevated ROS levels contribute to 
the pathogenesis of vascular disorders in part through the activation of 
ER stress and unfolded protein response pathways in endothelial cells. 
Among the unfolded protein response, IRE1α is the most evolutionarily 
conserved ER stress sensor, which controls and responds to the 

accumulation of unfolded/misplaced proteins in the ER lumen (Kopp 
et al., 2019; Lee et al., 2020). Recently, Lee and co-workers demon
strated that IRE1α plays a key role in aging-associated vascular 
dysfunction where the interaction between Nox4 and IRE1α regulates 
endothelial senescence. More in detail, the ER stress associated with 
aging increased the expression of Nox4 promoting the activation of 
IRE1α and ROS production, leading to endothelial dysfunction (Lee 
et al., 2020). In line, a marked increase in IRE1α phosphorylation, as an 
index of IRE1α activation, was found after prolonged exposure to VCZ in 
BAEC. The blockage of IRE1α reverted the reduction of NO bioavail
ability and the increase of ROS production observed after prolonged 
exposure to VCZ. Collectively, these findings confirm the key role of 
IRE1α in the endothelial disruption induced by VCZ. Thus, IRE1α can 
represent the interplay between Nox4-derived ROS and ER stress as a 
possible molecular mechanism underlying endothelial dysfunction 
associated with VCZ exposure. In simple words, the combination of 
reduced NO and increased ROS production contributes to the distur
bance of the vascular endothelium-dependent relaxation system. 

5. Conclusions 

This study demonstrated that VCZ exposure provokes endothelial 
dysfunction by time-dependent mechanisms. The rapid exposure affects 
the endothelial function promoting eNOS uncoupling while a post- 
transcriptional modification, involving Nox4/IRE1α signaling, occurs 
following prolonged exposure. Thus, VCZ could contribute to the onset 
and/or progression of cardiovascular diseases associated with endo
thelial dysfunction in human. This study, along with epidemiological 
studies, remarks the relevance of understanding the underlying mech
anisms of the deleterious effect of VCZ to develop interventions to 
protect human health as well as the environment. 
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