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Crépin A (2023) Effect of endocrine
disruptors on bacterial virulence.
Front. Cell. Infect. Microbiol. 13:1292233.
doi: 10.3389/fcimb.2023.1292233

COPYRIGHT

© 2023 Thiroux, Berjeaud, Villéger and
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Effect of endocrine disruptors
on bacterial virulence

Audrey Thiroux*, Jean-Marc Berjeaud, Romain Villéger
and Alexandre Crépin*

Université de Poitiers, UMR CNRS 7267, Ecologie et Biologie des Interactions, Poitiers, France
For several decades, questions have been raised about the effects of endocrine

disruptors (ED) on environment and health. In humans, EDs interferes with

hormones that are responsible for the maintenance of homeostasis,

reproduction and development and therefore can cause developmental,

metabolic and reproductive disorders. Because of their ubiquity in the

environment, EDs can adversely impact microbial communities and pathogens

virulence. At a time when bacterial resistance is inevitably emerging, it is

necessary to understand the effects of EDs on the behavior of pathogenic

bacteria and to identify the resulting mechanisms. Increasing studies have

shown that exposure to environmental EDs can affect bacteria physiology. This

review aims to highlight current knowledge of the effect of EDs on the virulence

of human bacterial pathogens and discuss the future directions to investigate

bacteria/EDs interaction. Given the data presented here, extended studies are

required to understand the mechanisms by which EDs could modulate bacterial

phenotypes in order to understand the health risks.
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Introduction

Endocrine disruptors (EDs) are substances that are able to disrupt the endocrine

system by altering several biological functions of the body such as development,

metabolism, nervous and reproductive system (Schug et al., 2011). EDs have structures

mimicking endogenous steroid hormones, including estradiol (E2) or androgen. They

interfere with hormone synthesis or receptor binding by altering the hormone homeostasis

of the endocrine system (Yue et al., 2023). Among the major chemical substances

considered as EDs and found in numerous everyday products, there are bisphenols and

phthalates used in plasticizers and parabens and triclosan used as preservatives in

cosmetics, food and beverage packaging, toys, carpet and pesticides. Their extensive use

participates in the release, dissemination and accumulation of chemical substances in the
Abbreviations: BzP, Benzylparaben; BPA, bisphenol A; EDs, endocrine disruptors; DBP, dibutyl phthalate;

EP, ethylparaben; MP, methylparaben; LB, Lysogeny Broth; LOQ, Limit of quantification; PP, Propylparaben;

PVC, polyvinyl chloride; TCS, triclosan; WHO, World Health Organisation.
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environment. Indeed, these compounds are mostly introduced into

the environment via water networks. For these reasons, EDs are

now recognized as serious public health concern, potentially

emerging as one of the leading environmental risks.

If the effects of EDs on human health have been previously

reported, the possible effect of these compounds on bacterial

communities have been poorly described. In this context, the

concept of “microbial endocrinology” first described by Lyte and

collaborators is relevant (Lyte and Ernst, 1992). Indeed, authors

suggested that inter-kingdom signaling supports the idea of

interaction between endogenous substances (hormones) of the

host and microorganisms (Lyte et al., 1996; Lyte, 2014; Lyte et al.,

2018; Boukerb et al., 2021). Some hormones such as catecholamines

affect the physiology and behavior (production of toxins, adhesins,

motility, quorum sensing, biofilm formation) of various human

pathogens (Escherichia coli, Pseudomonas aeruginosa, Acinetobacter

baumannii). Thus, the reported effects of hormones on bacteria

have raised questions about the presence of bacterial sensors for

these hormones. Indeed, bacteria use two-component systems to

sense environmental signals and induce signal transduction

resulting in the regulation of virulence gene expression. The two-

component system consists of a membrane-bound histidine kinase

(HK) that detects environmental changes (hormones, xenobiotics,

nutrients) and autophosphorylates at the histidine residue using an

ATP molecule. Phosphorylation of HK is transferred to the

response regulator by phosphorylation of its aspartate residue.

The activated intracellular response regulator enables the

transduction of an appropriate signal, generally the induction or

repression of one or more sets of genes involved in complex

pathways (Shaw et al., 2022). For example, it has been

demonstrated that E. coli QseC kinase receptor is able to detect

both QS auto-inducing molecules (AI-3) but also eukaryote

neurotransmitters (epinephrine and norepinephrine) and thus

adapt its behavior by modulating genes expression involved in

motility (flhDC promoter) (Clarke et al., 2006). In addition, 10 µM

epinephrine has been shown to promote the pathogenicity of

Pseudomonas aeruginosa H103 on Galleria mellonella model, as

well as increased adhesion and biofilm formation (Cambronel et al.,

2019). Another interesting fact, catecholamines can also promote

bacteria growth in P. aeruginosa (Freestone et al., 2012), modulate

sensitivity and resistance to antibiotics in A. baumannii (Inaba

et al., 2016), stimulate horizontal gene transfer between enteric

bacteria (Peterson et al., 2011), increase resistance to oxidative stress

by positively regulating the expression of the superoxide dismutase

(sodA) gene in S. enterica serovar Typhi (Karavolos et al., 2008).

Hormone sensing by pathogens is not limited to catecholamines.

Indeed, it has been demonstrated that the C-type natriuretic peptide

(CNP) is detected by P. aeruginosa via a specific protein named

AmiC which is an orthologue of the human natriuretic peptide

receptor (Rosay et al., 2015).Therefore, since EDs are analogues to

hormones, it seems essential to evaluate the risk of their exposure

on the behavior and physiology of pathogenic bacteria.

Relationships between the presence of EDs and their effect on

microbial communities have been previously described. Few reports

have highlighted that EDs in various abundances and forms could

disturb the gut microbiota composition (dysbiosis) with consequent
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pathological outcomes in animals, including humans (Hampl and

Stárka, 2020). However, data regarding the direct effect of EDs on

the virulence of pathogenic bacteria are still missing and exposure

to these substances could constitute an additional parameter in the

appearance and development of microbial infections that has to

be evaluated.

Thus, the present review aims to summarize the current

knowledge on the effect of EDs on bacterial pathogens and the

consequences on their virulence. The Table 1 summarizes the data

published to date on the effect of these substances on

bacterial virulence.
Bisphenols

Bisphenol A (BPA) and analogues (bisphenol AF, BPAF and

bisphenol S, BPS) are synthetic substances mainly used in the

production of polycarbonate plastics and as a feedstock for epoxy

resins. The maximum quantified BPA concentrations found in

drinking water and source waters from North America, Europe

and Asia were 0.099 mg/L 0.014 mg/L and 0.317 mg/L, respectively
(Arnold et al., 2013). Unfortunately, high concentrations of

bisphenols are found in India surface water with mean

concentration of 1.39 µg/L and 302 ng/g from a honey sample

(bisphenol S; BPS) (Yamazaki et al., 2015; Česen et al., 2016). In

France, BPA has been banned since 2012 in all childcare products

(REACH). A 2016 study has shown that exposure to bisphenol A

leads to changes in the composition of the intestinal microbiota in a

mouse model, suggesting a potential effect on bacteria physiology

(Javurek et al., 2016).

In humans, BPA is rapidly metabolised in the liver by

glucuronidation (BPA-GA) and excreted in the bile. However, the

gut microbiota hosts certain families of enterobacteria such as

Escherichia, Salmonella, Klebsiella, Shigella and Yersinia

pathobionts, which are able to produce enzymes known as

intestinal beta-glucuronidases. These enzymes destroy the

glucuronic acid sugars bound to xenobiotic compounds (such as

ED) (Sakamoto et al., 2002). As a result, BPA is deconjugated (free

form), favouring continued exposure to EDs in the host and in

opportunistic pathogens, which could contribute to changes in

microbial composition and favour enteric pathogen colonization

(Little et al., 2018).

Bisphenol A glycidyl methacrylate (bis-GMA) has been

demonstrated to inhibit the growth of planktonic cultures of

Streptococcus mutans and a decrease of the bacteria viability.

Nevertheless, the bis-GMA has been reported to contribute to the

intracellular accumulation of polysaccharides that could favor the

adhesion of the bacteria to surfaces and consequently could

promote the formation of biofilms (Kim et al., 2019). In 2022,

Feng et al., have demonstrated that bisphenol S (BPS) and bisphenol

AF (BPAF) (0.1-100.0 mg/L) could increase the frequency of

conjugative antibiotic resistance gene transfer between E. coli

DH5a carrying the RP4 plasmid and recipient strains E. coli

HB101 (2-5 fold) or Salmonella enterica (4-5 fold). In addition,

authors reported a downregulation of global regulator gene system

(Grg) and an upregulation of Mating pair formation system (Mpf)
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TABLE 1 Overview of the effects of endocrine disruptors on bacterial virulence reported in the literature.

Endocrine
Disruptors

Strain Methods Main results References

Bisphenols

Streptococcus
mutans

Exposure of planktonic bacteria to 50 µg/mL of Bisphenol A
glycidyl methacrylate (bis-GMA)

• Bis-GMA increases sugar transport,
intracellular polysaccharide accumulation
and resistance to hydrogen peroxide

(Kim et al.,
2019)

Escherichia coli
DH5ɑ
Escherichia coli
HB101 or
Salmonella
enterica

0.1, 1.0, 10.0 and 100 µg/L bisphenol S (BPS) and bisphenol
AF (BPAF)

• BPS and BPAF exposure increase
conjugative transfers
• No effect of BPS and BPAF on growth
and cell membrane permeability
• BPS and BPAF can modulated
expression of global regulator genes,
vertically transferred genes, mating pair
formation gene, DNA-transfer-and-
replication gene, outer membrane protein
genes and stress-related response genes

(Feng et al.,
2022)

Pseudomonas
aeruginosa H103

Exposure to 1 nM, 1 µM, 10 µM and 100 µM BPA during
biofilm formation

• Exposure to 1 nM BPA increased
biofilm formation

(Thiroux et al.,
2023)

Parabens

Acinetobacter
calcoaceticus and
Stenotrophomonas
maltophilia
(opportunistic and
emerging
pathogen)

Exposure to Methylparaben (MP), Propylparaben (PP) and
butylparaben (BP) at 150 ng/L or the mixture of the three
parabens during 7 and 26 days.

• Modulation of culturality and bacterial
density from a mono-species biofilm as a
function of long-term paraben exposure
• After 26 days of exposure to MP, cell
density of A. calcoaceticus biofilms
increased by 85%
• Biofilm thickness increased (44%) with
MP on S. maltophilia with polypropylene
(PPL)
• MP increased swimming motility
(+141%), gelatinase (+41%) and protease
(+73%) production

(Pereira et al.,
2023)

Pseudomonas
aeruginosa H103

Exposure to 1 nM, 1 µM, 10 µM and 100 µM EP and MP
during biofilm formation, motility experiment, or infection of
A549 cells

• Exposure to 1 nM EP increased biofilm
formation
• Increased adhesion to A549 lung
epithelial cells when exposed to 1 nM EP
• Swarming motility increased with MP
at 1 nM, 10 mM and 100 mM

(Thiroux et al.,
2023)

Phthalates

Helicobacter pylori
ATCC 43054

Co-exposure of human gastric epithelial cells (AGS) to 2-
ethylhexyl-phthalate at 80 mM (DEHP) and H. pylory at MOI
of 100: 1

• Co exposure of H. pylori and DEHP
increased cytotoxicity and gastric epithelial
cell apoptosis

(Lin et al.,
2013)

Pseudomonas
aeruginosa H103
and clinical strains
isolates

Exposure to 10-3 to 10-10 M of DEHP, DINP (bis (7-
methyloctyl) phthalate), DEP (diethyl phthalate) and DBP
(dibutyl phthalate). DEHT (bis (2-ethylhexyl) terephthalate),
ATBC (tributyl acetyl citrate), TXIB (2,2,4-trimethyl-1,3-
pentanediol diisobutyrate, DOIP (di-2-ethylhexyl
isophthalate) and DIOP (dicyclohexylphthalate)

• No effect of Phthalates/their substitutes
on the growth of P. aeruginosa
• No effect of phthalates or/their
substitutes on pyocyanin and pyoverdine
production
• Phthalates/their substitutes increase
biofilm formation and pellicle formation
• DEHP, DINP, DIOP and DOIP (10-3

M) increased membrane fluidity
• Morphological alterations at 10-3 M
DBP

(Louis et al.,
2022)

Pseudomonas
aeruginosa ATCC
15629

Exposure to DMP, DnHP and DEHP at 1 to 5 mg/L

• DMP, DnHP and DEHP promotes P.
aeruginosa biofilm formation and
resistance to free chlorine
• Increased expression of the genes
involved in QS, extracellular polymeric
substances excretion and oxidative stress
resistance

(Wang et al.,
2022)

Triclosan
(TCS)

Pseudomonas
aeruginosa H103

Exposure to 1 nM, 1 µM, 10 µM and 100 µM DBP during
biofilm formation

• 1 nM DBP increased biofilm formation
(Thiroux et al.,
2023)

Staphylococcus
aureus

Bacteria exposed to 50 nM TCS. Attachment assay on human
serum, collagen, fibronectin keratin and glass surfaces)
Rats gavaged with TCS (100 mg/kg/day), nasally inoculated

• Correlation between level TCS and
carriages rates of S. aureus in human nasal
secretions: <175 nM – 32-27% against
>176 nM -64%

(Syed et al.,
2014)

(Continued)
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TABLE 1 Continued

Endocrine
Disruptors

Strain Methods Main results References

with a small inoculum (105 CFU) or a large inoculum (108

CFU) of S. aureus SH1000
• Increased attachment of S. aureus
attachment to host proteins and glass
surface when exposed to TCS
• TCS exposure promotes colonization by
S. aureus in an in vivo model of nasal
colonization and more susceptibility to
colonization with small inoculum

Streptococcus
mutans ATCC
25175
Streptococcus
mutans ATCC
35668

Exposure to TCS at ½ MIC, ¼ MIC during biofilm formation
Adhesion assay on human gingival epithelial cell line OBA-9
of S. mutans cultures exposed to TCS (1/2, 1/4 or 1/8 MIC)
Gene expression atlA, gtfC, gtfB comD luxS, assessed by RT-
qPCR after 2h exposure to TCS (1/2, 1/4 or 1/8 MIC)

• TCS increased biofilm formation in S.
mutans
• At ½ MIC and ¼ MIC TCS, the
biofilm is thicker with aggregates and
microcolonies
• At ½ MIC (42.5%) and ¼ MIC TCS,
adhesion of ATCC 25175 is enhanced on
OBA-9. No significative effect on cell
surface hydrophobicity
• Increased expression of gene involved
adhesion and biofilm at TCS sub inhibitory
concentrations

(Bedran et al.,
2014)

Escherichia coli K-
12 LE392 (donor
plasmid RP4),
Escherichia coli K-
12 MG1655 and
Pseudomonas
putida KT2440
(recipients)

TCS exposure at 0.02, 0.2, 2, 20, 200 and 2000 mg/L

• TCS (2 µg/L) increased horizontal
transfer frequency of plasmid RP4 by 6.2-
fold (intra-genera)
• Increased frequency of conjugative
transfer associated with overproduction of
ROS or increased cell membrane
permeability. Increased gene expression
involved in metabolism with high TCS
level

(Lu et al.,
2018b)

Escherichia coli
DH5ɑ
plasmid pUC19

TCS exposure at 0.02, 0.2, 2, 20, 200 and 2000 mg/L

• TCS promoted uptake efficacy of
exogenous DNA in strains recipient E. coli
• TCS at 0.02 mg/L and 2000 mg/L
increased ROS production and promote
transformation
• Change in membrane properties
observed at high concentration of TCS
• Up-regulation of secretion systems Sec
(secA, secB and secY) system Tat (tatA and
tatB) up-regulated following TCS exposure

(Lu et al., 2020)

Escherichia coli
K12

TCS exposure at 0, 0.02, 0.2 and 2 mg/L during 30 days with
everyday change fresh, liquid LB with respective
concentrations of TCS
Antibiotics: amoxicillin (AMX), ampicillin (AMP), cephalexin
(LEX), chloramphenicol (CHL), kanamycin (KAN),
levofloxacin (LVX), norfloxacin (NOR) and tetracycline
(TET)

• TCS increased of mutation frequency
for several antibiotics at 0.2 mg/L
• Chronic exposure to TCS induces stable
genetic changes within generations,
induces risk-resistant mutants and
develops resistance to oxidative stress

(Lu et al.,
2018a)

Uropathogenic
Escherichia coli
(UPEC)

UPEC clinical isolates long-term exposed to TCS at 5×MBC
in agar plates and repeated for 12 passages

• Induction of cross resistance by TCS to
nitrofurantoin and ciprofloxacin
• TCS reduced pathogenicity in 5/8
isolates tested on G. mellonella model

(Henly et al.,
2019)

Escherichia coli
MG1655
Staphylococcus.
aureus FPR3575
Escherichia coli
UTI89

TCS (200 ng/mL) exposure 30 min prior to the addition of
antibiotics in E. coli MG1655: Ampicillin (100 µg/mL),
Streptomycin (50 µg/mL), Kanamycin (50 µg/mL),
Ciprofloxacin (100 ng/mL)
TCS (100 ng/mL) exposure 30 min with addition 1,000 ng/ml
ciprofloxacin on E. coli UTI89
Female wild-type C3H/HeN mice, exposed to TCS (1000 ng/
mL) during 21 days. Infection with on E. coli UTI89.
Treatment 24h with ciprofloxacin (25 mg/kg).

• Protective effect of TCS on E. coli
MG1655 against antibiotics at
concentrations that are normally lethal
• TCS-mediated tolerance requires
ppGpp
• TCS pre-treatment resulted in E. coli
UTI89 being 10 times more tolerant to
ciprofloxacin in vitro test
• TCS reduces the efficacy of
ciprofloxacin in vivo test (mice)
• Bacterial load > 100 times higher in
urine (P < 0.0001) and > 10 times higher

(Westfall et al.,
2019)

(Continued)
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and DNA transfer replication genes (Dtr) system, without

significant damage on cell permeability and stress related

response (Feng et al., 2022). In 2023, our team showed that BPA

exposure promotes P. aeruginosa H103 biofilm formation at a

concentration of 1 nM, a trace concentration found in French

aquatic resources (Thiroux et al., 2023).
Parabens

Parabens are esters of 4-hydroxybenzoic acid commonly used as

preservatives in personal care products, in medicines and

secondarily in food (Soni et al., 2005). They are generally of

synthetic origin but can be produced naturally (fruit). World

production is estimated to average 8,000 tons per year, with 1,000

to 10,000 tons per year for methyl-paraben (MP), 100 to 1,000 tons

per year for ethyl-paraben (EP) and propyl-paraben (PP) (REACH).
Frontiers in Cellular and Infection Microbiology 05
High concentrations of parabens are found in surface waters, in

wastewater as well as in the human population (Wei et al., 2021).

Indeed, 0.120 - 0.182 µg/L of MP were found in drinking water in

Spain (Valcárcel et al., 2018) and 0.002 - 0.0082 µg/L of EP were

found in surface water in China regarding indoor environment, 50

ng/g - 26.2 µg/g MP, 9 ng/g - 1.06 µg/g EP, 70 ng/g -11.15 µg/g PP, 6

ng/g -0.86 µg/g butylparaben (BP), 2 - 27 ng/g benzylparaben (BzP)

were found in indoor dust (Chen et al., 2018). In human, 17.6-

27.437 µg/L MP were found in hair (Karzi et al., 2019) and 15.4 µg/L

MP, 4.76 µg/L EP, 7.82 µg/L PP, 0.4 µg/L BP are found in urine

(China) (Zhang et al., 2020).

In 2023, Peirera et al., found that chronic exposure for 7 and 26

days to parabens alone or in cocktail (MP, PP, BP at 0.15 µg/L or the

mixtures of the three parabens) modulated the expression of

virulence factors of two pathogens, Acinetobacter calcoaceticus

and Stenotrophomonas maltophilia. Indeed, an increase of biofilm

formation was observed, the increase in swimming motility (141%),
TABLE 1 Continued

Endocrine
Disruptors

Strain Methods Main results References

(P < 0.0001) in the bladder of TCS-treated
mice compared to control animals

Pseudomonas
aeruginosa PA01

Exposure to TCS (100 µM) and tobramycine (400 or 500 µM)

TO-PRO™-3 iodide dye for permeabilization test

Determination of pump efflux activity by accumulation of
ethidium bromide and determination of intracellular
accumulation and extrusion of conjugated tobramycin with
the fluorescent dye Texas Red (TbTR)
Change membrane potential (Dy) by staining with
fluorescent indicator Dy DiOC2(3)/flow cytometry
Murine wound model SKH-1

• TCS combined with tobramycin causes
synergistic permeabilization of cells within
biofilms
• TCS reduces the activity of efflux
pumps, leading to increased accumulation
of TbTR from mature biofilm
• By acting as a protonophore, TCS
inhibits tobramycin induced the membrane
potential (Dy)
• TCS and tobramycin show enhanced
efficacy in an in vivo murine wound model

(Maiden and
Waters, 2020)

Streptococcus
mutans UA159
ATCC 700610

TCS- Methacrylate (TM) monomer, which was developed
and incorporated into an experimental resin composite
(TEGDMA)
Cell metabolism–XTT metabolic assay
Biofilm characteristic analysis (CLSM) Live/Dead
Quantitative virulence gene expression

• Decreased cellular metabolism of S.
mutans on the TM-containing composite,
compared with the TM-free composite
• Decrease in biovolume, average
thickness, roughness and surface values of
the biofilm formed on the composite
containing TM compared to that which
does not contain it
• the contact time (4 h or 24 h) between
TM-composite and S. mutans down-
regulated the gbpB and covR and up-
regulated the gtfC gene expression

(de Souza
Araújo et al.,
2018)

Staphylococcus
aureus ATCC
6538

WT bacteria (the passage 0 [P0] strain), those passaged 10
times on TCS (strain P10) and those passaged a further 10
times on TCS-free (strain x10)
TCS MIC/MBC determination (final concentrations, 232 mg/
ml to 0.23 mg/ml)
Biofilm characteristic analysis (CLSM) Live/Dead
Determination of hemolysin, DNase and coagulase activity.
G. mellonella pathogenesis assay

• TCS exposure selects for isolates with
reduced TCS susceptibility
• Variability of colonies formed by the
TCS-adapted (P10) strain markedly smaller
and more heterogeneous than those
formed by parent strain (P0)
• TCS-adapted S. aureus (P10) grows
more slowly than P0 in planktonic and
biofilm modes
• Thinner biofilms when exposed (P10)
or having been exposed (x10) to TCS
compared to P0
• The in vitro hemolytic, DNase and
coagulase activity of TCS-adapted S. aureus
(P10) is lower than that of P0
• P10 and x10 are less virulent in G.
mellonella

(Latimer et al.,
2012)
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in the production of gelatinase and protease, 41 and 73%

respectively, were observed in the presence of MP (Pereira et al.,

2023). More recently, our team demonstrated that 1 nM EP

increased biofilm formation of P. aeruginosa H103 and also

enhanced adhesion to pulmonary epithelial cells. In contrast,

swim motility was reduced in the presence of EP (1 nM; 1 µM; 10

µM and 100 µM) (Thiroux et al., 2023). EP appeared to be a

substance that could promote adhesion, biofilm formation at the

expense of motility which could facilitate colonization of the

pathogen in water networks and in humans.
Phthalates

Phthalates are mainly used in the plastic and coating industries.

Indeed, diethylhexyl phthalate (DEHP), dibutyl phthalate (DBP),

diethyl phthalate (DEP), di-isononyl phthalate (DiNP) and di-iso-

decyl phthalate (DiDP) are used as plasticizers to produce polyvinyl

chloride (PVC). Dimethyl phthalate (DMP) and DEP, also known

as short-branched low molecular weight phthalates, are used to

make personal care products (e.g., hair products), pharmaceuticals

and medical devices. Unfortunately, they are easily released into the

environment because phthalates do not form a covalent bond with

plastic material. Huge freights of plastic materials end-up in

environmental water and soil where they persist for long times.

Human exposure to phthalates leached from plastic into water but

also food and other products applied directly to the human body, is

almost unavoidable (Wang and Qian, 2021).

In China, the mean concentrations of nine phthalate esters

detected in water, soil and sediment samples were 4.11 µg/L, 408 ng/

g and 1200 ng/g, respectively. DBP was predominant in water

(50.6%) and DEHP predominated in soil (69.6%) and sediment

(83.1%) (Zhu et al., 2022). Furthermore, indoor air contamination

was predominant for DEHP with 40.6% (Kashyap and Agarwal,

2018). In France, the French National Agency of Sanitary Safety

(ANSES) campaign performed between 2013-2014, emphasize DEP

as the predominant compound in surface water with a maximum

concentration of 0.41 µg/L. In contrast, DBP is the ED the most

frequently detected in treated tap water samples with a maximum

concentration of 1.3 µg/L. Surprisingly, DEHP which is often

identified in the environment, was only detected in a single

surface water sample at 0.81 µg/L (RAPPORT AST révisé de

l’Anses relatif à la Campagne nationale de mesures de

l’occurrence de composés émergents dans les eaux destinées à la

consommation humaine acides haloacétiques – chlorates –

phtalates - Rouxiella chamberiensis, campagne 2016-2017, 2020).

If phthalates are ubiquitously found in aquatic resources and

soil, interaction with native microbes has been previously reported

and degradation by microorganisms is considered as the most

effective means of their elimination from the environment

(Kumar et al., 2017; Shariati et al., 2023). Indeed, authors

demonstrated an ability of Pseudomonas sp. V21b to degrade the

phthalate DBP by producing metabolic intermediates such as

phthalate monobutyl. For their assay, they used a minimal

medium supplemented with DBP (1994 µg/L) as the only carbon

source, they initially added 1994 µg/L of DBP. After 192 h, the
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residual amount was only 857 µg/L suggesting that 57% of DBP was

degraded suggesting. Thus, this environmental strain could

therefore be useful for bioremediation purposes. In addition, a

study has enabled the biochemical characterization of the inducible

component of phthalate isomer dioxygenases from an

environmental isolate of P. aeruginosa (PP4) (Karandikar

et al., 2015).

In 2013, Lin et al. have reported the possible effect of DEHP

exposure on the consequences of infection by Helicobacter pylori,

a bacterium that could lead to gastroduodenal ulcers and gastric

cancer. Their work showed that co-exposure to DEHP and H.

pylori promotes cytotoxicity of the bacterium and increases

apoptosis of gastric epithelial cells. Indeed, viability tests on

gastric epithelial cells (AGS gastric adenocarcinoma) revealed

that about 87% of the cells were dead after 18h of exposure with

DEHP (80µM) and H. pylori (MOI 100) compared with just over

50% with H pylori alone. Factors involved in apoptosis were

measured by Western blot from AGS cells, in particular the Bcl-

2/Bax ratio, as well as the expression of caspases 3 and 8. The co-

exposure of H. pylori and DEHP at 80 µM disturbed the balance of

the Bcl2/Bax ratio and the expression of caspase 3 was significantly

increased. Therefore, these results suggested that the co-exposure

of DEHP and H. pylori promoted the pathogenesis of the

bacterium on the one hand and on the other hand, could

enhance cancer development (Lin et al., 2013). However, the

mechanisms behind have not been described. In order to

explore the mechanisms of interaction between bacteria and

theses EDs, few studies have investigated the possible effect of

phthalates on bacterial physiology. Recently, our group

demonstrated that exposure to DMP, di-n-hexyl phthalate

(DnHP) and DEHP promotes b iofi lm format ion by

P s eudomona s a e ru g i no s a PAO1 (ATCC 15629 ) a t

concentrations between 1 and 10 µg/L. Wang et al. (2022) have

also reported that phthalate exposure promoted Pseudomonas

biofilm formation and resistance to free chlorine (Wang et al.,

2022). Authors demonstrated that three phthalates DMP, DnHP

and DEHP induced an increase of polysaccharidic matrix (30.3-

82.3%) and eDNA (10.3-39.3%) production as well as

antioxidative defenses such as superoxide dismutase and

catalase. Similarly, 2,2,4-trimethyl-1,3-pentanediol diisobutyrate

(TXIB), a phthalate substitute used at 10-3 M increased biofilm

formation (2.8 fold) in P. aeruginosa H103 (Louis et al., 2022).

Moreover, we have shown that exposure of P. aeruginosa to DBP

at a concentration found in French aquatic resources (1 nM) can

significantly increase biofilm formation (Thiroux et al., 2023).

P. aeruginosa is a human opportunistic pathogen and a major

health issue in hospitals, being responsible for nosocomial

infections (Qin et al., 2022), especially in resuscitation units or for

immunocompromised patients. Increased biofilm ability when

exposed to low concentrations of EDs in water could not even

promote P. aeruginosa biofilm development in water networks, but

possibly in humans too. Based on these data, the ability of

phthalates to modulate physiologic changes in pathogenic bacteria

that promote their virulence could become a critical health issue

that has almost not been investigated. Further research is required

to highlight the possible risk of bacterial exposure to phthalates for
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animals, including humans, in order to prevent and treat

bacterial infections.
Triclosan

Triclosan (TCS), also known under the following names;

“Irgasan®”, “Lexol 300”, “Cloxifenolum”, is a biocide commonly

used since the 70s. The antibacterial property lies in its ability to

inhibit bacterial synthesis of type II fatty acids (FasII) by

inactivation of the enzyme enoyl-acyl reductase (FabI). It is

mainly present in care and cosmetic articles (85%) (soaps,

toothpastes, mouthwashes), 10% in plastics and polymers and 5%

in textile processing (clothing, bedding products). In the United

States, soaps containing TCS were banned since September 2016 by

the Food and Drug Administration (Brose et al., 2019). As for the

European Union, the regulation imposes a maximum concentration

of 0.3% of TCS for cosmetic products and 0.2% for mouthwash

solutions. The Florence statement published in the journal

Environmental Health Perspectives in 2017 describes the major

concerns of the scientific community regarding the health risks of

TCS (Halden et al., 2017). Indeed, studies showed the persistent

effect of the molecule (Halden and Paull, 2005) and its

bioaccumulation in the environment (Dhillon et al., 2015). TCS is

found ubiquitously (environment, human), in surface water (nM

concentrations range) (Weatherly and Gosse, 2017), in indoor dust

(20 ng/g-3.27 µg/g) (Chen et al., 2018), in plasma (0.16-127.6 µg/L)

and in urine (0.16-11909 µg/L) (Geens et al., 2009; Geer et al., 2017).

Few studies have investigated the effect of TCS on bacterial

virulence. Work by Syed et al. (2014) showed that the presence of

TCS seems to be associated with Staphylococcus aureus colonization

in the nasal cavity (Syed et al., 2014). S. aureus is a major bacterial

human pathogen and the causative agent of multiple human

infections. The bacteria binding ability to host proteins (collagen,

fibronectin, keratin, human serum) is an additional asset in the

colonization process. Attachment tests of S. aureus to human

proteins in the presence of TCS (50 nM) have shown a higher

attachment rate compared to non-exposed S. aureus (Syed et al.,

2014). Thus, the presence of TCS could be an advantage in the

development of infections, but the mechanisms have to be

deciphered. During the same year, Bedran et al. (2014) focused

on Streptococcus mutans, an agent causing dental plaque infection

(carries). It was shown that ½ and ¼ MIC concentrations of TCS,

promote biofilm formation by 6.2 and 5 times, respectively (Bedran

et al., 2014). In addition, the ability to adhere to gingival epithelial

cells was increased by 42.5% (at ½ MIC). Finally, the genes involved

in adhesion and biofilm formation (atlA, comD, gtfB, gtfC, luxS)

were quantified by RT-qPCR. The expression levels of these genes

were mostly upregulated for a ½ MIC, with a 3.6-, 3.1- and 4-fold

increase in gtfC, comD and luxS expression, respectively (Bedran

et al., 2014). However, a study also performed on S. mutans

indicates that the TCS-Methacrylate (TM) monomer,

incorporated into an experimental composite resin (TEGDMA) is

able to decrease cell viability, reduce the biovolume, the average

thickness, the coefficient of biofilm roughness and decrease the

expression of virulence genes (gbpB and covR) (de Souza Araújo
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et al., 2018). Therefore, the use of a composite containing TMwould

disrupt the viability and potentially the establishment of a

functional biofilm. The use of such monomer seems to be a

relevant antimicrobial in preventive and restorative dentistry.

Although these studies indicate cate contradictory data on the

effect of TCS exposure on S. mutans virulence, it is important to

report that the experimental exposures involve different modes of

TCS exposure either by the addition of the substance at sub-

inhibitory concentrations (Bedran et al., 2014) or by the use of a

composite provided with TCS (de Souza Araújo et al., 2018).

Therefore, it would seem that the way in which the pathogen is

exposed to TCS could modulate its virulence.

In some bacterial species, such as S. aureus, the presence of TCS

at sublethal concentrations results in the development of small

colony variant (SCV) (Bazaid et al., 2018) which are slow growing

subpopulations that may be recovered from patients with persisting

infections. Paradoxically S. aureus adaptation to sub-inhibitory

concentrations of TCS led to a decrease in hemolytic, DNase and

coagulase activities when compared to the parental strain (Latimer

et al., 2012). Moreover, the pathogenicity measured by the mortality

rate of G. mellonella indicates that the strain adapted to TCS

exposure is less virulent (Latimer et al., 2012). In 2018, Lu et al.

reported that exposure to environmental concentrations (0.02 µg/L

to 2000 µg/L) of TCS could promote multidrug resistance gene

conjugative transfer in bacteria (Lu et al., 2018b). Indeed, TCS

exposure promoted generation of reactive oxygen species (ROS) in

three tested microorganisms. Indeed an increase of ROS was

obtained at 2 mg/L TCS for the donor E. coli K-12 LE392, while

for recipients E. coli K-12MG1655 and P. putida KT2440 strains the

generation of ROS was obtained at 20 and 2000 mg/L TCS,

respectively (Lu et al., 2018b). In addition, an increase in

membrane permeability was observed at 20 µg/L for the donor

strain and 200 µg/L for recipient strain P. putida KT2440 (Lu et al.,

2018b). In contrast, no significant change has been observed

whatever the TCS concentration used for the recipient E. coli K-

12 MG1655 (Lu et al., 2018b). Moreover, an increased expression of

genes associated with the SOS response (umuC, dinB and dinD) for

donor strain E. coli K-12 LE392 have been obtained during exposure

to low TCS concentrations (0.02 mg/L) (Lu et al., 2018b). With the

ROS scavenger added, the increase of ROS generation and

conjugative transfer caused by TCS were significantly inhibited,

indicating that TCS-induced ROS generation promotes the

conjugative transfer of plasmid RP4 from E. coli K-12 LE392 in

both the recipient strains E. coli K-12 MG1655 and P. putida

KT2440 (Lu et al., 2018b). This work demonstrated that TCS, at

relevant environmental concentrations, could promote both intra-

generic conjugative transfer and inter-generic transfer of genetic

elements (plasmids) and thus contributes to the emerging problem

of antibiotic resistance through the acquisition of antibiotic

resistance genes (Lu et al., 2018b). In addition, a 30-day exposure

of E. coli K-12 to TCS induces genetic mutations (fabI, frdD, marR,

acrR and soxR), as well as overexpression of the gene coding for

beta-lactamase and multi-drug efflux pumps (Lu et al., 2018a). In

2020, the same team also demonstrated that TCS could increase

frequency of transformation, associated with an increase of ROS

production and membrane permeability (Lu et al., 2020). Moreover,
frontiersin.org

https://doi.org/10.3389/fcimb.2023.1292233
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Thiroux et al. 10.3389/fcimb.2023.1292233
the Sec secretion system and the type IV pilus secretion system were

increased in the presence of TCS, promoting the acquisition of

extracellular DNA (plasmid pUC19) by the competent model (E.

coli DH5ɑ) (Lu et al., 2020). Exposure to TCS, also found in

catheterized medical devices, can induce changes in clinical

strains of uropathogenic E. coli (UPEC). Indeed, a reduction of

the sensitivity to biocide as well as to antibiotics has been observed

following repeated exposure to triclosan, at the minimum inhibitory

concentrations (MIC), minimum bactericidal concentrations

(MBCs) and the minimum biofilm eradication concentrations

(MBEC) determined for all isolates. The relative pathogenicity of

UPEC isolates was studied in a G. mellonella model and showed a

significant decrease (5/8 isolates) in death rate after long-term

exposure to TCS. This work indicates the adaptation of clinical

isolates to biocides and highlights the significance of the selection of

an anti-infective catheter-coating agent (Henly et al., 2019).

Westfall et al. (2019) have shown that TCS pretreatment

appears to provide protection to E. coli against antibiotic

concentrations normally lethal to the bacteria. Indeed, the

survival of the bacteria pretreated with TCS was multiplied by

1,000 and 10,000 times in the presence of kanamycin (50 µg/mL)

and ciprofloxacin (0.1 µg/mL) respectively. The frequency of

persistent cells was increased in the presence of TCS and

associated to an increase in the synthesis of alarmone guanosine

tetraphosphate (ppGpp) (Westfall et al., 2019). In addition,

experiments conducted on an uropathogenic clinical isolate, E.

coli UTI89, indicated that exposure of the pathogen to TCS

increases its tolerance to ciprofloxacin (1 µg/mL) by up to 10

times. In an animal model, mice exposed to water-containing

TCS (100 µg/mL) showed a reduced response to ciprofloxacin

treatment during infection with the UPEC strain UTI89. Bacterial

titers were >100-fold higher in the urine (P < 0.0001) and >10-fold

higher (P < 0.0001) in the bladders of TCS-treated mice versus

control animals (Westfall et al., 2019). If authors detected two

putative metabolized forms of TCS in the urine of exposed mice, the

mechanisms of TCS on the bacteria are still unclear. Taken together,

data regarding pathogens exposure to TCS highlight deleterious

“side effects” of this ubiquitous ED, mostly involved in increased

biofilm formation and antibiotic tolerance. Extended studies are

today required to highlight the mechanisms involved, including

long-term experiments with chronic exposure to TCS at

concentrations found in consumer products.

Nevertheless, Maiden et al. (2020) showed that TCS (100 mM)

deplete the membrane potential of the growing P. aeruginosa

biofilm, resulting in decreased efflux pump activity (Maiden and

Waters, 2020). This disruption leads to increased intracellular

accumulation of tobramycin (500 µM) and high antimicrobial

activity in vitro in a mouse wound model. The protonophore

activity of TCS is due to the presence of the hydroxyl group.

Indeed, experiments using an analog of TCS, methyl-TCS,

showed no effect on membrane potential, on the activity of efflux

pumps or even on cell membrane permeabilization alone or in

combination with tobramycin (Maiden and Waters, 2020).

Although contradictory effects between the protective effect of

TCS (Westfall et al., 2019) versus the synergistic effect of TCS

coupled with tobramycin (Maiden andWaters, 2020), it seems to be
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tetracycline) act synergistically or are enhanced when combined

with TCS.
Discussion

The ubiquitous of substances considered as endocrine

disruptors in soil, sediments, surface water, drinking water and

human biological matrix is a major public health issue. The effects

of EDs on microbial communities, as a modulator of microbiota

composition and bacterial virulence, have been demonstrated. Data

from the literature indicate that EDs are able to modulate the

behavior of pathogenic bacteria. Physiological responses such as

phenotypic changes and increased expression of virulence factors

have been observed. To date, in order to anticipate the threats posed

by the exposure of pathogenic bacteria to EDs, extensive studies

are required.

In the course of this work, we found that exposure to EDs prior

to antibiotic treatment could result in high levels of antibiotic

tolerance. TCS pre-treatment of E. coli (MG1655) is able to

induce tolerance to several antibiotics (ampicillin, streptomycin,

kanamycin and ciprofloxacin), depending on ppGpp synthesis

(Figure 1A). TCS exposure also increased the frequency of

persistent bacteria. These observations were confirmed in vivo in

a mouse model exposed to TCS and infected with E. coli (UTI89),

responsible for urinary tract infections (Westfall et al., 2019).

Chronic exposure to TCS induced resistance in E. coli K12 to

several antibiotics (levofloxacin, amoxicillin, chloramphenicol,

tetracycline). In addition, mutation frequencies and the

generation of ROS were increased. Genomic analysis identified

genetic changes following exposure to TCS in six antibiotic-

resistant mutants. Among the mutants sequenced, insertion,

substitution and frameshift mutations were identified. Exposure

to EDs and TCS in particular, induces mutagenic effects, which

contribute to antibiotic resistance mechanisms, by modulating gene

expression levels (overexpression of the gene encoding beta-

lactamase; efflux pump system, AcrAB-TolC) (Figure 1B). Overall,

ED exposure appears to enhance the acquisition of exogenous

material, contributing to the spread of antibiotic resistance and

accentuating potential therapeutic failures in the hospital

environment. Alterations in membrane morphology and fluidity,

via SEM analysis and anisotropy measurement respectively, were

observed during exposure to phthalates (10-3 M DBP) on the

pathogen P. aeruginosa (Louis et al., 2022) (Figure 1C).

ED exposure, such as bisphenols and TCS, promotes horizontal

transfers of multidrug resistance genes via transformation (Lu et al.,

2020) and/or conjugation mechanisms (Lu et al., 2018b) between

inter/intra-generic strains (E. coli, S. enterica, P. putida). Increased

membrane permeability as well as increased ROS expression have

been observed in mechanisms involving conjugative antibiotic

resistance gene transfers and appear to be essential for promoting

the transformation mechanism (Lu et al., 2020) (Figure 1D).

However, membrane disruption has not been observed in all

studies (Feng et al., 2022), so the promotion of horizontal transfer

may depend on the nature of the disrupting substance.
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Other studies including ours have shown that EDs can increase

biofilm formation by P. aeruginosa, S. mutans, A. calcoaceticus and

S. maltophilia when exposed to phthalates (Louis et al., 2022; Wang

et al., 2022; Thiroux et al., 2023), to TCS (Bedran et al., 2014), or to

parabens (Pereira et al., 2023; Thiroux et al., 2023), increase

adhesion to biotic/abiotic surfaces (Bedran et al., 2014; Syed et al.,

2014; Thiroux et al., 2023) for S. aureus and S. mutans and

modulate the virulence of P. aeruginosa, A. calcoaceticus and S.

maltophilia in mice models (Henly et al., 2019; Westfall et al., 2019)

(Figure 1E). Based on our experience and on literature data, we

suppose that certain ED, such as EP, could promote adhesion,

biofilm formation at the expense of motility in a quorum sensing-

dependant manner, which in turn could facilitate colonization of

the pathogen in water networks and in humans. However, extensive

in vivo studies are required to address this hypothesis.

The mechanisms of genetic transfer material seem to be

reinforced during exposure to certain EDs, which raises questions

about the consequences in terms of dispersion and dissemination of

resistant bacteria. RNAseq experiments during chronic exposure to

EDs (alone or combination) would be relevant to address the

mechanisms behind the modulation of the pathogenic behavior

through the regulation of gene expression. Moreover, docking

analysis could allow identification of ED sensors in the bacteria.

Indeed, an orthologous receptor of human C-type natriuretic

peptide has been identified in P. aeruginosa (PA14), named AmiC

(Rosay et al., 2015). Studies by us and others on P. aeruginosa raise

the question of the role of bacterial factors involved in quorum

sensing in the bacteria response to ED, but extended studies are

required. Mechanistic/molecular knowledge could be an advantage

to better understand and anticipate the risks of interaction between
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EDs and the pathogen, notably by limiting the access of the EDs to

bacterial sensors and thus reduce the consequences on virulence.

Despite the measures taken by governments to restrict the use of

suspected or proven EDs, these molecules are to date ubiquitous

into the environment, mainly in water resources. Although

substitutes to EDs are proposed, such as tributyl acetylcitrate

(ATBC), 2,2,4-trimethyl-1,3-pentanediol diisobutyrate (TXIB),

bis-2-ethylhexylterephthalate (DEHT), diisononyl cyclohexane-

1,2-dicarboxylate (DINCH) as phthalate substitutes (Substituts de

phtalates dans les jouets pas de risque mis en évidence pour la santé

des enfants de moins de trois an, 2016), a health risk assessment of

the effect of these molecules on bacteria physiology is required.

Furthermore, because of the daily exposure to EDs found in

food and water, we believe that all the effects observed with EDs on

the virulence of pathogenic bacteria should be investigated to the

microorganisms present in the gut microbiota. Indeed, the

intestinal microbiota is composed not only of bacteria, but also of

viruses (bacteriophages) and fungi that surround them. We

therefore wondered whether the changes mentioned concerning

pathogenic bacteria might also affect the interaction between

bacteria and phages, leading to a modification in the composition

of the intestinal virome (phageome). In the future, quantifying the

relative abundances of phages in gut microbiota exposed or not to

ED should be considered (Duan et al., 2022).

To conclude, several studies have reported that exposure to

chemical substances classified as EDs have the potential to promote

the virulence of bacterial pathogens. Through increased resistance to

antibiotics, biofilm forming capacity and enhanced colonization

abilities, exposure of pathogenic bacteria to EDs could pose

additional threats to human health and should be carefully
B

C
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E

A

FIGURE 1

Schematic summarizing the effects of endocrine disruptors on the virulence of pathogenic bacteria. (A) EDs pretreatment seems to protect bacteria
against antibiotics, with selection of a persistent bacterial population. (B) Chronic exposure to EDs seems to increase the frequency of mutations
(deletion, substitution, polymorphism) contributing to an increase in antibiotic resistance genes. (C) Exposure to EDs can induce morphological
changes or phenotypic changes. (D) EDs could promote and accelerate the spread of resistance genes against antibiotics. Horizontal transfers such
as transformation or conjugation seem to be enhanced in the presence of EDs associated with an SOS response, an increase of ROS (reactive
oxygen species) production with an increase or not of membrane permeability, depending on the ED considered. (E) Adhesion, biofilm formation
and virulence gene expression can be promoted by the presence of EDs on both abiotic and biotic surfaces.
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considered. To date, extensive investigations are required to evaluate

the deleterious impact of ED exposure on bacteria-associated diseases.
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