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Enterococci cause serious infections due to a number of virulence factors and wide-spread
antibiotic resistance. A molecular mechanism involved in the pathogenesis of enterococcal
infections is oxidative stress. Enterococcus faecalis produces a variety of antioxidative enzymes
involved in the oxidative stress response, a process that is regulated by several transcriptional
regulators. In addition, direct production of free radicals derived from oxygen has been proved and
hypothesized, respectively, to contribute to the pathogenesis of colorectal cancer and periodontitis.
The understanding of molecular mechanisms behind the production of free radicals and the
antioxidative status in E. faecalis might suggest new alternatives for the treatment of enterococcal

infections and related diseases.
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Introduction

Enterococci are part of the physiological gastro-
intestinal flora and are able to survive under harsh
conditions (wide range of temperatures, salinity and
pH).1* They can act as opportunistic pathogens and
are among the leading causes of nosocomial
infections.* Strains of Enterococcus faecalis exhibit a
wide, rapidly spreading and growing spectrum of
antibiotic resistance.® The reason lies in horizontal
gene transfer. A genomic analysis of a vancomycin-
resistant strain of FE. faecalis revealed that a
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considerable part of the genome is made up of foreign
sequences, including mobile transposons containing
the resistance genes.®

E. faecalis represents an important clinical problem
due to a number of virulence factors. Although the
virulence factors of these opportunistic pathogens
have been studied thoroughly in the past, new factors
are being uncovered, such as the recently described ers
ace pathway, which is important in the ability of some
strains to colonize the urinary tract.” In addition, the
spectrum of known virulence factors is widening by
research uncovering their novel functions — like the
regulation of the oxidative stress response by trans-
criptional regulation by Ers.®? The same transcription
factor has even been found to regulate the expression
of genes related to the metabolism of glycerol'* or
citrate.!!" The link between diverse functions of the
regulator remains still to be elucidated. The
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production of reactive oxygen species and the ability
of bacteria to cope with them are important virulence
factors in many bacteria, including E. faecalis.'>"3

Oxidative stress is defined as an imbalance between
the production of free radicals and antioxidative
mechanisms. Increased production of free radicals or
decreased antioxidative status leads to oxidative
damage of macromolecules including lipids, proteins
and DNA. Oxidative stress is the main patho-
mechanism in a number of diseases, but its role is
clearly established in inflammation.!* Neutrophils and
macrophages are able to produce reactive oxygen
species enzymatically, thereby inducing oxidative
damage of bacteria. However, their effects are not
restricted to pathogens, but may also involve damage
to the surrounding host tissue.!

Production of free radicals

E. faecalis has been shown to produce superoxide and
hydrogen peroxide directly. The role of the production
of reactive oxygen species in the pathomechanism of
enterococcal infections is unknown. It might be
directed against other bacteria colonizing the same
niche or against host cells. The gene encoding NADH
oxidase (nox) is present in the genome of E. faecalis.®
Lactic acid bacteria posses two forms of this enzyme —
one produces water and another produces hydrogen
peroxide, the latter inhibiting bacterial growth under
aerobic conditions in vitro.'° It has been shown that
hydrogen peroxide can be produced in glycerol
metabolism.!” According to the study, one of two
glycerol metabolism pathways leads to production of
hydrogen peroxide. The selection of the pathway has a
strain-dependent pattern. Some E. faecalis strains
produce hydrogen peroxide when the pathway with
glycerol-3-phosphate oxidase utilizing oxygen is used.
Other strains never use this pathway and, thus, do not
produce hydrogen peroxide in glycerol metabolism.

E. faecalis produces superoxide, the main free
radical derived from oxygen, via autoxidation of
demethylmenaquinone.'®" E. faecalis is also able to
produce hydroxyl radical, the most dangerous free
radical in vivo, via aromatic hydroxylation.® The
production of these reactive oxygen species is
important for the survival of E. faecalis in vivo,” but
might also induce oxidative damage to DNA of
surrounding eukaryotic cells leading to clinically
important mutations.?

The potential contribution of E. faecalis to the
pathogenesis of sporadic colorectal cancer has been
hypothesized recently,® but proof in vivo is lacking.
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The metabolism of E. faecalis affects the expression of
genes related to apoptosis and cell cycle in the colonic
mucosa.?* A large clinical study showed no association
between colonization of the gut with E. faecalis and
colorectal adenomas or cancer.”® Interestingly, in a
carefully designed study analyzing the bacterial flora
in feces, patients suffering from colorectal cancer had
higher populations of E. faecalis.** Whether this
finding points to a potential cause or to a consequence
of the disease is currently not clear. However, it seems
that E. faecalis and its metabolism of reactive oxygen
species might be involved in the recently proposed
CHIEF pathway of colorectal carcinogenesis.?’

Antioxidative mechanisms

Antioxidative mechanisms enable E. faecalis to survive
in phagocytes and to colonize extra-intestinal tissues.'?
Antioxidative mechanisms of Dbacteria confer
protection against hydrogen peroxide, hydroxyl
radicals and superoxide. The defense against other
reactive oxygen or nitrogen species is indirect or non-
enzymatic. A number of antioxidative enzymes have
been identified in E. faecalis.

The oldest and evolutionarily highly conserved
enzymes catalyze the dismutation of superoxide. In E.
faecalis, the importance in virulence has been proved
for the manganese-containing superoxide dismutase
(MnSOD). Impaired survival of sod4 mutants
challenged by increased production of free radicals
under aerobic and anaerobic conditions, and also in
vivo in a model of murine peritonitis, clearly showed
that MnSOD contributes to the virulence of E.
faecalis.® The sodA gene is highly divergent but
present in most enterococcal strains. The functional
importance of sodA has been shown recently in
tolerance to vancomycin and penicillin.?

The ability to express catalase is a virulence factor
in some pathogenic bacteria. Although Enterococci
are described as catalase-negative,* this is not correct
in general. Catalase detoxifying hydrogen peroxide
was described in E. faecalis cells, but the production of
active protein is heme-dependent. It requires
exogenous heme as prosthetic group to be efficient® as
E. faecalis lacks heme synthesis. This finding might be
important for the treatment of enterococcal infections,
as some strains can be insensitive to hydrogen peroxide
due to active catalase.

A major eukaryotic intracellular antioxidant is
glutathione. It acts as a scavenger of free radicals. The
oxidized form of glutathione can be reduced
enzymatically by glutathione reductase present in
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Figure 1 ROS and Enterococci. Enterococci are able to survive oxidative conditions induced by leukocytes like neutrophils
and macrophages by induction of antioxidative enzymes. On the other hand, Enterococci directly produce ROS
improving their chance of colonization of various niches and survival in comparison to other microbiota. In addition,
the enterococcal production of ROS might contribute to the pathogenesis of colon cancer and periodontitis

most eukaryotic cells. The enzyme has been found in
several Gram-negative prokaryotes, but also in E.
faecalis. Interestingly, increased oxygen resulted in up-
regulation of glutathione reductase, but not
glutathione synthesizing enzymes.>

In some pathogenic strains of E. faecalis, a
pathogenicity island was detected containing a
regulator named PerA. Although its function is far
from clear, phenotypic analysis of PerA mutants
indicated a lower ability to form biofilms and to
survive inside macrophages in vitro and in vivo.>® The
peroxide regulator (PerR), a manganese- and iron-
dependent regulator,™ is a key factor in the response to
oxidative stress in some Gram-positive bacteria, but
analysis in E. faecalis showed a different function.
Under oxidative conditions, E. faecalis deficient in
PerR showed higher survival than wild-type cells. In
contrast, peritoneal infection with the perR mutant
resulted in lower mortality compared to infection with
wild-type E. faecalis in an animal experiment.*® This
study has shown that PerR is an important virulence
factor, but its function in regulating oxidative stress
related genes in E. faecalis is different from other
prokaryotes.
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The OxyR regulator, known for its role in the
regulation of antioxidant status in Escherichia coli, is
absent in E. faecalis."* Interestingly, overexpression of
OxyR in E. faecalis affects the expression of NADH
peroxidase, suggesting a role of OxyR or its analogues
in the regulation of antioxidant status in E. faecalis.*
This might be of interest, as an important study
designed to analyze the functions of OxyR in E. coli
showed that OxyR mutants were outperformed by
wild-type bacteria in colonization of urinary tract of
mice in an in vivo experiment.’’” Even more interesting
was a negative finding of that study showing that the
OxyR is probably not important in the defense against
phagocytes as proved in phox null mice. Proof for a
role of OxyR-related regulation in E. faecalis
infections is still missing. Alkyl hydroperoxide
reductase, thiol peroxidase and other peroxidases are
also involved in the metabolism of hydrogen peroxide
in E. faecalis in vitro and in vivo.*® However, their
regulation is far from being clear.

Mutant screening identified a locus in the genome
of E. faecalis that encodes another oxidative stress
regulator in E. faecalis.®® As part of the response to
hydrogen peroxide, the designated hydrogen peroxide



regulator (HypR) has been shown to regulate the
expression of alkyl hydroperoxide reductase and thiol
peroxidase, contributing to the antioxidative status
and, thus, to the virulence of E. faecalis?** A later
study identified further antioxidant genes regulated by
HypR using real-time PCR. These include the most
potent enzymatic antioxidants like superoxide
dismutase, catalase and glutathione peroxidase, shown
to be transcriptionally regulated by the HypR
regulator.*! Indeed, impaired survival of E. faecalis in
macrophages and improved survival of mice after
peritoneal infection has been demonstrated for AypR
mutants, 04!

Conclusions

Oxidative stress seems to play an important role in the
pathogenesis of infections with virulent strains of E.
faecalis. In addition, reactive oxygen species produced
directly by E. faecalis might contribute to the patho-
genesis of colorectal cancer and periodontitis.?*#?
Recently, E. faecalis has been hypothesized to be a
candidate for the origin of salivary markers of
oxidative stress.** The therapeutic deficit against
strains of E. faecalis resistant to a wide spectrum of
antibiotics requires research into new potential
interventions.* As the molecular mechanisms behind
the antioxidative status as well as the production of
free radicals are known in detail (Fig. 1), new
therapeutic and/or preventive alternatives against
enterococcal infections might arise in the near future.
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