Received: 29 December 2022

Accepted: 25 March 2023

DOI: 10.1111/1751-7915.14261

MINI REVIEW

Fighting polymicrobial biofilms in bacterial vaginosis

Lucia G. V. Sousa'? |

Laboratory of Research in Biofilms
Rosario Oliveira (LIBRO), Centre of
Biological Engineering (CEB), University
of Minho, Campus de Gualtar, Braga,
4710-057, Portugal

2L ABBELS - Associate Laboratory,
Braga, Guimaraes, Portugal

Correspondence

Nuno Cerca, Centre of Biological
Engineering, University of Minho, Campus
de Gualtar, Rua da Universidade, Braga
4710-057, Portugal.

Email: nunocerca@ceb.uminho.pt

Funding information

Fundacéao para a Ciéncia e a Tecnologia,
Grant/Award Number: 2020.04912.BD
and UIDB/04469/2020

Sofia A. Pereira'? |

Nuno Cerca’?

Abstract

Bacterial vaginosis (BV) is the most common cause of vaginal discharge
and is often associated with other health consequences mainly in pregnant
women. BV is described by an imbalance in the vaginal microbiota where
strictly and facultative anaerobic bacteria outgrow the lactic acid- and hydro-
gen peroxide-producing Lactobacillus species. The species involved in BV
are capable to grow and form a polymicrobial biofilm in the vaginal epithelium.
The treatment of BV is usually performed using broad-spectrum antibiotics,
including metronidazole and clindamycin. However, these conventional treat-
ments are associated with high recurrence rates. The BV polymicrobial bio-
film may have an important role on the treatment outcome and is accounted
as one of the factors for treatment failure. Other possible reasons for treat-
ment failure include the presence of species resistant to antibiotics or the
chance of reinfection after treatment. Therefore, novel strategies to increase
the rates of treatment have been studied namely the use of probiotics and
prebiotics, acidifying agents, antiseptics, plant-based products, vaginal mi-
crobiota transplantation, and phage endolysins. Although some of them are
still in an initial phase of development with very preliminary results, they show
great perspectives for application. In this review, we aimed to study the role of
the polymicrobial nature of BV in treatment failure and explore a few alterna-

tives for treatment.

INTRODUCTION

Bacterial vaginosis (BV) is very common among
reproductive-aged women, affecting around 23% to
29% of women, with a higher prevalence on women
at Middle East, North and sub-Saharan Africa, North
America, and South Asia (Javed et al., 2019; Peebles
et al., 2019). Among races, BV is more prevalent on
black women irrespective of the geographical re-
gion (Javed et al., 2019), and less prevalent on white
and Asian women (Kenyon et al., 2013; Peebles
et al., 2019). BV treatment is usually performed using
antibiotics, namely metronidazole and clindamycin
(Workowski et al., 2021). Although the treatment shows
to be effective in relieving the signs and symptoms of
infection, in a long-term, cases of recurrence are very
common (Bradshaw, Morton, et al., 2006). Nowadays,

the high rates of BV recurrence observed after treat-
ment are a major problem that leads to physical and
psychological distress of women suffering from BV, as
well as an increased economic burden in the treatment
of patients (Bilardi et al., 2013; Peebles et al., 2019).
Several reasons are pointed as an explanation for the
high recurrence rates including, (i) the development
of bacterial resistance to commonly used antibiotics
(Muzny & Sobel, 2022), (ii) the presence of a biofilm in
BV that proves difficult in the eradication of infection (Li
et al., 2020), (iii) or the reduction of antibiotic bioavail-
ability due to the protective effect of non-susceptible
species (Rosca, Castro, Sousa, Franca, Vaneechoutte,
et al.,, 2022). These reasons demand for an urgent
development of novel therapeutic agents to treat this
infection. In this review, we will address how bacterial
interactions can affect the BV treatment outcome.
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THE VAGINAL MICROBIOME

The vaginal ecosystem is a diverse and dynamic envi-
ronment where different microorganisms often inhabit
in a mutualistic relationship with each other and the
host (Chen et al., 2021). Lactobacillus species usually
predominate the healthy vaginal microbiome and are
acknowledged for being responsible to preserve the
health of the vaginal ecosystem through the produc-
tion of antimicrobial compounds such as lactic acid,
hydrogen peroxide, and bacteriocin-like substances
(Amabebe & Anumba, 2018; Borges et al., 2014).
The production of lactic acid is directly related to the
acidic vaginal environment (pH3.5-4.5) that favours
Lactobacillus spp. growth and prevents colonization
by pathogenic microorganisms (Atassi & Servin, 2010).
Moreover, many Lactobacillus spp. are capable to keep
pathogens out of the female reproductive tract through
the regulation of the host's immune response (Rizzo
et al., 2015) or due to inhibition of cells adhesion to the
vaginal epithelial cells (Ojala et al., 2014). Different spe-
cies of Lactobacillus can colonize the healthy vagina,
and based on the predominant species that compose
the vaginal microbiota, five community state types
(CST) have been defined (Ravel et al., 2011). CST I is
dominated by L. crispatus, CST Il by L. gasseri, CST
Il by L. iners, and CST V by L. jensenii. Communities
in group IV occur in around 27% of women and are
characterized by the presence of many anaerobes.
Consequently, the vaginal pH may vary in the different
groups (Amabebe & Anumba, 2018; Ravel et al., 2011).
It has been proposed that changes in the vaginal mi-
crobiota and physiology may lead to the reduction of
beneficial lactobacilli and the overgrowth of microor-
ganisms that cause dysbiosis (Chen et al., 2021; Rosca
et al., 2020). The concept of dysbiosis is still a great
source of controversy regarding its definition when ap-
plied to characterize a specific state of the microbiota,
such as gut microbiota dysbiosis (Brissow, 2020), and
the problems are transversal to the definition of vaginal
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microbiota dysbiosis (Lev-Sagie et al., 2022). Several
authors have been using vaginal dysbiosis to define
the state where Lactobacillus species are not domi-
nant in the vaginal microbiota, and can be associated
with some symptoms (van de Wijgert & Jespers, 2017).
Therefore, BV is sometimes defined as a state of vagi-
nal dysbiosis.

Microbiologically, BV is characterized by the reduc-
tion of healthy Lactobacillus species, that produce hy-
drogen peroxide and lactic acid, and the overgrowth
of facultative and strictly anaerobic bacteria, such as
Gardnerella species, Fannyhessea vaginae (previously
known as Atfopobium vaginae [Nouioui et al., 2018]),
Prevotella bivia, Mobiluncus spp., Peptostreptococcus
anaerobius, Megasphaera sp., among many oth-
ers (Fredricks et al., 2005, 2007; Muzny et al., 2018).
BV-related anaerobic species display synergistic in-
teractions during infection and develop a polymicro-
bial biofilm in the vaginal epithelium (Hardy, Cerca,
et al., 2017; Muzny et al., 2019) (Figure 1).

CLINICAL DIAGNOSIS AND
CONSEQUENCES OF BV

A significant percentage of women with BV do not re-
port symptoms (Koumans et al., 2007). However, in
symptomatic women, BV can cause vaginal discom-
fort (including vaginal or perineal itching and burning),
a profuse vaginal discharge (that may have a watery
thin consistency, greyish-white colour), and an un-
pleasant odour (often described as fishy) (Coudray &
Madhivanan, 2020; Jung et al., 2017). BV is also char-
acterized by the increase of vaginal pH and the pres-
ence of clue cells on microscopic analysis (Hay, 2014;
Swidsinski et al., 2022). Other health consequences,
mostly related to pregnancy, have also been associated
with BV, such as a higher risk of miscarriages (Soyer
Caliskan et al., 2022) and preterm delivery (Mohanty
et al., 2022), or a higher risk for pelvic inflammatory
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Representation of the vaginal microbiome in health and bacterial vaginosis. The healthy vaginal microbiome is dominated by

Lactobacillus species that produce lactic acid and hydrogen peroxide and create an acidic environment. In bacterial vaginosis, the vaginal
microbiome is highly colonized by anaerobic species that interact and develop a polymicrobial biofilm on the vaginal epithelium. The most
common symptoms of infection are the presence of a vaginal discharge and a strong smell, and an increase of vaginal pH. Figure created

with BioRender.com.
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disease (Haggerty et al., 2020), increased possibility of
acquiring Human Immunodeficiency Virus (Armstrong
& Kaul, 2021) and other sexually transmitted infections
(Brotman et al., 2010).

The diagnosis of BV is usually performed by the
Amsel criteria or the Nugent score (Redelinghuys
et al., 2020). The Amsel criteria evaluate the clinical
symptoms associated with BV and when three out of
four defined criteria are present, a positive diagnosis is
obtained (Amsel et al., 1983). In the Nugent score, a mi-
croscopic analysis of a vaginal smear is performed and
the morphotypes present in the sample are counted
and classified according to a semi-quantitative scale. A
score>7 is indicative of a positive case of BV (Nugent
et al,, 1991).

Despite the prevalence of BV and its impact on
women's health, there is not yet a definitive answer re-
garding its aetiology. Two main hypotheses have been
proposed: the single agent theory and the polymicro-
bial consortia theory (Jung et al., 2017). There is, how-
ever, evidence that supports that key bacterial species,
such as Gardnerella spp., are fundamental for trigger-
ing BV, but that some secondary anaerobes do contrib-
ute to the development of BV (Cerca, 2019). In the next
sections, we will address how bacterial interactions can
affect the BV treatment outcome.

POLYMICROBIAL NATURE OF
BV BIOFILMS

In nature, and also in infectious diseases, bacteria
grow predominantly as communities of sessile cells
that live in a biofilm (multicellular life phase), rather
than as axenic planktonic cultures (unicellular life
phase) (Vestby et al., 2020). Biofilms can be defined
as structured communities of bacteria attached to a
surface and embedded in a self-produced matrix of ex-
tracellular polymeric substances, that provides protec-
tion towards adverse environmental stress conditions
(Flemming et al., 2016). The formation of the biofilm is
a dynamic and complex process that involves multiple
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interactions between single or multiple bacterial spe-
cies and the host cells (Luo et al., 2022), which can be
controlled by different mechanisms (Liu et al., 2022).
To date, the exact process of the polymicrobial biofilm
formation in BV remains unknown, although it has been
hypothesized that it follows the same route as the for-
mation of oral biofilms, including (i) initial adhesion to
the vaginal epithelium, (ii) maturation of the biofilm with
the incorporation of diverse anaerobic species and (iii)
dispersion of the biofilm by the detachment of aggre-
gates adhered to epithelial cells, also known as clue
cells (Jung et al., 2017; Machado & Cerca, 2015; Muzny
et al., 2019) (Figure 2).

The relevance of microbial biofilms in BV was first
highlighted in 2005, in a fluorescence in situ hybridiza-
tion study, when Swidsinski and colleagues demon-
strated that a polymicrobial biofilm, mainly composed
by Gardnerella spp., where F. vaginae was also de-
tected, was present in women with BV (Swidsinski
et al., 2005). The same authors later supported their
first observations by demonstrating the presence of a
polymicrobial biofilm in half of the patients diagnosed
with BV (Swidsinski et al., 2013). The presence of both
Gardnerella and F. vaginae adhered in a biofilm was
later independently confirmed (Hardy et al., 2016).
Some features of Gardnerella spp. may explain its
higher virulence potential, including the production of
vaginolysin and sialidase that cause cell death and
exfoliation of the vaginal mucosa, respectively (Garcia
et al., 2021; Hardy, Jespers, et al., 2017), the high ca-
pacity of adhesion to host cells (Patterson et al., 2010),
the ability to displace protective Lactobacilli from vagi-
nal cells (Castro et al., 2015), and the ability to form bio-
films on vaginal cells (Jung et al., 2020). Interestingly,
the association between Gardnerella and F. vaginae
has been pointed out as a very high specific marker
for BV diagnosis, wherein F. vaginae is rarely detected
in the absence of Gardnerella (Menard et al., 2008;
Sehgal et al., 2021). More recently, it has been demon-
strated that Gardnerella spp. secretes some undefined
compound that is required for F. vaginae to maintain
cellular viability in BHI broth (Castro et al., 2020).

Biofilm maturation and
detachment of clue cells
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FIGURE 2 Polymicrobial biofilm development model in bacterial vaginosis. The first colonizer adheres to the vaginal epithelium, causes
the displacement of Lactobacillus species, and starts the formation of biofilm. Following colonizers join the formed biofilm and increase its
biomass. When the biofilm is mature, epithelial vaginal cells, covered in bacteria forming biofilm, are detached (clue cells). Figure created

with BioRender.com.
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Despite the pivotal role of Gardnerella spp. in BV,
the roles of other BV-associated species should not
be neglected. Several studies have started assessing
the interplay between Gardnerella spp. and other BV-
associated species on biofilms. One of the first studies
addressing interactions between BV-associated bacte-
ria revealed a synergistic effect between Gardnerella
spp. and P. bivia when Pybus and colleagues elucidated
the symbiotic relationship between these two species
by the production of ammonia by P. bivia and amino
acids by Gardnerella (Pybus & Onderdonk, 1997).

P. bivia has been often found in BV cases (Datcu
et al., 2013; Ravel et al., 2013), but more recently, it
has been pointed out that P. bivia might be a possi-
ble early colonizer in incident BV (Muzny et al., 2018).
Furthermore, more recently, using a mouse model,
Gilbert and colleagues demonstrated that the co-
colonization with Gardnerella and P. bivia revealed
some clinical aspects characteristic of BV such as high
levels of sialidase produced by both bacteria, epithelial
exfoliation, and the absence of inflammatory response
(Gilbert et al., 2019).

Despite more studies have been performed on
F. vaginae or P. bivia interactions with Gardnerella,
other BV species have also been found to interact with
Gardnerella spp. In fact, we have previously shown
that many BV-associated species can increase the
total biofilm biomass in dual (Castro & Cerca, 2015)
and triple-species biofilms mediated by G. vaginalis
(Castro et al., 2021). Interestingly, some, but not all BV-
associated species, were able to significantly alter G.
vaginalis gene expression, including genes associated
with antimicrobial tolerance (Castro et al., 2019).

TREATMENT OF BV AND
POSSIBLE OUTCOMES

It has been pointed out that in order to fully understand
the pathogenicity of microbes in the host and to im-
prove or develop effective BV treatments without re-
currence, it is very important to assess BV-associated
bacterial interactions with secondary BV-associated
microbial species (Cerca, 2019). Perhaps due to the
lack of fundamental knowledge regarding BV aetiol-
ogy, current treatment options for BV are focused on
the alleviation of symptoms, which are achieved by the
reduction of BV-associated bacterial load and promo-
tion of normal vaginal microbiota restoration (Sobel &
Sobel, 2021; Vodstrcil et al., 2021). The most common
antibiotics are metronidazole and clindamycin available
in both oral and or topical regimens. Alternative antibi-
otics include, tinidazole, and secnidazole. The Centers
for Disease Control and Prevention (CDC) recommend
the use of antibiotics for symptomatic women to relieve
vaginal symptoms and signs of infection. Due to the lack
of evidence, guidelines from CDC do not recommend

screening or treatment of BV in asymptomatic women
(Workowski et al., 2021). The treatments for BV are
usually well-tolerated, except for some side effects oc-
curring with the use of metronidazole which can include
nausea, abdominal pain, headache, and metallic taste
(Brandt et al., 2008). Patients under tinidazole treat-
ment tend to report similar side effects to metronidazole
(Armstrong & Wilson, 2009; Menard, 2011), in the same
frequency (Schwebke & Desmond, 2011) or even less
frequently (Dickey et al., 2009). Clinical cure rates of BV
after treatment with antibiotics are reported to vary be-
tween 46.8% and 96.2% (Mufoz-Barreno et al., 2021).
However, women often experience several episodes of
recurrence (Bradshaw & Sobel, 2016) being reported
that around 60% of women experience a new case of
BV within a year after treatment (Bradshaw, Morton,
et al.,, 2006). The high rates of recurrence raise the
question of whether the currently used treatments are
effective or not.

Several hypotheses have been proposed to explain
the high recurrence rates in BV, including the increas-
ing development of bacterial resistance to the com-
monly used antimicrobial agents (Schuyler et al., 2016),
as well as the failure to eradicate the biofilm (Swidsinski
et al., 2008). BV recurrence can also be a result of rein-
fection (Ratten et al., 2021) (Figure 3).

These clinical observations of high recurrence rates
have been partially explored in in vitro antimicrobial
susceptibility studies. Antimicrobial resistance is a
worldwide problem that has been increasing in the last
decades. In the case of BV, some resistance to the
commonly used antimicrobial agents has been increas-
ingly reported (Muzny & Sobel, 2022). Table 1 summa-
rizes some of the in vitro studies that have evaluated
the response of some BV-associated bacteria to com-
mon antibiotics used in the treatment of BV.

Beigi et al. evaluated the in vitro tolerance of BV-
associated bacteria to metronidazole and clindamycin
and concluded that the bacteria were more resistant to
clindamycin than to metronidazole (Beigi et al., 2004).
When Alves and colleagues tested BV-associated
bacteria in response to metronidazole, clindamycin,
and tinidazole, the species showed more resistance
to metronidazole and tinidazole (Alves et al., 2014). In
the particular case of Gardnerella spp., the majority of
the studies reported resistance to metronidazole (de
Souza et al., 2016; Li et al., 2020; Simoes et al., 2001).
Although some discrepancies have been noted in the
available literature, it seems that BV-associated bac-
teria show higher levels of resistance to metronidazole
than to clindamycin (Muzny & Sobel, 2022).

BV recurrence can also be attributed to rein-
fection with anaerobic bacteria after the treatment
(Eschenbach, 2007). However, the causes of reinfec-
tion are not clear, but some behavioural practices after
the treatment of BV may have an effect. For instance,
Bradshaw and colleagues found higher recurrence
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FIGURE 3 Schematic representation
of bacterial vaginosis cure and recurrence
after antibiotic treatment. A case of
recurrence may occur either by the
reinfection with anaerobic pathogens after
the antibiotic treatment or caused by the
antimicrobial resistance of bacteria and
failure of antibiotics in eliminating the
biofilm that recovers its capacity to grow
and develop the infection. Figure created
with BioRender.com.

rates associated with having the same sexual partner
before and after the treatment, and the inconsistency
of condom use (Bradshaw et al., 2013). Schwebke
and Desmond have earlier observed similar findings,
wherein the consistent use of condoms reduced the re-
currence by 50% (Schwebke & Desmond, 2007). More
recently, in a pilot study, Plummer and colleagues found
that women whose partners were treated for BV were
likely to show low levels of recurrence after 3weeks
(Plummer et al.,, 2018) or 12weeks post-treatment
(Plummer, Vodstrcil, et al.,, 2021). This led some au-
thors to suggest that the exclusive treatment of women
with BV may be a limited therapeutic option and will not
prevent the appearance of recurrent cases (Vodstrcil
et al., 2021). The high levels of recurrence can also be
explained by other factors, including the failure to re-
colonize the vaginal epithelium with Lactobacillus spp.
after treatment (Hemmerling et al., 2010), genetic and
immune factors (Muzny et al., 2020). In the next sec-
tion, we will focus on the role of BV-associated biofilm
on the treatment failure.

THE IMPACT OF BIOFILM AND
POLYMICROBIAL INTERACTIONS
ON ANTIMICROBIAL TOLERANCE

Biofilms are known to provide increased tolerance to
antimicrobial agents explained by several factors in-
cluding, the slow diffusion of antimicrobials through the
biofilm (Khan et al., 2021), the inability of the antibiotic
to reach the cells at deep layers of the biofilm (Tseng
et al., 2013), the reduced metabolic activity of the cells
(Gaio & Cerca, 2019; Wood, 2017), and the presence of
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antibiotic resistant bacteria within the biofilm (Michaelis
& Grohmann, 2023).

When we focus the attention on the polymicrobial
nature of BV we find some studies that indicate that the
presence of two or more species associated with BV
leads to higher tolerance to antimicrobial treatments.
Swidsinski and colleagues showed that the presence of
biofilm made difficult the treatment of BV when they re-
ported that a biofilm mainly composed by Gardnerella
spp. and F. vaginae was temporally suppressed during
treatment with metronidazole for seven days, but re-
gained its activity after treatment cessation (Swidsinski
et al., 2008). In vivo evidence of likely bacterial interac-
tions or bacterial associations during BV that can lead
to increased antimicrobial tolerance has been reported.
Bradshaw and colleagues conducted a large cohort
study of 139 women infected with BV that were treated
with oral metronidazole (400 mg, twice daily for 7 days)
(Bradshaw, Tabrizi, et al., 2006). Participants were
scheduled for follow-up over the course of 12 months to
examine the recurrence of F. vaginae and Gardnerella
spp. Their results showed that although F. vaginae was
not present in all women with BV relapses, recurrence
rates were significantly higher when these two species
were simultaneously present (83% recurrence rate vs
38% recurrence when only Gardnerella spp. was pres-
ent). These authors suggested that F. vaginae associa-
tion with Gardnerella was pivotal in BV treatment failure.
Very recently, we compared the antimicrobial tolerance
of single-species versus ftriple-species biofilms con-
taining G. vaginalis, F. vaginae, and P. anaerobius and
found a synergistic effect on the triple-species biofilms
that led to a significant increase in metronidazole tol-
erance (Rosca, Castro, Sousa, Franga, Vaneechoutte,
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et al., 2022). This was the first functional evidence of
BV-associated synergy that led to antimicrobial therapy
failure. Taking also into consideration other infections
caused by polymicrobial biofilms, it is now evident that
microbial interactions do enhance antimicrobial toler-
ance (DelLeon et al., 2014; Perez et al., 2014), but fur-
ther research is needed to provide a better mechanistic
insight underlying this effect. The presence of naturally
resistant BV-associated bacteria in the polymicrobial
biofilm, such as F. vaginae, is likely to be the domi-
nant mechanism to explain the BV recurrence cases
(Vodstrcil et al., 2021).

PROMISING ALTERNATIVE
STRATEGIES FOR BV TREATMENT

In an attempt to overcome BV treatment failure and
relapses of infection, new strategies of treatment have
been pursued in recent years (Figure 4).

Probiotics

The administration of oral and vaginal probiotics has
been one of the most recommended non-antibiotic
therapies for BV, with some positive clinical outcomes
(Joseph et al., 2021). The focus on Lactobacillus as
protective strains is based on their phenotypic surface
properties (aggregation, adhesion, and biofilm forma-
tion) and ability to produce lactic acid and hydrogen
peroxide (Amabebe & Anumba, 2018). However, a few

1429

years ago, a study reported that the physiologic con-
centrations of hydrogen peroxide were not able to inac-
tivate the activity of BV-associated bacteria, although
lactic acid at physiologic concentrations did have activ-
ity against all BV-associated bacteria tested (O'Hanlon
et al., 2011).

Despite these limitations, several clinical trials have
described the probiotic potential against BV, with a
single- or multi-strain administration, applied intravagi-
nally or orally, and the interest in using probiotics for the
treatment of BV is old. Three decades ago, Hallen and
colleagues conducted the first study aiming the treat-
ment of BV only with probiotics. Women were randomly
assigned to receive treatment with L. acidophilus and
57% of women showed a significant improvement in
vaginal wet smear results (Hallén et al., 1992). A more
recent in vitro study reported that Lactobacillus species
were able to inhibit the formation of Gardnerella bio-
film and reduce the biofilm biomass. The percentage
of reduction in biofilm formation was greater with the
use of L. rhamnosus (32.7%+1.9%, and 29.4% +2.7%)
than with L. casei (12.6%+0.7%, and 0.5%+1.6%), at
a 24h and 48h pre-formed biofilm, respectively (He
et al,, 2021).

On the other hand, the first study that administered
oral probiotics dates back to 2012, where the authors
reported a significant reduction in vaginal pH after
receiving oral probiotic yogurt (100g, twice daily for
1week) compared to orally administered clindamycin
(300 mg, twice a daily for 1week). Since 80% of individ-
uals from the probiotic group and 84% of subjects in the
clindamycin group had a complete symptomatic cure,
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Hantoushzadeh and colleagues concluded that pro-
biotic and antibiotic treatments were equally effective
(Hantoushzadeh et al., 2012). More recently, a random-
ized controlled cross-over study whereby patients took
one capsule containing three sub-strains of L. crispatus
(10°CFU/strain, once daily for 1week) reported signif-
icant reductions in the Nugent score and Gardnerella
spp. counts (Rostok et al., 2019). However, the effect
of the administration of probiotics for the treatment
of BV seems to be controversial. A study combining
the recommended first-line therapies of oral metroni-
dazole (400mg, twice daily for 7 days), with a vaginal
intervention of either 2% clindamycin cream (one ap-
plicator for 7 days) or vaginal L. acidophilus probiotic (1
x 10" CFU, single pessary for 12days) did not reduce
6-month BV recurrence (Bradshaw et al., 2012). A new
exploratory study evaluated the application of probiotic
vaginal capsules containing L. gasseri and L. rham-
nosus at 1 x10® CFU/capsule. The patients with BV
received either oral antibiotics (cefixime, doxycycline,
and metronidazole) for 7 days or a combination of anti-
biotics followed by probiotics administration once daily
for 30days followed by once a week until day 190. The
results showed that in women treated with the combi-
nation of antibiotics and probiotics, a higher number of
the Lactobacillus species administered was detected
in the vaginal microbiome; however, no differences in
the recurrence of BV after 6 months in women treated
only with antibiotics or antibiotics and probiotics were
observed (Marcotte et al., 2019).

Prebiotics

Prebiotics are a source of nutrients for specific species
and favour the growth of beneficial microorganisms
and are another alternative that has been studied in the
treatment of BV (Vieira-Baptista et al., 2022). Collins
and colleagues evaluated a set of prebiotics namely,
lactitol, lactulose, raffinose, and oligofructose and their
activity to stimulate Lactobacillus and BV-associated
bacteria. Lactulose was found to be the most prom-
ising prebiotic as it was highly specific to promote
lactobacilli growth and not stimulate BV-associated
bacteria (Collins et al., 2018). The use of maltose gel
was evaluated in the vaginal microbiota in an animal
model (Rhesus Macaque) that is normally colonized by
anaerobic BV-related bacteria. The prebiotic maltose
induced the proliferation of Lactobacillus, resulting in
the inhibition of BV-associated bacteria in the vaginal
environment (Zhang et al., 2020).

Lactoferrin is another prebiotic that has been stud-
ied. Otsuki and Imai reported the use of lactoferrin (vag-
inal suppositories 150 mg/day and oral tablets 700 mg/
day) in six women with a history of pregnancy losses
or preterm delivery and refractory BV. After one month
of lactoferrin administration, Lactobacillus became

dominant in the vaginal microbiota and those who were
pregnant had a normal delivery without complications
(Otsuki & Imai, 2017). Prebiotics have also been tested
in combination with antibiotics. Very recently was stud-
ied the antimicrobial activity of bovine lactoferrin alone
or in combination with metronidazole or clindamycin
against G. vaginalis isolates, and the results showed
inhibition of Gardnerella growth in a dose-dependent
effect and the combination with clindamycin resulted in
a synergistic effect (Pino et al., 2022).

A group of patients with BV was treated with met-
ronidazole (250 mg tablets, 3 per day) plus a prebiotic
vaginal gel (5mg vaginal gel daily) for 7 days, and the
study showed that in the treatment group the symptoms
of infection were lower than in the group that did not
receive the prebiotic gel (Hakimi et al., 2018). A very
recent review analysed the studies using probiotics/
prebiotics in combination with antibiotics for BV treat-
ment and concluded that the combined therapy is more
effective in reducing BV recurrence than the antibiotics
alone (Afifirad et al., 2022).

Acidifying agents

Lactic acid is one of the options studied for the treat-
ment of BV due to its antimicrobial activities against
BV-associated bacteria and capacity to restore op-
timal conditions for Lactobacillus. Several over-the-
counter products are available, although the use of
these products is not recommended on guidelines
(Plummer, Bradshaw, et al., 2021). On an early study,
the use of a lactic acid gel (225mg, for 7 days) was
as effective as oral metronidazole (500mg, twice
daily for 7days) in the treatment of patients with BV.
Furthermore, the combination of the lactic acid gel
with metronidazole had better results than the metro-
nidazole alone and promotes Lactobacillus coloniza-
tion of the vaginal microbiome (Decena et al., 2006).
Lactic acid pessaries were tested following treatment
with metronidazole (2g oral, single dose) to assess
the efficacy to eliminate the BV biofilm. After treat-
ment with metronidazole, the majority of women with
BV was free of symptoms and the presence of bio-
film was only detected in 27.3% of cases at visit 2 (7
to 28 days after), where they initiated the lactic acid
treatment for 3weeks (twice per week). At visit 3 the
percentage of patients with biofilm reduced to 18.2%,
however at visit 4 (end of treatment) the number in-
creased to 36.4% and the recurrence rates were high
(Gottschick et al., 2017). More recently, Armstrong-
Buisseret and colleagues conducted a large con-
trolled trial to compare whether intravaginal lactic
acid gel (5mL, once daily for 7days) is better than
oral metronidazole (400 mg, twice daily for 7 days) for
BV treatment. Primary outcome data were available
for 409 participants (204 with metronidazole and 205
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with lactic acid gel arm). BV symptoms resolution at
week 2 was higher with metronidazole (70%) than
with lactic acid gel (47%). Likewise, microbiological
resolution of BV at week 2 was higher with metroni-
dazole (59/77, 77%) than with lactic acid gel (31/73,
42%), although more side effects were reported in
the metronidazole group. However, a follow-up of
6 months post-treatment revealed similar recurrence
ratios among treatments in participants who had ini-
tial resolution (metronidazole: 51/72, 71%; lactic acid
gel: 32/46, 70%) (Armstrong-Buisseret et al., 2022).

Boric acid has been used for decades to treat vag-
inal infections and has been reported for the treat-
ment of BV, but still with limited data available (Powell
et al., 2019). In an early clinical study for the treatment
of recurrent BV, patients were treated with oral nitro-
imidazole for 7 days, followed by boric acid for 21 days
(intravaginal, 600 mg/day) and metronidazole gel twice
weekly for 16 weeks, if in remission. The study showed
that the percentage of cure was 87% after 12weeks but
dropped to 65%, 28 weeks after treatment (Reichman
et al., 2009). More recently, Marrazzo and colleagues
used the TOL-463 boric acid-based vaginal gel (2g in-
sert or 5g gel, once daily for 7 days) for the treatment of
BV, reporting a 50%—-59% early clinical cure rate and
considered this strategy as effective and safe for the
treatment of BV (Marrazzo et al., 2019).

The combination of conventional antibiotic therapy
with boric acid was tested recently as an approach
to treat recurrent BV. The regimen consisted of oral
nitroimidazole (500mg, oral) twice a day for 7days
with simultaneous vaginal boric acid 600mg daily for
30days, followed by 0.75% metronidazole vaginal gel
twice weekly for 5months. After 30days of treatment,
only one patient remained with symptoms and was di-
agnosed with refractory BV. After 5months of a main-
tenance regimen, 21 of 69 patients had BV and after
6 months of therapy discontinuation, 9 of 29 women de-
veloped BV. Overall, 20 women remained free of BV for
one year (Surapaneni et al., 2021).

A very recent study used acid electrolyzed water,
containing 6% of HCI, against Gardnerella spp. This
new product showed an antibacterial effect by inhibit-
ing the growth of Gardnerella species and had better
antimicrobial activity than metronidazole. Also, it had
a negligible effect on L. acidophilus. Furthermore, vag-
inal samples were collected from women with BV and
the new treatment was able to eliminate all the micro-
bial viability in the cultured samples (Zhao et al., 2022).

Antiseptics

Antiseptics include a large group of different com-
pounds, such as benzydamine (Boselli et al., 2012),
chlorhexidine (Mirzaeei et al., 2021), dequalinium
chloride (Mendling et al., 2016), octenidine (Swidsinski

1431

et al., 2015), polyhexamethylene biguanide (Koban
et al., 2012), povidone iodine (Wewalka et al., 2002),
that have been tested against vaginal infections for
several years. They have a large spectrum of ac-
tivity and generally act by the disruption of the cell
membrane and very little evidence regarding antimi-
crobial resistance to these compounds is reported.
Chlorhexidine was recently used in a clinical trial
for the treatment of patients with BV and compared
with metronidazole (250mg tablets, twice a day) for
5days. Patients treated with chlorhexidine vaginal gel
reported high satisfaction scores than those treated
with oral metronidazole. The improvement of symp-
toms was 100% in both groups however, more pa-
tients treated with chlorhexidine reported side effects
(Mirzaeei et al., 2021).

Dequalinium chloride is one of the antiseptics
more studied for the treatment of BV and has demon-
strated good efficacy in the treatment of BV (Mendling
et al.,, 2016). Weissenbacher and colleagues com-
pared the treatment of BV using dequalinium chloride
(10mg vaginal tablets) and clindamycin vaginal cream
(2%) in a randomized clinical trial. They reported that
the two different treatments had equal efficacy and
clinical cure rates 1week after treatment were similar
(Weissenbacher et al., 2012).

Very recently a study showed the potential of de-
qualinium chloride to disrupt Gardnerella biofilms
and this compound was able to reduce the metabo-
lism and the biomass of Gardnerella biofilms (Gaspar
et al., 2021). A recent study reported the application of
dequalinium chloride (100 mg vaginal tablet) for 6 days
in a total of 573 patients diagnosed with BV. After treat-
ment, around 85% of patients reported the alleviation of
symptoms within 4—6 weeks (Antoni Vives et al., 2022).

Octenidine hydrochloride/phenoxyethanol was com-
pared with metronidazole (500mg vaginal tablets)
treatment for 7 days and the authors found that the two
therapies resulted in similar rates of treatment, and a
longer period of treatment with octenidine (7 days vs
14 days) resulted in a significantly higher percentage of
patients treated (Mikic & Budakov, 2010). However, in a
more recent study, Swidsinskii and colleagues demon-
strated that, despite the high rates of cure after 7 days
of treatment with octenidine and the capacity to elimi-
nate the Gardnerella biofilm from patients with BV, after
6 months the relapse rates of infection were about 66%
and the biofilm was again detected. Moreover, repeated
and prolonged periods of treatment with octenidine
led to an increase in bacterial resistance (Swidsinski
et al,, 2015).

Plant-based natural products

Natural products have been used for several years
against pathogenic microorganisms associated with
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different infections (Kim et al., 2022). Plant-based
natural products represent a rising and effective ap-
proach to treat BV infection, as their mechanisms of
action may prevent bacteria from developing antimi-
crobial resistance, which represents a great advan-
tage compared to antibiotics (Palmeira-de-Oliveira
et al., 2013).

Early in 1991, Blackwell reported the first thera-
peutic success after the application of tea tree oil
to cure BV (Blackwell, 1991). From then on, sev-
eral essential oils and their major components have
been studied for the treatment of vaginal infections
(Falconi-McCahill, 2019). One of the first studies
showing the anti-biofilm potential of thymol, a small
hydrophobic molecule present in thyme essential oil,
demonstrated in vitro inhibitory effect on both newly
formed and mature Gardnerella spp. biofilms (Braga
et al.,, 2010). Artemisia princeps Pamp. essential
oil was found to have a great effect in inhibiting the
growth of Gardnerella, as well as some of its major
components (Trinh et al., 2011). More recently, the ef-
fect of single compounds from T. capitata was tested
against Gardnerella species biofilms, showing great
activity in inhibiting the biofilm culturability (Sousa
et al., 2022). T. capitata oil was also tested in a six-
species polymicrobial biofilm associated with BV re-
ducing the biofilm biomass and culturability (Rosca,
Castro, Sousa, Franga, Cavaleiro, et al., 2022).

Myrtus communis, Berberis vulgaris or metronida-
zole vaginal gel were used on 120 women with BV and
the groups receiving M. communis or B. vulgaris had
a better response than metronidazole and no cases
of recurrence were reported, whereas in the group
treated with metronidazole 30% of women experi-
enced relapse (Masoudi et al., 2016). In a randomized
study, 80 women with BV received a treatment of met-
ronidazole or a Calendula officinalis vaginal cream.
After treatment, both groups reported no symptoms of
BV and no side effects were described (Pazhohideh
et al., 2018).

The combinations of essential oils with antibiot-
ics have also been assessed for the treatment of BV.
Extract from M. communis was combined with metro-
nidazole in a vaginal gel for the treatment of women
with BV. Treatment with metronidazole and extract
combination was effective in treating BV and patients
did not show reinfection within 3weeks after treatment,
although 12% of the patients treated only with metroni-
dazole showed reinfection (Masoudi et al., 2017).

Taken together, these studies strengthened the im-
portance of exploring essential oils and their main con-
stituents as alternative approaches to treat BV, but also
support the idea that bacteria can interact synergisti-
cally when co-incubated, enhancing tolerance to anti-
microbial therapy and causing high clinical recurrence
rates of BV.

Vaginal microbiota
transplantation approach

Vaginal microbiota transplantation (VMT) is another
novel promising approach to treat dysbiosis whereby
researchers aim to “reset” the vaginal microbiome to
a healthy state, by direct inoculating vaginal discharge
from a healthy donor into the vagina of a woman with BV
(DelLong, Zulfigar, et al., 2019; Lev-Sagie et al., 2019).
A first exploratory study involving the intervention of
VMT for symptomatic, intractable, and recurrent BV
has recently published important findings (Lev-Sagie
et al., 2019). Lev-Sagie et al. recruited five patients with
recurrent BV for VMT procedures; four of them were
associated with full long-term remission during follow-
up (at 5 to 21 months after VMT), with a reconstituted
Lactobacillus-dominated vaginal microbiome, signifi-
cant improvement of symptoms, and normalization of
Amsel criteria. The authors also pointed out that re-
mission may require repeated VMT sessions to elicit
a long-standing clinical response. Safety is an impor-
tant issue in VTM, considering the risk of contracting
infectious microorganisms or agents when the aim is
to treat a disease, particularly in immunocompromised
recipients. Other works have addressed how studies
evolving VMT should be conducted and some proto-
cols regarding the design, methodology, and reproduc-
ibility of VMT trials are available (DeLong, Bensouda,
et al., 2019; Yockey et al., 2022).

Phage endolysins

Endolysins are bacteriophage-encoded peptidoglycan
hydrolases. The endolysins are produced at the end of
the lytic cycle of phage-bacteria infection and have an
activity in cleaving the peptidoglycan cell wall of bac-
teria. Endolysins have several applications and are
pointed out as a great alternative to the use of antibiot-
ics (Fischetti, 2018).

The use of endolysins as an alternative for BV treat-
ment is still in an initial phase. Landlinger and col-
leagues were the first to report an engineered phage
endolysin with activity against Gardnerella — the PM-
477. This endolysin showed to be highly specific for
Gardnerella, being able to reduce the in vitro viability
of the cells and to disrupt the biofilm of Gardnerella in
vaginal samples from patients with BV, without harming
beneficial vaginal microbiota (Landlinger et al., 2021).
The same authors recently reported that bacteria do
not develop resistance to PM-477 endolysin after 25
rounds of passing and the endolysin was effective
against Gardnerella strains resistant to metronidazole.
The endolysins reduced the viability of Gardnerella bio-
film cells at lower concentrations than metronidazole
and clindamycin (Landlinger et al., 2022).
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However promising, when testing PM-477 against
dual-species biofilms of G. vaginalis and F. vaginae
or P. bivia, the biofilm could not be eradicated, as no
activity was observed against F. vaginae and P. bivia
(Castro et al., 2022). This was not surprising, as en-
dolysins are often very specific to a single species
(Rahman et al., 2021). Due to its high efficacy on bio-
films, endolysins might be a good option as adjuvant
therapy as already observed in some studies that the
combination of endolysin with common antibiotics can
exert a synergistic effect in the antimicrobial activity
(Letrado et al., 2018).

CONCLUDING REMARKS

The treatment of BV with antibiotics still has satisfac-
tory results, however the high recurrence rates that
have been observed after treatment raise concerns
about conventional therapy. The polymicrobial nature
of BV makes this a particularly difficult infection to treat.
Similar to other polymicrobial infections, the presence
of more than one species leads to a decrease in the
antimicrobial efficacy to kill bacteria and eliminate the
biofilm. Studies regarding the interactions between
BV-associated bacteria are still scarce and the major
focus has been on Gardnerella spp., F. vaginae, and
P. bivia. However, as a polymicrobial infection, conclu-
sions should be taken cautiously since other species
can have important effects on the treatment outcome.
The alternatives for the treatment of BV presented in
this review, despite being a potential alternative, still
have limited data available and are not currently rec-
ommended as therapy.
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