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Although the vast majority of women encounters at least one vaginal infection during
their life, the amount of microbiome-related research performed in this area lags behind
compared to alternative niches such as the intestinal tract. As a result, effective means
of diagnosis and treatment, especially of recurrent infections, are limited. The role of
the metabolome in vaginal health is largely elusive. It has been shown that lactate
produced by the numerous lactobacilli present promotes health by limiting the chance of
infection. Short chain fatty acids (SCFA) have been mainly linked to dysbiosis, although
the causality of this relationship is still under debate. In this review, we aim to bring
together information on the role of the vaginal metabolome and microbiome in infections
caused by Candida. Vulvovaginal candidiasis affects near to 70% of all women at least
once in their life with a significant proportion of women suffering from the recurrent
variant. We assess the role of fatty acid metabolites, mainly SCFA and lactate, in onset
of infection and virulence of the fungal pathogen. In addition, we pinpoint where lack of
research limits our understanding of the molecular processes involved and restricts the
possibility of developing novel treatment strategies.
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THE VAGINAL METABOLOME

The Composition of the Vaginal Metabolome

The vagina is a muscular structure lined with epithelial cells, connecting the uterus with the outside
world (Farage and Maibach, 2006; O'Hanlon et al., 2013). A major component of the vaginal niche
are its secretions, also known as the vaginal fluid. This vaginal fluid is not only composed of
contributions from the host herself as vaginal transudate, secretions from glands residing in the
vaginal area, such as Bartholin’s and Skenes’s glands, epithelial cells, residual urine, mucus from the
cervix and endometrial fluids, also metabolites by the vaginal microbiota contribute significantly
to its composition (Paavonen, 1983; Morrison and Preston, 2016). The vaginal microbiota consists
of over 50 different microbial species coexisting in a balanced environment, establishing intricate
connections with the host and each other (Oakley et al., 2008; Ma et al., 2012). This microbial
composition of the vagina fluctuates intra- and inter-individually, especially between women
from different geographical environments and age (Farage and Maibach, 2006). Most of these
microbial species exists in a mutualistic relationship with the host. However, some are opportunistic
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pathogens with the potential to cause infections and even
life-threatening diseases (Sobel, 1990). To establish a balanced
connection with its environment and host, microorganisms
produce metabolites. These metabolites do not only play an
important role as a chemical barrier to protect the host against
pathogens but also function in the maintenance of the overall
homeostasis of the vaginal niche (Aldunate et al., 2015). The
predominant metabolites in this niche are the short chain fatty
acids (SCFA) (Cunha et al, 2017; Tachedjian et al., 2017),
amines, organic acids, amino acids, nitrogenous bases, and
monosaccharides (Vitali et al., 2015).

Women produce approximately 6 g of vaginal fluid per
day, with 0.5-0.75 g present at any given time (Owen and
Katz, 1999). The vaginal fluid is mainly composed of fatty
acids, proteins, salts and carbohydrates (Table 1). However,
in this regard it should be noted that large inter- and intra-
individual variation of these components exists. Several studies
determined the concentrations of ions, such as sodium (1.38 g/L),
potassium (0.987 g/L), calcium (0.120 g/L), and chloride
(2.13 g/L) in the vagina (Levin and Wagner, 1977; Wagner
and Levin, 1978, 1980; Owen and Katz, 1999), as well as the
presence of proteins in the vaginal fluid and found them to
be present in a range from 0.015 to 0.026 g/L (Bdallah and
de Vargas-Linares, 1971; Raffi et al., 1977; Huggins and Preti,
1981). In healthy women, median glucose levels in vaginal
fluid were reported to be 5, 2 mM (0.94 g/L). However,
inter-individual variation can be observed (between 0.2 and
149 mM) (Ehrstrom et al., 2006). Concentrations of many other
carbohydrates have not yet been quantified. The concentrations
of fatty acids present in the vaginal fluid were determined
by different research teams using varying techniques, resulting
in consensus concentrations of 2 and 1 g/L for lactate and
acetic acid, respectively (Oberst and Plass, 1936; Preti and
Huggins, 1975; Huggins and Preti, 1976; Preti et al, 1979).
The relative ratio of L- and D-lactate present in the vagina
strongly depends on the microbial composition. While epithelial
cells can only produce the L-isomer, certain bacteria can
produce both (Boskey et al., 2001). On average, the proportion

TABLE 1 | Composition of vaginal fluid.

Vaginal metabolites Concentration (g/L)

lons Na* 1.38
K+ 0.987
Ca’+ 0.120
Gl 213
Proteins 0.015-0.026
Carbohydrates Unknown
Fatty acids Lactic acid 2
Acetic acid 1
Glycerol 0.16
Urea 0.4
Glycogen/glucose 4.4-15*

* Depends on the specific characteristics of the tested individuals.
Details and references are given in the main text.

of D-lactic acid is reported to be around 55% of the total
lactic acid present. Glycerol and urea appear to be present
in the vaginal fluid at concentrations of 0.16 and 0.4 g/L,
respectively. Glycogen concentrations found in the vaginal fluid
differ significantly between different research reports, ranging
between 0.1 and 32 g/L, possibly depending on the specific
characteristics of the tested individuals (Lapan and Friedman,
1950; Stamey and Timothy, 1975; Mirmonsef et al., 2016).
These glycogen levels were inversely correlated with pH and
progesterone levels.

This review highlights the role of fatty acid metabolites in
vaginal health and disease with an application on vulvovaginal
candidiasis. We focus specifically on SCFA, which are fatty acids
with less than six carbon atoms that include acetic acid, propionic
acid and butyric acid. Because of their specific relevance in
vaginal infections, we also address particularly relevant medium
chain fatty acids (MCFA), with 6-11 carbon atoms, and the
intermediates of fatty acid metabolism, such as lactic acid and
succinic acid (Brody, 1998).

Factors That Influence the Vaginal
Metabolome

Many factors appear to influence the composition of the vaginal
metabolome either direct or by altering the composition of
the vaginal microbiome. Changes in the vaginal microbiome
consequently lead to changes in the metabolic profile. Ceccarani
et al. (2019) investigated the metabolic profiles of samples
derived from healthy patients (HP) and patients suffering from
Chlamydia trachomatis (CT), vulvovaginal candidiasis (VVC),
and bacterial vaginosis (BV). They found a sharp decrease in
lactate concentration in CT, VVC, and BV conjointly with
an increased vaginal pH, which is a marker of dysbiosis.
Additionally, they concluded that proliferation of diverse
bacterial genera that play a role in establishment of the vaginal
dysbiosis was associated with the increased presence of SCFA
such as butyrate, propionate and acetate. Additionally, upon
treatment of the vaginal dysbiosis, such as BV, with antibiotics,
the metabolic profiles restore to levels similar to healthy vaginas
(Laghi et al., 2014).

Ethnicity influences the composition of the vaginal
microbiome as well, thereby shaping the metabolic profile.
Studies performed by Ravel et al. (2011) showed differences
in the composition of the vaginal microbiome between four
self-named ethnicities (white, Asian, black, and Hispanic).
The vaginal niche of Asian and white women is dominated
by higher levels of Lactobacillus species compared to Hispanic
and black women (Ravel et al., 2011). This coincided with
lower pH values. However, contrary to the stigma in which
the prevalence of high quantities of lactobacilli and low pH are
said to define a “healthy” vagina, a vaginal microbiome that is
not dominated by Lactobacillus appears frequently and can be
defined as “normal” in black and Hispanic women (Zhou et al.,
2007). The reasons for this difference in vaginal microbiome and
consequently in vaginal metabolome, remains unknown. This
variation along ethnic backgrounds could be a consequence of
genetic predisposition or geographical and behavioral differences
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(Ravel et al., 2011). The latter includes the number of sexual
partners, the use of contraception devices, showering, eating
habits, clothing, and smoking (Schwebke, 2009). It was shown
that women suffering from BV were significantly less likely
to use condoms or hormonal contraception (Smart et al,
2004). A study by Nelson et al. (2018) proved that cigarette
smoking is associated with changes in vaginal metabolome. They
found that nicotine and the resulting degradation metabolites
were significantly increased in the vaginal niche of smoking
individuals (Nelson et al., 2018). In addition, the presence of
breakdown products of several drugs such as painkillers, cocaine
and antidepressants in the metabolic profiles was demonstrated
in vaginal fluids (Nelson et al., 2018). In addition to the role of
the vaginal microbiome in metabolome composition, also the
activity of the host immune system affects the composition of the
vaginal secretions (Ravel et al., 2011).

The age and hormone levels of women also have a significant
impact on the composition of the vaginal microbiome and
consequently on the metabolome. Until puberty, estrogen and
thus also glycogen levels remain low, which causes the vagina
to be dominated with anaerobic micro-organisms (Farage and
Maibach, 2006). From puberty on, estrogen levels rise, leading to
production of cervicovaginal secretions and colonization by high
numbers of lactobacilli, with increasing concentrations of lactate
as a result. Upon pregnancy, the vagina remains dominated by
lactobacilli but is characterized by lower richness and diversity
than in non-pregnant women (DiGiulio et al., 2015). Following
menopause, estrogen and glycogen levels decrease, causing the
Lactobacillus dominance to decrease and eventually cease (Cauci
et al., 2002; Gupta et al.,, 2006). Additionally, throughout the
menstrual cycle estrogen and glycogen levels vary, ranging
from low levels during menses to the highest levels before
ovulation (Sjoberg et al., 1988; Gajer et al., 2012). This variation
might also explain the differences in microbiome composition
(Nunn and Forney, 2016).

Analysis of Vaginal Microbiome and

Metabolome

In the human vagina, the microbiota plays an important role
in preventing vaginal infections, like BV and VVC (Sobel and
Chaim, 1996; Fredricks et al., 2005). The last decade, the bacterial
and metabolite composition of the vaginal microbiota has been
studied to improve diagnosis, to identify biomarkers of disease
and to characterize the complex interplay between the microbiota
and the host metabolism (Srinivasan S. et al., 2015; Vitali et al.,
2015; Watson and Reid, 2018; Ceccarani et al., 2019; Oliver et al,,
2020).

Traditionally, vaginal infections are diagnosed by subjecting
vaginal fluids to microscopic evaluation, pH measurements as
well as visual and olfactory evaluation (Biagi et al., 2009). BV
is often diagnosed using the Nugent scoring system, possibly
in combination with the Amsel criteria (Amsel et al., 1983;
Nugent et al,, 1991). Nugent scoring relies on gram staining
to determine the bacterial composition of vaginal secretions
(Nugent etal., 1991). The Amsel criteria refer to clinical signs and
symptoms associated with the infection, such as the occurrence

of the vaginal discharge, the vaginal pH, the presence of clue
cells (these are squamous epithelial cells covered with adherent
bacteria) and amine production. VVC can be diagnosed through
the observation of clinical symptoms e.g., itching or vaginal
whitish discharge, microscopy and colony appearance as well as
pigmentation in chromogenic culture medium (Biagi et al., 2009;
Baron et al., 2013; Eddouzi et al., 2013; Maheronnaghsh et al.,
2016; Vecchione et al., 2017). Unfortunately, these methods lack
precision and accuracy due to diverse morphology of vaginal
microorganisms, subjectivity in microscopic examination and
non-diagnosis of BV in women with asymptomatic infections
(Schwebke et al, 1996; Chaijareenont et al, 2004; Beverly
et al., 2005). Moreover, culture-based microbiome assessments
are hampered by the diverse growth requirements or even
uncultivable nature of various strains (2003—The uncultured
microbial majority—Rappé). Lactobacillus iners exemplifies the
bias that culture conditions exert, as this organism is only able to
proliferate on blood agar, in contrast to other lactobacilli that are
able to grow on Mann Rogosa Sharpe (MRS) agar (Vaneechoutte,
2017). As a result, its role in the vaginal microbial flora
was unknown prior to 1999. Since then, multiple cultivation-
independent studies have demonstrated the predominance of
L. iners in the vagina of healthy women. To avoid these
situations, more rapid and reliable diagnostic tools are needed
(Oliver et al., 2020).

During the last decade, combinations of genomic, proteomic,
and metabolomic techniques were developed to characterize
micro-organisms and correlate their presence to specific
metabolic profiles and virulence associated parameters (Bai et al.,
2012; Yeoman et al., 2013; McMillan et al., 2015; Vitali et al.,
2015; Oliver et al., 2020). A well-established method to study
the composition of the microbiome is the analysis of the 16S
ribosomal RNA gene amplicon sequences (Thies et al., 2007;
Biagi et al, 2009; Zhou et al, 2009; Caporaso et al., 2011;
Borgogna et al., 2020). This sequence is present in all bacteria
and contains both regions of sequence conservation and sequence
heterogeneity. Therefore, it can be amplified with broad range
of PCR primers and enables the identification of bacteria or
infer phylogenetic relationships (Hugenholtz and Pace, 1996;
Pace, 1997; Baker et al., 2003; Schmidt, 2006; Weng et al,
2006). Besides Sanger sequencing, electrophoretic fingerprinting
techniques like denaturing gradient gel electrophoresis (DGGE)
and terminal restriction fragment length polymorphism (T-
RFLP) can be used for analysis (Muyzer et al, 1993; Thies
et al,, 2007). T-RFLP is a rapid and reliable technique that
allows more differentiation of the microbiota than DGGE
(Horz et al., 2001). Fluorescence in situ hybridization (FISH),
using nucleic acid probes, oligonucleotides complementary to
rRNA gene targets, labeled with a fluorescent tag, can give
additional information about the microbiota (Fredricks et al.,
2005; Srinivasan and Fredricks, 2008). Moreover, by performing
next generation sequencing of barcoded 16S rRNA amplicons,
large amounts of data can be obtained to characterize the
vaginal microbiome (Ravel et al., 2011; Bai et al, 2012;
Brotman et al., 2014; Hang et al, 2014; Ceccarani et al,
2019; Borgogna et al., 2020). However, sample collection,
storage, nucleic acid extraction as well as PCR amplification,
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amplicon sequencing and the selected bioinformatics analysis
can affect the accuracy and resolution of these metagenomic
approaches (Hamady and Knight, 2009; Kuczynski et al., 2011;
Bai et al., 2012). For identification of Candida species, genomic
regions of the rDNA genes can be sequenced. Comparison
of these sequences using basic local alignment search tool
(BLAST) algorithms' or the MycoBank database’ can provide
an accurate species identification. Amplification and subsequent
sequencing of the D1/D2 domain of the 285 rDNA can serve
the same goal (Chen et al., 2000; Leaw et al., 2006; Cornet
et al, 2011; Rezaei-Matehkolaei et al., 2016). Unfortunately,
sequencing of clinical isolates is time-consuming and not
yet standardized (Lacroix et al, 2014). In the last years,
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) was used for microorganism
identification, both at species and genus levels. This technique
shows high precision and efficiency while allowing a low error
rate and ensuring rapid analysis. To improve the identification
rate, however, spectral databases require a regular update (Bader
et al., 2011; Haigh et al., 2011; Bille et al.,, 2012; Bader, 2013;
Sandrin et al., 2013; De Carolis et al., 2014; Lacroix et al., 2014;
Foschi et al., 2017; Hendrickx, 2017; Oliver et al., 2020).

One of the techniques for metabolomic analysis is nuclear
magnetic resonance (!H-NMR). H-NMR is a high-throughput,
rapid, non-destructive method with low running costs that allows
chemotype characterization of microorganisms. By analyzing
the presence and the quantity of small molecule metabolites
simultaneously, this tool can be used for researchers to determine
the effects caused by perturbations on the host’s metabolic
profiles. Nevertheless, the use of standardized conditions, growth
media and pure cultures of isolates are required to ensure
reproducible and accurate identification (Himmelreich et al,
2003, 2005, 2017; Sandrin et al, 2013; Vitali et al., 2015;
Foschi et al., 2017; Oliver et al.,, 2020). Metabolomic profiles
of vaginal secretions can also be determined by gas (GC-
MS) and liquid chromatography and mass spectrometry (LC-
MS). Metabolites are identified by comparing the corresponding
spectra to a database with reference metabolite standards.
Standards of metabolites of interest can also be used to
confirm identities during a run. Although both methods can
measure the concentration in the samples, it is not possible to
differentiate whether the metabolite is derived from the host or
the microorganisms (McMillan et al., 2015; Nelson et al., 2018;
Borgogna et al., 2020). Gas chromatography is the most widely
used method for SCFA analysis and is, given its sensitivity, well
suited for accurate analysis of samples with low concentrations
of SCFA, such as human samples (McGrath et al., 1992; Hoving
et al., 2018). Since SCFA are volatile molecules, collection and
proper storage of the samples is critical for reproducibility. They
should be kept frozen and vacuum dried. Before processing the
samples, pretreatment, distillation, ultrafiltration, and extraction
are important for a rapid qualitative and quantitative SCFA
determination in biological samples. To remove the protein
fraction in the samples and simultaneously obtain the maximum

Thttp://blast.ncbi.nlm.nih.gov/Blast.cgi
Zhttp://www.cbs.knaw.nl/collections/BioloMICSSequences.aspx

yield of small molecules after purification, a series of organic
and aqueous extractions can be conducted, followed by removal
of the organic solvent (Zhao et al., 2006; Fiorini et al., 2015;
Hoving et al., 2018; Nelson et al., 2018; Zhang C. et al., 2020).
However, one of the most critical steps in the GC-MS analysis
of SCFA is the derivatization (e.g., by silylation or alkylation)
to improve separation. In the past, SCFA were converted
into their methyl ester, or trimethylsilyl esters. Nowadays,
other derivatization reagents are used, such as the alkylation
reagents pentafluorobenzyl bromide (PFBBr), bistrimethyl-silyl-
trifluoroacetamide (BSTFA), tert-butyl dimethylsilyl (TBDMS),
propyl chloroformate or isobutyl chloroformate. More recently,
the use of benzyl chloroformate (BCF) was suggested to obtain
better and more reproducible results (Quehenberger et al., 2011;
Tomcik et al., 2011; Zheng et al, 2013; Kloos et al.,, 2014;
Gao and Xu, 2015; Furuhashi et al,, 2018; Hoving et al., 2018;
Nelson et al., 2018; Kim et al., 2019). GC-MS aided detection
of lactic acid requires derivatization using alkyl chloroformates,
like methyl chloroformate (MCF), ethyl chloroformate (ECEF),
propyl chloroformate (PCF), and isobutyl chloroformate (IBCF)
(Sobolevsky et al., 2004; Qiu et al., 2007; Zampolli et al., 2007;
Stefanelli et al., 2018; Zhang et al., 2018). For all molecules,
GC provides separation based on affinity to the mobile gas
phase vs. the stationary capillary phase. Molecules with different
properties will elute at a different retention time. The mass
spectrometer will allow identification of the separated fractions,
based on differences in mass and charge. Both LC and GC-based
methods can be modified to specifically determine the ratio of
L- and D-isomers of lactic acid in a sample. Either using a chiral
stationary phase or conversion of the enantiomers with a chiral
product and consequent separation on a non-chiral column can
be opted for (Inoue et al., 2006). Since the specific detection
of both enantiomers requires additional instrumentation, many
studies in which the metabolome was investigated, do not
distinguish between both isomers.

THE ROLE OF FATTY ACID
METABOLITES IN THE HEALTHY
VAGINAL NICHE

Origin of Vaginal Fatty Acid Metabolites
Microbial Fatty Acid Metabolites

In the last decades much attention has been given to the
investigation of the human microbiome in government-backed
projects, such as the MetaHIT project (METAgenomics of the
Human Intestinal Tract) and the Human Microbiome Project
(Hmp et al., 2009; Ehrlich and Consortium, 2011). Although the
importance of the micro-, and to a lesser extent, mycobiome
and its metabolites on gut health has been established, little
attention has been given to the vaginal microbiota and its
role in intimate health (Cui et al, 2013). This is likely due
to the gender health care gap which encompasses the general
underrepresentation and underfunding of research on female-
specific conditions, such as VVC (Council, 2015). Although the
vaginal microbiome of healthy women is dominated by bacteria
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(10'9-10!" bacterial cells/ml), its exact composition is unique
(Mitchell et al.,, 2015; Chen C. et al., 2017). Archaea, protists,
fungi and viruses are often present, but in lower numbers
compared to bacteria (Belay et al., 1990; Ravel et al., 2011;
Drell et al, 2013; Kusdian and Gould, 2014; Bradford and
Ravel, 2017; Zhang et al., 2021). The largest group of healthy
women (£70-80%) show vaginal microbiomes dominated by
the aerotolerant anaerobic Lactobacillus bacteria, specifically
L. crispatus, L. gasseri, L. iners, and L. jensenii (Redondo-Lopez
et al., 1990). The remaining healthy women (£20-30%) have
a more diverse vaginal microbiome with low concentrations
of Lactobacillus species. In the microbial communities of
these women, strict anaerobic bacteria are predominant from
genera such as Prevotella, Dialister, Atopobium, Gardnerella,
Megasphaera, Peptoniphilus, Sneathia, Eggerthella, Aerococcus,
Finegoldia, Mobiluncus etc. (Ravel et al., 2011; Drell et al., 2013).
Since an inverse relationship exists between the presence of
lactobacilli and BV-associated species, non-diverse Lactobacillus
dominated microbiomes are considered healthy (Razzak et al,
2011). However, it is still a subject of debate how much variation
in the vaginal microbiome can be considered within normal
boundaries. Whether these women should be considered healthy
or asymptomatic for bacterial vaginosis (BV) remains unclear
since many of these anaerobic bacteria are after all common
causes of BV (Fredricks et al., 2005; Danielsson et al., 2011). In
contrast to bacteria, not every woman has vaginal mycobiota.
The proportion of asymptomatic women with fungal vaginal
communities ranges between 20 and 50%. The mycobiome’s
predominant occupant is C. albicans, however, non-albicans
Candida species such as C. krusei, C. parapsilosis, C. tropicalis, C.
glabrata, as well as species from other genera like Saccharomyces,
Aspergillus, Alternaria, and Cladosporium can also be present
(Goldacre et al., 1981; Barousse et al., 2004; Nowakowska et al.,
2004; Drell et al., 2013; Underhill and Iliev, 2014).

Since lactobacilli make up the vast majority of the vaginal
microbiome, a large amount of the metabolites present in
the vaginal niche, of which lactate is most abundant, are
produced by these species. Therefore, most recent studies focus
on vaginal health mainly or exclusively by studying lactobacilli
and their metabolic properties. Lactic acid and the SCFA that
can be found in the female genital tract are produced via
fermentation of carbohydrates and degradation of amino acids
by various microorganisms, as represented in Table 2 (Amabebe
and Anumba, 2020). Lactobacilli use glycogen, produced in
the vaginal epithelium, during anaerobic glycolysis to produce
lactate. The bacteria do not directly metabolize glycogen.
A vaginal a-amylase breaks down glycogen first to maltose,
maltotriose, maltopentaose and maltodextrins (Spear et al,
2014). These short polymers are then metabolized to pyruvate
via glycolysis. Finally, L- or D-lactate dehydrogenase converts
pyruvate to L- or D-lactate. Not all Lactobacillus species are
able to produce both isomers. L. iners only has genes coding
for L-lactate dehydrogenase in its genome, while L. crispatus,
L. gasseri, and L. jensenii have genes encoding both enzymes
(Papagianni, 2012; Witkin et al., 2013). Lactobacillus species
differ in the amount of lactate they produce and even within
the same species, metabolic output can vary between strains.

L. crispatus dominated microbiomes are generally associated
with a high lactate content and acidic vaginal pH (Bai et al,
2012). Although lactate is the main fermentation end product of
lactobacilli, it is not their only metabolic product. L. jensenii is
also capable of producing high amounts of acetate and succinate
(Amabebe and Anumba, 2020). Most bacteria that are responsible
for the production of the SCFA found in the vagina, are BV-
associated species. So, it is no surprise that during BV, lactate
levels are lowered, while the concentration of SCFA increases
(Spiegel et al., 1980; Stanek et al., 1992; Yeoman et al., 2013).
A few examples of BV-associated species that produce organic
acids are: Peptococcus (butyrate and acetate production), Dialister
(propionate production), Gardnerella vaginalis (acetate and
succinate production), Bacteroides (succinate production), gram-
positive cocci, and Clostridium (caproate production) (Spiegel
et al., 1980; Debruéres and Sedallian, 1985; Downes et al., 2003;
Chaudry et al., 2004; Aldunate et al., 2015). Because archaea,
protists, fungi and viruses are largely outnumbered by bacteria,
the majority of SCFA in the vagina are produced by bacteria.
There is a lot of information available on the metabolic
pathways of vaginal lactobacilli. The biosynthetic pathways
by which other vaginal bacteria produce SCFA are less well
documented. In the gut on the other hand, these pathways
are well understood and described in detail (Koh et al,
2016). Figure 1 represents a schematic overview of fatty acid
metabolism. Acetate can be produced from pyruvate directly
via acetyl-CoA or via the branched Wood-Ljungdahl pathway.
In the methyl branch, CO; is reduced to formate to eventually
produce a methyl group. In the carbonyl branch, CO, is
reduced to carbon monoxide, which is then combined with
the bound methyl group and coenzyme A to form acetyl-CoA
(Ragsdale and Pierce, 2008). Succinate can be formed by reversing
some reactions of the tricarboxylic acid cycle. Pyruvate is first
converted to oxaloacetate by carboxylation. Oxaloacetate is then
reduced to malate, fumarate and eventually succinate (Connors
et al., 2018). Propionate can be synthesized via three different
pathways: the acrylate pathway, the succinate pathway and the
propanediol pathway. In the acrylate pathway, lactate is first
combined with coenzyme A to form lactoyl-CoA followed by
a dehydration and reduction to produce propionyl-CoA. In the
succinate pathway, succinate is converted to methylmalonyl-
CoA, which is then decarboxylated to yield propionyl-CoA. In the
propanediol pathway, deoxyhexose sugars fucose and rhamnose
are degraded to form 1,2-propanediol, followed by a dehydration
and addition of coenzyme A to produce propionyl-CoA.
Via dihydroxyacetone-phosphate and methylglyoxal, which are
glycolysis intermediates, 1,2-propanediol can also be produced
from other sugars. The final step of all three pathways is to
omit coenzyme A to form propionate (Hetzel et al., 2003; Scott
et al,, 2006; Louis and Flint, 2017). Butyrate can be formed
by the condensation reaction of two molecules of acetyl-CoA,
followed by reduction to butyryl-CoA, which is then converted
to butyrate (Louis et al., 2004; Louis and Flint, 2017). In the
vagina, these pathways could possibly be different since there are
differences between the characteristics of both niches like the pH,
presence of certain sugars, acids, enzymes, oxygen availability,
etc. (Fallingborg, 1999; Hill et al., 2005; Krauss-Silva et al., 2014;
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TABLE 2 | Production of fatty acid metabolites by micro-organisms occurring in the vaginal niche (Yassin and Schaal; Hewitt, 1932; Ng and Hamilton, 1971; Gorbach et al., 1976; Lanigan, 1976; Lambert and Armfield,
1979; Love et al., 1980; Stackebrandt et al., 1982; Ezaki et al., 1983; Lorowitz and Bryant, 1984; Russell and Hino, 1985; Marounek et al., 1989; Miles et al., 1991; Braham and Moncla, 1992; Kawai et al., 1996;
Macfarlane and Gibson, 1997; Pollack et al., 1997; Al-Mushrif et al., 2000; Downes et al., 2000, 2002; Kageyama and Benno, 2000; Takahashi et al., 2000; Ezaki et al., 2001; Castan and Enfors, 2002; Inui et al.,
2004; Zhou et al., 2004; Romanik et al., 2006; Carlier et al., 2007; Song et al., 2007; Boumba et al., 2008; Ciani et al., 2008; Louis and Flint, 2009; Louis et al., 2010, 2014; Murzyn et al., 2010; Sela et al., 2010;
Garland, 2011; Paul et al., 2011; Khan et al., 2012; Prabhu et al., 2012; Stahl et al., 2012; Ze et al., 2012; Byung-Chun et al., 2013; Park et al., 2013; Wodke et al., 2013; Kentner et al., 2014; Othman et al., 2014;
Summanen and Finegold, 2015; France et al., 2016; Koh et al., 2016; Wang et al., 2016; Bai et al., 2017; LeBlanc et al., 2017; Louis and Flint, 2017; Martin et al., 2017; Rios-Covian et al., 2017; Sechovcova et al.,
2017; Crost et al., 2018; Duan et al., 2018; Franke and Deppenmeier, 2018; Moon et al., 2018; Paek et al., 2018; Che et al., 2019; Chen et al., 2019; Hernandez-Sanabria et al., 2019; Linhares et al., 2019; Luu et al.,
2019; Mendling et al., 2019; Offei et al., 2019; Ozato et al., 2019; Wang et al., 2019; Zhao et al., 2019; Amabebe and Anumba, 2020; Lenoir et al., 2020; Usta-Gorgun and Yilmaz-Ersan, 2020; Wongkuna et al., 2020;
Nakkarach et al., 2021; Negari et al., 2021).

Formate Acetate Propionate L-Lactate D-Lactate = Butyrate Isobutyrate  Succinate Valerate Isovalerate = Caproate  Caprylate Caprate
(c1) (C2) (C3) (C3) (C3) (Cq) (C4) (C4) (C5) (C5) (C6) (C8) (C10)
Allisonella X X X
Alloscardovia X
Anaerococcus X X X X
Arcanobacterium X X X
Atopobium X X X
Bacteroides X X X X X X X
Bifidobacterium X X X X X X
Blautia X X X X X
Builleidia X X X
Campylobacter X X
Clostridium X X X
Corynebacterium X X
Dialister X
Enterobacter X X X X
Escherichia X X X X X X X X X
Faecalibacterium X X X
X
Fusobacterium X X X X X X
Gardnerella X X X X X X
Gemella X X
Haemophilus X X X X
L. crispatus X X
L. gasseri X X
L. iners X
L. jensenii X X X
Megasphaera X X X X
Mobiluncus X X X X X X
Mollicutes X X X X X X X X
Moryella X X
Mycoplasma X X
Olsenella X X X
(Continued)
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Staphylococcus

Streptococcus

Veillonella

Only published results are depicted as an X. For the other metabolites or organisms, no data is available. Organisms that were reported to inhabit the vaginal niche, yet for which no fatty acid metabolite production has

been described, are depicted in Supplementary Table 1.

Zheng et al., 2015). Very little research is performed on the
vaginal mycobiome and its metabolites and thus, no conclusions
can be made at this point. Additionally, it was established before
that fungal species also produce significant amounts of SCFA, but
whether they are able to produce them in the vaginal niche and
their production pathways need to be further investigated (Pinu
et al., 2018). Research shows that metabolome deviations can be
correlated to vaginal dysbiosis, such as BV and VVC, however,
many questions regarding the role of these metabolites in health
and the potential of using them in therapy, remain unanswered
(Vitali et al,, 2015; Tachedjian et al., 2017).

From Gut to Vagina: Transmission of Microbes and
Their Metabolites

The microbiome of the gut is a complex and heterogeneous
ecosystem that consists of more than 1,100 species (Scarpellini
et al.,, 2015). A healthy eubiotic gut is dominated by Firmicutes
and Bacteroidetes but deficient in Proteobacteria species that
promote inflammation (Cammarota et al., 2015). Firmicutes and
Bacteroidetes make up more than 90% of all the gut microbiota.
The predominant genera are Bacteroides, Bifidobacterium,
Eubacterium, Clostridium, Peptococcus, Peptostreptococcus, and
Ruminococcus (Salminen et al., 1998; Guarner and Malagelada,
2003). The most abundant bacterial species in the gut of healthy
adults is Faecalibacterium prausnitzii of the Firmicutes phylum.
It represents more than 5% of the total intestinal bacterial
population (Hold et al., 2003; Miquel et al., 2013). Firmicutes
species are the main butyrate producers, while Bacteroidetes
species the main acetate and propionate producers in the gut
(Yang et al., 2013; Salonen et al., 2014; Vital et al., 2014; Aguirre
et al., 2016). Archaea, protists, fungi and viruses can also be
found in the gut, but to date their exact composition is not
completely resolved (Nash et al., 2017; Nieves-Ramirez et al.,
2018; Shkoporov et al., 2019; Kim et al., 2020). The mycobiome
of the human gut is low in diversity compared to bacteria with
Saccharomyces, Malassezia, and Candida as predominant genera
(Nash et al., 2017).

Crosstalk and transfer between microorganisms of the
vagina and gut is possible both horizontally, from gut to
vagina within the same individual, and vertically, from mother
to child. Vaginal microorganisms including the dominant
Lactobacillus species are believed to originate from the gut
(El Aila et al., 2009a,b, 2011; Amabebe and Anumba, 2018).
Species of the phyla Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, and Fusobacteria are found in both niches
(Eckburg et al., 2005; Kaur et al., 2020). In one study, vaginal
and rectal swabs were collected from 132 pregnant women
(35-37 weeks of gestation) (El Aila et al, 2009b, 2011). In
36% of these women the same bacterial species were identified
in their vagina and rectum, of which 68% of the isolated
species showed identical random amplified polymorphic DNA
(RAPD) patterns, indicating substantial genotypic similarity.
This microbial transfer from gut to vagina is striking for
recurrent BV. Women with high concentrations of BV-associated
bacteria in their rectum are prone to recurrent BV caused by
repeated re-infection from rectum to vagina (Marrazzo et al,
2012). Vertical transmission of microorganisms depends on
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FIGURE 1 | Microbial pathways for the biosynthesis of SCFA and MCFA in the gut. [H] indicates redox reactions which involve electron carriers. PEP,
phosphoenolpyruvate; DHAP, dihydroxyacetonephosphate; CoA, coenzyme A; H4F, tetrahydrofolate; Pi, inorganic phosphate; CoFeSP, corrinoid iron sulfur protein;
ATP, adenosine triphosphate. Details are given in the main text (Koh et al., 2016; O-Thong et al., 2020).

the method of delivery. Newborns delivered vaginally have
microbial communities in their gut that are similar to the
microbiota of the mother’s vagina. Their intestinal microbiome
is dominated by Lactobacillus, Prevotella, Sneathia, and
Bifidobacterium species (Dominguez-Bello et al., 2010). Bacteria
of other genera like Faecalibacterium, Roseburia, Staphylococcus,
Streptococcus, Atopobium, Akkermansia, Escherichia, Bacteroides,
Methanobrevibacter, Peptostreptococcus, and Veillonella can
also be present (Grolund et al, 1999; Biasucci et al.,, 2008;
Pantoja-Feliciano et al., 2013; Mueller et al, 2015; Perez-
Muiioz et al, 2017). Newborns delivered by C-section have
intestinal microbiota that originate from the environment and
the microbiota of the skin of the mother. The microbiome of
their gut shows less diversity and a lower microbial richness
(Dominguez-Bello et al., 2010; Azad et al., 2013). It is dominated
by Staphylococcus, Corynebacterium and Propionibacterium

species while Bifidobacterium species are absent (Dominguez-
Bello et al., 2010; Perez-Muifioz et al., 2017). Additionally,
there is increasing evidence that links intestinal microbiota
to postnatal development of the immune system (Cho and
Norman, 2013; Kristensen and Henriksen, 2016). Since the
composition of the intestinal microbiome differs depending
on the method of delivery, this could have an effect on the
development of the immune system (Dominguez-Bello et al.,
2010). It is already confirmed that children born by C-section
have an increased risk of immune system disorders such as
bronchiolitis, gastroenteritis, inflammatory bowel disease,
leukemia and allergies such as asthma, hay fever and eczema
(Cho and Norman, 2013).

Since transfer of microbes happens, the SCFA will move
along with their producers. Acetate, propionate and butyrate
are the major SCFA present in a healthy gut. Succinate and
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lactate are generally detected in lower concentrations. The
amount of SCFA differs along the length of the gut. The total
SCFA concentration is the highest in the caecum (131 mmol/kg
intestinal content) followed by the ascending (123 mmol/kg),
transverse (117 mmol/kg) and descending colon (80 mmol/kg)
(Cummings et al., 1987). The availability of substrates and free
water is the highest in the caecum making it the primary
site of fermentation (Chakraborti, 2015). SCFA have important
functions in the gut. They promote mucus production, stimulate
the production of antimicrobial peptides, increase the expression
of intestinal tight junction proteins, maintain the integrity of
the intestinal epithelial barrier and serve as important energy
substrates for colonocytes (Roediger, 1982; Willemsen et al.,
2003; Ewaschuk et al., 2008; Peng et al., 2009; Zhao et al,
2018). In contrast to the gut, the predominant organic acid in
a healthy vagina is lactic acid (£120 mM) (Al-Mushrif et al,
2000; Gajer et al, 2012). The concentrations of acetic (0-
4 mM), propionic (<1 mM), butyric (<1 mM), and succinic acid
(<1 mM) during eubiosis are much lower (Al-Mushrif et al,
2000; Chaudry et al., 2004; Mirmonsef et al., 2011; Mirmonsef
etal., 2012; O’Hanlon et al., 2013). During BV, these proportions
change. The concentration of lactate drops below 20 mM and
the SCFA are increased: acetate (< 120 mM), propionate (2-
4 mM), butyrate (2-4 mM), succinate (<20 mM) (Al-Mushrif
et al., 2000; Chaudry et al., 2004; Mirmonsef et al., 2011, 2012;
Gajer et al., 2012). The functions of lactate and SCFA in the vagina
are discussed further. Transfer of microbes between gut and
vagina is possible so one would think the microbial composition
of both would be similar. However, due to differing characteristics
of the niches different species thrive and become dominant in the
microbiome. This makes that their metabolites lactate, acetate,
butyrate, succinate and propionate are present in both niches but
in completely different concentrations.

Fatty Acid Metabolites Originating From the Vaginal
Mucosa

In addition to production by vaginal microorganisms, lactate
can also be produced by the vaginal mucosa itself (Weinstein
et al., 1936; Weinstein and Howard, 1939; Linhares et al., 2011).
Epithelial cells have access to limited oxygen, glucose and other
essential nutrients that diffuse from underlying tissues. Therefore,
the dominant metabolism in the vaginal mucosa is the anaerobic
fermentation of glucose (Baron and Merk, 2001). Glycogen,
which is stored in vaginal epithelial cells, is first converted
to glucose and then metabolized to pyruvate and adenosine
triphosphate via glycolysis. Eventually, pyruvate is converted to
lactate (Gross, 1961). These epithelial lactate molecules diffuse
to the vaginal lumen and maintain the acidic pH of the
vagina together with lactate produced by vaginal bacteria. Most
epithelial lactate is probably produced in the intermediate vaginal
epithelium cell layer, because glycogen metabolism is highest
here (Linhares et al., 2011). It is not clear yet whether the
primary source of vaginal lactate is the vaginal mucosa or vaginal
microbiota and whether this is the same in all women. Boskey,
Cone (Boskey et al., 2001) concluded that vaginal bacteria are
the primary source of lactate in the vagina, because they found
that more than 50% of the lactate in the vaginal samples of

most participants of their study was D-lactate. Epithelial cells can
only produce L-lactate while bacteria can produce both L- and
D-lactate (Brin, 1965; Smith et al., 1989; Bongaerts et al., 1997;
McCabe et al., 1998). However, the percentage of D-lactate in the
vaginal samples ranged between 6 and 75%, which is too broad
of a range to conclude that bacteria are the dominant source
in all women (Boskey et al., 2001). Also, the concentration of
lactobacilli is uniform throughout the whole vagina and yet the
pH in the lower part of the vagina is more acidic compared
to the middle and upper part (Chen C. et al., 2017; Lykke
et al,, 2021). This suggests a rather important role of the vaginal
mucosa in the determination of the vaginal pH. To the best of
our knowledge, evidence that the vaginal epithelial cells produce
significant amounts of SCFA remains absent.

Functions of Fatty Acid Metabolites in

the Healthy Vagina

Fatty Acid Metabolites Influence the Local pH

The average healthy pH of the vagina is found to be around
4 £ 0.5 although some studies report even lower pH values
of 2.8-4.2 (O’Hanlon et al, 2013). Variations in the vaginal
pH exist and are caused by recent sexual activity, condom use,
hormonal activity or treatment, age, the menstrual cycle and
various types of illnesses and infections. The pH also alters
across different geographical locations and ethnicity. The low
pH of the human vagina is quite unique if you compare it to
other mammals, in which the vaginal pH ranges from 5.4 to
7.8 (Miller et al., 2016). The main reason for this high acidity
in humans, is likely the dominance of lactobacilli (Boskey et al.,
2001). It has been established that more than 70% of the bacteria
in the human vagina are lactobacilli, while in other mammals
this only accounts for 1%. Under the influence of high estrogen
levels, glycogen is deposited in the vaginal epithelial cells,
mainly in the intermediate layers (Ayre, 1951; Gross, 1961). The
metabolism of glycogen accounts for energy production, invested
in proliferation and maturation of epithelial cells. Breakdown
of glycogen by human a-amylases, leads to smaller polymers,
such as maltose, maltotriose, and a-dextrines (Amabebe and
Anumba, 2018). In anaerobic conditions, such as those in the
vaginal cavity, lactobacilli convert these first to pyruvate and
later to lactate by activity of lactate dehydrogenase. Lactate in
its turn lowers the local pH. Although the resident bacteria were
shown to be the main source of lactate, producing both D- and
L-isomers, also epithelial cells can breakdown some glycogen
into lactic acid, however, only producing the L-isomer (Witkin
et al,, 2013). The roles of both isomers are also slightly different.
It has been suggested that the protective qualities of D-lactate
against particular infectious agents are higher compared to those
of the L-isomer, although this has been countered by others
(McWilliam Leitch and Stewart, 2002; Aldunate et al.,, 2013;
Witkin et al., 2013). The difference in quantity of both isomers
might also partially explain the difference in protecting qualities
between different Lactobacillus species, as they produce different
amounts of both (Boskey et al., 2001). In humans, the vaginal
pH inversely correlates with the amount of lactate present. This
implies that lactate is the main cause of acidification in this
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niche (O’Hanlon et al., 2013). Figure 2 depicts a schematic
representation of the effects of lactate and SCFA on metabolism,
including their effect on the local pH. Lactic acid is a weak
acid, indicating that it only partially dissociates in water to
form lactate and a proton (HT). Its pKa is 3.89, so below a
pH of about 3.9, lactic acid exists in its protonated state, while
above this pH the lactate anion predominates (Tachedjian et al.,
2017). Therefore, because the average pH in the vaginal niche
is about 4, in this review we will refer to this molecule as
lactate, even though the pH can drop below 3.89 and lactic acid
will be present (O'Hanlon et al., 2013). This protonated acid is
membrane-permeable and can thus diffuse into microbial cells.
Upon entering, the cytosol is acidified, which leads to impaired
cellular functioning, membrane permeabilization and cell death
(Alakomi et al., 2000). In contrast, in the deprotonated form,
lactate has no antimicrobial activities. It is thus of importance
that the pH of the vagina is sufficiently acidic to allow lactic acid
to exist and exert its protective qualities.

Apart from lactic acid, also some other organic acids occur in
the vaginal niche, such as acetic acid, propionic acid, butyric acid
and succinic acid. These are generally weaker acids compared to
lactic acid, with pKa values of 4.76, 4.82, 4.87, and 4.16-5.61,
respectively. This indicates that they exist in their protonated
form at pH levels lower than 4.5 and will thus more readily
penetrate and acidify pathogenic bacteria in comparison to lactic
acid. However, the amounts in which they are observed in the
vaginal cavity and thus contribute to the local pH are negligible
(Tachedjian et al., 2017). During periods of bacterial vaginosis,
the pH of the vagina typically increases, as well as the levels
of some SCFA (Yeoman et al, 2013; Hoffman et al., 2017).

Measurement of acetic acid levels in the headspace of vaginal fluid
samples, has even been suggested as a diagnostic tool for bacterial
vaginosis (Chaudry et al., 2004).

Fatty Acid Metabolites Affect the Epithelial Barrier
Function

The vaginal mucosa of healthy women is composed of several
parts. The first line of defense against pathogens is the mucus
layer covering the epithelial cells (Lacroix et al., 2020). This
cervicovaginal mucus consists for more than 95% of water.
Mucins are glycosylated proteins produced by epithelial cells.
After polymerization, the protein chains are secreted into the
vaginal lumen, where they bind water and form hydrogels.
Mucins cause the mucus to become elastic and viscous.
Apart from mucins and water, vaginal mucus also contains
other proteins, nucleic acids, fatty acids and cells. The mucus
layer covering the epithelial cells performs several functions.
Apart from safeguarding fertility, its main role is to protect
the vagina and uterus from harmful micro-organisms. The
latter function comprises both the provision of a favorable
environment for the healthy constituents of the microbiota
as well as creating an unfavorable niche for pathogens, by
accumulating immune modulatory components and limiting
pathogen diffusion (Yarbrough et al., 2015). The outer-most
cellular section of the vagina consists of multiple layers of
stratified squamous epithelium, which rest on a basal cell layer
or lamina propria. The uterus as well as the upper part of
the cervix are lined with columnar epithelium. The epithelial
cells are surrounded by tight junctions which close off the
intercellular space, thereby disconnecting the exterior or apical
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surrounding from the deeper, basolateral, tissues. Together,
the mucus and epithelial cells can be termed the epithelial
barrier, as they protect the host from pathogens encountered
in the exterior environment, a function vital for maintaining
proper homeostasis within the vagina. When the structure and
composition of the mucus layer are aberrant, infections are likely
to arise (Goldenberg et al., 2000). During pregnancy, this can
be linked to preterm birth (Smith-Dupont et al., 2017). The
tightness of the barrier as composed by in vitro cultured epithelial
cells, can be quantified using transepithelial electrical resistance
(TEER) (Gorodeski, 19965 Srinivasan B. et al., 2015). The effect of
several parameters, such as age, hormonal levels, mental status,
composition of the microbiome and vaginal lubricants on barrier
function has been investigated, using this technique (Gorodeski,
2001a,b, 2007; Li et al., 2015; Tsata et al., 2016; Ayehunie et al,,
2018).

Only little is known about the effect of different short or
medium chain fatty acids on the epithelial barrier function of the
vagina. It is, therefore, of interest to take a look at the interplay
between both factors in the gut, where much more knowledge has
been acquired over the past years. It has been shown many years
ago, that SCFA have a beneficial role in enforcing the epithelial
barrier function in the gut, although the exact mode-of-action is
still not fully understood (Harig et al., 1989). It is observed by
various research groups that SCFA, such as acetate, propionate
and butyrate, strengthen the gut epithelial barrier function by
stimulating tight junction formation and prevention of damage,
for instance imposed by lipopolysaccharides (Peng et al., 2009;
Hsieh et al., 2015; Feng et al., 2018). The effect of butyrate is most
thoroughly investigated. A myriad of mechanisms explaining the
altered formation of tight junctions has been suggested. It was
already established that butyrate inhibits histone deacetylases
(HDAC), thereby altering gene expression (Della Ragione et al.,
2001). Ohata et al. (2005) show that in this manner, expression
of the LOX gene encoding lipoxygenase was increased upon
addition of butyrate or propionate to intestinal cells. This enzyme
produces hydroxy derivatives of arachidonic acid, which were
shown to decrease permeability of tight junctions. In another
study, the effect of butyrate on expression of the Claudin-1
gene, which encodes a major component of tight junctions, was
shown and ascribed to the increased association between the
transcription factor SP1 and the Claudin-1 promoter (Wang
et al., 2012). On the other side, butyrate was shown to repress
the expression of the Claudin-2 gene, which encodes a tight
junction protein that promotes permeability, through the IL-
10 receptor a subunit (Zheng et al., 2017). Yet another study
demonstrates the involvement of the AMP-activated protein
kinase (AMPK) pathway in the butyrate-regulated increase of
tight junction assembly (Peng et al., 2009). The AMPK pathway
activates expression of the CDX2 transcription factor by histone
modification, which increases epithelial cell differentiation and
thereby barrier function (Sun et al., 2017). Alternatively, the
effect of AMPK on epithelial barrier function might be caused
by a decreased phosphorylation of the myosin II regulatory light
chain (MLC2) and increased phosphorylation of protein kinase
C B2 (PKCB2) (Miao et al., 2016). Butyrate and other SCFA have
also been shown to increase oxygen consumption by intestinal

cells (Kelly et al., 2015). This causes stabilization of the hypoxia-
inducible factor, which, by activating a plethora of targets genes,
reinforces the barrier function (Pasolli et al., 2017). Recently,
butyrate exposure and improved tight junction integrity were
shown to be linked through the increased expression of the actin-
binding protein synaptopodin (Wang et al., 2020). The induction
of this epithelial barrier promoting protein is possibly linked
to inhibition of HDAC. This beneficial effect of butyrate on
TEER does not seem to be universal. In a recent in vitro setup,
Vancamelbeke and co-workers could confirm the increased TEER
of human primary colonic monolayers upon butyrate exposure.
However, after induction of inflammation, butyrate reduced
epithelial barrier integrity. Moreover, presence of butyrate at
higher concentrations has been shown to induce toxicity to the
epithelial cells, due to activation of apoptosis (Peng et al., 2007;
Liu et al., 2018). This balance between the beneficial and harmful
effect must thus be considered for application.

The role of lactate in maintenance or reinforcement of
both the vaginal and intestinal epithelial barrier function is
severely understudied. Okada et al. (2013) showed that feeding
mice lactate after a period of starvation enhances enterocyte
proliferation, thereby contributing to the barrier function of
the gut. Similar to butyrate and other SCFA, lactate can inhibit
HDAC:, although the concentrations necessary to achieve this
are higher than what is present in the gut (Latham et al,
2012; Schilderink et al, 2013). In the vaginal niche, the
concentration of lactate is higher and potentially sufficient
to inhibit HDAC activity. However, lactate is a less potent
inhibitor. The polar hydroxyl moiety that is present on the
second lactate carbon may reduce binding to the HDAC active
site, which is lined by hydrophobic residues, and explain this
lower activity (Vannini et al., 2004). Although the exact role of
both lactic acid enantiomers is often not investigated, in this
particular case, different activities were observed for both, with
D-lactate (10 mM) being more potent than L-lactate (40 mM)
(Latham et al., 2012). Nevertheless, at physiological vaginal
concentrations, HDAC inhibition was demonstrated in vitro
(Wagner et al., 2015).

Whether and how lactate might potentiate the vaginal
epithelial barrier function is thus not evident.

Fatty Acid Metabolites Influence the Local Immune
Response

Several organic acids present in the human body have
immunomodulatory functions. An inflammatory response
is necessary to prevent invasion and infection by pathogens.
However, chronic inflammation is characterized by high
levels of pro-inflammatory  cytokines/chemokines and
potentially damages the tissue which, in its turn, can lead
to hypersusceptibility for other pathogens, such as HIV
(Couzin-Frankel, 2010; Passmore et al., 2016). Many of the
symptoms of vaginal candidiasis are caused by the inflammation
secondary to the infection (Cassone, 2015). Certain organic
acids can induce or repress the local immune response. At
the intestinal mucosa, these anti-inflammatory functions are
widely studied and several modes-of-action have been identified.
Inhibition of HDACs, promotion of histone acetylation that
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consequently affects genes involved in the inflammatory
response, inhibition of LPS-induced NF-kB signaling and
induction of anti-inflammatory cytokines, such as IL-10 (Segain
et al., 2000; Cox et al., 2009; Chang et al., 2014). Particularly in
the gut, it was concluded that the presence of SCFA producing
microbes shows an advantage and even a potential therapeutic
strategy for diseases like ulcerative colitis and Crohn’s disease
(Parada Venegas et al., 2019). Lactate also protects the gut
from inflammation-mediated damage. It has been observed that
lactate-pretreatment of a murine 2,4,6-trinitrobenzenesulfonic
acid induced colitis model prevented intestinal inflammation
(Iraporda et al., 2016). However, it has also been shown that
certain organic acids can activate the immune system when
present at higher concentrations (Vinolo et al., 2009, 2011).
The situation in the vaginal niche is less well-studied. First,
lactic acid, both protonated L- and D-isomers, elicits an anti-
inflammatory response as it dampens an overactive immune
response. Based on studies in which transmission of HIV
was investigated, it can be assumed that both enantiomers
perform similarly when it comes to modulation of the local
immune response (Hearps et al., 2017). Lactic acid stimulates
production of anti-inflammatory cytokines/chemokines, such as
IL-1 receptor antagonist, and inhibits Toll-like receptor-induced
production of pro-inflammatory actors, such as IL-6 and IL-8, by
cervicovaginal epithelial cells (Hearps et al., 2017; Tyssen et al.,
2018; Delgado-Diaz et al., 2019). Lactic acid thereby likely plays
a role in protection of the unborn fetus and protection of the
pregnancy against inflammation as well as providing protection
against HIV. However, using the same mechanisms, lactic acid
also promotes oncogenesis (Witkin, 2018). Presence of certain
SCEFA, such as acetic acid, propionic acid and butyric acid, as well
as succinic acid at low pH and at concentrations that characterize
eubiosis, do not interfere with the effect of lactic acid on the
local immune response (Delgado-Diaz et al., 2019). However,
prolonged treatment of cervicovaginal cells with these SCFA in
higher concentrations typical for dysbiosis and higher pH, elicits
conflicting effects. While production of the pro-inflammatory
cytokines TNFa and IL-1P are upregulated, production of IL-6,
IL-8, and others were downregulated (Mirmonsef et al., 2012;
Delgado-Diaz et al., 2019). The net effect of these changes on the
immune status in the vaginal niche remains unknown. Moreover,
several research groups report seemingly contradictory results
on the subject (Mirmonsef et al., 2012; Aldunate et al., 2015;
Delgado-Diaz et al., 2019). This conflicting data may result from
differences in the cell type or method used for stimulation of the
cells, e.g., using Toll-like receptor agonists PAM, imiquimod,
PIC or lipopolysaccharides (Delgado-Diaz et al., 2019).

SCFA Play a Role in Sexual Attractiveness

Although rather controversial, SCFA present in the vaginal fluid
were also suggested to play a role in sexual attractiveness of
women (Michael and Keverne, 1970; Michael et al., 1974, 1975).
The composition of the SCFA pool, also called copulins in this
respect, varies with the stage in the menstrual cycle (Michael et al.,
1975). It has been shown that these molecules act as pheromones
that affect the attractiveness as rated by men and the women
themselves (Grammer et al., 2005; Williams and Jacobson, 2016).

Fatty Acid Metabolites Serve an Antimicrobial
Function
It has been shown on multiple occasions, mainly in the gut,
that SCFA and lactic acid possess antimicrobial activity. It
can generally be accepted that this antimicrobial activity is
mediated mainly by lowering intracellular pH and concomitant
disturbance of cellular metabolism. To elicit this effect on the
intracellular environment, these acids should be available in their
protonated and thus membrane-permeable form. Once inside
the cell, the acids dissociate, thereby leading to an increase
in protons and anions. An important prerequisite is that the
pH of the local niche should thus be below the pKa of the
acid. The exact mechanism by which the acids affect virulence
of the pathogenic organisms is not known, although several
options have been discussed. The effect of SCFA against intestinal
pathogens, such as Salmonella species, E. coli and Campilobacter
jejuni, has been investigated. SCFA modulate growth, motility,
biofilm formation and quorum sensing by these organisms
(Nakamura et al.,, 2009; Amrutha et al., 2017; Jacobson et al,,
2018; Lamas et al., 2019). Remarkably, it has also been shown
that subinhibitory concentrations of these SCFA can alter gene
expression of pathogenic bacteria in such a way that virulence is
favored (Lamas et al., 2019). It must be noted, however, that this
effect is strongly dependent on the type of pathogen.
Lactobacillus-based probiotics are well known for their gut
microbiome modulatory functions, where they are used against
diarrhea and other gastrointestinal disorders (Azad et al., 2018).
Part of the anti-infection activity of these bacterial strains is
attributed to their production of lactic acid and consequent
lowering of the intracellular pH (Fayol-Messaoudi et al., 2005).
Most research specific to the vaginal niche has been devoted to
the antimicrobial effect of lactic acid. It has been shown that
lactic acid produced by lactobacilli can inhibit both bacteria
associated with BV, such as Gardnerella vaginalis, Atopobium
vaginae and Clostridium perfringens, and viruses, such as HIV
and HSV-2 (Conti et al., 2009; O’Hanlon et al., 2011; Aldunate
et al,, 2013; Amin et al., 2017). Remarkably, there is no harmful
effect against natural inhabitants of the vagina, such as L. jensenii
and L. crispatus (O’Hanlon et al., 2011). Important to mention,
however, is that these effects are strongly pH dependent (pKa
of lactic acid is 3.89) as only the protonated form of the acid
has these antimicrobial properties. It was indeed shown that
at slightly higher pH, lactate does not seem to exhibit similar
antiviral nor antibacterial activity (Lai et al., 2009; O’Hanlon et al.,
2011). Furthermore, it should be kept in mind that the vaginal
pH fluctuates, for example during intercourse, when semen is
deposited in the vagina, the pH rises to neutral, indicating that the
therapeutic potential of lactic acid should be reconsidered (Fox
et al., 1973). It is, however, likely that lactic acid can also affect
pathogens in other ways apart from disturbing the intracellular
pH balance. It has been suggested that it can also liberate
lipopolysaccharides from the outer membranes of bacterial cells
and potentially denature viral proteins (Alakomi et al., 2000;
Aldunate et al., 2013, 2015). The difference between L- and
D-lactic acid in terms of antibacterial and antiviral activity has
been studied, although not extensively. It has been reported that
L-lactic acid is much more active against particular bacterial
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pathogens, such as E. coli, as well as viral pathogens, such as
HIV (McWilliam Leitch and Stewart, 2002; Aldunate et al., 2013).
Compared to lactic acid, the SCFA seem to be less potent in
targeting pathogenic micro-organisms. Despite the higher pKa
of acetic acid (4.76), which will thus be present in the vagina
in its protonated form more readily compared to lactic acid,
its antimicrobial activity was not found to be as strong as
that of lactic acid, potentially proving the importance of the
multifactorial activity of lactic acid (Aldunate et al., 2015).

Other Functions of Fatty Acid Metabolites

SCFA function as an energy source to host cells, accounting
for about 10% of the daily caloric need (Bergman, 1990). They
act as substrates for metabolism of glucose, lipids and sterols
(LeBlanc et al., 2017). In the gut, mainly butyrate is metabolized
by colonocytes, whereas other absorbed SCFA end up in the blood
stream, where they provide energy to peripheral tissues (Koh
et al., 2016; Amabebe and Anumba, 2020). These molecules have
also been shown to reduce diarrhea as they inhibit loss of fluids
and electrolytes and stimulate uptake of sodium and chloride
(Binder and Mehta, 1989; Rabbani et al., 1999; Binder, 2010).
Apart from the potential role of SCFA as antimicrobial actors,
they have also been shown to induce expression of antimicrobial
peptides by intestinal cells (Zhao et al., 2018). SCFA have also
been shown to protect against carcinogenesis in the intestinal
system, whereas lactic acid stimulates survival of malignant cells
(Hinnebusch et al., 2002; Witkin, 2018). As far as we know,
the roles of SCFA in energy metabolism, electrolyte recovery,
antimicrobial peptide expression and cancer progression in
vaginal epithelial cells, have not yet been investigated. It is also
noteworthy that there is a significant difference between host-
directed toxicity of L- and D-lactic acid. While L-lactic acid is
produced by epithelial cells and is a harmless component of
human cell metabolism, exposure to high levels of D-lactic acid is
dangerous (Pohanka, 2020). Production of the D-enantiomer is
derived from microbial growth. Under normal circumstances, it
is present in the blood in low concentrations, not toxic to the host.
In specific situations, however, such as short bowel syndrome or
other intestinal malfunctioning, D-lactic acid is overproduced,
leading to D-lactic acidosis (Kowlgi and Chhabra, 2015). In such
conditions, the compound can be neurotoxic (Thurn et al., 1985;
Munakata et al., 2010).

THE ROLE OF FATTY ACID
METABOLITES DURING VAGINAL
Candida INFECTIONS

Vaginal Candida Infections

Worldwide, 70-75% of females suffer from VVC at least once
during their life. Approximately 50% of the initially infected
women experience a second episode of VVC, while 5-10% face
at least four episodes each year, indicating recurrent vulvovaginal
candidiasis or RVVC (Sobel, 2007; Gongalves et al., 2016).
However, the actual frequency with which these infections
are reported is still underestimated (Parolin et al., 2015).
VVC and especially RVVC severely impair the wellbeing, and

quality of life; also, they are typically associated with mental
distress, low self-esteem, physical pain and sexual dysfunction.
In addition, sporadic reports indicate an involvement in late
miscarriage, preterm labor, infertility and pelvic inflammatory
disease (Gongalves et al., 2016). Apart from the mental
and medical discomfort, these infections impose a substantial
financial cost to the patients and society for diagnosis and
treatment, reaching up to 1 billion dollars yearly in the US
(Zhou et al., 2009). Additionally, research on female specific
conditions is underrepresented and underfunded compared to
males (Holdcroft, 2007a,b).

Candida albicans and Candida glabrata are the two species
most-frequently isolated from women suffering from VVC, with
frequencies of 80 and 2-5%, respectively (Gongalves et al.,
2016). In addition, both organisms may increase each other’s
virulence in the female reproductive tract. Major risk factors for
VVC are the disturbance of the local microbiome by antibiotic
therapy, immunosuppression or host-related factors such as
pregnancy and uncontrolled diabetes mellitus. Certain behavioral
risk factors include the use of oral contraceptives, poor hygiene
and restrictive clothing (Donders et al., 2010). The exact cause
of RVVC is unknown, though, it has been suggested to be a
hypersensitivity disorder associated with allergic rhinitis and
allergic skin disorders (Guo et al., 2012).

The current treatment recommendations of uncomplicated
VVC by the American Centers for Disease Control and
Prevention (CDC) are topical formulations or a single oral
dose of fluconazole (Pappas et al, 2016). For more severe,
acute VVC, multiple doses of fluconazole are administered. To
treat a C. glabrata infection, topical therapy is combined with
amphotericin B. RVVC is treated by daily oral administration
of fluconazole, after which therapy is continued weekly for 6
months. It is noteworthy, however, that 40-50% of women
treated for RVVC will experience recolonization with Candida
within 30 days after therapy cessation (Sobel et al., 2001).
Furthermore, after prolonged treatment, resistance can occur
(Marchaim et al., 2012). In Europe, the International Union
against Sexually Transmitted Infections (IUSTI) guidelines
describe treatment of RVVC according to the ReCiDiF protocol
(for Recurrent Candida infections treated with Degressive
individualized doses of Fluconazole), where personalized
reduction of the azole treatment is vital (Donders et al., 2008;
Sherrard et al., 2011; Donders and Viera Baptista, 2018). This
protocol allows to find the lowest drug dose to remain symptom-
free and states that some women do not respond to therapy due
to a shift toward azole resistant non-albicans Candida species.

Correlation Between the Vaginal
Metabolome and Risk of VVC

As mentioned before, the vaginal microbiota is the prime
producer of vaginal metabolites. When the microbiome and
consequently the metabolome fluctuates, the chance arises for
pathogenic bacteria and fungi to proliferate, dominate and cause
infections. Several studies have investigated the microbiome-
metabolome fluctuations upon bacterial vaginosis, and associate
BV with changes in metabolome composition, such as increased
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levels of the SCFA acetate and succinate (Srinivasan S. et al., 2015;
Vitali et al., 2015). However, little is known about fluctuations
in the microbiome and metabolome upon VVC. Ceccarani et al.
(2019) analyzed the vaginal microbiome and metabolome upon
VVC for the first time. Compared to healthy subjects, increased
levels of Gardnerella, Faecalibacterium, and Prevotella were
observed. Furthermore, they established that decreased levels
of L. crispatus correlated with increased levels of L. iners and
L. gasseri in VVC-associated vaginas. In addition, the comparison
of the metabolic profiles revealed a unique fingerprint of VVC-
affected women. Vaginal fluids of VVC-affected patients
were enriched in trimethylamine N-oxide (TMAO), taurine,
methanol, isopropanol, and O-acetylcholine, and showed
lower concentrations of lactate, 4-hydroxyphenylacetate,
phenylalanine, pi-methyl histidine, and glycine (Ceccarani et al.,
2019). However, it remains unknown whether these changes in
metabolome composition are the cause of the VVC infection or
are merely present as a result of the infection.

The Effect of Fatty Acid Metabolites on
Candida Growth and Virulence

Pathogenic Candida species can alter their central carbon
metabolism to utilize lesser-preferred carbon sources like SCFA
instead of glucose. This metabolic versatility is important for
their virulence in niches like the vaginal tract that are often
low in or deprived of glucose (Childers et al., 2016). The entry
of lactic acid and SCFA like acetic acid in the fungal cells is
expected to happen mainly via passive diffusion. The vaginal pH

is close to or below the pKa of the weak acids (pKa,ceticacid = 4.765
PKapcticacid = 3-89) so that they mostly occur in undissociated
form (Lourenco et al, 2018). Although in C. albicans and
C. glabrata transporters are identified that mediate the uptake of
lactate and/or acetate, it is unlikely that they play a crucial role
in the tolerance to these acids (Vieira et al., 2010; Mota et al.,
2015; Lourenco et al., 2018). Candida species can metabolize
certain amounts of SCFA. This explains why the antifungal
effect of several SCFA (acetate, butyrate, propionate, etc.) was
shown to be concentration-dependent (Guinan et al., 2019). In
C. albicans, SCFA can inhibit growth, germ tube formation,
hyphae formation, hyphae attachment and reduce the metabolic
activity of fungal cells in a biofilm. The effect of lactic acid on
hyphae formation is controversial. Although it has been reported
that certain lactobacilli can inhibit hyphae formation, the role
of lactic acid in the process is not yet clear. Recent research
showed that there is no clear correlation between the level of lactic
acid produced and the level of inhibition. On the contrary, for
D-lactic acid an inverse correlation was observed (Allonsius et al.,
2019). Most of the effects of weak acids on microbial processes,
are partially caused by inducing acidic external conditions due
to the dissociative properties of SCFA in addition to currently
unknown mechanisms (Guinan et al., 2019). Figure 3 illustrates
the modes in which fatty acid metabolites can inhibit Candida
pathogenicity. The inhibition of C. albicans growth is unlikely
due to a change in environmental pH levels. C. albicans is capable
of actively neutralizing acidic environments so SCFA-induced
changes in environmental pH could not significantly affect their
growth (Vylkova et al., 2011; Fan et al., 2015; Guinan et al., 2019).
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An important conclusion that can be drawn from various studies
is that an acidic environment is needed for the antimicrobial
activity of SCFA (Lai et al., 2009; Aldunate et al., 2015; Lourenco
et al,, 2018; Guinan et al., 2019). In neutral conditions they exist
in anion form, but no longer exhibit inhibitory effects. Unlike
many other weak acids, inhibition of Candida growth by lactic
acid is controversial. In various studies, the inhibitory effect of
lactic acid on growth appears to be minor (Moosa et al., 2004;
Kasper et al., 2015; Lourenco et al., 2018), while in others, a clear
effectis reported (Krasner et al., 1956; Kohler et al., 2012). In these
studies, no distinction was made between both enantiomers of
lactic acid. Since Candida species can mobilize lactate and acetate
even when glucose is present, a possible explanation could be
that lactate is rapidly metabolized while the metabolization of
acetate may occur much more slowly giving it the time to exert
its inhibitory effects (Childers et al., 2016; Lourenco et al., 2018).

As previously stated, the mechanisms by which SCFA exert
their antifungal effects are not completely known yet. Various
theories implicate intracellular acidification, accumulation of
anions, ATP depletion and perturbation of the plasma membrane
(Bracey et al., 1998; Guldfeldt and Arneborg, 1998; Stratford and
Anslow, 1998; Mollapour et al., 2008; Ullah et al., 2012). To
what extent each mechanism contributes to combined antifungal
effects of various weak acids is not clarified yet. In S. cerevisiae,
the lipophilicity of weak acids correlates with the acidification
rate of the cytosol, which confirms that weak acids need to
diffuse over the plasma membrane to be toxic, and that not
the initial acidification but rather the ability of the fungal cell
to restore the intracellular pH is an important determinant for
growth inhibition (Purschke et al., 2012). The longer the chain
length of a weak acid, the higher the lipophilicity and its toxicity.
The mechanism to restore the cytosolic pH seems specific for
each weak acid. For acetic acid, the activity of Pmalp, a plasma
membrane HY-ATPase, is crucial for its resistance and long-term
acidification is the major mechanism by which this weak acid
inhibits growth. Although Pmalp activity is increased during
acetic acid-stress, the capacity of the HT-ATPase as well as the
ATP availability are probably not limiting. Acetic acid is as anion
not very toxic. Its effect on the membrane integrity of fungi
is not yet fully clear (Ullah et al., 2012). Acetic acid does not
significantly affect membrane integrity in S. cerevisiae while Mira
et al. (2010) reports that weak acids like acetic acid or lactic
acid can cause membrane perturbation. This effect on membrane
function and permeability may increase the uptake of azoles and
explain the synergistic effect that is seen between acetic/lactic
acid and azoles on the growth of Candida cells (Lourenco et al.,
2018). Candida species have a better external pH adaptability
than S. cerevisiae, and can therefore survive in environments
between pH 2-10. This adaptability can potentially be explained
by their broader cytosolic pH range. The cytosolic pH range
of S. cerevisiae is between 6.0 and 7.0 while in C. albicans
the intracellular pH range in vivo is wider, ranging between
5.8 and 9 (Cassone et al., 1983; Kaur et al., 1988; Stewart
et al., 1988, 1989; Rabaste et al., 1995; Liu and Kohler, 2016;
Tournu et al,, 2017; Rane et al., 2019). Their growth is also less
affected by an acidic cytosol compared to S. cerevisiae. Rane
et al. (2019) it was shown that C. albicans cells with very acidic

cytosols (pH < 5.5) only show minimal growth defects. So SCFA
probably exert their inhibitory effect on Candida species not
by intracellular acidification alone. To better understand how
exactly weak organic acids inhibit Candida cells, Cottier et al.
(2015) looked at genomic and transcriptomic changes caused
by lactic, acetic, propionic and butyric acid. They found that
each organic acid triggers the expression of unique combinations
of genes. Despite the differences in the induced responses, all
the organic acids regulated the same sixteen genes at all-time
points and independent of the pH. Thirteen of these genes
(CFL2, MP65, PIR1, ASR1, FET3, DAG7, GDH3, COIl, FRPI,
6311, ICL1, FTRI, CANI1) were up-regulated and three genes
(RPL13, HSP90, FTR2) were down-regulated (Cottier et al., 2015).
There are large similarities with the transcriptional response to
reactive oxygen species and seven out of sixteen genes (CFL2,
COIl, FRP1, PIR1, FET3, FTRI, FTR2) are involved in the
regulation of iron homeostasis (Lan et al., 2004; Chen et al.,
2011; Cottier et al., 2015). Cottier, Tan (Cottier et al., 2015)
also found that all weak organic acids decreased the intracellular
iron levels of C. albicans cells by approximately 60%. However,
restoring normal intracellular iron levels by using a mutant that
imports more iron did not significantly affect the inhibitory
effect of butyric acid. So, the growth inhibition caused by
lactic, acetic, propionic, and butyric acid cannot be explained
by an intracellular iron drop alone. Still, iron is an essential
micronutrient for C. albicans (Ramanan and Wang, 2000). It is
critical for its growth, competition with other microbiota and
interaction with the host (Ramanan and Wang, 2000; Purschke
et al., 2012). Hence, the fact that weak organic acids decrease
the availability of this important micronutrient calls for further
research. Besides iron homeostasis, weak organic acids also had
an effect on the expression of genes involved in host interaction,
glycolysis, the biosynthesis of ATP, ergosterol, arginine and RNA
and the biogenesis of ribosomes (Cottier et al., 2015). All acids
down-regulated genes involved in RNA synthesis and ribosome
biogenesis, especially during longer exposure. This caused a
significant reduction in total RNA and the ratio ribosomal
RNA/total RNA in C. albicans cells (Cottier et al., 2015). An
overall down-regulation of transcription and translation is very
typical for stress responses in general, and can be seen across
a variety of microbial species (Lempidinen and Shore, 2009).
These data suggest that weak organic acids push C. albicans
cells in a metabolic state similar to starved cells, in which the
rates of transcription, translation and growth are low (Uppuluri
and Chaffin, 2007). Which other mechanisms are contributing
to the inhibiting effect of SCFA and to which extent, still needs
to be elucidated.

MCFA are fatty acids with a chain length of 6-12 carbon
atoms [caproic (C6), heptanoic (C7), caprylic (C8), non-anoic
(C9), capric (C10), undecanoic (C11), and lauric (C12) acid].
In multiple studies, their antifungal effect on Candida species
were demonstrated (Bergsson et al., 2001; Murzyn et al., 2010;
Takahashi et al., 2012; Clitherow et al., 2020; Lee et al., 2020;
Suchodolski et al., 2021). In Clitherow, Binaljadm (Clitherow
et al, 2020), effects of all MCFA were tested on wild-type
strains (SC5314, BWP17) and an azole-resistant strain (CAR17)
of C. albicans and on other Candida species. Strain SC5314
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and BWP17 were significantly inhibited in growth by heptanoic,
caprylic and non-anoic acid. Caprylic and non-anoic acid
even showed similar levels of inhibition to fluconazole and
miconazole. Strain CAR17 was significantly inhibited in growth
by MCFA ranging from C6-C10. Non-anoic acid also significantly
inhibited the growth of C. auris, C. tropicalis, and C. glabrata. The
effect of the MCFA were also tested on the biofilm viability of
strain SC5314 (Clitherow et al., 2020). In contrast to the growth
experiment, the three longest MCFA (capric, undecanoic and
lauric acid) killed the most cells in the biofilm while heptanoic,
caprylic and non-anoic acid were much less effective in reducing
biofilm viability. The inhibition of MCFA on C. albicans growth
and biofilm formation is confirmed by various other studies,
however no consensus is reached on which MCFA are most
potent (Bergsson et al., 2001; Murzyn et al., 2010; Takahashi et al.,
2012; Clitherow et al., 2020; Lee et al., 2020).

S. boulardii, a commonly used probiotic yeast, produces
caproic, caprylic, and capric acid. Murzyn et al. (2010) identified
capric acid as the most effective antifungal MCFA that S. boulardii
produced. It was the only MCFA of the three that inhibited the
filamentation and adhesion of C. albicans. in C. albicans, HWPI,
INOI1, and CSHI expression were decreased upon capric acid
treatment. HWPI encodes a hyphal wall protein that is important
for both filamentation and adhesion (Nobile et al., 2006; Ene
and Bennett, 2009). INOI encodes an enzyme required for the
synthesis of GPI-anchored glycolipids, which is important during
adhesion (Mille et al., 2004). CSHI encodes a protein that is
important for the cell surface hydrophobicity of fungal cells,
which increases C. albicans virulence by increasing adhesion to
epithelial cells and are rendering C. albicans cells more resistant
to phagocytes (Singleton et al., 2001, 2005). It is suspected that
MCFA might exhibit their antifungal activity via mimicking the
quorum-sensing molecule farnesol (Lee et al., 2020). Farnesol is a
sesquiterpene produced by C. albicans that blocks filamentation
at high cell densities in an autocrine manner (Ramage et al,
2002; Décanis et al., 2011). Various arguments state this claim.
First, MCFA and farnesol are structural very similar. Secondly,
heptanoic and non-anoic acid repress the same hypha- and
biofilm-related genes (HWPI, ALS3, ECEl, and UME6) as
farnesol (Lee et al., 2020). The genes that S. boulardii-produced
capric acid downregulates (HWPI, INOI, and CSHI), are also
downregulated by farnesol (Ramage et al., 2002; Cao et al., 2005;
Murzyn et al., 2010). Lastly, after addition of MCFA to C. albicans
cells, the production of farnesol is lower (Lee et al., 2020).

USE OF FATTY ACID METABOLITES IN
THERAPY

Fatty acids can play a significant role in treatment of vaginal
infections. Figure 4 schematizes the therapy strategies that rely
on pre-, pro-, and postbiotics.

Fatty Acid Producing Probiotics
Lactobacillus-Based Probiotics

As previously mentioned, Lactobacillus species are the most
prevalent microbial species in the vaginal microbiome of most

women and are the prime producers of vaginal metabolites,
especially lactate (Redondo-Lopez et al., 1990). Because of this
vaginal dominance and its promising antimicrobial effects as a
probiotic in the gut, it is therefore no surprise that Lactobacillus-
based probiotics are the focus for development of probiotic
treatments for vaginal dysbiosis. In the context of vaginal disease,
it has been shown that lactobacilli can decrease the infectivity
of bacterial species associated with BV such as Gardnerella
vaginalis, Atopobium vaginae and Clostridium perfringens by
the production of lactate (Aldunate et al., 2015). However, the
potential of lactobacilli to treat vaginal dysbiosis is strongly
species dependent as the overall fatty acid production by
Lactobacillus species depends on the individual potential of strain
(Macfarlane and Macfarlane, 2003; Chee et al., 2020). Additional
to the research on the potential of lactobacilli in the treatment of
BV, many studies report the effectiveness of several Lactobacillus
species against VVC (Williams et al., 2001; De Seta et al., 2014;
Oerlemans et al.,, 2020). However, the role of lactobacilli as a
probiotic to treat VVC is not univocal (Tachedjian et al., 2017).
To date contradicting results keep arising on whether lactate
produced by the lactobacilli has, at low pH, the ability to inhibit
Candida growth and hyphal formation (Krasner et al., 1956; Lee
et al., 1975; Morales and Hogan, 2010; Han et al., 2011). These
contradicting results may be explained by the lactic acid tolerance
of the tested Candida species (Cunha et al., 2017).

In the last two decades, various research teams investigated the
potential of different Lactobacillus species as prophylactic therapy
or treatment of VVC. Dating back to 2001, the research team of
Williams et al. (2001) already investigated the probiotic effects
of weekly intravaginal application of Lactobacillus acidophilus
as a prophylactic treatment for VVC. It showed to have the
same prophylactic capacities as the drug clotrimazole, one of
the most commonly used imidazoles for VVC treatment (Sobel,
2014). Another study investigated the effect of intravaginally
administered Lactobacillus plantarum P17630 on the reduction
of VVC after conventional therapy with clotrimazole (De Seta
et al, 2014). Women treated with Lactobacillus plantarum
P17630 showed a significant increase in vaginal lactobacilli
count. Moreover, the physiological pH was restored to stable
levels and the women experienced significantly less discomfort,
such as burning and itching after 3 months. However, once
again no further investigation was executed to obtain insights
into the role of lactate and SCFA in this treatment. More
recently, a proof-of-concept study, performed by Oerlemans
et al. (2020), formulated a gel-based system carrying three
different Lactobacillus species, L. rhamnosus GG, L. pentosus
KCAL, and L. plantarum WCFS], and investigated its effectivity
against VVC. During in vitro experiments, lactic acid production
of several individual lactobacilli strains was evaluated and
shown to display widespread concentration range from 2.78 g/L
(L. parabuchneri AB17) to 20.22 g/L (L. pentosus KCA1).
L. rhamnosus GG produced the highest amount of L-lactic
acid (17.27 g/L) while L. plantarum WCEFS1 produced the
highest amount of D-lactic acid (7.68 g/L). Additionally, the
latter strain inhibited C. albicans growth to the largest extent,
implying that high amounts of D-lactic acid cause the greatest
C. albicans growth inhibition. This result should, however, be
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FIGURE 4 | Overview of involvement of fatty acid metabolites in possible treatment of vaginal infections. Abbreviations and short references are given in the figure
and designated by an asterisk. Details as well as full references are given in the main text.

interpreted with caution. As discussed on several occasions in
the previous paragraphs, the ratio L- and D-lactic acid should
be considered when selecting optimal probiotic strains. Although
both enantiomers seem to have similar effects on the immune
system and D-lactic acid was hypothesized to inhibit Candida
growth further, it also negatively affects specific bacterial and viral
pathogenesis to a lesser extent than L-lactic acid and is toxic to
the host at high concentrations. The in vivo supplementation
of the vaginal gel containing the three previously mentioned
Lactobacillus strains, administered daily over a period of 10 days,
proved to be effective against VVC in almost 10 out of the twenty
participants.

To date, various in vitro studies and clinical trials using
Lactobacillus-based probiotics as a treatment against VVC show
promising results. However, the anti-Candida effect of certain
probiotic lactobacilli strains are variable and highly species-
specific. Therefore, it is impossible to extrapolate the probiotic
tendencies and characteristics from one Lactobacillus species to
another without extensive in vitro and in vivo studies.

S. cerevisiae-Based Probiotics

At this moment, most well-characterized and used
microorganisms as probiotics are bacterial species of the
genera Lactobacillus and Bifidobacteria. However, the last
couple of years the interest in fungi-based probiotics is growing
(Bermudez-Brito et al., 2012). This is not surprising since they
offer important advantages over bacterial probiotics. Fungi
have a unique cell wall construction. It consists of two layers
of which the inner layer is composed of chitin, 1,3-B-glucan
and 1,6-B-glucan and the outer layer contains mannan (Lipke
and Ovalle, 1998). This structure allows fungi to easily survive
passage through the gastrointestinal tract as many probiotics
are taken orally (Banik et al., 2019). Moreover, fungal probiotics
are resistant to antibiotics. This means that, in addition to
the fact that their antibiotic resistance profile does not need
to be investigated, they can also be used in patients taking
antibiotics, which is an important risk factor for VVC (Xu
et al., 2008; Gaziano et al., 2020). The most common fungal
probiotic on the market is Saccharomyces cerevisiae var. boulardii
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(Sen and Mansell, 2020). This yeast is currently being used in
the treatment of chronic and acute gastrointestinal diseases like
inflammatory bowel disease, bacterial and rotaviral diarrhea
(Madsen, 2001; Kelesidis and Pothoulakis, 2012). Only recently,
it has been demonstrated that S. cerevisiae-based probiotics
show potential for treatment of not only VVC, but also BV
(Cayzeele-Decherf et al., 2017; Pericolini et al., 2017; Gabrielli
et al., 2018; Sabbatini et al., 2018). S. cerevisiae strain CNCM
1-3856 reduced the C. albicans vaginal load in women with
VVC and increased the clearance of C. albicans from the vagina
in mice (Cayzeele-Decherf et al., 2017; Pericolini et al., 2017).
In vitro, this strain inhibited C. albicans adhesion to vaginal
epithelial cells, induced C. albicans co-aggregation, inhibited
C. albicans germ-tube and hyphae formation and reduced vaginal
epithelial cell damage (Pericolini et al, 2017). Strain CNCM
I-3856 was also shown to suppress the expression of secretory
aspartyl proteinase (Sap) genes SAP2 and SAP6 in C. albicans
both in vitro and in mice (Pericolini et al., 2017). Saps are
important virulence factors of C. albicans as they play a major
role during adhesion to and invasion of the host cells (Naglik
et al., 2003). The suppression of Sap2 and Sap6 is specifically
relevant for treatment of VVC due to their proinflammatory
nature since vaginal inflammation is crucial in the pathogenesis
of vaginal Candida infections (Pericolini et al., 2015; Vecchiarelli
et al., 2015). Strain CNCM 1-3856 also showed other therapeutic
effects like reducing interleukin-8 production (IL-8), reducing
the number of vaginal polymorphonuclear cells (PMNs) and
enhancing the antimicrobial activity of PMNs (Gabrielli et al.,
2018). IL-8 is a key cytokine during inflammatory processes. It
recruits PMNs, which release proinflammatory substances by
degranulation (Lacy, 2006; Gabrielli et al., 2018). These cells
also have the capacity to produce diverse antimicrobial proteins
and enzymes to kill small engulfed microorganisms, and release
reactive oxygen species and cytokines to kill microorganisms
extracellularly (Lacy, 2006). By reducing IL-8 and the number of
PMNes in the vagina, S. cerevisiae can dampen local inflammation
while maintaining or even enhancing the antimicrobial activity
of the PMNs (Gabrielli et al., 2018). Current research on vaginal
S. cerevisiae-based probiotics is not focused on the beneficial
effects of SCFA. However, this could be very interesting since
one of the mechanisms by which S. cerevisiae potentially
exerts its probiotic effects in the gut, is the production of
SCFA due to their immunomodulatory properties (Schneider
et al., 2005; Ratajczak et al., 2019; Sen and Mansell, 2020).
It is also demonstrated in several studies including our own
unpublished research, that acetate, butyrate and propionate have
an antifungal effect on Candida species (Nguyen et al., 2011; Yun
and Lee, 2016; Lourenco et al., 2018). Focusing on high SCFA
production together with other mechanisms-of-action during
the development of vaginal S. cerevisiae-based probiotics could
be advantageous.

Prebiotics Stimulating Production of
Fatty Acid Metabolites

Originally a prebiotic was defined as a non-digestible food
ingredient that selectively stimulates the growth and/or activity

of bacteria in the colon, and therefore improves the health of
the host (Gibson and Roberfroid, 1995). Later, in 2008, this
definition was refined by the International Scientific Association
of Probiotics and Prebiotics (ISAPP) as a compound fulfilling
three main criteria. Firstly, the compound should not be absorbed
in the gastrointestinal tract and needs to be resistant to the
acidic pH of the stomach and hydrolysis by mammalian enzymes.
Secondly, the prebiotic needs to be fermented by intestinal
microbiota. And thirdly, it needs to selectively stimulate the
growth and/or the activity of the intestinal bacteria and improve
the host health (Gibson et al., 2010). Various soluble fibers match
these criteria and are fermented by anaerobic microbiota in the
colon, to produce weak acids as byproducts (den Besten et al.,
2013; McLoughlin et al., 2017). These fatty acids cause a drop
in the colonic pH, and therefore promote the growth of some
bacteria like Lactobacillus and Bifidobacterium. These bacteria
are known as potent fatty acid producers that can produce other
antimicrobial agents like hydrogen peroxide, bacteriocins and
related substances for maintaining healthy immune responses
(Basu et al., 2006; Simpson et al., 2006; Cocolin et al., 2007a).
Fructooligosaccharides (FOS), galactooligosaccharides (GOS),
isomaltooligosaccharides (IMO), xylooligosaccharides (XOS),
lactulose, inulin, polydextrose and lactitol are categorized as
prebiotics (Stowell, 2006). The type of prebiotic fiber results
in production of different SCFA concentrations (den Besten
et al., 2013). Short chain molecules with a low degree of
polymerization, like oligosaccharides (e.g., FOS, GOS, inulin) are
readily fermented and result in a higher SCFA yield compared
to longer-chain polysaccharide soluble fibers, such as pectin
(Slavin, 2013). Moreover, SCFA production is influenced by the
composition of the microbiota in the colon, the site of substrate
fermentation and by gut transit time (Lewis and Heaton, 1997;
Wong et al., 2006).

When investigating the potential of using prebiotics against
vaginal infections its definition requires re-formulation, as this
was devised specifically for application in the gastro-intestinal
tract. We can define prebiotics in the context of vaginal health,
as ingredients that, when applied to the vaginal cavity, result in
specific changes in the composition and/or activity of the genital
microbiota, thereby conferring a specific benefit to the host.
Most often these ingredients are nutrients that specifically allow
growth of beneficial microbes which can thereby outcompete
the pathogen (Rousseau et al., 2005). Since lactobacilli are the
dominant microbiota in the vagina of most women, prebiotics
can stimulate the growth of the body’s native lactobacilli, and
are therefore capable of maintaining, restoring or optimizing the
flora of the vaginal ecosystem (Al-Ghazzewi et al., 2007; Cocolin
et al., 2007b; Ravel et al, 2011). In the first study with the
use of prebiotics in vaginal environment, Rousseau et al. (2005)
selected different prebiotic oligosaccharides, in combination with
three different human vaginal Lactobacillus strains with probiotic
properties, L. crispatus, L. jensenii, and L. vaginalis, to investigate
the effect on pathogenic microorganisms like C. albicans and
Gardnerella vaginalis which are often encountered in vaginal
infections. Oligosaccharides FOS Actilight® DP3, a-1,6/a-1,4
GOS and a-1,2/a-1,6/a-1,4 GOS (with a-1,6 and a-1,4 bonds
similar to a-1,6/a-1,4 GOS) were consumed by the Lactobacillus

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

strains resulting in a lactate concentration of 3-7,6 g/l after
fermentation, while FOS Raftilose® was fermented to a much
lower extent and did not result in lactate production. The
pathogenic microorganisms were unable to ferment these
oligosaccharides FOS Actilight® and a-1,6/a-1,4 GOS. Therefore,
combining lactobacilli and oligosaccharides in a therapy can
be a good method to prevent vaginal infections (Rousseau
et al., 2005). Unfortunately, little information exists on how
to prevent or treat vaginal infections with prebiotics in the
form of a cream, douche, spray, pessary or tablet. A vaginal
bio-adhesive delivery system based on pectinate-hyaluronic acid
microparticles for prebiotics and probiotics encapsulation was
designed for better controlled drug release in the vaginal tract
(Pliszczak et al, 2011). An in vitro study showed that FOS
and GOS stimulate the growth of lactobacilli, generating lactate
and resulting in lower pH, causing suppressing of growth of
harmful species like E. coli and potentially C. albicans in the
vaginal ecosystem (Mahore et al, 2017). Other studies show
that the prebiotics glucomannan and glucomannan hydrolysates
(GMH) promote the growth, metabolism and antimicrobial
properties Lactobacillus strains, with an increased inhibition of
vaginal Candida species and link this to the produced lactic acid
(Huang et al., 2007; Sutherland et al., 2008; Tester et al., 2012).
Moreover, introduction of glucomannan hydrolyzates pessaries
directly in the vagina showed an improvement of vaginal health
(Al-Ghazzewi and Tester, 2016).

Animal trials indicate that the topical application of maltose
gel and sucrose gel in the vagina of rhesus macaques can stimulate
the growth of Lactobacillus species (Hu et al, 2015; Zhang
Q.-Q. et al, 2020). Female rhesus macaques can be used as
a good animal model to study vaginal microbiota-associated
diseases, since their vagina is colonized by anaerobic bacteria
which are normally associated with BV in women (Spear et al.,
2010; Chen et al.,, 2018). Two clinical trials showed a high cure
rate of clinical symptoms associated with bacterial vaginosis
when treating with sucrose gel (Xiao et al, 2015; Khazaeian
et al, 2018). A disadvantage when using sucrose gel is its
instability at low pH. As far as we know, the combination
of the vaginal probiotic S. cerevisiae and prebiotics have not
been investigated.

Fatty Acid Metabolites as Postbiotics

Apart from the well-known probiotics and prebiotics, also
alternative approaches for using microbes to confer a health
benefit to the host, are being investigated. Postbiotics are defined
as soluble products secreted or released by and resulting from
microbial metabolism that have a beneficial effect on the host
(Teame et al, 2020). There is ongoing discussion on which
type of molecules can be classified under this denominator.
In some cases, postbiotics are seen as any product released
by microbes that confers a benefit to the host, including
proteins, vitamins, SCFA, polysaccharides and even cell wall
fragments and lysates (Zolkiewicz et al., 2020). According to
other researchers, these products of microbial origin must
be further subdivided into two categories. The structural
components of the cells, such as inactivated cells or cell
fragments, are termed parabiotics, while secreted components

are classified as postbiotics (Teame et al., 2020). In any case,
it seems to be true that not only living organisms can
stimulate host health, also metabolites can do so and are thus
exploited commercially. Many types of secreted molecules can
be considered as potential postbiotics, such as peptides, proteins
and other small metabolites. An example of microbial peptides
that confer benefits to the human host are bacteriocins, which
are small antimicrobial peptides that are synthesized by various
Lactobacillus species and can inhibit local pathogen overgrowth
(Perez et al, 2014). More interesting in the context of this
review, are the small molecules considered as postbiotics, such
as neurotransmitters and SCFA. Weak organic acids have been
used as supplements in wash liquids and intimate soaps (Jacquet
etal., 1995; Chen Y. etal., 2017). Presence of lactic acid was shown
to mitigate recurrence of BV after treatment with metronidazole
(Bahamondes et al., 2011). Acetic acid formulations were shown
to relieve VVC to some extent (Rahmani et al., 2020). Apart from
these individual manuscripts, not much has been reported on
the use of postbiotics to treat vaginal infections. However, the
main benefit of postbiotics compared to probiotics is that no
living micro-organisms need to be ingested or applied. This way,
no harm can be inflicted by probiotic overgrowth and infection,
as is reported in some exceptional cases involving critically ill
patients (Kara et al., 2018; Castro-Gonzalez et al., 2019; Fadhel
et al., 2019). Furthermore, postbiotics are more predictable and
more easily standardized. Also transport and preservation is less
critical compared to probiotics (Zolkiewicz et al., 2020).

CONCLUSION

It seems evident from the information collected in this review
article that fatty acid metabolites play an important role in
vaginal health. These metabolites depict a close relationship
to the local microbiome, as both factors can influence each
other’s composition directly and indirectly. It thus makes sense
that further elucidating the metabolome and its role in specific
dysbiotic states can lead to insights in the cause, expression
and possible treatment of vaginal infections. Research devoted
specifically to the vaginal niche will allow the identification
of components of the vaginal micro- or metabolome that link
to onset of infections. Altering the microbial or metabolic
composition of the vagina can therefore be a promising therapy
strategy to prevent or cure infections such as BV or VVC.

AUTHOR CONTRIBUTIONS

SB, MS, LD, IP, and PV wrote the manuscript. All authors aided
in proofreading and improving the manuscript draft.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.
705779/full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://www.frontiersin.org/articles/10.3389/fmicb.2021.705779/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.705779/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

REFERENCES

Abdallah, M., and de Vargas-Linares, R. (1971). Polyacrylamide gel electrophoresis
of normal human vaginal fluid. Acta Physiol. Lat. Am. 20, 445-446.

Aguirre, M., Eck, A., Koenen, M. E., Savelkoul, P. H. M., Budding, A. E., and
Venema, K. (2016). Diet drives quick changes in the metabolic activity and
composition of human gut microbiota in a validated in vitro gut model. Res.
Microbiol. 167, 114-125. doi: 10.1016/j.resmic.2015.09.006

Alakomi, H. L., Skytta, E., Saarela, M., Mattila-Sandholm, T., Latva-Kala, K., and
Helander, I. M. (2000). Lactic acid permeabilizes gram-negative bacteria by
disrupting the outer membrane. Appl. Environ. Microbiol. 66, 2001-2005. doi:
10.1128/aem.66.5.2001-2005.2000

Aldunate, M., Srbinovski, D., Hearps, A. C., Latham, C. F., Ramsland, P. A,
Gugasyan, R., et al. (2015). Antimicrobial and immune modulatory effects of
lactic acid and short chain fatty acids produced by vaginal microbiota associated
with eubiosis and bacterial vaginosis. Front. Physiol. 6:164.

Aldunate, M., Tyssen, D., Johnson, A., Zakir, T., Sonza, S., Moench, T., et al. (2013).
Vaginal concentrations of lactic acid potently inactivate HIV. J. Antimicrob.
Chemother. 68, 2015-2025. doi: 10.1093/jac/dkt156

Al-Ghazzewi, F. H., Khanna, S., Tester, R. F., and Piggott, J. (2007). The potential
use of hydrolysed konjac glucomannan as a prebiotic. J. Sci. Food Agricult. 87,
1758-1766. doi: 10.1002/jsfa.2919

Al-Ghazzewi, F., and Tester, R. (2016). Biotherapeutic agents and vaginal health.
J. Appl. Microbiol. 121, 18-27. doi: 10.1111/jam.13054

Allonsius, C. N., Vandenheuvel, D., Oerlemans, E. F. M., Petrova, M. 1., Donders,
G.G. G, Cos, P, etal. (2019). Inhibition of Candida albicans morphogenesis by
chitinase from Lactobacillus rhamnosus GG. Sci. Rep. 9:2900.

Al-Mushrif, S., Eley, A., and Jones, B. M. (2000). Inhibition of chemotaxis by
organic acids from anaerobes may prevent a purulent response in bacterial
vaginosis. J. Med. Microbiol. 49, 1023-1030. doi: 10.1099/0022-1317-49-11-
1023

Amabebe, E., and Anumba, D. O. C. (2018). The Vaginal Microenvironment: The
Physiologic Role of Lactobacilli. Front. Med. 5:181. doi: 10.3389/fmed.2018.
00181

Amabebe, E., and Anumba, D. O. C. (2020). Female Gut and Genital Tract
Microbiota-Induced Crosstalk and Differential Effects of Short-Chain Fatty
Acids on Immune Sequelae. Front. Immunol. 11:2184. doi: 10.3389/fimmu.
2020.02184

Amin, M., Moradi Choghakabodi, P., Alhassan Hamidi, M., Najafian, M., and
Farajzadeh Sheikh, A. (2017). In vitro antimicrobial activities of metabolites
from vaginal Lactobacillus strains against Clostridium perfringens isolated from
a woman’s vagina. J. Chin. Med. Assoc. 80, 29-33. doi: 10.1016/j.jcma.2016.04.
009

Amrutha, B., Sundar, K., and Shetty, P. H. (2017). Effect of organic acids on biofilm
formation and quorum signaling of pathogens from fresh fruits and vegetables.
Microb. Pathog. 111, 156-162. doi: 10.1016/j.micpath.2017.08.042

Amsel, R, Totten, P. A., Spiegel, C. A., Chen, K. C. S., Eschenbach, D., and
Holmes, K. K. (1983). Nonspecific vaginitis: diagnostic criteria and microbial
and epidemiologic associations. Am. J. Med. 74, 14-22.

Ayehunie, S., Wang, Y. Y., Landry, T., Bogojevic, S., and Cone, R. A. (2018).
Hyperosmolal vaginal lubricants markedly reduce epithelial barrier properties
in a three-dimensional vaginal epithelium model. Toxicol. Rep. 5, 134-140.
doi: 10.1016/j.toxrep.2017.12.011

Ayre, W. B. (1951). The glycogen-estrogen relationship in the vaginal tract. J. Clin.
Endocrinol. Metab. 11, 103-110. doi: 10.1210/jcem-11-1-103

Azad, M. A. K., Sarker, M., Li, T., and Yin, J. (2018). Probiotic Species in the
Modulation of Gut Microbiota: An Overview. Biomed. Res. Int. 2018:9478630.

Azad, M. B, Konya, T., Maughan, H., Guttman, D. S., Field, C. J., Chari, R. S,,
et al. (2013). Gut microbiota of healthy Canadian infants: profiles by mode
of delivery and infant diet at 4 months. Can. Med. Assoc. J. 185, 385-394.
doi: 10.1503/cmaj.121189

Bader, O. (2013). MALDI-TOF-MS-based species identification and typing
approaches in medical mycology. Proteomics 13, 788-799. doi: 10.1002/pmic.
201200468

Bader, O., Weig, M., Taverne-Ghadwal, L., Lugert, R, Gross, U., and Kuhns, M.
(2011). Improved clinical laboratory identification of human pathogenic yeasts
by matrix-assisted laser desorption ionization time-of-flight mass spectrometry.
Clin. Microbiol. Infect. 17, 1359-1365. doi: 10.1111/j.1469-0691.2010.03398.x

Bahamondes, M. V., Portugal, P. M., Brolazo, E. M., Simoes, J. A., and
Bahamondes, L. (2011). Use of a lactic acid plus lactoserum intimate liquid
soap for external hygiene in the prevention of bacterial vaginosis recurrence
after metronidazole oral treatment. Rev. Assoc. Med. Bras. 57, 415-420. doi:
10.1590/50104-42302011000400015

Bai, G., Gajer, P,, Nandy, M., Ma, B., Yang, H., Sakamoto, J., et al. (2012).
Comparison of storage conditions for human vaginal microbiome studies. PLoS
One 7, €36934. doi: 10.1371/journal.pone.0036934

Bai, S., Chen, H., Zhu, L., Liu, W., Yu, H. D., Wang, X, et al. (2017). Comparative
study on the in vitro effects of Pseudomonas aeruginosa and seaweed alginates
on human gut microbiota. PLoS One 12:¢0171576. doi: 10.1371/journal.pone.
0171576

Baker, G. C., Smith, J. J., and Cowan, D. A. (2003). Review and re-analysis of
domain-specific 16S primers. J. Microbiol. Methods 55, 541-555. doi: 10.1016/
j.mimet.2003.08.009

Banik, A., Halder, S. K., Ghosh, C., Mondal, K. C,, and Yadav, A. N. (eds)
(2019). “Fungal Probiotics: Opportunity, Challenge, and Prospects,” in Recent
Advancement in White Biotechnology Through Fungi, eds, A. N Yadav, S Singh,
S Mishra, and A Gupta, (Cham: Springer International Publishing), 101-117.
doi: 10.1007/978-3-030-14846-1_3

Baron, E. J., Miller, J. M., Weinstein, M. P., Richter, S. S., Gilligan, P. H., Thomson,
R. B. Jr,, et al. (2013). A guide to utilization of the microbiology laboratory
for diagnosis of infectious diseases: 2013 recommendations by the Infectious
Diseases Society of America (IDSA) and the American Society for Microbiology
(ASM) a. Clin. Infect. Dis. 57, e22-el121.

Baron, J. M., and Merk, H. F. (2001). Metabolism of the skin. Curr. Opin. Allergy
Clin. Immunol. 1:291.

Barousse, M. M., Van Der Pol, B. J., Fortenberry, D., Orr, D., and Fidel, P. L. Jr.
(2004). Vaginal yeast colonisation, prevalence of vaginitis, and associated local
immunity in adolescents. Sex. Transm. Infect. 80, 48-53. doi: 10.1136/st1.2002.
003855

Basu, A., Devaraj, S., and Jialal, I. (2006). Dietary factors that promote or retard
inflammation. Arterioscl. Thromb. Vascul. Biol. 26, 995-1001. doi: 10.1161/01.
atv.0000214295.86079.d1

Belay, N., Mukhopadhyay, B., Conway de Macario, E., Galask, R., and Daniels, L.
(1990). Methanogenic bacteria in human vaginal samples. J. Clin. Microbiol. 28,
1666-1668. doi: 10.1128/jcm.28.7.1666- 1668.1990

Bergman, E. N. (1990). Energy contributions of volatile fatty acids from the
gastrointestinal tract in various species. Physiol. Rev. 70, 567-590. doi: 10.1152/
physrev.1990.70.2.567

Bergsson, G., Arnfinnsson, J., Steingrimsson, O., and Thormar, H. (2001). In vitro
killing of Candida albicans by fatty acids and monoglycerides. Antimicrob.
Agents Chemother. 45, 3209-3212. doi: 10.1128/aac.45.11.3209-3212.2001

Bermudez-Brito, M., Plaza-Diaz, J., Mufioz-Quezada, S., émez-Llorente, C. G.,
and Gil, A. (2012). Probiotic mechanisms of action. Anna. Nutr. Metabol. 61,
160-174.

Beverly, E. S., Chen, H. Y., Wang, Q. J., Zariffard, M. R,, Cohen, M. H., and
Spear, G. T. (2005). Utility of Amsel criteria, Nugent score, and quantitative
PCR for Gardnerella vaginalis, Mycoplasma hominis, and Lactobacillus spp.
for diagnosis of bacterial vaginosis in human immunodeficiency virus-infected
women. J. Clin. Microbiol. 43, 4607-4612. doi: 10.1128/jcm.43.9.4607-4612.
2005

Biagi, E., Vitali, B., Pugliese, C., Candela, M., Donders, G. G., and Brigidi, P.
(2009). Quantitative variations in the vaginal bacterial population associated
with asymptomatic infections: a real-time polymerase chain reaction study. Eur.
J. Clin. Microbiol. Infect. Dis. 28, 281-285. doi: 10.1007/s10096-008-0617-0

Biasucci, G., Benenati, B., Morelli, L., Bessi, E., and Boehm, G. N. (2008). Cesarean
Delivery May Affect the Early Biodiversity of Intestinal Bacteria. J. Nutr. 138,
17965-1800S.

Bille, E., Dauphin, B., Leto, J., Bougnoux, M.-E., Beretti, J.-L., Lotz, A., et al.
(2012). MALDI-TOF MS Andromas strategy for the routine identification of
bacteria, mycobacteria, yeasts, Aspergillus spp. and positive blood cultures.
Clin. Microbiol. Infect. 18, 1117-1125. doi: 10.1111/j.1469-0691.2011.03688.x

Binder, H. J. (2010). Role of colonic short-chain fatty acid transport in diarrhea.
Annu. Rev. Physiol. 72,297-313. doi: 10.1146/annurev- physiol-021909-135817

Binder, H. J., and Mehta, P. (1989). Short-chain fatty acids stimulate active sodium
and chloride absorption in vitro in the rat distal colon. Gastroenterology 96,
989-996. doi: 10.1016/0016-5085(89)91614-4

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://doi.org/10.1016/j.resmic.2015.09.006
https://doi.org/10.1128/aem.66.5.2001-2005.2000
https://doi.org/10.1128/aem.66.5.2001-2005.2000
https://doi.org/10.1093/jac/dkt156
https://doi.org/10.1002/jsfa.2919
https://doi.org/10.1111/jam.13054
https://doi.org/10.1099/0022-1317-49-11-1023
https://doi.org/10.1099/0022-1317-49-11-1023
https://doi.org/10.3389/fmed.2018.00181
https://doi.org/10.3389/fmed.2018.00181
https://doi.org/10.3389/fimmu.2020.02184
https://doi.org/10.3389/fimmu.2020.02184
https://doi.org/10.1016/j.jcma.2016.04.009
https://doi.org/10.1016/j.jcma.2016.04.009
https://doi.org/10.1016/j.micpath.2017.08.042
https://doi.org/10.1016/j.toxrep.2017.12.011
https://doi.org/10.1210/jcem-11-1-103
https://doi.org/10.1503/cmaj.121189
https://doi.org/10.1002/pmic.201200468
https://doi.org/10.1002/pmic.201200468
https://doi.org/10.1111/j.1469-0691.2010.03398.x
https://doi.org/10.1590/s0104-42302011000400015
https://doi.org/10.1590/s0104-42302011000400015
https://doi.org/10.1371/journal.pone.0036934
https://doi.org/10.1371/journal.pone.0171576
https://doi.org/10.1371/journal.pone.0171576
https://doi.org/10.1016/j.mimet.2003.08.009
https://doi.org/10.1016/j.mimet.2003.08.009
https://doi.org/10.1007/978-3-030-14846-1_3
https://doi.org/10.1136/sti.2002.003855
https://doi.org/10.1136/sti.2002.003855
https://doi.org/10.1161/01.atv.0000214295.86079.d1
https://doi.org/10.1161/01.atv.0000214295.86079.d1
https://doi.org/10.1128/jcm.28.7.1666-1668.1990
https://doi.org/10.1152/physrev.1990.70.2.567
https://doi.org/10.1152/physrev.1990.70.2.567
https://doi.org/10.1128/aac.45.11.3209-3212.2001
https://doi.org/10.1128/jcm.43.9.4607-4612.2005
https://doi.org/10.1128/jcm.43.9.4607-4612.2005
https://doi.org/10.1007/s10096-008-0617-0
https://doi.org/10.1111/j.1469-0691.2011.03688.x
https://doi.org/10.1146/annurev-physiol-021909-135817
https://doi.org/10.1016/0016-5085(89)91614-4
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

Bongaerts, G. P., Tolboom, J. J., Naber, A. H., Sperl, W. J., Severijnen, R. S,
Bakkeren, J. A, et al. (1997). Role of bacteria in the pathogenesis of short
bowel syndrome-associated D-lactic acidemia. Microb. Pathog. 22, 285-293.
doi: 10.1006/mpat.1996.0122

Borgogna, J. C., Shardell, M. D., Santori, E. K., Nelson, T. M., Rath, J. M,,
Glover, E. D,, et al. (2020). The vaginal metabolome and microbiota of cervical
HPV-positive and HPV-negative women: a cross-sectional analysis. Bjog 127,
182-192. doi: 10.1111/1471-0528.15981

Boskey, E. R., Cone, R. A., Whaley, K. J., and Moench, T. R. (2001). Origins
of vaginal acidity: high d/I lactate ratio is consistent with bacteria being the
primary source. Hum. Reprod. 16, 1809-1813. doi: 10.1093/humrep/16.9.
1809

Boumba, V., Ziavrou, K., and Vujuk, T. (2008). Biochemical pathways generating
post-mortem volatile compounds co-detected during forensic ethanol analyses.
Forensic. Sci. Int. 174, 133-151. doi: 10.1016/j.forsciint.2007.03.018

Bracey, D., Holyoak, C. D., and Coote, P. J. (1998). Comparison of the inhibitory
effect of sorbic acid and amphotericin B on Saccharomyces cerevisiae: is growth
inhibition dependent on reduced intracellular pH? J. Appl. Microbiol. 85,
1056-1066. doi: 10.1111/j.1365-2672.1998.tb05271.x

Bradford, L. L., and Ravel, J. (2017). The vaginal mycobiome: A contemporary
perspective on fungi in women’s health and diseases. Virulence 8, 342-351.
doi: 10.1080/21505594.2016.1237332

Braham, P. H., and Moncla, B. J. (1992). Rapid presumptive identification and
further characterization of Bacteroides forsythus. J. Clin. Microbiol. 30, 649-654.
doi: 10.1128/jcm.30.3.649-654.1992

Brin, M. (1965). The synthesis and metabolism of lactic acid isomers. Anna. N. Y.
Acad. Sci. 119, 942-956. doi: 10.1111/j.1749-6632.1965.tb47454.x

Brody, T. (1998). Nutritional Biochemistry. Amsterdam: Elsevier.

Brotman, R. M., He, X., Gajer, P., Fadrosh, D., Sharma, E., Mongodin, E. F,, et al.
(2014). Association between cigarette smoking and the vaginal microbiota: a
pilot study. BMC Infect. Dis. 14:471.

Byung-Chun, K., Tushar, R. D., Jongsik, C., Sung Chul, Y., Hyunook, K., and
Youngsoon, U. (2013). Production of Hydrogen and Volatile Fatty Acid by
Enterobacter sp. T4384 Using Organic Waste Materials. J. Microbiol. Biotechnol.
23,189-194. doi: 10.4014/jmb.1205.05016

Cammarota, G., Ianiro, G., Cianci, R., Bibbo, S., Gasbarrini, A., and Curro, D.
(2015). The involvement of gut microbiota in inflammatory bowel disease
pathogenesis: Potential for therapy. Pharmacol. Therap. 149, 191-212. doi:
10.1016/j.pharmthera.2014.12.006

Cao, Y.-Y., Cao, Y.-B,, Xu, Z, Ying, K, Li, Y., Xie, Y., et al. (2005). cDNA
microarray analysis of differential gene expression in Candida albicans biofilm
exposed to farnesol. Antimicrob. Agents Chemother. 49, 584-589. doi: 10.1128/
aac.49.2.584-589.2005

Caporaso, J. G., Lauber, C. L., Costello, E. K., Berg-Lyons, D., Gonzalez, A.,
Stombaugh, J., et al. (2011). Moving pictures of the human microbiome.
Genome Biol. 12, 1-8.

Carlier, J.-P., Ouas, G., and Han, X. Y. (2007). Moryella indoligenes gen. nov., sp.
nov., an anaerobic bacterium isolated from clinical specimens. Int. J. Systemat.
Evolut. Microbiol. 57, 725-729. doi: 10.1099/js.0.64705-0

Cassone, A. (2015). Vulvovaginal Candida albicans infections: pathogenesis,
immunity and vaccine prospects. BJOG 122, 785-794.

Cassone, A., Carpinelli, G., Angiolella, L., Maddaluno, G., and Podo, F. (1983). 31P
Nuclear Magnetic Resonance Study of Growth and Dimorphic Transition in
Candida albicans. Microbiology 129, 1569-1575. doi: 10.1099/00221287-129-
5-1569

Castan, A., and Enfors, S.-O. (2002). Formate accumulation due to DNA release
in aerobic cultivations of Escherichia coli. Biotechnol. Bioeng. 77, 324-328. doi:
10.1002/bit.1198

Castro-Gonzalez, J. M., Castro, P., Sandoval, H., and Castro-Sandoval, D. (2019).
Probiotic Lactobacilli Precautions. Front. Microbiol. 10:375.

Cauci, S., Driussi, S., Santo, D. De, Penacchioni, P., Iannicelli, T., Lanzafame,
P., et al. (2002). Prevalence of bacterial vaginosis and vaginal flora changes
in peri-and postmenopausal women. J. Clin. Microbiol. 40, 2147-2152. doi:
10.1128/jcm.40.6.2147-2152.2002

Cayzeele-Decherf, A., Pélerin, F., and Jisten, P. (2017). Saccharomyces cerevisiae
CNCM 1-3856 as a Natural Breakthrough for Vaginal Health: A Clinical Study.
Med. J. Obstet. Gynecol. 5:4.

Ceccarani, C., Foschi, C., Parolin, C., D’Antuono, A., Gaspari, V., Consolandi, C.,
et al. (2019). Diversity of vaginal microbiome and metabolome during genital
infections. Sci. Rep. 9:14095.

Chaijareenont, K., Sirimai, K., Boriboonhirunsarn, D., and Kiriwat, O. (2004).
Accuracy of Nugent’s score and each Amsel’s criteria in the diagnosis of bacterial
vaginosis. J. Med. Assoc. Thai 87, 1270-1274.

Chakraborti, C. K. (2015). New-found link between microbiota and obesity. World
J. Gastrointest Pathophysiol. 6, 110-119. doi: 10.4291/wjgp.v6.i4.110

Chang, P. V., Hao, L., Offermanns, S., and Medzhitov, R. (2014). The microbial
metabolite butyrate regulates intestinal macrophage function via histone
deacetylase inhibition. Proc. Natl. Acad. Sci. U. S. A. 111, 2247-2252. doi:
10.1073/pnas.1322269111

Chaudry, A. N, Travers, P. J., Yuenger, J., Colletta, L., Evans, P., Zenilman, J. M.,
etal. (2004). Analysis of Vaginal Acetic Acid in Patients Undergoing Treatment
for Bacterial Vaginosis. J. Clin. Microbiol. 42, 5170-5175. doi: 10.1128/jcm.42.
11.5170-5175.2004

Che, L., Hu, Q.,, Wang, R,, Zhang, D., Liu, C., Zhang, Y. (2019). Inter-correlated
gut microbiota and SCFAs changes upon antibiotics exposure links with rapid
body-mass gain in weaned piglet model. J. Nutr. Biochem. 74:108246 doi: 10.
1016/j.jnutbio.2019.108246

Chee, W.J. Y., Chew, S. Y., and Than, L. T. L. (2020). Vaginal microbiota and the
potential of Lactobacillus derivatives in maintaining vaginal health. Microb. Cell
Fact. 19:203.

Chen, C., Pande, K., French, S. D., Tuch, B. B., and Noble, S. M. (2011). An
iron homeostasis regulatory circuit with reciprocal roles in Candida albicans
commensalism and pathogenesis. Cell Host Microbe 10, 118-135. doi: 10.1016/
j.chom.2011.07.005

Chen, C., Song, X., Wei, W., Zhong, H., Dai, J,, Lan, Z., et al. (2017). The
microbiota continuum along the female reproductive tract and its relation to
uterine-related diseases. Nat. Commun. 8:875.

Chen, L., Shen, Y., Wang, C., Ding, L., Zhao, F., Wang, M., et al. (2019).
Megasphaera elsdenii Lactate Degradation Pattern Shifts in Rumen Acidosis
Models. Front. Microbiol. 10:162.

Chen, Y. C,, Eisner, J. D., Kattar, M. M., Rassoulian-Barrett, S. L., LaFe, K., Yarfitz,
S. L., et al. (2000). Identification of Medically Important Yeasts Using PCR-
Based Detection of DNA Sequence Polymorphisms in the Internal Transcribed
Spacer 2 Region of the rRNA Genes. J. Clin. Microbiol. 38:2302. doi: 10.1128/
.38.6.2302-2310.2000

Chen, Y., Bruning, E., Rubino, J., and Eder, S. E. (2017). Role of female intimate
hygiene in vulvovaginal health: global hygiene practices and product usage.
Womens Health 13, 58-67. doi: 10.1177/1745505717731011

Chen, Z., Yeoh, Y. K, Hui, M., Wong, P. Y., Chan, M. C, Ip, M,, et al.
(2018). Diversity of macaque microbiota compared to the human counterparts.
Scientific Rep. 8, 1-15.

Childers, D. S. I, Raziunaite, G., Mol Avelar, J., Mackie, S., Budge, D., Stead, N. A.,
et al. (2016). The Rewiring of Ubiquitination Targets in a Pathogenic Yeast
Promotes Metabolic Flexibility. Host Colonization and Virulence. PLoS Pathog.
12:e1005566. doi: 10.1371/journal.ppat.1005566

Cho, C. E.,, and Norman, M. (2013). Cesarean section and development of the
immune system in the offspring. Am. J. Obstetr. Gynecol. 208, 249-254. doi:
10.1016/j.ajog.2012.08.009

Ciani, M., Comitini, F., and Mannazzu, I. (2008). “Fermentation,” in Encyclopedia
of Ecology, eds S. E. Jorgensen and B. D. Fath (Oxford: Academic Press),
1548-1557.

Clitherow, K. H., Binaljadm, T. M., Hansen, J., Spain, S. G., Hatton, P. V., and
Murdoch, C. (2020). Medium-Chain Fatty Acids Released from Polymeric
Electrospun Patches Inhibit Candida albicans Growth and Reduce the Biofilm
Viability. ACS Biomater. Sci. Eng. 6, 4087-4095. doi: 10.1021/acsbiomaterials.
0c00614

Cocolin, L., Foschino, R., Comi, G., and Fortina, M. G. (2007a). Description of
the bacteriocins produced by two strains of Enterococcus faecium isolated
from Italian goat milk. Food Microbiol. 24, 752-758. doi: 10.1016/j.fm.2007.
03.001

Cocolin, L., Diez, A., Urso, R, Rantsiou, K., Comi, G., Bergmaier, I, et al.
(2007b). Optimization of conditions for profiling bacterial populations in food
by culture-independent methods. Int. J. Food Microbiol. 120, 100-109. doi:
10.1016/j.ijfoodmicro.2007.06.015

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://doi.org/10.1006/mpat.1996.0122
https://doi.org/10.1111/1471-0528.15981
https://doi.org/10.1093/humrep/16.9.1809
https://doi.org/10.1093/humrep/16.9.1809
https://doi.org/10.1016/j.forsciint.2007.03.018
https://doi.org/10.1111/j.1365-2672.1998.tb05271.x
https://doi.org/10.1080/21505594.2016.1237332
https://doi.org/10.1128/jcm.30.3.649-654.1992
https://doi.org/10.1111/j.1749-6632.1965.tb47454.x
https://doi.org/10.4014/jmb.1205.05016
https://doi.org/10.1016/j.pharmthera.2014.12.006
https://doi.org/10.1016/j.pharmthera.2014.12.006
https://doi.org/10.1128/aac.49.2.584-589.2005
https://doi.org/10.1128/aac.49.2.584-589.2005
https://doi.org/10.1099/ijs.0.64705-0
https://doi.org/10.1099/00221287-129-5-1569
https://doi.org/10.1099/00221287-129-5-1569
https://doi.org/10.1002/bit.1198
https://doi.org/10.1002/bit.1198
https://doi.org/10.1128/jcm.40.6.2147-2152.2002
https://doi.org/10.1128/jcm.40.6.2147-2152.2002
https://doi.org/10.4291/wjgp.v6.i4.110
https://doi.org/10.1073/pnas.1322269111
https://doi.org/10.1073/pnas.1322269111
https://doi.org/10.1128/jcm.42.11.5170-5175.2004
https://doi.org/10.1128/jcm.42.11.5170-5175.2004
https://doi.org/10.1016/j.jnutbio.2019.108246
https://doi.org/10.1016/j.jnutbio.2019.108246
https://doi.org/10.1016/j.chom.2011.07.005
https://doi.org/10.1016/j.chom.2011.07.005
https://doi.org/10.1128/.38.6.2302-2310.2000
https://doi.org/10.1128/.38.6.2302-2310.2000
https://doi.org/10.1177/1745505717731011
https://doi.org/10.1371/journal.ppat.1005566
https://doi.org/10.1016/j.ajog.2012.08.009
https://doi.org/10.1016/j.ajog.2012.08.009
https://doi.org/10.1021/acsbiomaterials.0c00614
https://doi.org/10.1021/acsbiomaterials.0c00614
https://doi.org/10.1016/j.fm.2007.03.001
https://doi.org/10.1016/j.fm.2007.03.001
https://doi.org/10.1016/j.ijfoodmicro.2007.06.015
https://doi.org/10.1016/j.ijfoodmicro.2007.06.015
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

Connors, J., Dawe, N., and Van Limbergen, J. (2018). The Role of Succinate
in the Regulation of Intestinal Inflammation. Nutrients 11:25. doi: 10.3390/
null010025

Conti, C., Malacrino, C., and Mastromarino, P. (2009). Inhibition of herpes simplex
virus type 2 by vaginal lactobacilli. J. Physiol. Pharmacol. 60, 19-26.

Cornet, M., Sendid, B., Fradin, C., Gaillardin, C., Poulain, D., and Nguyen, H.-V.
(2011). Molecular identification of closely related Candida species using two
ribosomal intergenic spacer fingerprinting methods. J. Mol. Diagn. 13, 12-22.
doi: 10.1016/j.jmoldx.2010.11.014

Cottier, F., Tan, A. S. M., Chen, J., Lum, J., Zolezzi, F., Poidinger, M., et al. (2015).
The transcriptional stress response of Candida albicans to weak organic acids.
G35,497-505. doi: 10.1534/g3.114.015941

Council, M. R. (2015). UK Health Research Analysis 2014 (UK Clinical Research
Collaboration.2015. UK: UK Clinical Research Collaboration.

Couzin-Frankel, J. (2010). Inflammation bares a dark side. Science 330:1621. doi:
10.1126/science.330.6011.1621

Cox, M. A,, Jackson, J., Stanton, M., Rojas-Triana, A., Bober, L., and Laverty, M.
(2009). Short-chain fatty acids act as antiinflammatory mediators by regulating
prostaglandin E(2) and cytokines. World ]. Gastroenterol. 15, 5549-5557. doi:
10.3748/wjg.15.5549

Crost, E. H., Le Gall, G, Laverde-Gomez, J. A., Mukhopadhya, I., Flint, H. J., and
Juge, N. (2018). Mechanistic Insights Into the Cross-Feeding of Ruminococcus
gnavus and Ruminococcus bromii on Host and Dietary Carbohydrates. Front.
Microbiol. 9:2558.

Cui, L., Morris, A., and Ghedin, E. (2013). The human mycobiome in health and
disease. Genome Med. 5:63. doi: 10.1186/gm467

Cummings, J. H., Pomare, E. W., Branch, W. J., Naylor, C. P., and Macfarlane,
G. T. (1987). Short chain fatty acids in human large intestine, portal, hepatic
and venous blood. Gut 28, 1221-1227. doi: 10.1136/gut.28.10.1221

Cunha, D. V., Salazar, S. B., Lopes, M. M., and Mira, N. P. (2017). Mechanistic
insights underlying tolerance to acetic acid stress in vaginal Candida glabrata
clinical isolates. Front. Microbiol. 8:259.

Danielsson, D., Teigen, P. K., and Moi, H. (2011). The genital econiche: focus
on microbiota and bacterial vaginosis. Anna. N. Y. Acad. Sci. 1230, 48-58.
doi: 10.1111/j.1749-6632.2011.06041.x

De Carolis, E., Hensgens, L. A., Vella, A., Posteraro, B., Sanguinetti, M., Senesi,
S., et al. (2014). Identification and typing of the Candida parapsilosis complex:
MALDI-TOF MS vs. AFLP. Med. Mycol. 52, 123-130. doi: 10.1093/mmy/
myt009

De Seta, F., Parazzini, F., De Leo, R., Banco, R, Maso, G. P., De Santo,
D., et al. (2014). Lactobacillus plantarum P17630 for preventing Candida
vaginitis recurrence: a retrospective comparative study. Eur. J. Obstetr. Gynecol.
Reproduct. Biol. 182, 136-139. doi: 10.1016/j.¢jogrb.2014.09.018

Debruéres, J., and Sedallian, A. (1985). Isolation and identification of Gardnerella
vaginalis. Pathol. Biol. 33, 687-692.

Décanis, N., Tazi, N., Correia, A., Vilanova, M., and Rouabhia, M. (2011).
Farnesol, a fungal quorum-sensing molecule triggers Candida albicans
morphological changes by downregulating the expression of different secreted
aspartyl proteinase genes. Open Microbiol. J. 5, 119-126. doi: 10.2174/
1874285801105010119

Delgado-Diaz, D. J., Tyssen, D., Hayward, J. A., Gugasyan, R, Hearps, A. C,,
and Tachedjian, G. (2019). Distinct Immune Responses Elicited From
Cervicovaginal Epithelial Cells by Lactic Acid and Short Chain Fatty Acids
Associated With Optimal and Non-optimal Vaginal Microbiota. Front. Cell
Infect. Microbiol. 9:446.

Della Ragione, F., Criniti, V., Della Pietra, V., Borriello, A., Oliva, A., Indaco,
S., et al. (2001). Genes modulated by histone acetylation as new effectors
of butyrate activity. FEBS Lett. 499, 199-204. doi: 10.1016/s0014-5793(01)02
539-x

den Besten, G., van Eunen, K., Groen, A. K., Venema, K., Reijngoud, D. J., and
Bakker, B. M. (2013). The role of short-chain fatty acids in the interplay between
diet, gut microbiota, and host energy metabolism. J. Lipid. Res. 54, 2325-2340.
doi: 10.1194/jlr.r036012

DiGiulio, D. B, Callahan, B. J., McMurdie, P. J., Costello, E. K., Lyell, D. J,,
Robaczewska, A., et al. (2015). Temporal and spatial variation of the human
microbiota during pregnancy. Proc. Natl. Acad. Sci. U. S. A. 112, 11060-11065.

Dominguez-Bello, M. G., Costello, E. K., Contreras, M., Magris, M., Hidalgo, G.,
Fierer, N, et al. (2010). Delivery mode shapes the acquisition and structure of

the initial microbiota across multiple body habitats in newborns. Proc. Natl.
Acad. Sci. U. S. A. 107, 11971-11975. doi: 10.1073/pnas.1002601107

Donders, G. G. G., and Viera Baptista, P. (2018). The ReCiDiF method to treat
recurrent vulvovaginal candidosis: a friend with benefits. Aust. N. Z. J. Obstet
Gynaecol. 58:E5.

Donders, G. G., Bellen, G., and Mendling, W. (2010). Management of recurrent
vulvo-vaginal candidosis as a chronic illness. Gynecol. Obstet. Invest. 70, 306—
321. doi: 10.1159/000314022

Donders, G., Bellen, G., Byttebier, G., Verguts, L., Hinoul, P., Walckiers, R., et al.
(2008). Individualized decreasing-dose maintenance fluconazole regimen for
recurrent vulvovaginal candidiasis (ReCiDiF trial). Am. J. Obstet. Gynecol. 613,
el-e9.

Downes, J., Munson, M. A., Radford, D. R,, Spratt, D. A., and Wade, W. G. (2002).
Shuttleworthia satelles gen. nov., sp. nov., isolated from the human oral cavity.
Int. ]. Syst. Evol. Microbiol. 52, 1469-1475. doi: 10.1099/ijs.0.02122-0

Downes, J., Munson, M., and Wade, W. G. (2003). Dialister invisus sp. nov.,
isolated from the human oral cavity. Int. J. System. Evolut. Microbiol. 53,
1937-1940. doi: 10.1099/ijs.0.02640-0

Downes, J., Olsvik, B., Hiom, S., Spratt, D., Cheeseman, S., Olsen, I, et al. (2000).
Bulleidia extructa gen. nov., sp. nov., isolated from the oral cavity. Int. J. System.
Evolut. Microbiol. 50, 979-983. doi: 10.1099/00207713-50-3-979

Drell, T., Lillsaar, T., Tummeleht, L., Simm, J., Aaspollu, A., Vain, E., et al.
(2013). Characterization of the vaginal micro- and mycobiome in asymptomatic
reproductive-age Estonian women. PLoS One. 8:€54379. doi: 10.1371/journal.
pone.0054379

Duan, Y., Dong, H., Wang, Y., Zhang, Y., and Zhang, J. (2018). Effects of the
Dietary Probiotic Clostridium butyricum on Intestine Digestive and Metabolic
Capacities, SCFA Content and Body Composition in Marsupenaeus japonicus.
J. Ocean Univ. China 17, 690-696. doi: 10.1007/s11802-018-3464-3

Eckburg, P. B, Bik, E. M., Bernstein, C. N., Purdom, E., Dethlefsen, L., Sargent,
M, et al. (2005). Diversity of the human intestinal microbial flora. Science 308,
1635-1638. doi: 10.1126/science.1110591

Eddouzi, J., Hofstetter, V., Groenewald, M., Manai, M., and Sanglard, D. (2013).
Characterization of a New Clinical Yeast Species, Candida tunisiensis sp. nov.,
Isolated from a Strain Collection from Tunisian Hospitals. J. Clin. Microbiol.
51:31. doi: 10.1128/jcm.01627-12

Ehrlich, S. D., and Consortium, M. (2011). MetaHIT: The European Union Project
on metagenomics of the human intestinal tract, in Metagenomics of the human
body. New York, NY: Springer, 307-316.

Ehrstrom, S., Yu, A., and Rylander, E. (2006). Glucose in vaginal secretions before
and after oral glucose tolerance testing in women with and without recurrent
vulvovaginal candidiasis. Obstet. Gynecol. 108, 1432-1437. doi: 10.1097/01.a0g.
0000246800.38892.fc

El Aila, N. A. 1, Tency, B., Saerens, E., De Backer, P., Cools, G. L., dos Santos, et al.
(2011). Strong correspondence in bacterial loads between the vagina and rectum
of pregnant women. Res. Microbiol. 162, 506-513. doi: 10.1016/j.resmic.2011.
04.004

El Aila, N. A,, Tency, I, Claeys, G., Saerens, B., Backer, E. De, Temmerman, M.,
et al. (2009a). Genotyping of Streptococcus agalactiae(group B streptococci)
isolated from vaginal and rectal swabs of women at 35-37 weeks of pregnancy.
BMC Infect. Dis. 9:153.

El Aila, N. A. Tency, L, Claeys, G., Verstraelen, H., Saerens, B., Lopes, G., et al.
(2009b). Identification and genotyping of bacteria from paired vaginal and
rectal samples from pregnant women indicates similarity between vaginal and
rectal microflora. BMC Infect. Dis. 9:167.

Ene, I. V., and Bennett, R. J. (2009). Hwp1 and related adhesins contribute to both
mating and biofilm formation in Candida albicans. Eukaryot Cell. 8, 1909-1913.
doi: 10.1128/ec.00245-09

Ewaschuk, J. B., Diaz, H., Meddings, L., Diederichs, B., Dmytrash, A., Backer, J.,
et al. (2008). Secreted bioactive factors from Bifidobacterium infantis enhance
epithelial cell barrier function. Am. J. Physiol. Gastrointestinal. Liver Physiol.
295, G1025-G1034.

Ezaki, T., Kawamura, Y., Li, N,, Li, Z. Y., Zhao, L., and Shu, S. (2001). Proposal
of the genera Anaerococcus gen. nov., Peptoniphilus gen. nov. and Gallicola
gen. nov. for members of the genus Peptostreptococcus. Int. ]. System. Evolut.
Microbiol. 51, 1521-1528. doi: 10.1099/00207713-51-4-1521

Ezaki, T., Yamamoto, N., Ninomiya, K., Suzuki, S., and Yabuuchi, E. (1983).
Transfer of Peptococcus indolicus, Peptococcus asaccharolyticus, Peptococcus

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://doi.org/10.3390/nu11010025
https://doi.org/10.3390/nu11010025
https://doi.org/10.1016/j.jmoldx.2010.11.014
https://doi.org/10.1534/g3.114.015941
https://doi.org/10.1126/science.330.6011.1621
https://doi.org/10.1126/science.330.6011.1621
https://doi.org/10.3748/wjg.15.5549
https://doi.org/10.3748/wjg.15.5549
https://doi.org/10.1186/gm467
https://doi.org/10.1136/gut.28.10.1221
https://doi.org/10.1111/j.1749-6632.2011.06041.x
https://doi.org/10.1093/mmy/myt009
https://doi.org/10.1093/mmy/myt009
https://doi.org/10.1016/j.ejogrb.2014.09.018
https://doi.org/10.2174/1874285801105010119
https://doi.org/10.2174/1874285801105010119
https://doi.org/10.1016/s0014-5793(01)02539-x
https://doi.org/10.1016/s0014-5793(01)02539-x
https://doi.org/10.1194/jlr.r036012
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.1159/000314022
https://doi.org/10.1099/ijs.0.02122-0
https://doi.org/10.1099/ijs.0.02640-0
https://doi.org/10.1099/00207713-50-3-979
https://doi.org/10.1371/journal.pone.0054379
https://doi.org/10.1371/journal.pone.0054379
https://doi.org/10.1007/s11802-018-3464-3
https://doi.org/10.1126/science.1110591
https://doi.org/10.1128/jcm.01627-12
https://doi.org/10.1097/01.aog.0000246800.38892.fc
https://doi.org/10.1097/01.aog.0000246800.38892.fc
https://doi.org/10.1016/j.resmic.2011.04.004
https://doi.org/10.1016/j.resmic.2011.04.004
https://doi.org/10.1128/ec.00245-09
https://doi.org/10.1099/00207713-51-4-1521
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

prevotii, and Peptococcus magnus to the Genus Peptostreptococcus and Proposal
of Peptostreptococcus tetradius sp. nov. Int. J. System. Evolut. Microbiol. 33,
683-698. doi: 10.1099/00207713-33-4-683

Fadhel, M., Patel, S., Liu, E., Levitt, M., and Asif, A. (2019). Saccharomyces cerevisiae
fungemia in a critically ill patient with acute cholangitis and long term probiotic
use. Med. Mycol. Case Rep. 23, 23-25. doi: 10.1016/j.mmcr.2018.11.003

Fallingborg, J. (1999). Intraluminal pH of the human gastrointestinal tract. Dan.
Med. Bull. 46, 183-196.

Fan, D., Coughlin, L. A., Neubauer, M. M., Kim, J., Kim, M. S., and Zhan, X.
(2015). Activation of HIF-lalpha and LL-37 by commensal bacteria inhibits
Candida albicans colonization. Nat. Med. 21, 808-814. doi: 10.1038/nm.
3871

Farage, M., and Maibach, H. (2006). Lifetime changes in the vulva and vagina. Arch.
Gynecol. Obstet. 273, 195-202. doi: 10.1007/s00404-005-0079-x

Fayol-Messaoudi, D., Berger, C. N., Coconnier-Polter, M. H., Lievin-Le Moal,
V., and Servin, A. L. (2005). pH-, Lactic acid-, and non-lactic acid-
dependent activities of probiotic Lactobacilli against Salmonella enterica
Serovar Typhimurium. Appl. Environ. Microbiol. 71, 6008-6013. doi: 10.1128/
aem.71.10.6008-6013.2005

Feng, Y., Wang, Y., Wang, P., Huang, Y., and Wang, F. (2018). Short-Chain Fatty
Acids Manifest Stimulative and Protective Effects on Intestinal Barrier Function
Through the Inhibition of NLRP3 Inflammasome and Autophagy. Cell Physiol.
Biochem. 49, 190-205. doi: 10.1159/000492853

Fiorini, D., Pacetti, D., Gabbianelli, R., Gabrielli, S., and Ballini, R. (2015). A
salting out system for improving the efficiency of the headspace solid-phase
microextraction of short and medium chain free fatty acids. J. Chromatogr. A.
1409, 282-287. doi: 10.1016/j.chroma.2015.07.051

Foschi, C., Laghi, L., Parolin, C., Giordani, B., Compri, M., Cevenini, R,, et al.
(2017). Novel approaches for the taxonomic and metabolic characterization
of lactobacilli: Integration of 16S rRNA gene sequencing with MALDI-TOF
MS and 1H-NMR. PLoS One 12:e0172483. doi: 10.1371/journal.pone.0172483
eCollection 2017

Fox, C. A., Meldrum, S. J., and Watson, B. W. (1973). Continuous measurement by
radio-telemetry of vaginal pH during human coitus. J. Reprod. Fertil. 33, 69-75.
doi: 10.1530/jrf.0.0330069

France, M. T., Mendes-Soares, H., and Forney, L. J. (2016). Genomic Comparisons
of Lactobacillus crispatus and Lactobacillus iners Reveal Potential Ecological
Drivers of Community Composition in the Vagina. Appl. Environ. Microbiol.
82,7063-7073. doi: 10.1128/aem.02385-16

Franke, T., and Deppenmeier, U. (2018). Physiology and central carbon
metabolism of the gut bacterium Prevotella copri. Mol. Microbiol. 109, 528-540.
doi: 10.1111/mmi.14058

Fredricks, D. N, Fiedler, T. L., and Marrazzo, J. M. (2005). Molecular Identification
of Bacteria Associated with Bacterial Vaginosis. N. Engl. J. Med. 353, 1899-1911.
doi: 10.1056/nejmoa043802

Furuhashi, T., Sugitate, K., Nakai, T., Jikumaru, Y., and Ishihara, G. (2018). Rapid
profiling method for mammalian feces short chain fatty acids by GC-MS. Anal.
Biochem. 543, 51-54. doi: 10.1016/j.ab.2017.12.001

Gabrielli, E., Pericolini, E., Ballet, N., Roselletti, E., Sabbatini, S., Mosci, P., et al.
(2018). Saccharomyces cerevisiae-based probiotic as novel anti-fungal and anti-
inflammatory agent for therapy of vaginal candidiasis. Beneficial. Microbes 9,
219-230. doi: 10.3920/bm2017.0099

Gajer, P., Brotman, R. M., Bai, G., Sakamoto, J., Schiitte, U. M., Zhong, X., et al.
(2012). Temporal dynamics of the human vaginal microbiota. Sci. Transl. Med.
4:132ra52.

Gao, P, and Xu, G. (2015). Mass-spectrometry-based microbial metabolomics:
recent developments and applications. Anal. Bioanal. Chem. 407, 669-680.
doi: 10.1007/s00216-014-8127-7

Garland, S. H. (2011). Short chain fatty acids may elicit an innate immune
response from preadipocytes: a potential link between bacterial infection and
inflammatory diseases. Med. Hypotheses 76, 881-883. doi: 10.1016/j.mehy.
2011.02.041

Gaziano, R., Sabbatini, S., Roselletti, E., Perito, S., and Monari, C. (2020).
Saccharomyces cerevisiae-Based Probiotics as Novel Antimicrobial Agents to
Prevent and Treat Vaginal Infections. Front. Microbiol. 11:718.

Gibson, G. R, and Roberfroid, M. B. (1995). Dietary modulation of the human
colonic microbiota: introducing the concept of prebiotics. /. Nutr. 125, 1401-
1412. doi: 10.1093/jn/125.6.1401

Gibson, G. R., Scott, K. P., Rastall, R. A., Tuohy, K. M., Hotchkiss, A., Dubert-
Ferrandon, A., et al. (2010). Dietary prebiotics: current status and new
definition. Food Sci. Technol. Bull. Funct. Foods 7, 1-19. doi: 10.1616/1476-
2137.15880

Goldacre, M. J., Milne, L. J., Watt, B., Loudon, N., and Vessey, M. P. (1981).
Prevalence of Yeast and fungi other than Candida albicans in the vagina of
normal young women. Br. J. Obstet. Gynaecol. 88, 596-600. doi: 10.1111/j.1471-
0528.1981.tb01214.x

Goldenberg, R. L., Hauth, J. C.,, and Andrews, W. W. (2000). Intrauterine
infection and preterm delivery. N. Engl. J. Med. 342, 1500-1507. doi: 10.1056/
nejm200005183422007

Gongalves, B., Ferreira, C., Alves, C. T., Henriques, M., Azeredo, J., and Silva, S.
(2016). Vulvovaginal candidiasis: Epidemiology, microbiology and risk factors.
Crit. Rev. Microbiol. 42, 905-927. doi: 10.3109/1040841x.2015.1091805

Gorbach, S. L., Mayhew, J. W., Bartlett, J., and Thadepalli, H. (1976). Rapid
diagnosis of anaerobic infections by direct gas-liquid chromatography of
clinical speciments. J. Clin. Investig. 57, 478-484. doi: 10.1172/jci108300

Gorodeski, G. I. (1996). The cultured human cervical epithelium: a new model
for studying paracellular transport. J. Soc. Gynecol. Investig. 3, 267-280. doi:
10.1177/107155769600300507

Gorodeski, G. I. (2001a). Estrogen biphasic regulation of paracellular permeability
of cultured human vaginal-cervical epithelia. J. Clin. Endocrinol. Metab. 86,
4233-4243. doi: 10.1210/jcem.86.9.7817

Gorodeski, G. I. (2001b). Vaginal-cervical epithelial permeability decreases after
menopause. Fertil. Steril. 76, 753-761. doi: 10.1016/s0015-0282(01)02377-9

Gorodeski, G. I. (2007). Estrogen modulation of epithelial permeability in cervical-
vaginal cells of premenopausal and postmenopausal women. Menopause 14,
1012-1019. doi: 10.1097/gme.0b013e¢3180587eb5

Grammer, K., Fink, B., and Neave, N. (2005). Human pheromones and sexual
attraction. Eur. J. Obstet. Gynecol. Reprod. Biol. 118, 135-142. doi: 10.1016/j.
ejogrb.2004.08.010

Grolund, M.-M., Lehtonen, O.-P., Eerola, E., and Kero, P. (1999). Fecal Microflora
in Healthy Infants Born by Different Methods of Delivery: Permanent Changes
in Intestinal Flora After Cesarean Delivery. J. Pediatr. Gastroenterol. Nutr. 28,
19-25. doi: 10.1097/00005176-199901000-00007

Gross, M. (1961). Biochemical changes in the reproductive cycle. Fert. Steril. 12,
245-262. doi: 10.1016/s0015-0282(16)61172-x

Guarner, F., and Malagelada, J.-R. (2003). Gut flora in health and disease. Lancet
361, 512-519.

Guinan, J., Wang, S., Hazbun, T. R, Yadav, H., and Thangamani, S. (2019).
Antibiotic-induced decreases in the levels of microbial-derived short-chain
fatty acids correlate with increased gastrointestinal colonization of Candida
albicans. Scientific Rep. 9:8872.

Guldfeldt, L. U., and Arneborg, N. (1998). Measurement of the effects of acetic
acid and extracellular pH on intracellular pH of nonfermenting, individual
Saccharomyces cerevisiae cells by fluorescence microscopy. Appl. Environ.
Microbiol. 64, 530-534. doi: 10.1128/aem.64.2.530-534.1998

Guo, R., Zheng, N, Lu, H,, Yin, H,, Yao, J., and Chen, Y. (2012). Increased diversity
of fungal flora in the vagina of patients with recurrent vaginal candidiasis and
allergic rhinitis. Microb Ecol. 64, 918-927. doi: 10.1007/s00248-012-0084-0

Gupta, S., Kumar, N., Singhal, N., Kaur, R,, and Manektala, U. (2006). Vaginal
microflora in postmenopausal women on hormone replacement therapy.
Indian ]. Pathol. Microbiol. 49, 457-461.

Haigh, J., Degun, A., Eydmann, M., Millar, M., and Wilks, M. (2011). Improved
performance of bacterium and yeast identification by a commercial matrix-
assisted laser desorption ionization-time of flight mass spectrometry system
in the clinical microbiology laboratory. J. Clin. Microbiol. 49, 3441-3441. doi:
10.1128/jcm.00576-11

Hamady, M., and Knight, R. (2009). Microbial community profiling for human
microbiome projects: Tools, techniques, and challenges. Genome Res. 19, 1141-
1152. doi: 10.1101/gr.085464.108

Han, T.-L., Cannon, R. D., and Villas-Bdas, S. G. (2011). The metabolic basis of
Candida albicans morphogenesis and quorum sensing. Fungal Genet. Biol. 48,
747-763. doi: 10.1016/j.fgb.2011.04.002

Hang, J., Desai, V., Zavaljevski, N., Yang, Y., Lin, X, Satya, R. V., et al. (2014). 16S
rRNA gene pyrosequencing of reference and clinical samples and investigation
of the temperature stability of microbiome profiles. Microbiome 2:31. doi:
10.1186/2049-2618-2-31

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://doi.org/10.1099/00207713-33-4-683
https://doi.org/10.1016/j.mmcr.2018.11.003
https://doi.org/10.1038/nm.3871
https://doi.org/10.1038/nm.3871
https://doi.org/10.1007/s00404-005-0079-x
https://doi.org/10.1128/aem.71.10.6008-6013.2005
https://doi.org/10.1128/aem.71.10.6008-6013.2005
https://doi.org/10.1159/000492853
https://doi.org/10.1016/j.chroma.2015.07.051
https://doi.org/10.1371/journal.pone.0172483
https://doi.org/10.1530/jrf.0.0330069
https://doi.org/10.1128/aem.02385-16
https://doi.org/10.1111/mmi.14058
https://doi.org/10.1056/nejmoa043802
https://doi.org/10.1016/j.ab.2017.12.001
https://doi.org/10.3920/bm2017.0099
https://doi.org/10.1007/s00216-014-8127-7
https://doi.org/10.1016/j.mehy.2011.02.041
https://doi.org/10.1016/j.mehy.2011.02.041
https://doi.org/10.1093/jn/125.6.1401
https://doi.org/10.1616/1476-2137.15880
https://doi.org/10.1616/1476-2137.15880
https://doi.org/10.1111/j.1471-0528.1981.tb01214.x
https://doi.org/10.1111/j.1471-0528.1981.tb01214.x
https://doi.org/10.1056/nejm200005183422007
https://doi.org/10.1056/nejm200005183422007
https://doi.org/10.3109/1040841x.2015.1091805
https://doi.org/10.1172/jci108300
https://doi.org/10.1177/107155769600300507
https://doi.org/10.1177/107155769600300507
https://doi.org/10.1210/jcem.86.9.7817
https://doi.org/10.1016/s0015-0282(01)02377-9
https://doi.org/10.1097/gme.0b013e3180587eb5
https://doi.org/10.1016/j.ejogrb.2004.08.010
https://doi.org/10.1016/j.ejogrb.2004.08.010
https://doi.org/10.1097/00005176-199901000-00007
https://doi.org/10.1016/s0015-0282(16)61172-x
https://doi.org/10.1128/aem.64.2.530-534.1998
https://doi.org/10.1007/s00248-012-0084-0
https://doi.org/10.1128/jcm.00576-11
https://doi.org/10.1128/jcm.00576-11
https://doi.org/10.1101/gr.085464.108
https://doi.org/10.1016/j.fgb.2011.04.002
https://doi.org/10.1186/2049-2618-2-31
https://doi.org/10.1186/2049-2618-2-31
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

Harig, J. M., Soergel, K. H., Komorowski, R. A., and Wood, C. M. (1989). Treatment
of diversion colitis with short-chain-fatty acid irrigation. N. Engl. J. Med. 320,
23-28. doi: 10.1056/nejm198901053200105

Hearps, A. C., Tyssen, D., Srbinovski, D., Bayigga, L., Diaz, D. ]. D., and Aldunate,
M. (2017). Vaginal lactic acid elicits an anti-inflammatory response from human
cervicovaginal epithelial cells and inhibits production of pro-inflammatory
mediators associated with HIV acquisition. Mucosal. Immunol. 10, 1480-1490.
doi: 10.1038/mi.2017.27

Hendrickx, M. (2017). MALDI-TOF MS and Filamentous Fungal Identification: A
Success Story? Curr. Fungal Infect. Rep. 11, 60-65. doi: 10.1007/s12281-017-
0277-6

Hernandez-Sanabria, E., Heiremans, E., Arroyo, M. C., Props, R., Leclercg, L.,
Snoeys, J. (2019). Short term supplementation of celecoxib-shifted butyrate
production on a simulated model of the gut microbial ecosystem and
ameliorated in vitro inflammation. NPJ Biofilms Microbiomes 6:9. doi: 10.1038/
$41522-020-0119-0

Hetzel, M., Brock, M., Selmer, T., Pierik, A. J., Golding, B. T., and Buckel,
W. (2003). Acryloyl-CoA reductase from Clostridium propionicum. Eur. J.
Biochem. 270, 902-910. doi: 10.1046/j.1432-1033.2003.03450.x

Hewitt, L. F. (1932). Bacterial metabolism: lactic acid production by haemolytic
streptococci. Biochem. J. 26, 208-217.

Hill, D. R., Brunner, M. E., Schmitz, D. C., Davis, C. C., Flood, J. A., Schlievert,
P. M., et al. (2005). In vivo assessment of human vaginal oxygen and carbon
dioxide levels during and post menses. J. Appl. Physiol. 99, 1582-1591. doi:
10.1152/japplphysiol.01422.2004

Himmelreich, U., Somorjai, R. L., Dolenko, B., Daniel, H.-M., and Sorrell, T. C.
(2005). A rapid screening test to distinguish between Candida albicans and
Candida dubliniensis using NMR spectroscopy. FEMS Microbiol. Lett. 251,
327-332.

Himmelreich, U., Somorjai, R. L., Dolenko, B., Lee, O. C., Daniel, H.-M., Murray,
R, et al. (2003). Rapid Identification of Candida Species by Using Nuclear
Magnetic Resonance Spectroscopy and a Statistical Classification Strategy. Appl.
Environ. Microbiol. 69:4566. doi: 10.1128/aem.69.8.4566-4574.2003

Himmelreich, U., Sorrell, T. C., and Daniel, H.-M. (2017). “Nuclear Magnetic
Resonance Spectroscopy-Based Identification of Yeast, in Human Fungal
Pathogen Identification: Methods and Protocols, ed. T. Lion (New York, NY:
Springer New York), 289-304. doi: 10.1007/978-1-4939-6515-1_17

Hinnebusch, B. F., Meng, S., Wu, J. T., Archer, S. Y., and Hodin, R. A. (2002).
The effects of short-chain fatty acids on human colon cancer cell phenotype
are associated with histone hyperacetylation. J. Nutr. 132, 1012-1017. doi:
10.1093/jn/132.5.1012

Hmp, N. I. H., Working Group, Peterson, J., and Garges, S. (2009). The NIH human
microbiome project. Genome Res. 19, 2317-2323.

Hoffman, M. K., Bellad, M. B., Charantimath, U. S., Kavi, A., Nagmoti, J. M., and
Nagmoti, M. B. (2017). A Comparison of Colorimetric Assessment of Vaginal
pH with Nugent Score for the Detection of Bacterial Vaginosis. Infect. Dis.
Obstet. Gynecol. 2017:1040984.

Hold, G. L., Schwiertz, A., Aminov, R. 1., Blaut, M., and Flint, H. J. (2003).
Oligonucleotide Probes That Detect Quantitatively Significant Groups of
Butyrate-Producing Bacteria in Human Feces. Appl. Environ. Microbiol. 69,
4320-4324. doi: 10.1128/aem.69.7.4320-4324.2003

Holdcroft, A. (2007a). Gender bias in research: how does it affect evidence based
medicine? J. R. Soc. Med. 100, 2-3. doi: 10.1258/jrsm.100.1.2

Holdcroft, A. (2007b). Integrating the dimensions of sex and gender into basic life
sciences research: methodologic and ethical issues. Gend. Med. 4, S64-S74.

Horz, H. P., Yimga, M. T., and Liesack, W. (2001). Detection of methanotroph
diversity on roots of submerged rice plants by molecular retrieval of pmoA,
mmoX, mxaF, and 16S rRNA and ribosomal DNA, including pmoA-based
terminal restriction fragment length polymorphism profiling. Appl. Environ.
Microbiol. 67,4177-4185. doi: 10.1128/aem.67.9.4177-4185.2001

Hoving, L. R., Heijink, M., van Harmelen, V., van Dijk, K. W., and Giera, M. (2018).
GC-MS analysis of short-chain fatty acids in feces, cecum content, and blood
samples. Clin. Metabol. 1730, 247-256. doi: 10.1007/978-1-4939-7592-1_17

Hsieh, C. Y., Osaka, T., Moriyama, E., Date, Y., Kikuchi, J., and Tsuneda, S. (2015).
Strengthening of the intestinal epithelial tight junction by Bifidobacterium
bifidum. Physiol. Rep. 3:e12327. doi: 10.14814/phy2.12327

Hu, K.-T., Zheng, J.-X,, Yu, Z.-]., Chen, Z., Cheng, H., Pan, W.-G,, et al. (2015).
Directed shift of vaginal microbiota induced by vaginal application of sucrose

gel in rhesus macaques. Int. J. Infect. Dis. 33, 32-36. doi: 10.1016/}.ijid.2014.12.
040

Huang, D., Liu, Q., Yang, F., and Huang, F. (2007). The health-promoting
function and the application of konjac mannooligosaccharides (KMOS). Food
Sci. Technol. 10, 159-161.

Hugenholtz, P., and Pace, N. R. (1996). Identifying microbial diversity in the
natural environment: a molecular phylogenetic approach. Trends Biotechnol.
14, 190-197. doi: 10.1016/0167-7799(96)10025- 1

Huggins, G. R., and Preti, G. (1976). Volatile constituents of human vaginal
secretions. Am. J. Obstet. Gynecol. 126, 129-136. doi: 10.1016/0002-9378(76)
90477-4

Huggins, G. R,, and Preti, G. (1981). Vaginal odors and secretions. Clin. Obstet.
Gynecol. 24, 355-377. doi: 10.1097/00003081-198106000-00005

Inoue, Y., Shinka, T., Ohse, M., Ikawa, H., and Kuhara, T. (2006). Application
of optical isomer analysis by diastereomer derivatization GC/MS to determine
the condition of patients with short bowel syndrome. J. Chromatogr. B Analyt.
Technol. Biomed. Life Sci. 838, 37-42. doi: 10.1016/j.jchromb.2006.02.019

Inui, M., Murakami, S., Okino, S., Kawaguchi, H., Vertes, A. A., and Yukawa, H.
(2004). Metabolic analysis of Corynebacterium glutamicum during lactate and
succinate productions under oxygen deprivation conditions. J. Mol. Microbiol.
Biotechnol. 7, 182-196. doi: 10.1159/000079827

Iraporda, C., Romanin, D. E., Bengoa, A. A, Errea, A. J., Cayet, D., Foligne, B.,
et al. (2016). Local Treatment with Lactate Prevents Intestinal Inflammation in
the TNBS-Induced Colitis Model. Front. Immunol. 7:651.

Jacobson, A., Lam, L., Rajendram, M., Tamburini, F., Honeycutt, J., Pham, T.,
et al. (2018). A Gut Commensal-Produced Metabolite Mediates Colonization
Resistance to Salmonella Infection. Cell Host Microbe 24:e7.

Jacquet, A., Roussilhes, R., Anoufa, S., Marteau, C., Mallet, F., and Audebert, A.
(1995). Study of a new lactic acid and pH 5.2 lactoserum emulsion for feminine
hygiene Results of a clinical study. Contracept Fertil Sex 23, 457-459.

Kageyama, A., and Benno, Y. (2000). Phylogenic and phenotypic characterization
of some Eubacterium-like isolates from human feces: description of
Solobacterium moorei Gen. Nov., Sp. Nov. Microbiol. Immunol. 44, 223-227.
doi: 10.1111/.1348-0421.2000.tb02487.x

Kara, L, Yildirim, F., Ozgen, O., Erganis, S., Aydogdu, M., Dizbay, M., et al. (2018).
Saccharomyces cerevisiae fungemia after probiotic treatment in an intensive care
unit patient. J. Mycol. Med. 28, 218-221. doi: 10.1016/j.mycmed.2017.09.003

Kasper, L., Miramon, P., Jablonowski, N., Wisgott, S., Wilson, D., Brunke, S., et al.
(2015). Antifungal activity of clotrimazole against Candida albicans depends on
carbon sources, growth phase and morphology. J. Med. Microbiol. 64, 714-723.
doi: 10.1099/jmm.0.000082

Kaur, H., Merchant, M., Haque, M. M., and Mande, S. S. (2020). Crosstalk Between
Female Gonadal Hormones and Vaginal Microbiota Across Various Phases of
Women’s Gynecological Lifecycle. Front. Microbiol. 11:551.

Kaur, S., Mishra, P., and Prasad, R. (1988). Dimorphism-associated changes in
intracellular pH of Candida albicans. Biochim. Biophys. Acta 972, 277-282.
doi: 10.1016/0167-4889(88)90202-9

Kawali, Y., Saito, T., Konno, T., and Itoh, T. (1996). Compositional characteristics
of lactic acids produced by lactobacillus acidophilus group lactic acid bacteria.
Anim. Sci. Technol. 67, 621-629. doi: 10.2508/chikusan.67.621

Kelesidis, T., and Pothoulakis, C. (2012). Efficacy and safety of the
probiotic  Saccharomyces boulardii for the prevention and therapy
of gastrointestinal disorders. Therap. Adv. Gastroenterol. 5, 111-125.
doi: 10.1177/1756283x11428502

Kelly, C.J., Zheng, L., Campbell, E. L., Saeedi, B., Scholz, C. C., Bayless, A. ], et al.
(2015). Crosstalk between Microbiota-Derived Short-Chain Fatty Acids and
Intestinal Epithelial HIF Augments Tissue Barrier Function. Cell Host Microbe.
17, 662-671. doi: 10.1016/j.chom.2015.03.005

Kentner, D., Martano, G., Callon, M., Chiquet, P., Brodmann, M., Burton, O.,
et al. (2014). Shigella reroutes host cell central metabolism to obtain high-flux
nutrient supply for vigorous intracellular growth. Proc. Natl. Acad. Sci. U. S. A.
111, 9929-9934. doi: 10.1073/pnas.1406694111

Khan, M. T., Duncan, S. H.,, Stams, A. J. M., van Dijl, ]. M., Flint, H. J., and
Harmsen, H. J. M. (2012). The gut anaerobe Faecalibacterium prausnitzii uses
an extracellular electron shuttle to grow at oxic-anoxic interphases. ISME J. 6,
1578-1585. doi: 10.1038/isme;j.2012.5

Khazaeian, S., Navidian, A., Navabi-Rigi, S.-D., Araban, M., Mojab, F., and
Khazaeian, S. (2018). Comparing the effect of sucrose gel and metronidazole

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://doi.org/10.1056/nejm198901053200105
https://doi.org/10.1038/mi.2017.27
https://doi.org/10.1007/s12281-017-0277-6
https://doi.org/10.1007/s12281-017-0277-6
https://doi.org/10.1038/s41522-020-0119-0
https://doi.org/10.1038/s41522-020-0119-0
https://doi.org/10.1046/j.1432-1033.2003.03450.x
https://doi.org/10.1152/japplphysiol.01422.2004
https://doi.org/10.1152/japplphysiol.01422.2004
https://doi.org/10.1128/aem.69.8.4566-4574.2003
https://doi.org/10.1007/978-1-4939-6515-1_17
https://doi.org/10.1093/jn/132.5.1012
https://doi.org/10.1093/jn/132.5.1012
https://doi.org/10.1128/aem.69.7.4320-4324.2003
https://doi.org/10.1258/jrsm.100.1.2
https://doi.org/10.1128/aem.67.9.4177-4185.2001
https://doi.org/10.1007/978-1-4939-7592-1_17
https://doi.org/10.14814/phy2.12327
https://doi.org/10.1016/j.ijid.2014.12.040
https://doi.org/10.1016/j.ijid.2014.12.040
https://doi.org/10.1016/0167-7799(96)10025-1
https://doi.org/10.1016/0002-9378(76)90477-4
https://doi.org/10.1016/0002-9378(76)90477-4
https://doi.org/10.1097/00003081-198106000-00005
https://doi.org/10.1016/j.jchromb.2006.02.019
https://doi.org/10.1159/000079827
https://doi.org/10.1111/j.1348-0421.2000.tb02487.x
https://doi.org/10.1016/j.mycmed.2017.09.003
https://doi.org/10.1099/jmm.0.000082
https://doi.org/10.1016/0167-4889(88)90202-9
https://doi.org/10.2508/chikusan.67.621
https://doi.org/10.1177/1756283x11428502
https://doi.org/10.1016/j.chom.2015.03.005
https://doi.org/10.1073/pnas.1406694111
https://doi.org/10.1038/ismej.2012.5
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

gel in treatment of clinical symptoms of bacterial vaginosis: a randomized
controlled trial. Trials 19:585.

Kim, H., Kwon, J., Choi, S. Y., and Ahn, Y. G. (2019). Method development for the
quantitative determination of short chain fatty acids in microbial samples by
solid phase extraction and gas chromatography with flame ionization detection.
J. Analyt. Sci. Technol. 10:28.

Kim,J.Y., Whon, T. W, Lim, M. Y., Kim, Y. B, Kim, N., Kwon, M.-S., et al. (2020).
The human gut archaeome: identification of diverse haloarchaea in Korean
subjects. Microbiome 8:114.

Kloos, D. P., Gay, E., Lingeman, H., Bracher, F., Miiller, C., Mayboroda, O. A.,
et al. (2014). Comprehensive gas chromatography-electron ionisation mass
spectrometric analysis of fatty acids and sterols using sequential one-pot
silylation: quantification and isotopologue analysis. Rapid Commun. Mass
Spectrom. 28, 1507-1514. doi: 10.1002/rcm.6923

Koh, A., De Vadder, F., Kovatcheva-Datchary, P., and Béckhed, F. (2016). From
Dietary Fiber to Host Physiology: Short-Chain Fatty Acids as Key Bacterial
Metabolites. Cell 165, 1332-1345. doi: 10.1016/j.cell.2016.05.041

Kohler, G. A., Assefa, S., and Reid, G. (2012). Probiotic interference of Lactobacillus
rhamnosus GR-1 and Lactobacillus reuteri RC-14 with the opportunistic
fungal pathogen Candida albicans. Infect Dis. Obstet. Gynecol. 2012:63
6474.

Kowlgi, N. G., and Chhabra, L. (2015). D-lactic acidosis: an underrecognized
complication of short bowel syndrome. Gastroenterol. Res. Pract. 2015:476215.

Krasner, R. I, Young, G., and Yudkofsky, P. L. (1956). Interactions of oral strains
of Candida albicans and lactobacilli. J. Bacteriol. 72, 525-529. doi: 10.1128/jb.
72.4.525-529.1956

Krauss-Silva, L., Almada-Horta, A., Alves, M. B., Camacho, K. G., Moreira, M. E. L.,
and Braga, A. (2014). Basic vaginal pH, bacterial vaginosis and aerobic vaginitis:
prevalence in early pregnancy and risk of spontaneous preterm delivery, a
prospective study in a low socioeconomic and multiethnic South American
population. BMC Pregn. Childbirth 14:107.

Kristensen, K., and Henriksen, L. (2016). Cesarean section and disease associated
with immune function. J. Allergy Clin. Immunol. 137, 587-590. doi: 10.1016/].
jaci.2015.07.040

Kuczynski, J., Lauber, C. L., Walters, W. A, Parfrey, L. W., Clemente, J. C., Gevers,
D., et al. (2011). Experimental and analytical tools for studying the human
microbiome. Nat. Rev. Genet. 13, 47-58. doi: 10.1038/nrg3129

Kusdian, G., and Gould, S. B. (2014). The biology of Trichomonas vaginalis in
the light of urogenital tract infection. Mol. Biochem. Parasitol. 198, 92-99.
doi: 10.1016/j.molbiopara.2015.01.004

Lacroix, C., Gicquel, A., Sendid, B., Meyer, J., Accoceberry, I, Frangois, N., et al.
(2014). Evaluation of two matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS) systems for the identification of
Candida species. Clin. Microbiol. Infect. 20, 153-158.

Lacroix, G., Gouyer, V., Gottrand, F., and Desseyn, J. L. (2020). The Cervicovaginal
Mucus Barrier. Int. J. Mol. Sci. 21:8266. doi: 10.3390/ijms21218266

Lacy, P. (2006). Mechanisms of degranulation in neutrophils. Off. J. Can. Soc.
Allergy Clin. Immunol. 2, 98-108. doi: 10.1186/1710-1492-2-3-98

Laghi, L., Picone, G., Cruciani, F., Brigidi, P., Calanni, F., Donders, G., et al. (2014).
Rifaximin modulates the vaginal microbiome and metabolome in women
affected by bacterial vaginosis. Antimicrob. Agents Chemother. 58, 3411-3420.
doi: 10.1128/aac.02469- 14

Lai, S. K., Hida, K., Shukair, S., Wang, Y. Y., Figueiredo, A., Cone, R., et al.
(2009). Human immunodeficiency virus type 1 is trapped by acidic but not
by neutralized human cervicovaginal mucus. J. Virol. 83, 11196-11200. doi:
10.1128/jvi.01899-08

Lamas, A., Regal, P., Vazquez, B., Cepeda, A., and Franco, C. M. (2019). Short Chain
Fatty Acids Commonly Produced by Gut Microbiota Influence Salmonella
enterica Motility. Biofilm Formation, and Gene Expression. Antibiotics 8:265.
doi: 10.3390/antibiotics8040265

Lambert, M., and Armfield, A. (1979). Differentiation of Peptococcus and
Peptostreptococcus by gas-liquid chromatography of cellular fatty acids and
metabolic products. J. Clin. Microbiol. 10, 464-476. doi: 10.1128/jcm.10.4.464-
476.1979

Lan, C. Y., Rodarte, G., Murillo, L. A., Jones, T., Davis, R. W., Dungan, J., et al.
(2004). Regulatory networks affected by iron availability in Candida albicans.
Mol. Microbiol. 53, 1451-1469. doi: 10.1111/j.1365-2958.2004.04214.x

Lanigan, G. (1976). Peptococcus heliotrinreducans, sp. nov., a cytochrome-
producing anaerobe which metabolizes pyrrolizidine alkaloids. Microbiology 94,
1-10. doi: 10.1099/00221287-94-1-1

Lapan, B., and Friedman, M. M. (1950). Glycogen and reducing substances in
vaginal mucus: Gestational and cyclical variations. Am. J. Obstet. Gynecol. 59,
921-923. doi: 10.1016/0002-9378(50)90127-x

Latham, T., Mackay, L., Sproul, D., Karim, M., Culley, J., Harrison, D. J., et al.
(2012). Lactate, a product of glycolytic metabolism, inhibits histone deacetylase
activity and promotes changes in gene expression. Nucleic Acids Res. 40,
4794-4803. doi: 10.1093/nar/gks066

Leaw, S. N., Chang, H. C,, Sun, H. F., Barton, R., Bouchara, J.-P., and Chang, T. C.
(2006). Identification of medically important yeast species by sequence analysis
of the internal transcribed spacer regions. J. Clin. Microbiol. 44, 693-699. doi:
10.1128/jcm.44.3.693-699.2006

LeBlang, J. G., Chain, F., Martin, R., Bermudez-Humarén, L. G., Courau, S., and
Langella, P. (2017). Beneficial effects on host energy metabolism of short-
chain fatty acids and vitamins produced by commensal and probiotic bacteria.
Microbial. Cell Fact. 16:79

Lee, J. H,, Kim, Y. G., Khadke, S. K., and Lee, J. (2020). Antibiofilm and antifungal
activities of medium-chain fatty acids against Candida albicans via mimicking
of the quorum-sensing molecule farnesol. Microb Biotechnol. doi: 10.1111/
1751-7915.13710 [Epub ahead of print].

Lee, K., Buckley, H. R., and Campbell, C. C. (1975). An amino acid liquid synthetic
medium for the development of mycellal and yeast forms of Candida albicans.
Sabouraudia 13, 148-153. doi: 10.1080/00362177585190271

Lempiiinen, H., and Shore, D. (2009). Growth control and ribosome biogenesis.
Curr. Opin. Cell Biol. 21, 855-863. doi: 10.1016/j.ceb.2009.09.002

Lenoir, M., Martin, R., Torres-Maravilla, E., Chadi, S., Gonzalez-Davila, P.,
Sokol, H., et al. (2020). Butyrate mediates anti-inflammatory effects of
Faecalibacterium prausnitzii in intestinal epithelial cells through Dact3. Gut
Microb. 12, 1-16.

Levin, R., and Wagner, G. (1977). Human vaginal fluid-ionic composition and
modification by sexual arousal [proceedings]. J. Physiol. 266, 62-63.

Lewis, S., and Heaton, K. (1997). Increasing butyrate concentration in the distal
colon by accelerating intestinal transit. Gut 41, 245-251. doi: 10.1136/gut.41.2.
245

Li, X,, Liu, X,, and Yu, S. (2015). Psychological Stress-Derived Prolactin Modulates
Occludin Expression in Vaginal Epithelial Cells to Compromise Barrier
Function. Cell Physiol. Biochem. 37, 153-161. doi: 10.1159/000430341

Linhares, I. M., Minis, E., Robial, R., and Witkin, S. S. (2019). “Chapter 11 - The
Human Vaginal Microbiome,” in Microbiome and Metabolome in Diagnosis,
Therapy, and other Strategic Applications, eds J. Faintuch and S. Faintuch
(Cambridge, CA: Academic Press.), 109-114. doi: 10.1016/b978-0-12-815249-
2.00011-7

Linhares, I. M., Summers, P. R., Larsen, B., Giraldo, P. C., and Witkin, S. S. (2011).
Contemporary perspectives on vaginal pH and lactobacilli. Am. J. Obstetr.
Gynecol. 204, 1-120 e.

Lipke, P. N., and Ovalle, R. (1998). Cell wall architecture in yeast: new structure
and new challenges. J. Bacteriol. 180, 3735-3740. doi: 10.1128/jb.180.15.3735-
3740.1998

Liu, H., Wang, J., He, T., Becker, S., Zhang, G., Li, D., et al. (2018). Butyrate: A
Double-Edged Sword for Health? Adv. Nutr. 9, 21-29.

Liu, N. N,, and Kohler, J. R. (2016). Antagonism of Fluconazole and a Proton
Pump Inhibitor against Candida albicans. Antimicrob Agents Chemother. 60,
1145-1147. doi: 10.1128/aac.02043- 15

Lorowitz, W. H., and Bryant, M. P. (1984). Peptostreptococcus productus strain
that grows rapidly with CO as the energy source. Appl. Environ. Microbiol. 47,
961-964. doi: 10.1128/aem.47.5.961-964.1984

Louis, P., and Flint, H. J. (2009). Diversity, metabolism and microbial ecology of
butyrate-producing bacteria from the human large intestine. FEMS Microbiol.
Lett. 294, 1-8. doi: 10.1111/j.1574-6968.2009.01514.x

Louis, P., and Flint, H. J. (2017). Formation of propionate and butyrate by the
human colonic microbiota. Environ. Microbiol. 19, 29-41. doi: 10.1111/1462-
2920.13589

Louis, P., Duncan, S. H., McCrae, S. L., Millar, J., Jackson, M. S., and Flint, H. J.
(2004). Restricted Distribution of the Butyrate Kinase Pathway among Butyrate-
Producing Bacteria from the Human Colon. J. Bacteriol. 186, 2099-2106. doi:
10.1128/jb.186.7.2099-2106.2004

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://doi.org/10.1002/rcm.6923
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1128/jb.72.4.525-529.1956
https://doi.org/10.1128/jb.72.4.525-529.1956
https://doi.org/10.1016/j.jaci.2015.07.040
https://doi.org/10.1016/j.jaci.2015.07.040
https://doi.org/10.1038/nrg3129
https://doi.org/10.1016/j.molbiopara.2015.01.004
https://doi.org/10.3390/ijms21218266
https://doi.org/10.1186/1710-1492-2-3-98
https://doi.org/10.1128/aac.02469-14
https://doi.org/10.1128/jvi.01899-08
https://doi.org/10.1128/jvi.01899-08
https://doi.org/10.3390/antibiotics8040265
https://doi.org/10.1128/jcm.10.4.464-476.1979
https://doi.org/10.1128/jcm.10.4.464-476.1979
https://doi.org/10.1111/j.1365-2958.2004.04214.x
https://doi.org/10.1099/00221287-94-1-1
https://doi.org/10.1016/0002-9378(50)90127-x
https://doi.org/10.1093/nar/gks066
https://doi.org/10.1128/jcm.44.3.693-699.2006
https://doi.org/10.1128/jcm.44.3.693-699.2006
https://doi.org/10.1111/1751-7915.13710
https://doi.org/10.1111/1751-7915.13710
https://doi.org/10.1080/00362177585190271
https://doi.org/10.1016/j.ceb.2009.09.002
https://doi.org/10.1136/gut.41.2.245
https://doi.org/10.1136/gut.41.2.245
https://doi.org/10.1159/000430341
https://doi.org/10.1016/b978-0-12-815249-2.00011-7
https://doi.org/10.1016/b978-0-12-815249-2.00011-7
https://doi.org/10.1128/jb.180.15.3735-3740.1998
https://doi.org/10.1128/jb.180.15.3735-3740.1998
https://doi.org/10.1128/aac.02043-15
https://doi.org/10.1128/aem.47.5.961-964.1984
https://doi.org/10.1111/j.1574-6968.2009.01514.x
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1128/jb.186.7.2099-2106.2004
https://doi.org/10.1128/jb.186.7.2099-2106.2004
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

Louis, P., Hold, G. L., and Flint, H. J. (2014). The gut microbiota, bacterial
metabolites and colorectal cancer. Nat. Rev. Microbiol. 12, 661-672. doi: 10.
1038/nrmicro3344

Louis, P., Young, P., Holtrop, G., and Flint, H. J. (2010). Diversity of human colonic
butyrate-producing bacteria revealed by analysis of the butyryl-CoA:acetate
CoA-transferase gene. Environ. Microbiol. 12, 304-314. doi: 10.1111/j.1462-
2920.2009.02066.x

Lourenco, A., Pedro, N. A, Salazar, S. B., and Mira, N. P. (2018). Effect of Acetic
Acid and Lactic Acid at Low pH in Growth and Azole Resistance of Candida
albicans and Candida glabrata. Front Microbiol. 9:3265.

Love, D. N, Jones, R., and Bailey, M. (1980). Characterization of Fusobacterium
species isolated from soft tissue infections in cats. J. Appl. Bacteriol. 48,325-331.
doi: 10.1111/§.1365-2672.1980.tb01232.x

Luu, M., Pautz, S., Kohl, V., Singh, R., Romero, R., Lucas, S., et al. (2019). The
short-chain fatty acid pentanoate suppresses autoimmunity by modulating the
metabolic-epigenetic crosstalk in lymphocytes. Nat. Commun. 10:760.

Lykke, M. R., Becher, N., Haahr, T. Boedtkjer, E., Jensen, J. S. and
Uldbjerg, N. (2021). Vaginal Cervical and Uterine pH in Women with
Normal and Abnormal Vaginal Microbiota. Pathogens 10:90. doi: 10.3390/
pathogens10020090

Ma, B., Forney, L. J., and Ravel, J. (2012). Vaginal microbiome: rethinking health
and disease. Annu. Rev. Microbiol. 66, 371-389. doi: 10.1146/annurev-micro-
092611-150157

Macfarlane, G. T., and Gibson, G. R. (1997). “Carbohydrate Fermentation,
Energy Transduction and Gas Metabolism in the Human Large Intestine;”
in Gastrointestinal Microbiology: Volume 1 Gastrointestinal Ecosystems and
Fermentations, eds R. I. Mackie and B. A. White (Boston, MA: Springer US),
269-318. doi: 10.1007/978-1-4615-4111-0_9

Macfarlane, S., and Macfarlane, G. T. (2003). Regulation of short-chain fatty acid
production. Proc. Nutr. Soc. 62, 67-72.

Madsen, K. L. (2001). The Use of Probiotics in Gastrointestinal Disease. Can. J.
Gastroenterol. 15:690741.

Maheronnaghsh, M., Tolouei, S., Dehghan, P., Chadeganipour, M., and Yazdi, M.
(2016). Identification of Candida species in patients with oral lesion undergoing
chemotherapy along with minimum inhibitory concentration to fluconazole.
Adv. Biomed. Res. 5,132-132. doi: 10.4103/2277-9175.187394

Mahore, J. G., Rohit, B. B., and Deshkar, S. (2017). Investigation of
Oligosaccharides for Prebitoic Action on Vaginal Lactobacilli. J. Young Pharm.
9, 502-506. doi: 10.5530/jyp.2017.9.98

Marchaim, D., Lemanek, L., Bheemreddy, S., Kaye, K. S., and Sobel, J. D. (2012).
Fluconazole-resistant Candida albicans vulvovaginitis. Obstet Gynecol. 120,
1407-1414. doi: 10.1097/a0g.0b013e31827307b2

Marounek, M., Fliegrova, K., and Bartos, S. (1989). Metabolism and some
characteristics of ruminal strains of Megasphaera elsdenii. Appl. Environ.
Microbiol. 55, 1570-1573. doi: 10.1128/aem.55.6.1570-1573.1989

Marrazzo, J. M., Fiedler, T. L., Srinivasan, S., Thomas, K. K., Liu, C., Ko, D., et al.
(2012). Extravaginal reservoirs of vaginal bacteria as risk factors for incident
bacterial vaginosis. J. Infect. Dis. 205, 1580-1588. doi: 10.1093/infdis/jis
242

Martin, R., Miquel, S., Benevides, L., Bridonneau, C., Robert, V., Hudault, S.,
etal. (2017). Functional Characterization of Novel Faecalibacterium prausnitzii
Strains Isolated from Healthy Volunteers: A Step Forward in the Use of
F. prausnitzii as a Next-Generation Probiotic. Front. Microbiol. 8:1226.

McCabe, K., Mann, M. D., and Bowie, M. D. (1998). D-lactate production and
[14C]succinic acid uptake by adherent and nonadherent Escherichia coli. Infect.
Immun. 66,907-911. doi: 10.1128/iai.66.3.907-911.1998

McGrath, L. T., Weir, C. D., Maynard, S., and Rowlands, B. J. (1992). Gas-liquid
chromatographic analysis of volatile short chain fatty acids in fecal samples
as pentafluorobenzyl esters. Anal. Biochem. 207, 227-230. doi: 10.1016/0003-
2697(92)90004-q

McLoughlin, R. F., Berthon, B. S., Jensen, M. E., Baines, K. J., and Wood,
L. G. (2017). Short-chain fatty acids, prebiotics, synbiotics, and systemic
inflammation: a systematic review and meta-analysis. Am. J. Clin. Nutr. 106,
930-945.

McMillan, A., Rulisa, S., Sumarah, M., Macklaim, J. M., Renaud, J., Bisanz, J. E.,
etal. (2015). A multi-platform metabolomics approach identifies highly specific
biomarkers of bacterial diversity in the vagina of pregnant and non-pregnant
women. Sci. Rep. 5:14174.

McWilliam Leitch, E. C., and Stewart, C. S. (2002). Escherichia coli O157 and non-
0157 isolates are more susceptible to L-lactate than to D-lactate. Appl. Environ.
Microbiol. 68, 4676-4678. doi: 10.1128/aem.68.9.4676-4678.2002

Mendling, W., Palmeira-de-Oliveira, A., Biber, S., and Prasauskas, V. (2019). An
update on the role of Atopobium vaginae in bacterial vaginosis: what to consider
when choosing a treatment? A mini review. Arch. Gynecol. Obstetr. 300, 1-6.
doi: 10.1007/s00404-019-05142-8

Miao, W., Wu, X,, Wang, K., Wang, W., Wang, Y., Li, Z,, et al. (2016). Sodium
Butyrate Promotes Reassembly of Tight Junctions in Caco-2 Monolayers
Involving Inhibition of MLCK/MLC2 Pathway and Phosphorylation of
PKCbeta2. Int. J. Mol. Sci. 17:1696. doi: 10.3390/ijms17101696

Michael, R. P., and Keverne, E. B. (1970). Primate sex pheromones of vaginal origin.
Nature 225, 84-85. doi: 10.1038/225084a0

Michael, R. P., Bonsall, R. W., and Kutner, M. (1975). Volatile fatty acids,
"copulins”, in human vaginal secretions. Psychoneuroendocrinology 1, 153-163.
doi: 10.1016/0306-4530(75)90007-4

Michael, R. P., Bonsall, R. W., and Warner, P. (1974). Human vaginal secretions:
volatile fatty acid content. Science 186, 1217-1219. doi: 10.1126/science.186.
4170.1217

Miles, R. J., Taylor, R. R., and Varsani, H. (1991). Oxygen uptake and H202
production by fermentative Mycoplasma spp. J. Med. Microbiol. 34, 219-223.
doi: 10.1099/00222615-34-4-219

Mille, C., Janbon, G., Delplace, F., Ibata-Ombetta, S., Gaillardin, C., Strecker,
G., et al. (2004). Inactivation of CaMIT1 inhibits Candida albicans
phospholipomannan beta-mannosylation, reduces virulence, and alters cell wall
protein beta-mannosylation. J. Biol. Chem. 279, 47952-47960. doi: 10.1074/jbc.
m405534200

Miller, E. A., Beasley, D. E., Dunn, R. R,, and Archie, E. A. (2016). Lactobacilli
Dominance and Vaginal pH: Why Is the Human Vaginal Microbiome Unique?
Front. Microbiol. 7:1936.

Miquel, S., Martin, R., Rossi, O., Bermudez-Humaran, L. G., Chatel, J. M., Sokol,
H., etal. (2013). Faecalibacterium prausnitzii and human intestinal health. Curr.
Opin. Microbiol. 16, 255-261. doi: 10.1016/j.mib.2013.06.003

Mira, N. P., Teixeira, M. C., and 4-Correia, I. S. (2010). Adaptive response and
tolerance to weak acids in Saccharomyces cerevisiae: a genome-wide view.
OMICS 14, 525-540. doi: 10.1089/0mi.2010.0072

Mirmonsef, P., Gilbert, D., Zariffard, M. R., Hamaker, B. R, Kaur, A., Landay, A. L.,
etal. (2011). The Effects of Commensal Bacteria on Innate Immune Responses
in the Female Genital Tract. Am. J. Reproduct. Immunol. 65, 190-195. doi:
10.1111/j.1600-0897.2010.00943 x

Mirmonsef, P., Hotton, A. L., Gilbert, D., Gioia, C. J., Maric, D., Hope, T. J.,
et al. (2016). Glycogen levels in undiluted genital fluid and their relationship to
vaginal pH, estrogen, and progesterone. PLoS One 11:¢0153553. doi: 10.1371/
journal.pone.0153553 eCollection 2016

Mirmonsef, P., Zariffard, M. R., Gilbert, D., Makinde, H., Landay, A. L., and Spear,
G. T. (2012). Short-Chain Fatty Acids Induce Pro-Inflammatory Cytokine
Production Alone and in Combination with Toll-Like Receptor Ligands. Am.
J. Reproduct. Immunol. 67, 391-400. doi: 10.1111/j.1600-0897.2011.01089.x

Mitchell, C. M., Haick, A., Nkwopara, E., Garcia, R., Rendi, M., Agnew, K., et al.
(2015). Colonization of the upper genital tract by vaginal bacterial species in
nonpregnant women. Am. J. Obstet. Gynecol. 212, el-€9.

Mollapour, M., Shepherd, A. and Piper, P. W. (2008). Novel
responses facilitate Saccharomyces cerevisiae growth in the presence of
the monocarboxylate preservatives. Yeast 25, 169-177. doi: 10.1002/yea.1576

Moon, J.-Y., Zolnik, C. P.,, Wang, Z., Qiu, Y., Usyk, M., Wang, T. (2018). Gut
microbiota and plasma metabolites associated with diabetes in women with, or
at high risk for. HIV infection. EBioMedicine 37, 392-400. doi: 10.1016/j.ebiom.
2018.10.037

Moosa, M. Y., Sobel, J. D., Elhalis, H., Du, W., and Akins, R. A. (2004). Fungicidal
activity of fluconazole against Candida albicans in a synthetic vagina-simulative
medium. Antimicrob Agents Chemother. 48, 161-167. doi: 10.1128/aac.48.1.
161-167.2004

Morales, D. K., and Hogan, D. A. (2010). Candida albicans Interactions with
Bacteria in the Context of Human Health and Disease. PLoS Pathog. 6:¢1000886.
doi: 10.1371/journal.ppat.1000886

Morrison, D. J., and Preston, T. (2016). Formation of short chain fatty acids by
the gut microbiota and their impact on human metabolism. Gut. Microbes 7,
189-200. doi: 10.1080/19490976.2015.1134082

stress

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://doi.org/10.1038/nrmicro3344
https://doi.org/10.1038/nrmicro3344
https://doi.org/10.1111/j.1462-2920.2009.02066.x
https://doi.org/10.1111/j.1462-2920.2009.02066.x
https://doi.org/10.1111/j.1365-2672.1980.tb01232.x
https://doi.org/10.3390/pathogens10020090
https://doi.org/10.3390/pathogens10020090
https://doi.org/10.1146/annurev-micro-092611-150157
https://doi.org/10.1146/annurev-micro-092611-150157
https://doi.org/10.1007/978-1-4615-4111-0_9
https://doi.org/10.4103/2277-9175.187394
https://doi.org/10.5530/jyp.2017.9.98
https://doi.org/10.1097/aog.0b013e31827307b2
https://doi.org/10.1128/aem.55.6.1570-1573.1989
https://doi.org/10.1093/infdis/jis242
https://doi.org/10.1093/infdis/jis242
https://doi.org/10.1128/iai.66.3.907-911.1998
https://doi.org/10.1016/0003-2697(92)90004-q
https://doi.org/10.1016/0003-2697(92)90004-q
https://doi.org/10.1128/aem.68.9.4676-4678.2002
https://doi.org/10.1007/s00404-019-05142-8
https://doi.org/10.3390/ijms17101696
https://doi.org/10.1038/225084a0
https://doi.org/10.1016/0306-4530(75)90007-4
https://doi.org/10.1126/science.186.4170.1217
https://doi.org/10.1126/science.186.4170.1217
https://doi.org/10.1099/00222615-34-4-219
https://doi.org/10.1074/jbc.m405534200
https://doi.org/10.1074/jbc.m405534200
https://doi.org/10.1016/j.mib.2013.06.003
https://doi.org/10.1089/omi.2010.0072
https://doi.org/10.1111/j.1600-0897.2010.00943.x
https://doi.org/10.1111/j.1600-0897.2010.00943.x
https://doi.org/10.1371/journal.pone.0153553
https://doi.org/10.1371/journal.pone.0153553
https://doi.org/10.1111/j.1600-0897.2011.01089.x
https://doi.org/10.1002/yea.1576
https://doi.org/10.1016/j.ebiom.2018.10.037
https://doi.org/10.1016/j.ebiom.2018.10.037
https://doi.org/10.1128/aac.48.1.161-167.2004
https://doi.org/10.1128/aac.48.1.161-167.2004
https://doi.org/10.1371/journal.ppat.1000886
https://doi.org/10.1080/19490976.2015.1134082
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

Mota, S., Alves, R., Carneiro, C., Silva, S., Brown, A. J., Istel, F., et al. (2015).
Candida glabrata susceptibility to antifungals and phagocytosis is modulated
by acetate. Front. Microbiol. 6:919.

Mueller, N. T., Bakacs, E., Combellick, J., Grigoryan, Z., and Dominguez-Bello,
M. G. (2015). The infant microbiome development: mom matters. Trends Mol.
Med. 21, 109-117. doi: 10.1016/j.molmed.2014.12.002

Munakata, S., Arakawa, C., Kohira, R., Fujita, Y., Fuchigami, T., and Mugishima, H.
(2010). A case of D-lactic acid encephalopathy associated with use of probiotics.
Brain Dev. 32, 691-694. doi: 10.1016/j.braindev.2009.09.024

Murzyn, A., Krasowska, A., Stefanowicz, P., Dziadkowiec, D., and Lukaszewicz,
M. (2010). Capric acid secreted by S. boulardii inhibits C. albicans filamentous
growth, adhesion and biofilm formation. PLoS One 5:¢12050. doi: 10.1371/
journal.pone.0012050

Muyzer, G., de Waal, E. C,, and Uitterlinden, A. G. (1993). Profiling of complex
microbial populations by denaturing gradient gel electrophoresis analysis of
polymerase chain reaction-amplified genes coding for 16S rRNA. Appl. Environ.
Microbiol. 59, 695-700. doi: 10.1128/aem.59.3.695-700.1993

Naglik, J. R., Challacombe, S. J., and Hube, B. (2003). Candida albicans secreted
aspartyl proteinases in virulence and pathogenesis. Microbiol. Mol. Biol. Rev.
67,400-428. doi: 10.1128/mmbr.67.3.400-428.2003

Nakamura, S., Kami-ike, N., Yokota, J. P., Kudo, S., Minamino, T., and Namba, K.
(2009). Effect of intracellular pH on the torque-speed relationship of bacterial
proton-driven flagellar motor. J. Mol. Biol. 386, 332-338. doi: 10.1016/j.jmb.
2008.12.034

Nakkarach, A., Foo, H. L., Song, A. A.-L., Mutalib, N. E. A,, Nitisinprasert, S., and
Withayagiat, U. (2021). Anti-cancer and anti-inflammatory effects elicited by
short chain fatty acids produced by Escherichia coli isolated from healthy human
gut microbiota. Microbial. Cell Fact. 20:36.

Nash, A. K., Auchtung, T. A., Wong, M. C,, Smith, D. P., Gesell, J. R., and Ross,
M. C. (2017). The gut mycobiome of the Human Microbiome Project healthy
cohort. Microbiome 5:153.

Negari, I. P., Keshari, S., and Huang, C.-M. (2021). Probiotic activity of
Staphylococcus epidermidis Induces Collagen Type I Production through
FFaR2/p-ERK Signaling. Int. J. Mol. Sci. 22:1414. doi: 10.3390/ijms22031414

Nelson, T. M., Borgogna, J. C., Michalek, R. D., Roberts, D. W., Rath, J. M., Glover,
E. D, etal. (2018). Cigarette smoking is associated with an altered vaginal tract
metabolomic profile. Sci. Rep. 8:852.

Ng, S. K., and Hamilton, I. R. (1971). Lactate metabolism by Veillonella parvula.
J. Bacteriol. 105, 999-1005. doi: 10.1128/jb.105.3.999-1005.1971

Nguyen, L. N., Lopes, L. C. L., Cordero, R. J. B., and Nosanchuk, J. D. (2011).
Sodium butyrate inhibits pathogenic yeast growth and enhances the functions
of macrophages. J. Antimicrobial. Chemother. 66, 2573-2580. doi: 10.1093/jac/
dkr358

Nieves-Ramirez, M. E., Partida-Rodriguez, O., Laforest-Lapointe, I., Reynolds,
L. A, Brown, E. M., Valdez-Salalzar, A., et al. (2018). Asymptomatic Intestinal
Colonization with Protist Blastocystis Is Strongly Associated with Distinct
Microbiome Ecological Patterns. mSystems 3, €00007-e18.

Nobile, C. J., Nett, J. E., Andes, D. R., and Mitchell, A. P. (2006). Function
of Candida albicans adhesin Hwpl in biofilm formation. Eukaryot Cell. 5,
1604-1610. doi: 10.1128/ec.00194-06

Nowakowska, D., Kurnatowska, A., Stray-Pedersen, B., and Wilczynski, J. (2004).
Prevalence of fungi in the vagina, rectum and oral cavity in pregnant diabetic
women: relation to gestational age and symptoms. Acta Obstet. Gynecol. Scand.
83,251-256. doi: 10.1111/j.0001-6349.2004.0361.x

Nugent, R. P., Krohn, M. A,, and Hillier, S. L. (1991). Reliability of diagnosing
bacterial vaginosis is improved by a standardized method of gram stain
interpretation. J. Clin. Microbiol. 29, 297-301. doi: 10.1128/jcm.29.2.297-301.
1991

Nunn, K. L., and Forney, L. J. (2016). Unraveling the Dynamics of the Human
Vaginal Microbiome. Yale J. Biol. Med. 89, 331-337.

O’Hanlon, D. E., Moench, T. R, and Cone, R. A. (2013). Vaginal pH and
microbicidal lactic acid when lactobacilli dominate the microbiota. PLoS One
8:¢80074. doi: 10.1371/journal.pone.0080074 eCollection 2013

Oakley, B. B., Fiedler, T. L., Marrazzo, J. M., and Fredricks, D. N. (2008). Diversity
of human vaginal bacterial communities and associations with clinically defined
bacterial vaginosis. Appl. Environ. Microbiol. 74, 4898-4909. doi: 10.1128/aem.
02884-07

Oberst, F., and Plass, E. (1936). The hydrogen ion concentration of human vaginal
discharge. Am. J. Obstet. Gynecol. 32, 22-35. doi: 10.1016/s0002-9378(15)
31872-x

Qerlemans, E. F. M., Bellen, G., Claes, I., Henkens, T., Allonsius, C. N., and
Wittouck, S. (2020). Impact of a lactobacilli-containing gel on vulvovaginal
candidosis and the vaginal microbiome. Scientific Rep. 10:7976.

Offei, B., Vandecruys, P., De Graeve, S., Foulquie-Moreno, M. R., and Thevelein,
J. M. (2019). Unique genetic basis of the distinct antibiotic potency of high
acetic acid production in the probiotic yeast Saccharomyces cerevisiae var.
boulardii. Genome Res. 29, 1478-1494. doi: 10.1101/gr.243147.118

O’Hanlon, D. E,, Moench, T. R., and Cone, R. A. (2011). In vaginal fluid, bacteria
associated with bacterial vaginosis can be suppressed with lactic acid but not
hydrogen peroxide. BMC Infect. Dis. 11:200.

Ohata, A., Usami, M., and Miyoshi, M. (2005). Short-chain fatty acids alter tight
junction permeability in intestinal monolayer cells via lipoxygenase activation.
Nutrition 21, 838-847. doi: 10.1016/j.nut.2004.12.004

Okada, T., Fukuda, S., Hase, K., Nishiumi, S., Izumi, Y., Yoshida, M., et al.
(2013). Microbiota-derived lactate accelerates colon epithelial cell turnover in
starvation-refed mice. Nat. Commun. 4:1654.

Oliver, J. C., Laghi, L., Parolin, C., Foschi, C., Marangoni, A., Liberatore, A., et al.
(2020). Metabolic profiling of Candida clinical isolates of different species and
infection sources. Sci. Rep. 10:16716.

Othman, D. S. M. P., Schirra, H., McEwan, A., and Kappler, U. (2014). Metabolic
versatility in Haemophilus influenzae: a metabolomic and genomic analysis.
Front. Microbiol. 5:69.

O-Thong, S., Zhu, X., Angelidaki, I, Zhang, S., and Luo, G. (2020). “Chapter Two
- Medium chain fatty acids production by microbial chain elongation: Recent
advances,” in Advances in Bioenergy, eds Y. Li and S. K. Khanal (New York:
Elsevier), 63-99. doi: 10.1016/bs.aibe.2020.04.002

Owen, D. H., and Katz, D. F. (1999). A vaginal fluid simulant. Contraception 59,
91-95. doi: 10.1016/s0010-7824(99)00010-4

Ozato, N., Saito, S., Yamaguchi, T., Katashima, M., Tokuda, I., Sawada, K., et al.
(2019). Blautia genus associated with visceral fat accumulation in adults 20-76
years of age. NPJ Biofilms Microb. 5:28.

Paavonen, J. (1983). Physiology and ecology of the vagina. Scand. J. Infect. Dis.
Suppl. 40, 31-35.

Pace, N. R. (1997). A molecular view of microbial diversity and the biosphere.
Science 276, 734-740. doi: 10.1126/science.276.5313.734

Paek, J., Shin, Y., Kook, J.-K., and Chang, Y.-H. (2018). Blautia argi sp. nov., a new
anaerobic bacterium isolated from dog faeces. Int. J. System. Evolut. Microbiol.
1:69.

Pantoja-Feliciano, I. G., Clemente, J. C., Costello, E. K., Perez, M. E., Blaser, M. J.,
and Knight, R. (2013). Biphasic assembly of the murine intestinal microbiota
during early development. ISME J. 7, 1112-1115. doi: 10.1038/isme;j.2013.15

Papagianni, M. (2012). Metabolic engineering of lactic acid bacteria for the
prodction of industrially important compounds. Computat. Struct. Biotechnol.
J. 3:¢201210003. doi: 10.5936/csbj.201210003

Pappas, P. G., Kauffman, C. A., Andes, D. R,, Clancy, C. J., Marr, K. A, and
Ostrosky-Zeichner, L. (2016). Clinical Practice Guideline for the Management
of Candidiasis: 2016 Update by the Infectious Diseases Society of America. Clin
Infect Dis. 62, e1-e50.

Parada Venegas, D., De la Fuente, M. K., Landskron, G., Gonzalez, M. J., Quera,
R., and Dijkstra, G. (2019). Short Chain Fatty Acids (SCFAs)-Mediated Gut
Epithelial and Immune Regulation and Its Relevance for Inflammatory Bowel
Diseases. Front. Immunol. 10:277.

Park, S.-K., Kim, M.-S., and Bae, ].-W. (2013). Blautia faecis sp. nov., isolated from
human faeces. Int. J. System. Evolut. Microbiol. 63, 599-603. doi: 10.1099/ijs.0.
036541-0

Parolin, C., Marangoni, A., Laghi, L., Foschi, C., Nahui Palomino, R. A., Calonghi,
N, et al. (2015). Isolation of Vaginal Lactobacilli and Characterization of Anti-
Candida Activity. PLoS One. 10:e0131220. doi: 10.1371/journal.pone.0131220

Pasolli, E., Schiffer, L., Manghi, P., Renson, A., Obenchain, V., Truong, D. T., et al.
(2017). Accessible, curated metagenomic data through ExperimentHub. Nat.
Methods 14:1023. doi: 10.1038/nmeth.4468

Passmore, J. A., Jaspan, H. B., and Masson, L. (2016). Genital inflammation,
immune activation and risk of sexual HIV acquisition. Curr. Opin. HIV AIDS.
11, 156-162. doi: 10.1097/coh.0000000000000232

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://doi.org/10.1016/j.molmed.2014.12.002
https://doi.org/10.1016/j.braindev.2009.09.024
https://doi.org/10.1371/journal.pone.0012050
https://doi.org/10.1371/journal.pone.0012050
https://doi.org/10.1128/aem.59.3.695-700.1993
https://doi.org/10.1128/mmbr.67.3.400-428.2003
https://doi.org/10.1016/j.jmb.2008.12.034
https://doi.org/10.1016/j.jmb.2008.12.034
https://doi.org/10.3390/ijms22031414
https://doi.org/10.1128/jb.105.3.999-1005.1971
https://doi.org/10.1093/jac/dkr358
https://doi.org/10.1093/jac/dkr358
https://doi.org/10.1128/ec.00194-06
https://doi.org/10.1111/j.0001-6349.2004.0361.x
https://doi.org/10.1128/jcm.29.2.297-301.1991
https://doi.org/10.1128/jcm.29.2.297-301.1991
https://doi.org/10.1371/journal.pone.0080074
https://doi.org/10.1128/aem.02884-07
https://doi.org/10.1128/aem.02884-07
https://doi.org/10.1016/s0002-9378(15)31872-x
https://doi.org/10.1016/s0002-9378(15)31872-x
https://doi.org/10.1101/gr.243147.118
https://doi.org/10.1016/j.nut.2004.12.004
https://doi.org/10.1016/bs.aibe.2020.04.002
https://doi.org/10.1016/s0010-7824(99)00010-4
https://doi.org/10.1126/science.276.5313.734
https://doi.org/10.1038/ismej.2013.15
https://doi.org/10.5936/csbj.201210003
https://doi.org/10.1099/ijs.0.036541-0
https://doi.org/10.1099/ijs.0.036541-0
https://doi.org/10.1371/journal.pone.0131220
https://doi.org/10.1038/nmeth.4468
https://doi.org/10.1097/coh.0000000000000232
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

Paul, S. S, Deb, S. M., and Singh, D. (2011). Isolation and characterization of
novel sulphate-reducing Fusobacterium sp. and their effects on in vitro methane
emission and digestion of wheat straw by rumen fluid from Indian riverine
buffaloes. Anim. Feed Sci. Technol. 16, 132-140. doi: 10.1016/j.anifeedsci.2011.
04.062

Peng, L., He, Z., Chen, W. I, Holzman, R., and Lin, J. (2007). Effects of butyrate
on intestinal barrier function in a Caco-2 cell monolayer model of intestinal
barrier. Pediatr. Res. 61, 37-41. doi: 10.1203/01.pdr.0000250014.92242.f3

Peng, L., Li, Z.-R., Green, R. S. I, Holzman, R., and Lin, J. (2009). Butyrate Enhances
the Intestinal Barrier by Facilitating Tight Junction Assembly via Activation
of AMP-Activated Protein Kinase in Caco-2 Cell Monolayers. J. Nutr. 139,
1619-1625. doi: 10.3945/jn.109.104638

Perez, R. H., Zendo, T., and Sonomoto, K. (2014). Novel bacteriocins from lactic
acid bacteria (LAB): various structures and applications. Microb. Cell Fact.
13:S3.

Perez-Munoz, M. E., Arrieta, M.-C., Ramer-Tait, A. E., and Walter, J. (2017). A
critical assessment of the “sterile womb” and “in utero colonization” hypotheses:
implications for research on the pioneer infant microbiome. Microbiome 5:48.

Pericolini, E., Gabrielli, E., Amacker, M., Kasper, L., Roselletti, E., Luciano, E.,
et al. (2015). Secretory Aspartyl Proteinases Cause Vaginitis and Can Mediate
Vaginitis Caused by Candida albicans in Mice. mBio 6, €00724-e00724.

Pericolini, E., Gabrielli, E., Ballet, N., Sabbatini, S., Roselletti, E., Cayzeele Decherf,
A., et al. (2017). Therapeutic activity of a Saccharomyces cerevisiae-based
probiotic and inactivated whole yeast on vaginal candidiasis. Virulence 8, 74-90.
doi: 10.1080/21505594.2016.1213937

Pinu, F. R,, Granucci, N., Daniell, J., Han, T.-L., Carneiro, S., Rocha, L, et al. (2018).
Metabolite secretion in microorganisms: the theory of metabolic overflow put
to the test. Metabolomics 14, 1-16.

Pliszczak, D., Bourgeois, S., Bordes, C., Valour, J. P., Mazoyer, M. A., Orecchioni,
A. M., et al. (2011). Improvement of an encapsulation process for the
preparation of pro- and prebiotics-loaded bioadhesive microparticles by using
experimental design. Eur. . Pharmaceut. Sci. 44, 83-92. doi: 10.1016/j.ejps.
2011.06.011

Pohanka, M. (2020). D-Lactic Acid as a Metabolite: Toxicology. Diagnosis, and
Detection. Biomed. Res. Int. 2020:3419034.

Pollack, J., Williams, M., and McElhaney, R. (1997). The comparative metabolism
of the mollicutes (Mycoplasmas): the utility for taxonomic classification and the
relationship of putative gene annotation and phylogeny to enzymatic function
in the smallest free-living cells. Crit. Rev. Microbiol. 23, 269-354. doi: 10.3109/
10408419709115140

Prabhu, R., Altman, E., and Eiteman, M. A. (2012). Lactate and acrylate metabolism
by Megasphaera elsdenii under batch and steady-state conditions. Appl. Environ.
Microbiol. 78, 8564-8570. doi: 10.1128/aem.02443-12

Preti, G., and Huggins, G. R. (1975). Cyclical changes in volatile acidic metabolites
of human vaginal secretions and their relation to ovulation. J. Chem. Ecol. 1,
361-376. doi: 10.1007/bf00988838

Preti, G., Huggins, G. R,, and Silverberg, G. D. (1979). Alterations in the organic
compounds of vaginal secretions caused by sexual arousal. Fertil. Steril. 32,
47-54. doi: 10.1016/s0015-0282(16)44115-4

Purschke, F. G., Hiller, E., Trick, I, and Rupp, S. (2012). Flexible survival strategies
of Pseudomonas aeruginosa in biofilms result in increased fitness compared
with Candida albicans. Mol. Cell. Proteom. 11, 1652-1669. doi: 10.1074/mcp.
m112.017673

Qiu, Y., Su, M,, Liu, Y., Chen, M., Gu, J., Zhang, J., et al. (2007). Application of
ethyl chloroformate derivatization for gas chromatography-mass spectrometry
based metabonomic profiling. Analyt. Chim. Acta 583, 277-283. doi: 10.1016/].
aca.2006.10.025

Quehenberger, O., Armando, A. M., and Dennis, E. A. (2011). High sensitivity
quantitative lipidomics analysis of fatty acids in biological samples by gas
chromatography-mass spectrometry. Biochim. Biophys. Acta 1811, 648-656.
doi: 10.1016/j.bbalip.2011.07.006

Rabaste, F., Sancelme, M., Delort, A.-M., Blais, J., and Bolard, J. (1995).
Intracellular pH of Candida albicans blastospores as measured by laser
microspectrofluorimetry and 31P-NMR. Biochim. Biophys. Acta 1268, 41-49.
doi: 10.1016/0167-4889(95)00042-q

Rabbani, G. H., Albert, M. J., Rahman, H., and Chowdhury, A. K. (1999). Short-
chain fatty acids inhibit fluid and electrolyte loss induced by cholera toxin in
proximal colon of rabbit in vivo. Dig. Dis. Sci. 44, 1547-1553.

Raffi, R. O., Moghissi, K. S., and Sacco, A. G. (1977). Proteins of human vaginal
fluid. Fertil. Steril. 28, 1345-1348. doi: 10.1016/s0015-0282(16)42982- 1

Ragsdale, S. W., and Pierce, E. (2008). Acetogenesis and the Wood-Ljungdahl
pathway of CO2 fixation. BBA 1784, 1873-1898. doi: 10.1016/j.bbapap.2008.
08.012

Rahmani, Z., Sadeghi, S., Mirzakhani, R., Zamaniyan, M., Abastabar, M., Akbari,
J., et al. (2020). Effects of acetic acid vaginal gel on vulvovaginal candidiasis: a
double blind randomized controlled trial. J. Mazandaran Univ. Med. Sci. 30:184.

Ramage, G., Saville, S. P., Wickes, B. L., and 6pez-Ribot, J. L. L. (2002). Inhibition
of Candida albicans biofilm formation by farnesol, a quorum-sensing molecule.
Appl. Environ. Microbiol. 68, 5459-5463. doi: 10.1128/aem.68.11.5459-5463.
2002

Ramanan, N., and Wang, Y. (2000). A high-affinity iron permease essential for
Candida albicans virulence. Science 288, 1062-1064. doi: 10.1126/science.288.
5468.1062

Rane, H. S., Hayek, S. R, Frye, J. E., Abeyta, E. L., Bernardo, S. M., Parra, K. ]., et al.
(2019). Candida albicans Pmalp Contributes to Growth, pH Homeostasis, and
Hyphal Formation. Front. Microbiol. 10:1012.

Ratajczak, W., Ry}, A., Mizerski, A., Walczakiewicz, K., Sipak, O., and Laszczynska,
M. (2019). Immunomodulatory potential of gut microbiome-derived short-
chain fatty acids (SCFAs). Acta Biochim. Pol. 66, 1-12.

Ravel, J., Gajer, P., Abdo, Z., Schneider, G. M., Koenig, S. S., McCulle, S. L., et al.
(2011). Vaginal microbiome of reproductive-age women. Proc. Natl. Acad. Sci.
U. S. A. 108, 4680-4687.

Razzak, M. S. A., Al-Charrakh, A. H., and Al-Greitty, B. H. (2011). Relationship
between lactobacilli and opportunistic bacterial pathogens associated with
vaginitis. N. Am. J. Med. Sci. 3, 185-192. doi: 10.4297/najms.2011.3185

Redondo-Lopez, V., Cook, R. L., and Sobel, J. D. (1990). Emerging role of
lactobacilli in the control and maintenance of the vaginal bacterial microflora.
Rev. Infect. Dis. 12, 856-872. doi: 10.1093/clinids/12.5.856

Rezaei-Matehkolaei, A., Shafiei, S., and Zarei-Mahmoudabadi, A. (2016). Isolation,
molecular identification, and antifungal susceptibility profiles of vaginal isolates
of Candida species. Iran J. Microbiol. 8, 410-417.

Rios-Covian, D., Salazar, N., Gueimonde, M., and de los Reyes-Gavilan, C. G.
(2017). Shaping the Metabolism of Intestinal Bacteroides Population through
Diet to Improve Human Health. Front. Microbiol. 8:376.

Roediger, W. E. (1982). Utilization of nutrients by isolated epithelial cells of the rat
colon. Gastroenterology 83, 424-429. doi: 10.1016/s0016-5085(82)80339-9
Romanik, M., Friedek, D., Wojciechowska-Wieja, A., and Martirosian, G. (2006).
Atopobium vaginae: characterization and association with pathogenesis of

bacterial vaginosis. Ginekol. Pol. 77, 398-403.

Rousseau, V., Lepargneur, J. P., Roques, C., Remaud-Simeon, M., and Paul, F.
(2005). Prebiotic effects of oligosaccharides on selected vaginal lactobacilli and
pathogenic microorganisms. Anaerobe 11, 145-153. doi: 10.1016/j.anaerobe.
2004.12.002

Russell, J. B., and Hino, T. (1985). Regulation of Lactate Production in
Streptococcus bovis: a spiraling effect that contributes to rumen acidosis.
J. Dairy Sci. 68, 1712-1721. doi: 10.3168/jds.s0022-0302(85)81017- 1

Sabbatini, S., Monari, C., Ballet, N., Mosci, P., Decherf, A. C., Pélerin, F., et al.
(2018). Saccharomyces cerevisiae-based probiotic as novel anti-microbial agent
for therapy of bacterial vaginosis. Virulence 9, 954-966. doi: 10.1080/21505594.
2018.1464362

Salminen, S., Bouley, C., Boutron, M. C., Cummings, J. H., Franck, A., Gibson,
G. R, etal. (1998). Functional food science and gastrointestinal physiology and
function. Br. J. Nutr. 80, S147-S171.

Salonen, A., Lahti, L., Salojarvi, J., Holtrop, G., Korpela, K., Duncan, S. H.,
et al. (2014). Impact of diet and individual variation on intestinal microbiota
composition and fermentation products in obese men. ISME J. 8, 2218-2230.
doi: 10.1038/isme;j.2014.63

Sandrin, T. R., Goldstein, J. E., and Schumaker, S. (2013). MALDI TOF MS
profiling of bacteria at the strain level: a review. Mass Spectrom. Rev. 32,
188-217. doi: 10.1002/mas.21359

Scarpellini, E., Ianiro, G., Attili, F., Bassanelli, C., De Santis, A., and Gasbarrini,
A. (2015). The human gut microbiota and virome: Potential therapeutic
implications. Digest. Liver Dis. 47, 1007-1012. doi: 10.1016/j.d1d.2015.07.008

Schilderink, R., Verseijden, C., and de Jonge, W. J. (2013). Dietary inhibitors of
histone deacetylases in intestinal immunity and homeostasis. Front. Immunol.
4:226.

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://doi.org/10.1016/j.anifeedsci.2011.04.062
https://doi.org/10.1016/j.anifeedsci.2011.04.062
https://doi.org/10.1203/01.pdr.0000250014.92242.f3
https://doi.org/10.3945/jn.109.104638
https://doi.org/10.1080/21505594.2016.1213937
https://doi.org/10.1016/j.ejps.2011.06.011
https://doi.org/10.1016/j.ejps.2011.06.011
https://doi.org/10.3109/10408419709115140
https://doi.org/10.3109/10408419709115140
https://doi.org/10.1128/aem.02443-12
https://doi.org/10.1007/bf00988838
https://doi.org/10.1016/s0015-0282(16)44115-4
https://doi.org/10.1074/mcp.m112.017673
https://doi.org/10.1074/mcp.m112.017673
https://doi.org/10.1016/j.aca.2006.10.025
https://doi.org/10.1016/j.aca.2006.10.025
https://doi.org/10.1016/j.bbalip.2011.07.006
https://doi.org/10.1016/0167-4889(95)00042-q
https://doi.org/10.1016/s0015-0282(16)42982-1
https://doi.org/10.1016/j.bbapap.2008.08.012
https://doi.org/10.1016/j.bbapap.2008.08.012
https://doi.org/10.1128/aem.68.11.5459-5463.2002
https://doi.org/10.1128/aem.68.11.5459-5463.2002
https://doi.org/10.1126/science.288.5468.1062
https://doi.org/10.1126/science.288.5468.1062
https://doi.org/10.4297/najms.2011.3185
https://doi.org/10.1093/clinids/12.5.856
https://doi.org/10.1016/s0016-5085(82)80339-9
https://doi.org/10.1016/j.anaerobe.2004.12.002
https://doi.org/10.1016/j.anaerobe.2004.12.002
https://doi.org/10.3168/jds.s0022-0302(85)81017-1
https://doi.org/10.1080/21505594.2018.1464362
https://doi.org/10.1080/21505594.2018.1464362
https://doi.org/10.1038/ismej.2014.63
https://doi.org/10.1002/mas.21359
https://doi.org/10.1016/j.dld.2015.07.008
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

Schmidt, T. M. (2006). The maturing of microbial ecology. Int. Microbiol. 9,
217-223.

Schneider, S.-M., Girard-Pipau, F., Filippi, J., Hebuterne, X., Moyse, D., Hinojosa,
G.-C,, etal. (2005). Effects of Saccharomyces boulardii on fecal short-chain fatty
acids and microflora in patients on long-term total enteral nutrition. World J.
Gastroenterol. 11, 6165-6169. doi: 10.3748/wjg.v11.i39.6165

Schwebke, J. R. (2009). New concepts in the etiology of bacterial vaginosis. Curr.
Infect. Dis. Rep. 11, 143-147. doi: 10.1007/s11908-009-0021-7

Schwebke, J. R., Hillier, S. L., Sobel, J. D., McGregor, J. A., and Sweet, R. L. (1996).
Validity of the vaginal gram stain for the diagnosis of bacterial vaginosis. Obstet.
Gynecol. 88, 573-576. doi: 10.1016/0029-7844(96)00233-5

Scott, K. P., Martin, J. C., Campbell, G., Mayer, C.-D., and Flint, H. J.
(2006). Whole-Genome Transcription Profiling Reveals Genes Up-Regulated
by Growth on Fucose in the Human Gut Bacterium “Roseburia inulinivorans”.
J. Bacteriol. 188, 4340-4349. doi: 10.1128/jb.00137-06

Sechovcova, H., Killer, J., Pechar, R., Eigerovd, M., Svejstil, R., Salmonova,
H. (2017). Alloscardovia venturai sp. nov., a fructose 6-phosphate
phosphoketolase-positive species isolated from the oral cavity of a guinea-pig
(Cavia aperea f. porcellus). Int. ]. System. Evolut. Microbiol. 67, 2842-2847.
doi: 10.1099/ijsem.0.002031

Segain, J. P., Raingeard de la Bletiere, D., Bourreille, A., Leray, V., Gervois, N.,
Rosales, C., et al. (2000). Butyrate inhibits inflammatory responses through
NFkappaB inhibition: implications for Crohn’s disease. Gut 47, 397-403. doi:
10.1136/gut.47.3.397

Sela, D., Price, N., and Mills, D. (2010). Carbohydrate metabolism of the
bifidobacteria. Bifidobacteria 6, 285-306. doi: 10.1007/s12263-010-0206-6

Sen, S., and Mansell, T J. (2020). Yeasts as probiotics: mechanisms, outcomes, and
future potential. Fungal Genet. Biol. 137:103333. doi: 10.1016/j.fgb.2020.103333

Sherrard, J., Donders, G., White, D., and Jensen, J. S. (2011). European
(IUSTI/WHO) guideline on the management of vaginal discharge, 2011. Int.
J. STD AIDS. 22, 421-429. doi: 10.1258/ijsa.2011.011012

Shkoporov, A. N., Clooney, A. G., Sutton, T. D. S, Ryan, F. J., Daly, K. M., Nolan,
J. A, et al. (2019). The Human Gut Virome Is Highly Diverse, Stable, and
Individual Specific. Cell Host Microbe 26, 527-541.e.

Simpson, J. L., Scott, R., Boyle, M. J., and Gibson, P. G. (2006). Inflammatory
subtypes in asthma: assessment and identification using induced sputum.
Respirology 11, 54-61. doi: 10.1111/j.1440-1843.2006.00784.x

Singleton, D. R., Fidel, P. L. Jr., Wozniak, K. L., and Hazen, K. C. (2005).
Contribution of cell surface hydrophobicity protein 1 (Cshlp) to virulence
of hydrophobic Candida albicans serotype A cells. FEMS Microbiol. Lett. 244,
373-377. doi: 10.1016/j.femsle.2005.02.010

Singleton, D. R., Masuoka, J., and Hazen, K. C. (2001). Cloning and analysis of a
Candida albicans gene that affects cell surface hydrophobicity. J. Bacteriol. 183,
3582-3588. doi: 10.1128/jb.183.12.3582-3588.2001

Sjoberg, 1., Cajander, S., and Rylander, E. (1988). Morphometric characteristics of
the vaginal epithelium during the menstrual cycle. Gynecol. Obstet. Invest. 26,
136-144. doi: 10.1159/000293685

Slavin, J. (2013). Fiber and prebiotics: mechanisms and health benefits. Nutrients 5,
1417-1435. doi: 10.3390/nu5041417

Smart, S., Singal, A., and Mindel, A. (2004). Social and sexual risk factors for
bacterial vaginosis. Sex. Transm. Infect. 80, 58-62. doi: 10.1136/5ti.2003.004978

Smith, S. M., Eng, R. H., Campos, J. M., and Chmel, H. (1989). D-lactic acid
measurements in the diagnosis of bacterial infections. J. Clin. Microbiol. 27,
385-388. doi: 10.1128/jcm.27.3.385-388.1989

Smith-Dupont, K. B., Wagner, C. E., Witten, J., Conroy, K., Rudoltz, H., Pagidas,
K., et al. (2017). Probing the potential of mucus permeability to signify preterm
birth risk. Sci. Rep. 7:10302.

Sobel, J. (1990). Vaginal infections in adult women. Med. Clin. North Am. 74,
1573-1602. doi: 10.1016/50025-7125(16)30496-5

Sobel, J. D. (2007). Vulvovaginal candidosis. Lancet 369, 1961-1971.

Sobel, J. D. (2014). Factors involved in patient choice of oral or vaginal treatment
for vulvovaginal candidiasis. Patient Pref. Adher. 8:31. doi: 10.2147/ppa.s38984

Sobel, J. D., and Chaim, W. (1996). Vaginal microbiology of women with acute
recurrent vulvovaginal candidiasis. J. Clin. Microbiol. 34, 2497-2499. doi: 10.
1128/jcm.34.10.2497-2499.1996

Sobel, J. D., Kapernick, P. S., Zervos, M., Reed, B. D., Hooton, T., Soper, D., et al.
(2001). Treatment of complicated Candida vaginitis: comparison of single and

sequential doses of fluconazole. Am. J. Obstet. Gynecol. 185, 363-369. doi:
10.1067/mob.2001.115116

Sobolevsky, T. G., Revelsky, A. I. I, Revelsky, A., Miller, B., and Oriedo, V. (2004).
Simultaneous determination of fatty, dicarboxylic and amino acids based on
derivatization with isobutyl chloroformate followed by gas chromatography—
positive ion chemical ionization mass spectrometry. J. Chromatogr. B. 800,
101-107. doi: 10.1016/j.jchromb.2003.09.013

Song, Y., Liu, C., and Finegold, S. M. (2007). Peptoniphilus gorbachii sp. nov.,
Peptoniphilus olsenii sp. nov., and Anaerococcus murdochii sp. nov. isolated
from clinical specimens of human origin. J. Clin. Microbiol. 45, 1746-1752.
doi: 10.1128/jcm.00213-07

Spear, G. T., French, A. L., Gilbert, D., Zariffard, M. R., Mirmonsef, P., Sullivan,
T. H,, et al. (2014). Human a-amylase present in lower-genital-tract mucosal
fluid processes glycogen to support vaginal colonization by Lactobacillus.
J. Infect. Dis. 210, 1019-1028. doi: 10.1093/infdis/jiu231

Spear, G. T., Gilbert, D., Sikaroodi, M., Doyle, L., Green, L., Gillevet, P. M.,
et al. (2010). Identification of rhesus macaque genital microbiota by 16S
pyrosequencing shows similarities to human bacterial vaginosis: implications
for use as an animal model for HIV vaginal infection. AIDS Res. Hum. Retrovir.
26, 193-200. doi: 10.1089/aid.2009.0166

Spiegel, C. A., Amsel, R., Eschenbach, D., Schoenknecht, F., and Holmes, K. K.
(1980). Anaerobic Bacteria in Nonspecific Vaginitis. N. Eng. ]. Med. 303,
601-607. doi: 10.1056/nejm198009113031102

Srinivasan, B., Kolli, A. R., Esch, M. B., Abaci, H. E., Shuler, M. L., and Hickman,
J. J. (2015). TEER measurement techniques for in vitro barrier model systems.
J. Lab. Autom. 20, 107-126. doi: 10.1177/2211068214561025

Srinivasan, S., and Fredricks, D. N. (2008). The human vaginal bacterial biota and
bacterial vaginosis. Interdis. Perspect Infect Dis. 2008:750479.

Srinivasan, S., Morgan, M. T., Fiedler, T. L., Djukovic, D., Hoffman, N. G., Raftery,
D., et al. (2015). Metabolic signatures of bacterial vaginosis. mBio 6:2.

Stackebrandst, E., Wittek, B., Seewaldt, E., and Schleifer, K. (1982). Physiological,
biochemical and phylogenetic studies on Gemella haemolysans. FEMS
Microbiol. Lett. 13, 361-365. doi: 10.1111/j.1574-6968.1982.tb08288.x

Stahl, M., Butcher, J., and Stintzi, A. (2012). Nutrient Acquisition and Metabolism
by Campylobacter jejuni. Front. Cell. Infect. Microbiol. 2:5.

Stamey, T. A., and Timothy, M. M. (1975). Studies of introital colonization in
women with recurrent urinary infections. I. The role of vaginal pH. J. Urol. 114,
261-263. doi: 10.1016/s0022-5347(17)67003-4

Stanek, R., Glover, D. D., Larsen, B., and Gain, R. E. (1992). High performance
ion exclusion chromatographic characterization of the vaginal organic acids
in women with bacterial vaginosis. Biomed. Chromatogra. 6, 231-235. doi:
10.1002/bmc.1130060506

Stefanelli, F., Pesci, F. G., Giusiani, M., and Chericoni, S. (2018). A novel fast
method for aqueous derivatization of THC OH-THC and THC-COOH in
human whole blood and urine samples for routine forensic analyses. Biomed.
Chromatogr. 32:€4136. doi: 10.1002/bmc.4136

Stewart, E., Gow, N. A. R,, and Bowen, D. V. (1988). Cytoplasmic Alkalinization
during Germ Tube Formation in Candida albicans. Microbiology 134, 1079-
1087. doi: 10.1099/00221287-134-5-1079

Stewart, E., Hawser, S., and Gow, N. A. R. (1989). Changes in internal and external
pH accompanying growth of Candida albicans: studies of non-dimorphic
variants. Arch. Microbiol. 151, 149-153. doi: 10.1007/bf00414430

Stowell, J. (2006). “Calorie Control and Weight Management,” in Sweeteners and
Sugar Alternatives in Food Technology, ed, H Mitchell, (London: Wiley), 54-62.
doi: 10.1002/9780470996003.ch4

Stratford, M., and Anslow, P. A. (1998). Evidence that sorbic acid does not inhibit
yeast as a classic 'weak acid preservative’. Lett. Appl. Microbiol. 27:4.

Suchodolski, J., Derkacz, D., Bernat, P., and Krasowska, A. (2021). Capric acid
secreted by Saccharomyces boulardii influences the susceptibility of Candida
albicans to fluconazole and amphotericin B. Scientific Rep. 11:6519.

Summanen, P., and Finegold, S. M. (2015). Bergeys Manual of Systematics of
Archaea and Bacteria, New Jersey, NJ: John Wiley & Sons, Ltd. 1-14.

Sun, X,, Yang, Q., Rogers, C. J., Du, M., and Zhu, M. J. (2017). AMPK improves gut
epithelial differentiation and barrier function via regulating Cdx2 expression.
Cell Death Differ. 24, 819-831. doi: 10.1038/cdd.2017.14

Sutherland, A., Tester, R., Al-Ghazzewi, F., McCulloch, E., and Connolly, M.
(2008). Glucomannan hydrolysate (GMH) inhibition of Candida albicans

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://doi.org/10.3748/wjg.v11.i39.6165
https://doi.org/10.1007/s11908-009-0021-7
https://doi.org/10.1016/0029-7844(96)00233-5
https://doi.org/10.1128/jb.00137-06
https://doi.org/10.1099/ijsem.0.002031
https://doi.org/10.1136/gut.47.3.397
https://doi.org/10.1136/gut.47.3.397
https://doi.org/10.1007/s12263-010-0206-6
https://doi.org/10.1016/j.fgb.2020.103333
https://doi.org/10.1258/ijsa.2011.011012
https://doi.org/10.1111/j.1440-1843.2006.00784.x
https://doi.org/10.1016/j.femsle.2005.02.010
https://doi.org/10.1128/jb.183.12.3582-3588.2001
https://doi.org/10.1159/000293685
https://doi.org/10.3390/nu5041417
https://doi.org/10.1136/sti.2003.004978
https://doi.org/10.1128/jcm.27.3.385-388.1989
https://doi.org/10.1016/s0025-7125(16)30496-5
https://doi.org/10.2147/ppa.s38984
https://doi.org/10.1128/jcm.34.10.2497-2499.1996
https://doi.org/10.1128/jcm.34.10.2497-2499.1996
https://doi.org/10.1067/mob.2001.115116
https://doi.org/10.1067/mob.2001.115116
https://doi.org/10.1016/j.jchromb.2003.09.013
https://doi.org/10.1128/jcm.00213-07
https://doi.org/10.1093/infdis/jiu231
https://doi.org/10.1089/aid.2009.0166
https://doi.org/10.1056/nejm198009113031102
https://doi.org/10.1177/2211068214561025
https://doi.org/10.1111/j.1574-6968.1982.tb08288.x
https://doi.org/10.1016/s0022-5347(17)67003-4
https://doi.org/10.1002/bmc.1130060506
https://doi.org/10.1002/bmc.1130060506
https://doi.org/10.1002/bmc.4136
https://doi.org/10.1099/00221287-134-5-1079
https://doi.org/10.1007/bf00414430
https://doi.org/10.1002/9780470996003.ch4
https://doi.org/10.1038/cdd.2017.14
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

growth in the presence of Lactobacillus and Lactococcus species. Microbial. Ecol.
Health Dis. 20, 127-134.

Tachedjian, G., Aldunate, M., Bradshaw, C. S., and Cone, R. A. (2017). The role of
lactic acid production by probiotic Lactobacillus species in vaginal health. Res.
Microbiol. 168, 782-792. doi: 10.1016/j.resmic.2017.04.001

Takahashi, M., Inoue, S., Hayama, K., Ninomiya, K., and Abe, S. (2012). Inhibition
of Candida mycelia growth by a medium chain fatty acids, capric acid in vitro
and its therapeutic efficacy in murine oral candidiasis. Med. Mycol. J. 53,
255-261. doi: 10.3314/mm)j.53.255

Takahashi, N., Sato, T., and Yamada, T. (2000). Metabolic Pathways for Cytotoxic
End Product Formation from Glutamate- and Aspartate-Containing Peptides
by Porphyromonas gingivalis. J. Bacteriol. 182, 4704-4710. doi: 10.1128/jb.182.
17.4704-4710.2000

Teame, T., Wang, A., Xie, M., Zhang, Z., Yang, Y., Ding, Q., et al. (2020).
Paraprobiotics and Postbiotics of Probiotic Lactobacilli. Their Positive Effects
on the Host and Action Mechanisms: A Review. Front. Nutr. 7:570344.

Tester, R., Al-Ghazzewi, F., Shen, N., Chen, Z., Chen, F., Yang, J., et al. (2012).
The use of konjac glucomannan hydrolysates to recover healthy microbiota
in infected vaginas treated with an antifungal agent. Benef. Microb. 3, 61-66.
doi: 10.3920/bm2011.0021

Thies, F. L., Kénig, W, and Kénig, B. (2007). Rapid characterization of the normal
and disturbed vaginal microbiota by application of 16S rRNA gene terminal
RFLP fingerprinting. J. Med. Microbiol. 56, 755-761. doi: 10.1099/jmm.O0.
46562-0

Thurn, J. R,, Pierpont, G. L., Ludvigsen, C. W., and Eckfeldt, J. H. (1985). D-lactate
encephalopathy. Am. J. Med. 79, 717-721.

Tomcik, K., Ibarra, R. A., Sadhukhan, S., Han, Y., Tochtrop, G. P., and Zhang, G.-
F. (2011). Isotopomer enrichment assay for very short chain fatty acids and its
metabolic applications. Analyt. Biochem. 410, 110-117. doi: 10.1016/j.ab.2010.
11.030

Tournu, H., Luna-Tapia, A., Peters, B. M., and Palmer, G. E. (2017). In Vivo
Indicators of Cytoplasmic, Vacuolar, and Extracellular pH Using pHluorin2 in
Candida albicans. mSphere 2, 276-217.e.

Tsata, V., Velegraki, A., Ioannidis, A., Poulopoulou, C., Bagos, P., Magana, M., et al.
(2016). Effects of Yeast and Bacterial Commensals and Pathogens of the Female
Genital Tract on the Transepithelial Electrical Resistance of HeLa Cells. Open
Microbiol. J. 10, 90-96. doi: 10.2174/1874285801610010090

Tyssen, D., Wang, Y. Y., Hayward, J. A., Agius, P. A,, DeLong, K., Aldunate, M.,
et al. (2018). Anti-HIV-1 Activity of Lactic Acid in Human Cervicovaginal
Fluid. mSphere 3, e55-e18.

Ullah, A., Orij, R., Brul, S., and Smits, G. J. (2012). Quantitative analysis of the
modes of growth inhibition by weak organic acids in Saccharomyces cerevisiae.
Appl. Environ. Microbiol. 78, 8377-8387. doi: 10.1128/aem.02126-12

Underhill, D. M., and Iliev, I. D. (2014). The mycobiota: interactions between
commensal fungi and the host immune system. Nat. Rev. Immunol. 14, 405-
416. doi: 10.1038/nri3684

Uppuluri, P, and Chaffin, W. L. (2007). Defining Candida albicans stationary
phase by cellular and DNA replication, gene expression and regulation. Mol.
Microbiol. 64, 1572-1586. doi: 10.1111/§.1365-2958.2007.05760.x

Usta-Gorgun, B., and Yilmaz-Ersan, L. (2020). Short-chain fatty acids production
by Bifidobacterium species in the presence of salep. Electr. ]. Biotechnol. 47,
29-35. doi: 10.1016/j.¢jbt.2020.06.004

Vaneechoutte, M. (2017). Lactobacillus iners, the unusual suspect. Res. Microbiol.
168, 826-836. doi: 10.1016/j.resmic.2017.09.003

Vannini, A., Volpari, C., Filocamo, G., Casavola, E. C., Brunetti, M., Renzoni,
D., et al. (2004). Crystal structure of a eukaryotic zinc-dependent histone
deacetylase, human HDACS, complexed with a hydroxamic acid inhibitor. Proc.
Natl. Acad. Sci. U. S. A. 101, 15064-15069. doi: 10.1073/pnas.0404603101

Vecchiarelli, A., Gabrielli, E., and Pericolini, E. (2015). Experimental models of
vaginal candidiasis and inflammation. Fut. Microbiol. 10, 1265-1268. doi: 10.
2217/fmb.15.52

Vecchione, A., Florio, W., Celandroni, F., Barnini, S., Lupetti, A., and Ghelardi,
E. (2017). Comparative evaluation of six chromogenic media for presumptive
yeast identification. J. Clin. Pathol. 70, 1074-1078. doi: 10.1136/jclinpath-2017-
204396

Vieira, N., Casal, M., Johansson, B., MacCallum, D. M., Brown, A. J., and Paiva,
S. (2010). Functional specialization and differential regulation of short-chain

carboxylic acid transporters in the pathogen Candida albicans. Mol. Microbiol.
75, 1337-1354. doi: 10.1111/j.1365-2958.2009.07003.x

Vinolo, M. A., Ferguson, G. J., Kulkarni, S., Damoulakis, G., Anderson, K,
Bohlooly, Y. M., et al. (2011). SCFAs induce mouse neutrophil chemotaxis
through the GPR43 receptor. PLoS One. 6:€21205. doi: 10.1371/journal.pone.
0021205

Vinolo, M. A., Rodrigues, H. G., Hatanaka, E., Hebeda, C. B., Farsky, S. H., and
Curi, R. (2009). Short-chain fatty acids stimulate the migration of neutrophils
to inflammatory sites. Clin. Sci. 117, 331-338. doi: 10.1042/cs20080642

Vital, M., Howe, A. C., and Tiedje, J. M. (2014). Revealing the bacterial butyrate
synthesis pathways by analyzing (meta)genomic data. mBio 5, e00889-e00889.

Vitali, B., Cruciani, F., Picone, G., Parolin, C., Donders, G., and Laghi, L. (2015).
Vaginal microbiome and metabolome highlight specific signatures of bacterial
vaginosis. Eur. J. Clin. Microbiol. Infect. Dis. 34, 2367-2376. doi: 10.1007/
$10096-015-2490-y

Vylkova, S., Carman, A. J., Danhof, H. A., Collette, J. R., Zhou, H., and Lorenz,
M. C. (2011). The fungal pathogen Candida albicans autoinduces hyphal
morphogenesis by raising extracellular pH. mBio 2, e55-ell.

Wagner, G., and Levin, R. (1978). “Vaginal fluid,” in The human vagina eds E. S. E.
Hafez and T. S. Evans (Amsterdam: North-Holland Publishing), 121-137.

Wagner, G., and Levin, R. (1980). Electrolytes in vaginal fluid during the menstrual
cycle of coitally active and inactive women. Reproduction 60, 17-27. doi: 10.
1530/jr£.0.0600017

Wagner, W., Ciszewski, W. M., and Kania, K. D. (2015). L- and D-lactate
enhance DNA repair and modulate the resistance of cervical carcinoma cells
to anticancer drugs via histone deacetylase inhibition and hydroxycarboxylic
acid receptor 1 activation. Cell Commun. Signal. 13:36.

Wang, H. B, Wang, P. Y, Wang, X,, Wan, Y. L, and Liu, Y. C. (2012).
Butyrate enhances intestinal epithelial barrier function via up-regulation of
tight junction protein Claudin-1 transcription. Dig. Dis. Sci. 57, 3126-3135.
doi: 10.1007/s10620-012-2259-4

Wang, H., Ren, P., Mang, L., Shen, N., Chen, J., and Zhang, Y. (2019). In vitro
fermentation of novel microwave-synthesized non-digestible oligosaccharides
and their impact on the composition and metabolites of human gut microbiota.
J. Funct. Foods 55, 156-166. doi: 10.1016/j.jff.2019.02.030

Wang, R. X,, Lee, J. S., Campbell, E. L., and Colgan, S. P. (2020). Microbiota-derived
butyrate dynamically regulates intestinal homeostasis through regulation of
actin-associated protein synaptopodin. Proc. Natl. Acad. Sci. U. S. A. 117,
11648-11657. doi: 10.1073/pnas.1917597117

Wang, Y., Kao, M.-S,, Yu, J., Huang, S., Marito, S., Gallo, R. L., et al. (2016). A
precision microbiome approach using sucrose for selective augmentation of
Staphylococcus epidermidis fermentation against Propionibacterium acnes. Int.
J. Mol. Sci. 17:1870. doi: 10.3390/ijms17111870

Watson, E., and Reid, G. (2018). Metabolomics as a clinical testing method for
the diagnosis of vaginal dysbiosis. Am. J. Reprod. Immunol. 80:¢12979. doi:
10.1111/2ji.12979

Weinstein, L., and Howard, J. H. (1939). The effect of estrogenic hormone on
the H-ion concentration and the bacterial content of the human vagina, with
special reference to the Doderlein bacillus. Am. J. Obstetr. Gynecol. 37, 698-703.
doi: 10.1016/50002-9378(15)31565-9

Weinstein, L., Bogin, M., Howard, J. H., and Finkelstone, B. B. (1936). A survey
of the vaginal flora at various ages, with special reference to the Ddderlein
bacillus. Am. J. Obstetr. Gynecol. 32, 211-218. doi: 10.1016/s0002-9378(36)90
120-5

Weng, L., Rubin, E. M., and Bristow, J. (2006). Application of sequence-based
methods in human microbial ecology. Genome Res. 16, 316-322. doi: 10.1101/
gr.3676406

Willemsen, L. E. M., Koetsier, M. A., van Deventer, S. J. H., and van Tol, E. A. F.
(2003). Short chain fatty acids stimulate epithelial mucin 2 expression through
differential effects on prostaglandin E(1) and E(2) production by intestinal
myofibroblasts. Gut 52, 1442-1447. doi: 10.1136/gut.52.10.1442

Williams, A. B., Yu, C., Tashima, K., Burgess, J., and Danvers, K. (2001). Evaluation
of two self-care treatments for prevention of vaginal candidiasis in women with
HIV. J. Assoc. Nurs. AIDS Care 12, 51-57. doi: 10.1016/s1055-3290(06)60216- 1

Williams, M. N., and Jacobson, A. (2016). Effect of Copulins on Rating of Female
Attractiveness. Mate-Guarding, and Self-Perceived Sexual Desirability. Evolut.
Psychol. 14, 1-8.

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 705779


https://doi.org/10.1016/j.resmic.2017.04.001
https://doi.org/10.3314/mmj.53.255
https://doi.org/10.1128/jb.182.17.4704-4710.2000
https://doi.org/10.1128/jb.182.17.4704-4710.2000
https://doi.org/10.3920/bm2011.0021
https://doi.org/10.1099/jmm.0.46562-0
https://doi.org/10.1099/jmm.0.46562-0
https://doi.org/10.1016/j.ab.2010.11.030
https://doi.org/10.1016/j.ab.2010.11.030
https://doi.org/10.2174/1874285801610010090
https://doi.org/10.1128/aem.02126-12
https://doi.org/10.1038/nri3684
https://doi.org/10.1111/j.1365-2958.2007.05760.x
https://doi.org/10.1016/j.ejbt.2020.06.004
https://doi.org/10.1016/j.resmic.2017.09.003
https://doi.org/10.1073/pnas.0404603101
https://doi.org/10.2217/fmb.15.52
https://doi.org/10.2217/fmb.15.52
https://doi.org/10.1136/jclinpath-2017-204396
https://doi.org/10.1136/jclinpath-2017-204396
https://doi.org/10.1111/j.1365-2958.2009.07003.x
https://doi.org/10.1371/journal.pone.0021205
https://doi.org/10.1371/journal.pone.0021205
https://doi.org/10.1042/cs20080642
https://doi.org/10.1007/s10096-015-2490-y
https://doi.org/10.1007/s10096-015-2490-y
https://doi.org/10.1530/jrf.0.0600017
https://doi.org/10.1530/jrf.0.0600017
https://doi.org/10.1007/s10620-012-2259-4
https://doi.org/10.1016/j.jff.2019.02.030
https://doi.org/10.1073/pnas.1917597117
https://doi.org/10.3390/ijms17111870
https://doi.org/10.1111/aji.12979
https://doi.org/10.1111/aji.12979
https://doi.org/10.1016/s0002-9378(15)31565-9
https://doi.org/10.1016/s0002-9378(36)90120-5
https://doi.org/10.1016/s0002-9378(36)90120-5
https://doi.org/10.1101/gr.3676406
https://doi.org/10.1101/gr.3676406
https://doi.org/10.1136/gut.52.10.1442
https://doi.org/10.1016/s1055-3290(06)60216-1
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Baldewijns et al.

Fatty Acid Metabolism in Vaginal Infections

Witkin, S. S. (2018). Lactic acid alleviates stress: good for female genital tract
homeostasis, bad for protection against malignancy. Cell Stress Chaperones. 23,
297-302. doi: 10.1007/s12192-017-0852-3

Witkin, S. S., Mendes-Soares, H. I, Linhares, M., Jayaram, A., Ledger, W. J., and
Forney, L. J. (2013). Influence of vaginal bacteria and D- and L-lactic acid
isomers on vaginal extracellular matrix metalloproteinase inducer: implications
for protection against upper genital tract infections. mBio 4, e460-e413.

Wodke, J. A. H., Puchalka, J., Lluch-Senar, M., Marcos, J., Yus, E., Godinho, M.,
et al. (2013). Dissecting the energy metabolism in Mycoplasma pneumoniae
through genome-scale metabolic modeling. Mol. Syst. Biol. 9:653. doi: 10.1038/
msb.2013.6

Wong, J. M., De Souza, R., Kendall, C. W., Emam, A., and Jenkins, D. J. (2006).
Colonic health: fermentation and short chain fatty acids. J. Clin. Gastroenterol.
40, 235-243.

Wongkuna, S., Ghimire, S., Janvilisri, T., Doerner, K., Chankhamhaengdecha, S.,
and Scaria, J. (2020). Taxono-genomics description of Olsenella lakotia SW165
(T) sp. nov., a new anaerobic bacterium isolated from cecum of feral chicken.
F1000Research 9, 1103-1103. doi: 10.12688/f1000research.25823.1

Xiao, B. B., Zhang, D., Chen, R,, Shi, H. R,, Xin, X. R,, Wang, H. L,, et al. (2015).
Sucrose gel for treatment of bacterial vaginosis: a randomized, double-blind,
multi-center, parallel-group, phase III clinical trial. Beijing Da Xue Xue Bao Yi
Xue Ban. 47, 925-932.

Xu, J., Schwartz, K., Bartoces, M., Monsur, J., Severson, R. K., and Sobel, J. D.
(2008). Effect of antibiotics on vulvovaginal candidiasis: a MetroNet study.
J. Am. Board Fam. Med. 21, 261-268. doi: 10.3122/jabfm.2008.04.070169

Yang, J., Martinez, 1., Walter, J., Keshavarzian, A., and Rose, D. J. (2013). In vitro
characterization of the impact of selected dietary fibers on fecal microbiota
composition and short chain fatty acid production. Anaerobe 23, 74-81. doi:
10.1016/j.anaerobe.2013.06.012

Yarbrough, V. L., Winkle, S., and Herbst-Kralovetz, M. M. (2015). Antimicrobial
peptides in the female reproductive tract: a critical component of the mucosal
immune barrier with physiological and clinical implications. Hum. Reprod.
Update. 21, 353-377. doi: 10.1093/humupd/dmu065

Yassin, A. F., and Schaal, K. P. (2015). “Arcanobacterium,” in Bergey’s Manual of
Systematics of Archaea and Bacteria, eds, P William and B Wjitman, (London:
Wiley), 1-24.

Yeoman, C. J., Thomas, S. M., Miller, M. E., Ulanov, A. V., Torralba, M., Lucas, S.,
et al. (2013). A multi-omic systems-based approach reveals metabolic markers
of bacterial vaginosis and insight into the disease. PLoS One 8:e56111. doi:
10.1371/journal.pone.0056111

Yun, J., and Lee, D. G. (2016). A novel fungal killing mechanism of propionic acid.
FEMS Yeast Res. 16:7.

Zampolli, M., Basaglia, G., Dondi, F., Sternberg, R., Szopa, C., and Pietrogrande,
M. C. (2007). Gas chromatography-mass spectrometry analysis of amino acid
enantiomers as methyl chloroformate derivatives: Application to space analysis.
J. Chromatogr. A. 1150, 162-172. doi: 10.1016/j.chroma.2006.12.033

Ze, X., Duncan, S. H., Louis, P., and Flint, H. J. (2012). Ruminococcus bromii is
a keystone species for the degradation of resistant starch in the human colon.
ISME]. 6,1535-1543. doi: 10.1038/ismej.2012.4

Zhang, C., Liu, A., Zhang, T., Li, Y., and Zhao, H. (2020). Gas Chromatography
Detection Protocol of Short-chain Fatty Acids in Mice Feces. Bio Protocol
10:e3672.

Zhang, H. T., Wang, H., Wu, H. S, Zeng, J., and Yang, Y. (2021). Comparison of
viromes in vaginal secretion from pregnant women with and without vaginitis.
Virol. J. 18:11.

Zhang, H.-Y., Zhang, P.-P., Tan, X.-X., Wang, Z.-Z,, Lian, K.-Q., Xu, X.-D.,
et al. (2018). Derivatization method for the quantification of lactic acid in cell
culture media via gas chromatography and applications in the study of cell
glycometabolism. J. Chromatogr. B. 1090, 1-6. doi: 10.1016/j.jchromb.2018.05.
015

Zhang, Q.-Q., Liu, Z.-H,, Liu, L.-L., Hu, G,, Lei, G.-L., Wang, Y., et al. (2020).
Prebiotic Maltose Gel Can Promote the Vaginal Microbiota From BV-Related
Bacteria Dominant to Lactobacillus in Rhesus Macaque. Front. Microbiol.
11:2572.

Zhao, C., Dong, H., Zhang, Y., and Li, Y. (2019). Discovery of potential genes
contributing to the biosynthesis of short-chain fatty acids and lactate in gut
microbiota from systematic investigation in E. coli. NPJ Biofilms Microb.
5:19.

Zhao, G., Nyman, M., and Jonsson, J. A. (2006). Rapid determination of short-
chain fatty acids in colonic contents and faeces of humans and rats by
acidified water-extraction and direct-injection gas chromatography. Biomed.
Chromatogr. 20, 674-682. doi: 10.1002/bmc.580

Zhao, Y., Chen, F., Wu, W., Sun, M., Bilotta, A. J., Yao, S., et al. (2018). GPR43
mediates microbiota metabolite SCFA regulation of antimicrobial peptide
expression in intestinal epithelial cells via activation of mTOR and STATS3.
Mucosal. Immunol. 11, 752-762. doi: 10.1038/mi.2017.118

Zheng, L., Kelly, C. J., and Colgan, S. P. (2015). Physiologic hypoxia and oxygen
homeostasis in the healthy intestine. Rev. Theme 309, C350-C360.

Zheng, L., Kelly, C. J., Battista, K. D., Schaefer, R., Lanis, J. M., Alexeev, E. E,,
et al. (2017). Microbial-Derived Butyrate Promotes Epithelial Barrier Function
through IL-10 Receptor-Dependent Repression of Claudin-2. J. Immunol. 199,
2976-2984. doi: 10.4049/jimmunol.1700105

Zheng, X., Qiu, Y., Zhong, W., Baxter, S., Su, M., Li, Q, et al. (2013). A targeted
metabolomic protocol for short-chain fatty acids and branched-chain amino
acids. Metabolomics 9, 818-827. doi: 10.1007/s11306-013-0500-6

Zhou, X., Bent, S. J., Schneider, M. G., Davis, C. C,, Islam, M. R,, and Forney,
L.J. (2004). Characterization of vaginal microbial communities in adult healthy
women using cultivation-independent methods. Microbiology 150, 2565-2573.
doi: 10.1099/mic.0.26905-0

Zhou, X., Brown, C. J., Abdo, Z., Davis, C. C., Hansmann, M. A,, Joyce, P., et al.
(2007). Differences in the composition of vaginal microbial communities found
in healthy Caucasian and black women. ISME J. 1, 121-133. doi: 10.1038/isme;.
2007.12

Zhou, X., Westman, R., Hickey, R., Hansmann, M. A., Kennedy, C., Osborn,
T. W,, etal. (2009). Vaginal Microbiota of Women with Frequent Vulvovaginal
Candidiasis. Infect. Immun. 77:4130. doi: 10.1128/iai.00436-09

Zolkiewicz, J., Marzec, A., Ruszczynski, M., and Feleszko, W. (2020). Postbiotics-A
Step Beyond Pre- and Probiotics. Nutrients 12:8.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Baldewijns, Sillen, Palmans, Vandecruys, Van Dijck and
Demuyser. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

31

July 2021 | Volume 12 | Article 705779


https://doi.org/10.1007/s12192-017-0852-3
https://doi.org/10.1038/msb.2013.6
https://doi.org/10.1038/msb.2013.6
https://doi.org/10.12688/f1000research.25823.1
https://doi.org/10.3122/jabfm.2008.04.070169
https://doi.org/10.1016/j.anaerobe.2013.06.012
https://doi.org/10.1016/j.anaerobe.2013.06.012
https://doi.org/10.1093/humupd/dmu065
https://doi.org/10.1371/journal.pone.0056111
https://doi.org/10.1371/journal.pone.0056111
https://doi.org/10.1016/j.chroma.2006.12.033
https://doi.org/10.1038/ismej.2012.4
https://doi.org/10.1016/j.jchromb.2018.05.015
https://doi.org/10.1016/j.jchromb.2018.05.015
https://doi.org/10.1002/bmc.580
https://doi.org/10.1038/mi.2017.118
https://doi.org/10.4049/jimmunol.1700105
https://doi.org/10.1007/s11306-013-0500-6
https://doi.org/10.1099/mic.0.26905-0
https://doi.org/10.1038/ismej.2007.12
https://doi.org/10.1038/ismej.2007.12
https://doi.org/10.1128/iai.00436-09
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	The Role of Fatty Acid Metabolites in Vaginal Health and Disease: Application to Candidiasis
	The Vaginal Metabolome
	The Composition of the Vaginal Metabolome
	Factors That Influence the Vaginal Metabolome
	Analysis of Vaginal Microbiome and Metabolome

	The Role of Fatty Acid Metabolites in the Healthy Vaginal Niche
	Origin of Vaginal Fatty Acid Metabolites
	Microbial Fatty Acid Metabolites
	From Gut to Vagina: Transmission of Microbes and Their Metabolites
	Fatty Acid Metabolites Originating From the Vaginal Mucosa

	Functions of Fatty Acid Metabolites in the Healthy Vagina
	Fatty Acid Metabolites Influence the Local pH
	Fatty Acid Metabolites Affect the Epithelial Barrier Function
	Fatty Acid Metabolites Influence the Local Immune Response
	SCFA Play a Role in Sexual Attractiveness
	Fatty Acid Metabolites Serve an Antimicrobial Function
	Other Functions of Fatty Acid Metabolites


	The Role of Fatty Acid Metabolites During Vaginal Candida Infections
	Vaginal Candida Infections
	Correlation Between the Vaginal Metabolome and Risk of VVC
	The Effect of Fatty Acid Metabolites on Candida Growth and Virulence

	Use of Fatty Acid Metabolites in Therapy
	Fatty Acid Producing Probiotics
	Lactobacillus-Based Probiotics
	S. cerevisiae-Based Probiotics

	Prebiotics Stimulating Production of Fatty Acid Metabolites
	Fatty Acid Metabolites as Postbiotics

	Conclusion
	Author Contributions
	Supplementary Material
	References


