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Abstract

Mastitis, which is generally described as an inflammation of breast tissue, is a common and debilitating disease which
frequently results in the cessation of exclusive breastfeeding and affects up to 33% of lactating women. The condition is a
primary cause of decreased milk production and results in organoleptic and nutritional alterations in milk quality. Recent
studies employing culture-independent techniques, including metagenomic sequencing, have revealed a loss of bacterial
diversity in the microbiome of mastitic milk samples compared to healthy milk samples. In those infected, the pathogens
Staphylococcus aureus, Staphylococcus epidermidis and members of corynebacteria have been identified as the predominant
etiological agents in acute, subacute and granulomatous mastitis, respectively. The increased incidence of antibiotic resist-
ance in the causative species is also a key cause of concern for treatment of the disease, thus leading to the need to develop
novel therapies. In this respect, probiotics and bacteriocins have revealed potential as alternative treatments.
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Introduction

Over the last decade, breastfeeding has been the subject of
renewed attention in developed countries because of the
demonstrated health benefits to the mother—child dyad [1,
2]. Consequently, international and national health organi-
zations encourage exclusive breastfeeding during the first
6 months of life [3—-5]. However, in certain cases, exclusive
breastfeeding may not be an option for mothers owing to
many reasons [6], with mastitis considered as the greatest
cause of undesired weaning.

Mastitis, an inflammation of breast tissue, is an acute,
devitalizing condition and a potentially serious illness that
may lead to breast abscess and septic fever [7]. The main
causes of mastitis are milk stasis and infection [3, 8]. Milk
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stasis is usually the primary cause and occurs when milk
is not removed properly from the breast duct due to poor
attachment of the infant, fruitless suckling and blockage of
the ducts [3, 9]. It is widely accepted that most mastitic cases
are related to changes in the microbiome of the mammary
gland and that most mastitis-causing bacteria have the ability
to form biofilms in the milk ducts which are quite narrow;
this results in the impairment of milk flow and the reten-
tion of milk [10] (Fig. 1a, b). The incidence of lactational
mastitis varies between 2 and 33% of lactating mothers [11,
12] and most episodes occur in the first 6 weeks postpartum
[13]. According to epidemiologic studies, there are many
factors which might be implicated in its occurrence [13-16].
Risk factors include age, with mothers under 21 and over
35 years having a decreased incidence [17], mastitis with
a previous child [16], cracked or sore nipples, use of oint-
ments, incorrect breastfeeding practices and peripartum anti-
biotherapy [8, 18, 19].

The aim of this review is to provide an overview of the
latest findings in terms of the microbiological load involved
in human mastitis, particularly at a time when the advances
in sequencing technologies have provided an excellent plat-
form to study both cultivable and non-cultivable microor-
ganisms, giving a more accurate view of the microbiologi-
cal dysbiosis which shapes this disease. The review also
describes the available therapies to treat mastitis, the most
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Fig. 1 Physiological breast anatomy (a) and mastitic enlarged duct
(b). Milk production takes place at the duct system. When mastitis
occurs, ducts are blocked due to the formation of bacterial biofilms. ¢
Circos representation of the top most abundant bacterial genera from

common of which is antibiotics. As antibiotic resistance
poses a major challenge to the success of this treatment,
we examine alternative therapies, namely probiotics and
bacteriocins, for which ongoing studies continue to provide
promising results.

Source of bacteria in human milk

Traditionally, human milk was considered to be sterile and
any bacteria found within were deemed to be contamination
either from the mother’s skin or the infant’s mouth [21].
This has since been disproven by several studies which dem-
onstrate that human milk contains its own microbiota [20,
22-28]. Despite this, the exact mechanisms by which these
bacterial populations reach the mammary gland, and subse-
quently the milk, have not been fully elucidated.

Recent findings indicated that selected bacteria of the
maternal gastrointestinal (GI) microbiota can reach the
mammary gland through an entero-mammary pathway [23].
The mechanism involves dendritic cells and CD18* cells
which have the ability to transfer bacteria from the GI lumen
to the lactating mammary gland [29, 30].
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healthy milk samples and from subacute and acute mastitis milk sam-
ples (Fig. 1c is reproduced from Patel et al. [20] which is licensed
under the creative commons license http://creativecommons.org/
licenses/by/4.0/)

The skin may also be a major source of bacteria for
human milk. Indeed, many species of bacteria associated
with the skin, namely Staphylococcus and Corynebacte-
rium, have been isolated from healthy human milk [25].
It is possible that these bacteria are relocated to the milk
during ejection, specifically from the nipple, mammary
areolas and montgomery glands, although it is worth not-
ing that these species are also associated with mucosal
surfaces of the body including that of the GI tract. In addi-
tion, retrograde flow of milk from the infant oral cavity
to the mammary ducts has the potential to lead to cross-
contamination of the milk. Moreover, the partner’s bacte-
ria could contribute to bacterial populations in milk as it
is known that partners share oral and skin microbiota [31,
32]. Fecal matter can also be a source of contamination in
human milk when poor hygienic conditions exist [33-35].

All, or some, of these routes of bacterial transfer have
the potential to contribute to the microbiota of human
milk. As recent studies have indicated, healthy human
milk does contain its own populations of bacteria which
provide important health benefits not only for the nursing
mother but also for the infant, with the suggestion that
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the microbiota of human milk may aid in establishing the
commensal GI microbiota of the infant [11, 35-38].

How or why the transition from commensal colonization
to infection occurs remains to be fully understood, however,
several factors have been identified which may predispose
women to the development of mastitis. These range from
host factors such as genetics, the presence of polymorphisms
and even blood grouping, to bacterial factors, e.g., virulence
factors of the bacteria present, to medical influences includ-
ing the use of antibiotics and the widespread administration
of iron to prenatal women [10, 37].

Microorganisms detected in lactational
mastitis

Lactational mastitis is classified into different categories
depending on the course (acute, subacute and granuloma-
tous, which is explained later) or the clinical manifestations
(clinical or subclinical) [10]. Mastitis is a multifactorial dis-
ease caused by a range of different pathogens and is char-
acterized by an alteration in the mammary microbiota [27,
38, 39]. Indeed, a metagenomic analysis of 20 milk samples
(half from women with mastitis, while the other half were
taken from healthy women) showed a noteworthy loss of
bacterial diversity in the mastitic milk samples [26]. The lat-
ter is illustrated in Table 1 which records the genera detected
in healthy human milk and mastitic human milk via culture-
dependent and culture-independent analyses. The majority
of the available literature is based on culture-independent
approaches, however, the scientific community should be
handling this data with precaution as there is some argument
as to the appropriate controls for such studies. Salter et al.
[40] and Glassing et al. [41] have both described the poten-
tial for incorrect results in low bacterial count samples owing
to contamination or other artefacts which could explain the
discrepancies between the healthy core microbiome reported
by Hunt et al. [25] and Murphy et al. [28]. In a more recent
study, the healthy core milk microbiome consisted of the
genera Pseudomonas, Staphylococcus, Streptococcus, Eliza-
bethkingia, Variovorax, Bifidobacterium, Flavobacterium,
Stenotrophomonas, Brevundimonas, Chryseobacterium,
Lactobacillus and Enterobacter [28], whereas Staphylococ-
cus species dominated the mastitic milk samples with S.
aureus and S. epidermidis being the dominant species in the
microbiome of women diagnosed with acute and subacute
mastitis, respectively [26]. In another study, sequencing of
16S rDNA of 32 human mastitic milk samples revealed the
presence of 17 genera and 30 distinct species [42]. Proteo-
bacteria was the predominant phylum accounting for 51.3%
of the total followed by Firmicutes (37.8%) and included
representatives from the classes Gammaproteobacteria, Alp-
haproteobacteria and Bacilli. The most frequently isolated

genera included Pseudomonas (6 species) and Staphylo-
coccus (4 species). The following species were frequently
isolated; Staphylococcus species (87.5% of mastitic sam-
ples), S. aureus (75.0%), P. aeruginosa (53.1%) Klebsiella
pneumoniae (43.8%) and Brevundimonas diminuta (38.0%).
Recently, Mediano et al. [27] identified 5009 isolates from
1849 mastitic milk samples by classical, biochemical and/
or molecular methods. Mean total bacterial count was 4.11
log,, colony forming units (cfu)/mL with Staphylococcus
being the most commonly isolated bacterial group (97.57%)
and S. epidermidis being the dominant species (91.56%) fol-
lowed by S. aureus (29.74%). Streptococci and corynebac-
teria comprised the second (70.20%) and third (16.60%)
most dominant groups, respectively. Most recently, a 16S
rRNA gene-sequencing method of 50 human milk samples
(16 subacute mastitic, 16 acute mastitic and 18 healthy con-
trol samples) revealed an enrichment of genera including
Aeromonas, Staphylococcus, Ralstonia, Klebsiella, Serratia,
Enterococcus and Pseudomonas in subacute and acute mas-
titic samples, while Acinetobacter, Ruminococcus, Clostrid-
ium, Faecalibacterium and Eubacterium were consistently
depleted [20] (Fig. 1c). Moreover, dramatic enrichment of
aerotolerant bacteria and depletion of obligate anerobes was
observed during the infection. Lower microbial diversity
was also a feature of the mastitic milk samples along with
increased abundance of opportunistic pathogens including
S. aureus, S. epidermidis, S. hominis, K. pneumoniae, Ser.
marcescens, P. aeruginosa, E. faecalis, Bacillus subtilis, B.
cereus and Escherichia coli. Marin et al. [43] analyzed the
cultivable microbial diversity of 647 human mastitic milk
samples using Matrix-Assisted Laser Desorption Ionization
Time-of-Flight Mass Spectrometry (MALDI-TOF MS) tech-
nology. The total staphylococcal count was 3.7 log, cfu/
mL with Staphylococcus genus being the most frequently
isolated (94.1%) and S. epidermidis being the predominant
species (87.6%) followed by S. aureus (22.1%), S. homi-
nis (5.3%) and S. lugdunensis (3.3%). In agreement with
the findings of Mediano et al. [27], streptococci were the
second-most abundant group with a mean count of 3.47 log,
cfu/mL. Strep. mitis/oralis was the most common species
(40.8%), while Strep. salivarius and Strep. parasanguinis
were detected with frequencies of 36.8 and 14.4%, respec-
tively. Corynebacteria occurred in 11% of the analyzed sam-
ples with the populations of C. tuberculostearicum and C.
kropenstedtii reaching ratios of 3.6 and 2%, respectively.
Similarly, Delgado et al. [44, 45] identified Staphylococcus
as the predominant genus in mastitic milk samples using a
combination of culture and molecular techniques where S.
epidermidis was found to be the dominant species. Moreo-
ver, antibiotic resistance and the presence of the biofilm-
related icaD gene were significantly higher in S. epidermidis
strains isolated from mastitic milk samples [45].
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Table 1 Genera detected using culture-dependent and culture-independent techniques to study the microbial diversity associated with human

milk

Phylum Genus Culture-dependent Culture-independent

Firmicutes Anaerococcus H [28]

Bacillus H [21] M [20, 42]

Coprococcus H [28]

Clostridium H [20, 24, 46]

Enterococcus H [24, 47-49] M [20, 50]

Erysipelotrichaceae incertae sedis H [28]

Finegoldia H [28]

Gemella H [25, 28, 46, 49]

Lachnospiraceae incertae sedis H [28]

Lactobacillus H [21, 51] H [24, 25, 28, 37, 47-49, 52, 53]

Lysinibacillus M [42]

Macrococcus M [42]

Peptoniphilus H [28]

Peptostreptococcaceae incertae sedis H [28]

Planococcus M [42]

Staphylococcus H [21, 51, 54] H [24-26, 28, 37, 49, 53, 55] M [26, 27,
42,44, 45,
56-58]

Streptococcus H[21, 51] H [24, 25, 28, 48, 49, 53, 55] M [27, 57]

Veillonella H [25, 28, 46, 49]

Proteobacteria Acinetobacter H [21, 51] H [20] M [42]
Alcaligenes H [21] M [42]
Brevundimonas H [28] M [42]
Citrobacter H [28]

Enterobacter H [28]

Erwinia H [28]

Escherichia-Shigella H [21] H [28, 46, 49]

Hemophilus H [28]

Klebsiella M [20, 42]
Moraxella H [21]

Proteus M [42]
Providencia M [42]
Pseudomonas H [21] H [25, 28, 49, 59, 60] M [20, 42]
Ralstonia H [25] M [20]
Serratia H [25, 46, 49] M [20]
Sphingomonas H [25]

Stenotrophomonas H [28]

Variovorax H [28]

Actinobacteria Actinomyces H [25, 28, 46] M [27]

Atopobium H [28]

Bifidobacterium H [24, 25, 28, 36, 37, 61]

Brevibacterium M [42, 59]
Corynebacterium H [25, 28] M [27, 43, 56]
Granulicatella H [28]

Leucobacter M [42]
Micrococcus H [21] M [42]
Propionibacterium H [25, 28, 49] M [27]
Rhodococcus H [28]

Rothia H [25, 28] M [27]
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Table 1 (continued)

Phylum Genus

Culture-dependent

Culture-independent

Bacteroidetes Bacteroides
Chryseobacterium
Elizabethkingia
Flavobacterium H [62]

Prevotella

H [24, 28]
H [28]

H [28]
H{
H[

[\
(o]
[t}

25,28, 46]

H indicates healthy mammary gland while M indicates mastitis

Acute mastitis

Acute mastitis is characterized by breast redness, fever, pain
and malaise [10]. Due to the intensity of these symptoms,
acute mastitis is typically the sole type of mastitis that is
accurately diagnosed despite representing a relatively small
proportion of human mastitis cases. A metagenomic study
of human milk samples by Jimenez et al. [26] analyzed
the microbiome of 20 milk samples including 10 healthy,
5 acute and 5 subacute mastitic samples. Variation in the
predominant bacterial genus was observed in milk samples
obtained from healthy women (Pseudomonas, Bacteroides),
however, Staphylococcus was the dominant genus in both
acute and subacute mastitis samples. Women who presented
with acute mastitis were found to have higher levels of S.
aureus (approximately 10° cfu/mL) in their milk compared
to those with subacute mastitis. The wide range of toxins
produced by strains of S. aureus have previously been impli-
cated in bovine mastitis and may also be responsible for the
symptoms observed in acute mastitis in humans [56]. Com-
paratively, S. epidermidis was found to be the most abundant
staphylococcal species in women with subacute mastitis.
Interestingly, Patel et al. [20] recently reported that acute
mastitis samples harbored significantly more Aeromonas,
Klebsiella, Ralstonia, Proteus and Leptospira at genus level
and significantly higher levels of Aeromonadaceae, Burk-
holderiaceae, Brucellaceae and Streptococcaceae at family
level when acute mastitis, subacute mastitis and healthy milk
samples were compared (Fig. 1¢).

Subacute mastitis

The symptoms of subacute mastitis are distinctly more sub-
tle than acute resulting in a lower rate of diagnosis, whether
this is due to misdiagnosis or a lack of understanding by
women experiencing these symptoms is not described.
Where an official diagnosis has been established, the symp-
toms of subacute mastitis include a sharp, needling pain and
a burning sensation in the breast [10].

As indicated previously, Jimenez et al. [26] proposed that
S. epidermidis was the predominant species of Staphylo-
coccus present in subacute mastitic milk samples (n=15).

An additional, and more extensive study of 20 women
with subacute mastitis also found S. epidermidis to be the
most dominant species (by 85%). Other species of Staphy-
lococcus including S. hominis, S. pasteuri, S. warneri and
S. haemolyticus, were also identified in subacute mastitic
samples albeit at much lower levels than S. epidermidis
[44]. At genus level, Staphylococcus was also found to be
more enriched in subacute mastitis milk samples along with
Erwinia, Bacillus, Pantoea, Cronobacter and Pseudomonas
when compared to acute mastitic and healthy milk samples
[20].

Collectively, the species of Staphylococcus found in suba-
cute mastitic milk samples can be referred to as coagulase-
negative staphylococci (CNS). Many species of CNS are
healthy skin commensals; however, they can also be impli-
cated in nosocomial infections, particularly S. epidermidis
[63].

In addition to CNS, streptococci, more specifically viri-
dans streptococci, may play a role in mastitis although the
strains involved appear to be host-dependent. For example,
Strep. uberis and Strep. dysgalactiae have been identified
in bovine mastitis [50], yet they are not involved in human
mastitis. On the other hand, Strep. mitis and Strep. salivarius
prevail in human mastitis [57]. The combination of viridans
streptococci and CNS have the potential to form thick bio-
films leading to confinement of the lumen through which the
milk passes. This pressure leads to the symptoms of suba-
cute mastitis described previously [10].

Granulomatous mastitis

Idiopathic granulomatous mastitis (IGM) is a relatively rare,
inflammatory disease which presents as a painful, tender
lump or mass in the breast. The presence of a mass and the
secondary symptoms of IGM, skin thickness, abscess forma-
tion and nipple retraction, often lead to a clinical misdiag-
nosis of breast malignancy [64, 65]. IGM is predominantly
observed in women of reproductive age, approximately
2-6 years following pregnancy, however, it has also been
reported in prepubescent girls, elderly women and men [66].

The causes of IGM may vary and several factors have
been proposed that predispose to IGM including diabetes
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mellitus, the use of the oral contraceptive pill and undetected
organisms amongst others [66, 67]. However, Taylor et al.
[68] suggested that the presence of species of corynebac-
teria was linked to the development of IGM. A subsequent
study by Dobinson et al. [65] demonstrated the successful
isolation of several strains of corynebacteria from breast
masses, namely C. kroppenstedii, C. tuberculostearicum and
C. freneyi. Despite the strong suggestion that corynebacteria
is a major causative agent of IGM, a successful treatment has
not yet been established [67]. This is principally due to the
fact that corynebacteria exist in lipid-filled vacuoles within
the granuloma as opposed to the tissue itself thus treatment
requires agents that are effective against corynebacteria as
well as active in lipid environments. However, most anti-
microbials are hydrophilic with weak distribution to lipid
environments. A combination of these agents, e.g., clarithro-
mycin or rifampin, with corticosteroids and/or other immu-
nomodulatory modalities has shown some success in treating
IGM [65].

Effects on milk quality

Lactational mastitis is a primary cause of decreased milk
production and is also related to alterations in the cellular
composition of milk. Changes in the metabolic activity of
milk-producing cells along with diminished milk synthesis
in the mammary gland is normally a direct result of inflam-
matory mediators [3, 69]. Edema of the interstitial tissues
is caused by opening of the paracellular pathways during
lactation as a result of protein leakage from blood and milk.
Moreover, due to the opening of the paracellular pathways,
levels of sodium and chloride increase, while at the same
time the levels of potassium and lactose decrease [3]. Due
to milk stasis, white granules may be observed in the milk
which are formed from caseins hardened by salts, mainly
consisting of calcium [3]. Fatty or fibrous-looking material,
sometimes brown or green, is occasionally forced out from
blocked ducts accompanied by alleviation of symptoms [3].
Furthermore, during mastitis, a change in the organoleptic
properties can occur, in that the milk becomes salty. Gener-
ally, the saltiness is provisional and lasts approximately 1
week [70].

A recent study conducted by Say et al. [69] focused
on the effects of mastitis on the macronutrient content of
milk. A total of 30 lactating women were divided into two
groups; one diagnosed with mastitis and one consisting of
healthy women. Fat, carbohydrate and energy levels were
significantly lower in the mastitic milk samples. The authors
concluded that the observed differences may have emerged
from reduced milk synthesis, compromised permeability of
the blood—milk barrier and an increase in enzymatic or pro-
teolytic activity associated with the inflammatory process
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[71, 72]. We speculate that the reduced levels of fat, car-
bohydrates and energy could have a negative effect on the
health of the infant with the prerequisite that the mother still
breastfeeds.

Perez et al. [73] concentrated on the impact of mastitis
on the biogenic amine (BAs) profile in human milk. BAs are
defined as low molecular weight nitrogenous organic com-
pounds with distinct biological activities. In the study, two
groups of women participated; one (n=40) healthy group
and the other (n=30) diagnosed with mastitis. Putrescine,
spermidine and spermine were the predominant BAs iden-
tified in both cases, however, the concentrations of BAs in
mastitic milk were higher compared to healthy milk. BAs
have been shown to contribute to gut maturation and the
increased levels seen in mastitic milk may potentially nega-
tively affect the development of the infants’ GI microbiota
[74,75].

Therapies

An overview of current therapies for mastitis treatment are
presented in Table 2.

Antibiotics

Prior to 1948, the management of lactational mastitis con-
sisted of binding, ice packs and discontinuance of nursing, in
the hope that symptoms would not develop further. Penicillin
was considered the most appropriate antibacterial available
yet proved to be limited in treatment of the disease [81]. As
stated already, S. aureus and S. epidermidis are found to be
the main causative microorganisms of lactational mastitis
with Strep. mitis and Strep. salivarius being the second and
third most reported causative agents, respectively [27]. How-
ever, multidrug resistance to antibiotics and/or formation
of biofilms is typical among clinical isolates of these two
staphylococcal species. Accordingly, it is not surprising that
70-90% of the cases of staphylococcal mastitis in cattle are
immune to antibiotherapy [82]. Resistance to methicillin and
a high ability to form biofilms explains why mastitis tends
to be a recurrent or chronic infection. Indeed, it has been
reported that 25% of mothers who discontinue breast-feeding
as a result of mastitis [3] have already received antibiother-
apy (cloxacillin, clindamycin, amoxicillin-clavulanic acid
and/or erythromycin) for 2—4 weeks with little success [11].

Penicillinase-resistant penicillins such as dicloxacillin or
flucloxacillin are the most suitable antibiotic therapies for
treatment of the disease (Table 2). First-generation ceph-
alosporins are also approved as a first-line therapy. More
specifically, cephalexin can be administered in cases of
penicillin intolerance, while in cases of allergy to penicil-
lin, clindamycin is preferred [4, 83]. Dicloxacillin has lesser



Medical Microbiology and Immunology (2018) 207:83-94

89

Table 2 Overview of mastitis treatment options

Treatment options Name of treatment When to use/target Status of the treatment Duration
of therapy
(days)
Antibiotics Dicloxacillin [4, 8, 76] Staphylococcal mastitis Standard 7-14
Flucloxacillin [4, 76] Staphylococcal mastitis Standard
Cephalexin [4, 8, 76] Penicillin intolerance Standard
Clindamycin [4, 8, 76] Allergic to penicillin, recurrent mastitis Standard
Probiotics L. salivarius CECT5713 Staphylococcal mastitis Experimental stage 30
and L. gasseri CECT5714
(11]
L. fermentum CECT5716;  Infectious mastitis Experimental stage 21
L. salivarius CECT5713
(771
L. salivarius PS2 [78] Preventive measure against mastitis Experimental stage ~44
L. salivarius PS2 [79] Infectious mastitis Experimental stage 21
Bacteriocins Nisin [80] Staphylococcal mastitis Experimental stage 14

hepatic inimical effects than flucloxacillin [76]. However,
dicloxacillin can cause phlebitis when applied intravenously;
s0, it should be taken orally when symptoms persist [4]. A
later study demonstrated that chloramphenicol, gentamicin,
oflaxacin and ciprofloxacin were the most efficacious antibi-
otics against mastitis pathogens [43]. With regards to dura-
tion of antibiotic therapy, there is no consensus with rec-
ommendations varying between 7 and 14 days. As outlined
by Reddy et al. [84], where symptoms endure, culturing of
the milk and an assessment of the antibiotic resistance of
the microbes should be performed due to the escalation of
penicillin-resistant, methicillin-resistant (MRSA) and oxa-
cillin-resistant S. aureus (ORSA); although it would be of
greater benefit if milk cultures were performed as soon as
possible to establish a proper diagnosis and to establish the
most adequate treatment depending on the main bacterial
agent(s) involved. This would greatly help to avoid misuse
of antibiotics.

It is broadly acknowledged that antibiotics are the culprit
for the disruption in human microbiota which can result in
antibiotic-associated diarrhea, urogenital and oral infections
[37]. Studies have demonstrated an increased vulnerability
to infectious, allergic and inflammatory diseases because
of the dysregulation of host immune homeostasis due to
altered microbiota. The latter is attributed to the excessive
use of antibiotics [85, 86]. The administration of antibiot-
ics during pre- and post-delivery stages, has been proven to
adversely affect breastfed infants as antibiotics can modify
the maternal microbiota which is of critical importance to
the human GI microbiota in early life [87]. Arvola et al. [88]
demonstrated that infants with deferred colonization or low
bifidobacterial counts may be at risk of further gastrointesti-
nal or allergic conditions, while de Weerth et al. [§9] found
low Bifidobacterium and Lactobacillus counts in the stools

of infants diagnosed with colic. Moreover, Kummeling et al.
[90] reported that antibiotic exposure via breastfeeding in
infants was associated with a higher risk of recurrent wheeze
during the first 2 years of life. Consequently, there is a need
to develop strategies to replace antibiotics and in this con-
text, probiotics may provide a feasible solution.

Probiotics

The WHO/FAO describes probiotics as “live microorgan-
isms that when administered in adequate amounts confer
a health benefit on the host” [91, 92]. It is now known that
the infant gut is colonized by bacteria from human milk
[28, 38, 47, 48, 93]. Consequently, modulation of maternal
gut microbiota during pregnancy and lactation could have
a direct impact on infant health [94]. Indeed, recent studies
illustrate that the mammary gland accommodates its own
microbiota during late pregnancy and lactation [94]. More
specifically, strains isolated from breast milk can be good
candidates for use as probiotics [11, 77] as they fulfill sev-
eral criteria including human origin, adaptation to mucosal
substrates and a history of safe extended consumption by
sensitive individuals such as infants [78].

An initial study by Jimenez et al. [11] investigated
the potential of two lactobacilli strains as an alternative
therapy for staphylococcal mastitis, namely L. salivar-
ius CECT5713 and L. gasseri CECTS5714 [Table 2]. Of
a total of 20 women presenting with the condition, ten
received the two Lactobacillus strains (10 log,, cfu of
each) for a 4-week period and ten received the excipent
only for the same period. On day 0, mean staphylococ-
cal counts in both groups were similar, but by day 30,
the mean staphylococcal count in the probiotic group was
lower when compared to the control group (2.96 log,, cfu/
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mL versus 4.79 log,, cfu/mL, respectively). By day 14,
clinical signs were no longer observed in the probiotic
group although mastitis persisted in the control group. A
subsequent study by Arroyo et al. [77] also investigated
the potential of L. salivarius CECT5713 and the strain L.
fermentum CECT5716 in a much larger group of subjects,
352 women presenting with infectious mastitis. Women
received either L. salivarius CECT5713 (n=127, 9 log,,
cfu), or L. fermentum CECT5716 (n=124, 9 log,, cfu) or
antibiotic therapy (n=101) for 3 weeks. By day 21, milk
bacterial counts were lower in women receiving probiot-
ics compared to those on antibiotic therapy. The authors
state that women in the probiotic groups ‘improved more’
and had lower recurrence of mastitis than those receiving
antibiotic therapy. The outcomes of both these studies are
further discussed by Fernandez et al. [10].

A more recent study examined the potential of L. sali-
varius PS2 to hinder infectious mastitis in pregnant women
who were previously diagnosed with mastitis [78]—108
women were divided into two groups. Those in the pro-
biotic group ingested 9 log,, cfu/day of L. salivarius PS2
from approximately week 30 of pregnancy until deliv-
ery while those in the control group received a placebo.
Following the end of the study, 41% of the participating
women were diagnosed with mastitis; although the num-
ber of women from the probiotic group suffering from
mastitis (25%) was significantly lower than the placebo
group (57%). The bacterial counts of women with suba-
cute mastitis from the placebo group were significantly
higher when compared to the probiotic group (4.61 and
3.83 log,, cfu/mL, respectively). Comparable results were
noted in the group of women with acute mastitis where
those who belonged in the placebo group had higher bacte-
rial mean counts (4.51-5.53 log,, cfu/mL) than those who
belonged in the probiotic group (3.29-4.29 log,, cfu/mL).
This study demonstrates that L. salivarius PS2 could be an
effective alternative to forestall infectious mastitis.

Espinosa-Martos et al. [79] endeavored to correlate
microbiological, biochemical or immunological mark-
ers in milk, blood or urine with the beneficial outcome
observed during probiotic treatment of mastitis. A total of
31 women took part in the study. Among them, 23 women
had clinical symptoms of mastitis while the remaining
(n=28) were healthy. Over a period of 21 days, both groups
received three daily doses (10° cfu) of L. salivarius PS2. In
the mastitic group, the probiotic intake resulted in a nota-
ble reduction of mean bacterial (1.1 log;, cfu/mL) counts
in milk. Moreover, clinical symptoms were alleviated in
the probiotic group after day 7 while the somatic cell count
significantly declined after the intake of probiotics. The
effect of the probiotic strain on the total bacterial counts in
human milk is in agreement with previous studies [11, 77].

@ Springer

Bacteriocins

Bacteriocins are antimicrobial peptides produced by bacteria
and exhibit potent activity against other bacteria including
antibiotic-resistant strains [95]. They are generally stable,
have low toxicity and can exhibit a narrow or broad spectrum
of activity. Certain bacteriocins such as nisin have already
gained acceptance as antimicrobials in the food industry
where they provide protection against pathogen and food
spoilage microorganisms. The lantibiotics describe a group
of bacteriocins which undergo post-translational modifica-
tions and have exhibited a high potency to hinder various
multidrug-resistant bacteria combined with a low propensity
to generate resistance. The food-grade lantibiotic, nisin, is
produced by certain strains of Lactococcus lactis, a com-
mon species in the breast milk of healthy women [10, 49].
Indeed, approximately 30% of isolates of this origin can pro-
duce nisin [96]. During the past 2 decades, there has been a
revived interest in the use of this lantibiotic as a therapeutic
agent in bovine mastitis [10]. Furthermore, another bacte-
riocin, i.e., lacticin 3147 has generated promising results
in the treatment of bovine mastitis [97, 98]. Like nisin, lac-
ticin 3147 is a lantibiotic with a broad spectrum of activity.
Indeed, the potential of nisin in treating infectious mastitis in
lactating mothers has already been demonstrated (Table 2).
In a 2-week study, nisin was investigated as an alternative
treatment for staphylococcal mastitis in women who had
already received antibiotics for 2—4 weeks but which failed
to ameliorate their condition [80]. More specifically, eight
women diagnosed with staphylococcal mastitis were divided
in two groups. The first group received a solution of nisin
which was applied to the nipple and mammary areola, while
the second group received a solution lacking nisin. On day
0, the staphylococcal counts were similar in the bacteriocin
and placebo groups (5.0+0.2 and 4.9 +0.2 log,, cfu/mL,
respectively), while on day 14, the average counts in the
nisin group (3.2 +0.4 log,, cfu/mL) were significantly lower
compared with the placebo group (5.0+0.2 log,, cfu/mL).
At the end of the study, no clinical signs were observed in
the bacteriocin group.

Conclusion and future prospects

While the number of studies addressing the microbiologi-
cal load of human lactational mastitis is limited, those
which have been completed provide an insight into the
microbiological dysbiosis associated with the disease and
hence shed light on potential new therapies. One study
which employed metagenomic analysis of mastitic milk
samples clearly identified a loss of bacterial diversity [26].
Unsurprisingly, Staphylococcus is the dominant genus
associated with the disease where S. aureus is the main
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etiological agent in acute mastitis and S. epidermidis is
associated with subacute mastitis. In addition, Corynebac-
terium species are now recognized as the causative agents
of human granulomatous mastitis.

While the treatment of mastitis with antibiotics has, in
the past, been met with mixed results, the looming threat
of antibiotic resistance has significantly increased the need
to identify alternative therapies. In addition, antibiotics
are known to impart deleterious effects on the microbiota
of human milk. In this regard, probiotics offer a viable
alternative and the limited number of studies available,
would seem to indicate that they can be effective against
human mastitis both as prophylactics and therapeutics and
in the latter case have generated similar or superior results
to antibiotics in certain instances. Some of the probiotic
strains tested to date have in fact been isolated from breast
milk and it is now accepted that the mammary gland has
its own microbiota in late pregnancy and during lactation.
In this regard, it may be conceivable in the near future to
generate ‘personalized’ probiotics for those at particular
risk of mastitis, such as women with a known history of
the disease.

The preliminary success of the bacteriocin nisin in the
management of human mastitis, as well as the promising
results with lacticin 3147 for the treatment of bovine masti-
tis may pave the way for other bacteriocins or bacteriocin-
producing live strains in the treatment of human mastitis in
the future. For such alternative therapies to be accepted as
preventative agents or for treatment of this condition, ran-
domized controlled trials in healthy and diseased lactating
women are required to confirm efficacy, and furthermore
to demonstrate that no negative effects of treatment are
imparted on the quality of milk for nutrition of the nursing
infant.

Undoubtedly, continued investigation into the microbiol-
ogy of human mastitis is essential and will help in the iden-
tification and development of successful therapies. In this
regard, there is an onus on researchers, health agencies and
biotechnology companies to work in unison towards reduc-
ing the incidence of this devitalizing disease.
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