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Abstract: Postpartum uterine diseases are common in dairy cows and are a great concern for the
dairy industry as they are associated with various consequences, including lower fertility, lower milk
yield, and an overall negative impact on the host health. An infected uterus is a source of bacterial
compounds and cytokines that spill into the systemic circulation, spreading inflammation to other
organs. In this review article, we discuss a short overview of the anatomy of the reproductive
tract of dairy cows and several infectious diseases of the uterus including metritis, endometritis,
and pyometra. Additionally, we discuss the microbiome of the reproductive tract in health and
during uterine diseases. As well, diagnostic criteria for metritis and endometritis and contributing
factors for increased susceptibility to metritis infection are important topics of this review. To better
understand how the uterus and reproductive tract respond to bacterial pathogens, a section of this
review is dedicated to immunity of the reproductive tract. Both the innate and adaptive immunity
systems are also discussed. We conclude the review with a factual discussion about the current
treatments of uterine diseases and the new developments in the area of application of probiotics for
uterine health. Mechanisms of actions of probiotics are discussed in detail and also some applications
to prevent uterine infections in dairy cows are discussed.
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1. Introduction

Health issues during the periparturient period are encountered on a daily basis in
dairy farm operations world-wide. Periparturient diseases are the major reasons for which
dairy cows are culled in dairy farms [1]. According to Sheldon [2], uterine infections
can affect almost half of dairy cows in a herd due to compromised immunity during the
postpartum period. It should be noted that uterine diseases are multifactorial. Although
it is not the objective of this review article to discuss those risk factors, some of the most
important risk factors for metritis and endometritis are reviewed by Galvao [3], including
parity (primiparity), twins, abortion, dystocia, retained placenta, still birth, male offspring,
ketosis and hypocalcemia.

It has been reported that within 10 d after calving, around 21% of dairy cows develop
uterine disease, such as metritis, due to the high numbers of pathogenic bacteria that
ascend into the uterus postpartum [4,5]. Consequently, around 40% of the cows are not able
to clear bacterial pathogens efficiently and develop endometritis [4,5]. Uterine diseases in
dairy cows are classified as puerperal metritis, clinical endometritis or purulent vaginal
discharge [5,6]. This classification is based on the time uterine infections occur with
puerperal metritis occurring immediately after calving, metritis up to the first three weeks
after calving, and subclinical endometritis more than 35 days in milk (DIM).

According to CanWest Dairy Herd Improvement (DHI) and Valacta [1], culling rates
for reproductive issues of dairy cows in 2019 in Canada were 15.9% (39,993 cows)/year out
of a total of 621,509 cows registered with that company, out of 32.70% of the total culling
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rates. Therefore, understanding and lowering the incidence of uterine infections in dairy
cows is one of the most challenging issue of the dairy industry world-wide, that needs
concerted actions by the scientific community.

Economic loss models related to uterine diseases in dairy cows are difficult to find,
due to different treatments used, labor costs, medication costs, prices of milk, veterinary
bills, and discarded milk. An economic model adapted by Overton [7] estimated the loss in
milk production, culling risk, and reproductive performance due to uterine infections at
USD 386 per cow. It should be noted that even though the exact cost of uterine disease is
difficult to calculate, the model presented by [7] serves as a basis to suggest that there is a
need for improvements in the areas of prevention and early diagnosis of uterine diseases
as well as in the management systems used by dairy producers.

2. Short Overview of Reproductive Tract of Dairy Cows

The reproductive tract of dairy cows is composed of the ovaries, oviducts, uterus,
cervix and vagina, which altogether play important functions in the transport of gametes
to the point of fertilization as well as the transport, development, and implantation of the
developing embryo into the uterus [8]. It is also composed of external organs known to
facilitate copulation and create all the necessary physical barriers to the potential entry of
external pathogens. The reproductive tract is supported by the broad ligament, which acts
as a suspensory tissue supporting the reproductive tract from the dorsal wall into the
abdominal cavity [9].

The ovaries are connected to the fallopian tubes or oviducts where fertilization of
the oocyte(s) takes place. Fertilization is usually considered to occur as the oocyte passes
to the ampulla [9,10]. If the oocyte is fertilized, the developing zygote and embryo are
transported into the uterus by means of ciliary action, where implantation will take place [9].
The posterior end of the uterus forms the only uterine opening known as the cervix also
called the os uteri. The cervix will act as the first anatomical defense barrier preventing
pathogens from entering the uterine lumen [11]. The cervix allows the passage of the
sperm during mating for fertilization and during pregnancy it will be filled with mucus,
establishing a cervical plug that is denoted as the second mechanical barrier that prevents
detrimental pathogens from ascending into the uterus. In preparation for parturition,
during the days prior to calving the cervical plug is expelled [9].

The uterus is divided into three layers: the perimetrium, myometrium, and the
endometrium [12]. During the first 2-3 weeks after parturition, the size of the uterus
decreases more than 80% of its pre-calving size; this process is very complex and managed
by a variety of control structures that supports the process of uterine involution [13]. In a
cow, the uterus plays various important functions including the transport of gametes and
growth of embryo, recognition and support for the pre-implanted embryo, facilitation of
placental development and attachment, and support for development of fetus until the
time of parturition [9]. Close to parturition there is activation of the fetal hypothalamic—
pituitary—adrenal axis associated with increased production of corticotropin-releasing
hormone (CRH) and adrenocorticotropic hormone (ACTH) which stimulate the production
of fetal cortisol. Cortisol is carried to the maternal systemic circulation and initiates a
cascade of events leading to parturition [9]. As part of this cascade, cortisol triggers a
switch to progesterone/estradiol ratio with dominance of estradiol. Additionally, the onset
of parturition starts more changes associated with increased response to oxytocin and
increased uterine prostaglandin (PG)F2o production. Post-partum, PGF2« also triggers the
process of involution and contractions of the uterus, helping expulsion of placenta within
24 h and uterine fluids 2-3 weeks after parturition [14-16].

Subsequently, regeneration of the endometrium will be completed around 25 days
after calving, if the elimination of bacteria by the host is successful. While a return of
estrogenic state will allow for a return to the estrous cycle and normal ovarian cyclical
activity, this might occur if the first dominant follicle is formed around 12 days after
parturition [17-19].



Dairy 2021, 2

42

3. Bacterial Infection Postpartum

It should be noted that endometrium of heifers and dairy cows contain a microbiome
when they reach reproductive maturity [20]. The latter authors tested the hypothesis
that virgin heifers and pregnant cows had a microbiome in the uterus (endometrium).
They found presence of a microbiome in the uterus and proved that presence of three phyla
including Firmicutes, Bacteroides, and Proteobacteria. They also demonstrated that several
bacterial genera associated with uterine disease including Trueperella spp., Acinetobacter
spp., Fusobacteria spp., Proteus spp., Prevotella spp., and Peptostreptococcus spp. were present
in the uterus of virgin heifers and pregnant cows.

The vulva, vagina, and cervix serve as anatomical barriers that prevent bacterial
pathogens to ascend to the uterus of dairy cows [21]. After parturition, the reproductive
tract is opened due to the dilated state of the cervix and also inflamed. The latter allow
bacteria to ascend from the external environment or through blood into the uterine lumen,
which if persisting, can cause clinical diseases that might lead to subfertility and/or in-
fertility [22]. A research article by Jeon et al. [23] indicated an association between blood
microbiota and uterine pathogens, suggesting hematogenous spread of uterine infection
in the early postpartum period. It has been shown that uterine bacterial infections are
associated with lower conception rates, increased number of days opened, and increased
culling rates [16,24]. Pathogenic bacteria found in the uterus have been reported to lower
ovarian follicular growth and function [16]. A study conducted by Williams [4] supports
this by providing evidence that ovarian folliculogenesis is disrupted by bacterial infection,
meaning that the growth and function of the first dominant follicle is suppressed. Further-
more, uterine infections caused by bacteria will also result in delayed returning to estrus,
and therefore, lower reproductive performance [25].

In the female reproductive tract, pathogenic bacteria that are present in the uterus [21]
or that ascend from the vagina are the most common pathogens causing uterine infec-
tions [26]. A healthy or slightly inflamed uterus will clear pathogenic bacteria and keep
its normal state by means of defense mechanisms during the first four to six weeks after
parturition. Clearance of bacteria depends on various factors, such as uterine involu-
tion, uterine contractions, innate and adaptive immunity, and regeneration rate of the
endometrium [22]. Issues during calving, retention of placental membranes, twin births,
and germ-infested environments are some of the predisposing factors for uterine infections
in dairy cows [19,27-29].

Reproductive Tract Microbiome in Health and Disease

It has long been assumed that the uterus in its normal state is sterile [16,30]. Over the
last decade data have emerged that challenge this belief. A recent study in human sub-
jects [31] proved that most amniotic fluid samples and meconium contained bacterial DNA.
This suggest that there are bacteria in the amniotic fluid and that the fetus microbiome
is established after swallowing amniotic fluid during prenatal life [32,33]. This also is
supported by the finding that microbiota of both the amniotic fluid and meconium are
highly similar. To the best of our knowledge, there is no data to support this claim for dairy
cows, yet.

Microbiota in the vaginal tract of dairy cows has been reported to be dominated by
the Gram-negative family of Enterobacteriaceae. Lactobacillus spp. and Propionibacter spp.
also have been found as part of the vaginal microbiota, although in lower numbers [34,35].
Other studies have reported presence of bacilli, staphylococci, and lactic acid bacteria (LAB)
of the genera Enterococcus, Lactobacillus, and Pediococcus in the uterine microbiota of healthy
and diseased cows. Interestingly, similar studies demonstrated that Escherichia coli and
Trueperella pyogenes where also found in both the infected and healthy uteri of dairy cows,
shortly after calving [36,37].

It should be noted that the abundance of Lactobacillus spp. in the vaginal mucus of
dairy cows and ewes has been reported to be lower compared to human subjects [38].
Human vaginal microbiota is dominated by lactobacilli [39]. Another interesting difference
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between the cow and human vaginal environments are the slightly acidic to slightly
alkaline pH of 6.8-7.35 in dairy cows and an acidic pH in human subjects at <4.5 [38,40].
It is believed that the low pH in the vaginal tract of humans is related to production of lactic
acid by Lactobacillus spp. [40]. In humans the low vaginal pH maintains an environment
that is hostile to many pathogens [40]. Bacterial vaginosis in humans is associated with
a decrease in the abundance of Lactobacillus spp. and an increase in the vaginal pH [41].
Swartz et al. [39] showed that Lactobacillus spp. are present among vaginal microbiota of
dairy cows (80-90% of cows), but at a very low relative abundance.

Truperella (formerly known as Arcanobacterium) pyogenes, E. coli, Fusobacterium necropho-
rum, and Prevotella melaninogenicus are known to cause uterine infections in postpartum
dairy cows [42-45]. Although multiple studies have been conducted to classify pathogens
that may cause uterine infections in dairy cows, to our best knowledge, only a recent article
reported a complete overview of the microbiota of the entire reproductive tract (vagina
and uterus) of dairy cows. Thus, Miranda-CasoLuengo et al. [46] compared the vaginal
and uterine microbiomes of dairy cows at 7, 21 and 50 days postpartum and showed a
shared microbiota community in the vagina and uterus during the postpartum. Results
also showed distinct microbiomes at 7 days after calving between healthy cows and those
that developed endometritis at 21 days postpartum. Additionally, results showed that
the microbiome of healthy cows displayed high content of Firmicutes whereas cows that
developed endometritis had an increased level of Bacteroidetes. More interestingly the ratio
of Firmicutes to Bacteroidetes in the healthy group and those that developed endometritis
were 4.02 and 0.64, respectively.

Interestingly, in the vaginal microbiota of women, primates, and rats the genus Lacto-
bacillus is the predominant genus [47]. Anaerobic bacteria such as Bacteroidetes, Fusobacte-
ria, Helcococcus, Filifactor, Porphyromonas, Peptoniphilus, Peptostreptococcus, Campylobacter,
and Prevotella were found in the uterus of cows infected with metritis and are considered
to contribute to the development of reproductive infections, especially bacterial strains
of the phyla Bacteroidetes and Fusobacteria. Bacteria associated with uterine health such
as Candidatus, Blochmannia, Escherichia, Sneathia, and Pedobacter were also found in the
uterine fluids [22]. Other studies conducted by [48] report similar microbiomes in healthy
and infected cows, the phyla composed mainly of Bacteroidetes, Fusobacteria, Firmicutes,
Proteobacteria, and Tenericutes. In addition to these bacteria, sequences from Spirochaetes,
Synergistetes, and Tenerella appear less frequently.

It is believed that fecal and vaginal bacteria are the main agents that cause reproductive
tract infections in dairy cows; residues of these bacteria have been reported in the uterine
fluids. Although E. coli is found in the microbiome of the bacterial community in both
healthy cows and those with uterine infections, they were found in much greater numbers
in infected cows [36].

Truperella pyogenes is a Gram-positive bacterium found in the mucus of reproduc-
tive, gastrointestinal, and respiratory tracts of dairy cows [35]. Host epithelial cells and
macrophages are affected by T. pyogenes because they are able to survive within those
cells for at least 72 h. Moreover, expression of fimbriae and extracellular matrix binding
proteins help these bacteria to attach to host cells and cause hemolysis and destruction of
the cells [49]. It is also known that T. pyogenes secretes the exotoxin pyolysin (PLO) and
cholesterol-dependent cytolysin (CDC), which can cause death of epithelial and immune
cells by binding cholesterol in the cell membranes of eukaryotic cells forming pores and
resulting in the death of the cell [50]. Additionally, T. pyogenes has the ability to secrete
neuraminidase, which lowers mucous viscosity creating conditions for the pathogens to
attach easily to the host [49].

E. coli is a Gram-negative bacterium found in greater numbers in cows with uterine
infections [36,51]. Interestingly, E. coli has been found to be prevalent in the first week after
parturition, triggering expression of interleukin-1 beta (IL-1$) and IL-8 by endometrial
epithelial cells [52]. Data reported by [4] stated that after parturition E. coli infections
establishes a suitable environment for T. pyogenes to proliferate in the uterus of dairy
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cattle. A study conducted by Sheldon et al. [53] agrees with the aforementioned findings,
that E. coli isolated from uterine lumen of dairy cows, 2 weeks after parturition, exacerbate,
via synergistic actions with T. pyogenes, chronic uterine infections in dairy cattle. It should be
noted that three different studies, conducted by [36,51,54], reported enteropathogenic E. coli
(EPEC), enterotoxigenic E. coli (ETEC), enterohemorrhagic E. coli (EHEC), and necrotoxic
E. coli (NTEC) in the reproductive tracts of cows.

Fusobacterium necrophorum is a Gram-negative anaerobic bacterium usually found
in the mucous membranes, which secretes leukotoxin and produces cytotoxic effects
against immune cells [55]. Additionally, secretion of ecotin protein (a protease inhibitor),
which has been known to be a potent anticoagulant, inhibits neutrophil elastase, which at-
tacks bacteria at sites of inflammation and decreases plasma kallikrein, a component in
the clotting cascade [55]. Several leukocytes, especially polymorphonuclear (PMN) cells,
monocytes, macrophages, and dendritic cells (DC) are affected by leukotoxin, secreted by
this pathogen, and it is believed to be the main virulence factor of this species [56,57]. In ad-
dition, F. necrophorum is categorized into two subspecies: F. necrophorum subsp. necrophorum
(Fnn) presently known as biovar A and F. necrophorum subsp. funduliforme (Fnf) now known
as biovar B [58]. F. necrophorum has been categorized as a commensal of the gastrointestinal,
respiratory, and genitourinary tracts of animals [57,59]. F. necrophorum’s outer cell mem-
brane is composed of lipopolysaccharide (LPS), which is a bacterial membrane component
composed of a polysaccharide chain known as the O-antigen and Lipid A, which is known
to be toxic to dairy cows [60].

4. Uterine Diseases of Dairy Cows
4.1. Metritis

It is known that metritis is a great concern for dairy farmers worldwide. Given that
metritis affects between 20% to 40% of cows in a herd, it has also a negative impact
on productivity, longevity, and welfare of dairy cows [19]. Uterine infections can be
evaluated by the physical characteristics and odor of the vaginal cervical mucus and a 0 to
3 ranking system has been proposed to evaluate the grade of metritis. According to [5,10],
metritis can be ranked into 3 grades: Grade 1, characterized by having an enlarge uterus
and an infection causing the cow to have a purulent uterine discharge within 21 days
after parturition. Cows have no systemic signs of illness. Grade 2 metritis, in which
signs of illness include fever (>39.5 °C), decreased milk yield, and a fetid red-brown
uterine discharge. Puerperal metritis is highly associated with dystocia, retained placenta,
twin births, and abortion, which occurs during the first week after parturition. Grade 3
metritis also known as puerperal or toxic metritis, in addition to the aforementioned signs
for Grade 1 and 2 metritis, is associated with decreased feed and water intake, and can be
associated with development of the downer cow syndrome [61-63].

Metritis is known as an inflammation of the uterus associated with different clinical
signs including uterine discharges with foul-smelling (usually accompanied by blood),
fever, decreased milk yield, and signs of toxemia [11]. Metritis also is associated with
inflammation of the uterine wall within the first 21 days in milk (DIM) with the peak
incidence between the first 10-14 days after calving. Potential pathogens associated with
metritis such as E. coli, T. pyogenes, F. necrophorum, P. melaninogenica, and Proteus species
have been found in the uterus of postpartum dairy cows [4,64].

Metritis can cause irreversible changes in the reproductive tract of a cow and cause
diseases that damage the endometrium causing infertility, due to the high content of
pathogenic bacteria. Cows with metritis have higher concentrations of uterine LPS as-
sociated with prolonged luteal phase and decrease inflammatory responses in the en-
dometrium [4].

Meanwhile, [9] reported that retention of fetal membranes is a risk factor for both
metritis and endometritis. The same author indicated that the impact of retained placenta
ranges from no effect to severe metritis. Strains of E. coli, Trueperella pyogenes, Fusobacterium
necrophorum, and Prevotella melaninogenica are thought to be primary pathogens causing
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uterine disease, because these bacteria were frequently isolated from the uterine lumen of
diseased cows, and they were shown to affect endometrium [65,66]. Interestingly, E. coli
strains have been found on healthy and infected uteri in Holstein cows with metritis,
although infected cows presented greater amounts of the pathogenic strains [34]. Bacterial
contamination of the reproductive tract, after parturition, may be responsible for 90% of
the infections in postpartum dairy cows [67]. Risk factors that are related to the disease are
age, parity, calving season, environment, nutritional factor, calving conditions and retained
placenta which makes the prevention of this pathology difficult to manage [51].

It has been observed that cows that develop metritis decrease feed consumption
3 weeks before and after parturition, therefore, milk yield and body condition score (BCS)
tend to lower during the first two weeks postpartum. Cows with metritis have lower
BCS than cows with a healthy status. Decrease in feed intake is an early indicator of
metritis; and should be noted that during severe metritis Holstein dairy cows has been
reported to lower the dry matter intake (DMI) up to 1 kg per day [68]. An increased
risk of developing metritis is greater in cows that need assistance for calving due to the
bacterial contamination [69]. After parturition cows with metritis have lower immunity,
which further increases the risk of acquiring other diseases. Reproductive performance is
affected negatively during metritis, delaying the return to a normal estrous cycle, causing
infertility, and resulting in culled cows [51,64].

It has been reported that regardless of the periparturient period the pH median in the
vaginal tract of Holstein cows tends to be around 7.50; however, in heifers the pH values
tend to be slightly higher, around 7.75, during the first week after parturition, which may
increase the odds to develop uterine infections due to the cervix’s compromised state [70].

4.2. Endometritis

Endometritis is a localized inflammation of the endometrium whose principal causal
agents are pathogenic bacteria [5,71]. Commonly, cows that have a detectable mucopuru-
lent uterine discharge in the vagina, after 20 to 33 DIM, are considered to have endometri-
tis [5,24]. Whitish or yellowish mucopurulent vaginal discharges (50% pus and 50% mucus)
are usually a clinical sign of endometritis. Traditionally endometritis has been defined as
subclinical (SCE) and clinical endometritis (CE). However, recent studies have changed the
terminology and definitions.

Clinical endometritis has been defined as local inflammation of the endometrium. It is
commonly associated with presence of purulent or mucopurulent material, containing
>50% pus, in the vagina at or more than 21 days after calving. Those purulent discharges
originate from uterus, and with no concurrent systemic disease [5,6]. Clinical endometritis
commonly affects about 20% of dairy cows in a herd during 3—6 weeks after parturition [24].
Diagnosis of CE can be done by one of the following three techniques: (1) vaginoscope,
(2) a gloved hand, or (3) the metri-check [72,73].

It should be noted that diagnosis of endometritis cannot be relied only upon appear-
ance of abnormal vaginal discharges because they might not be related to inflammation of
the endometrium alone. Therefore, it has been suggested that diagnosis of endometritis
requires a combination of approaches including endometrial cytology, biopsy, or ultra-
sound examination [74]. The current term used for definition of vaginal discharges during
endometritis, cervicitis, or vaginitis or a combination of all is purulent vaginal discharge
(PVD) [6,75]. The incidences of endometritis, cervicitis and from both conditions are 13%,
11%, and 32%, respectively [75]. All these inflammatory conditions, associated with PVD,
affect the outcome of pregnancy by increasing it with 30 extra days [30].

Superficial inflammation of the endometrium is known as SCE. This condition simi-
larly with CE has no systemic illness; however, it affects negatively reproductive perfor-
mance of the cow [76,77]. Given that SCE is difficult to be diagnosed by general inspection
of the cow, it is necessary to use some other diagnostic approaches including endometrial
cytology, histopathology, leukocyte esterase strips (LES), and ultrasonography. It should be
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noted that the latter is not a very accurate way to diagnose SCE; therefore, it has been rec-
ommended that ultrasonography should be accompanied with endometrial cytology [76].

A known and confirmed procedure for the diagnosis of SCE is endometrial cytol-
ogy. This procedure is based on counts of polymorphonuclear leukocytes (PMNs) in
cytology slides. An elevated number of PMNs suggests an inflammatory response of the
endometrium to infection. Some authors have proposed to define SCE as ‘cytological en-
dometritis’ (CYTO). The threshold number of PMNs as diagnostic for SCE is related to time
postpartum and ranges between 5-18% [78]. Generally, it is accepted that a PMN value of
5% is an accurate way of diagnosis of CYTO between 21 and 62 days after calving. It should
be pointed out that the accuracy and repeatability of PMN count has been evaluated and it
is regarded as reliable. CYTO has been associated with detrimental effects on reproductive
performance of the cow with a prevalence varying between 20-30% and is considered as
the most important pathology of reproduction of dairy cows [77].

Two different procedures have been used in dairy cows to obtain an endometrial
sample for cytological examination: the cytobrush (CB) and low volume uterine lavage
(LVUL) or flushing lavage [79,80]. The CB technique is used to sample cells from the vagina,
cervix, or endocervix for counting PMNs. Similarly, a small of amount of uterine fluid
(2 mL) is squeezed out of the uterus through rectal palpation and the fluid is collected.
Smears are prepared for both CB and LVUL and stained with a modified Wright-Giemsa
staining (Diff Quick) [81,82]. Then, cells present are examined.

Several studies have reported that the prevalence of clinical endometritis (CE) ranges
between 18% to 37% of the herd [83-85]. Other studies focusing on subclinical endometri-
tis (SCE) have reported the prevalence of infection ranging between 12% to 94% of the
herd [74,86,87]. Subclinical endometritis can be evaluated and diagnosed by the percent-
age of polymorphonuclear (PMN) cells in cytological samples collected from the uterine
lumen [5,69,77]. Cytological samples containing greater than 18% PMN cells after 21 DIM,
or greater than 10% PMN at 34 DIM after parturition are considered as SCE [5]. Pathogens
such as T. pyogenes, F. necrophorum, and Prevotella have been found frequently in the cy-
tology samples of uterine lumens, increasing the risk of developing an endometritis after
calving [44].

Another important method used to detect endometritis in postpartum dairy cows
is the use of transrectal ultrasonography [76]. Ultrasonography measures the clarity of
fluids from the uterus and the size of the body of the uterus. The measurements of the
uterine horns at the base of the horn can be categorized as follows: small (less than 3.5 cm),
medium (3.5-5.0 cm), and large (>5.0 cm) [76]. LeBlanc et al. [24] reported sizes of uterus
greater than 8 cm in diameter between 20 and 33 DIM in cows with uterine infections.

In another study conducted by [76], uterine cervical diameter was measured in 228
cows in two stages: V1 (20-33 DIM) and V2 (34-47 DIM). The cows in this study had uterine
diameters for the V1 stage of 27.6% (<3.5 cm or small), 52.2% (3.5-5.0 cm or medium),
and 21.5% (>5.0 cm). Whereas for the V2 stage they found 68.4% (<3.5 cm or small), 28.1%
(3.5-5.0 cm), and 3.5% (>5.0 cm). These percentages clearly state that more than half of
the herd had a normal uterine involution during the first 47 DIM and where diagnosed as
healthy cows. Cows with longer duration of uterine infections result in decreased estrus
detection as well as conception and pregnancy rates, and increased days to first service,
which commonly leads to high culling rates in a herd [24,76,77,88].

4.3. Pyometra

Pyometra has been defined “as the accumulation of fluid as well as purulent and
mucopurulent exudate within the uterine lumen associated with a persistent corpus luteum
and a closed cervix” [19]. The literal meaning of pyometra is pus-filled uterus. The disease
is characterized by a suppurative infection and develops during the luteal phase and
progesterone plays a key role in establishment of infection with ascending opportunistic
bacteria. Persistent progesterone release from the corpus luteum plays a role in down-
regulating uterine immune functions and creates conditions for bacterial pathogens to
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succeed. The presence of infection stimulates PGE production and inhibits the release
of PGF2« from the endometrium and extends the luteal phase and is associated with
infertility [67]. Additionally, progesterone production by the persistent corpus luteum
causes closure of the cervix, leading to the enlargement and distension of the uterus due
to the accumulation of exudates and pus in the lumen [71,89]. There are very few, if any,
signs of systemic illness. An affected cow will not exhibit oestrus and is infertile [5,71].
Diagnosis of disease can be done by rectal ultrasonography.

Cultivation-base studies have shown that the most common pathogenic bacteria found
in the purulent material of cows with pyometra have been reported to be F. necrophorum and
T. pyogenes [19]. However, in a study conducted by [35] they reported a variety of bacterial
families belonging to Fusobacteriaceae, Mycoplasmataceae, Bacteroidaceae, Porphyromonadaceae,
and Pasteurellaceae that comprised 85% and 88% of the bacterial microbiota of the lumen
and endometrium, respectively; suggesting a low diversity of bacteria in the uterus of cows
affected by pyometra. Additionally, the authors demonstrated that the bacterial family that
includes F. necrophorum (i.e., Fusobacteriaceae) and which is associated with endometritis
and metritis, [35,48,90], comprised the largest bacterial community in the pyometra cows.
The authors concluded that their finding supports the association between species from
the Fusobacteriaceae family and pyometra. However, the study was not able to confirm
that the other family of Actinomycetaceae, which harbours T. pyogenes, was the second most
important bacterial community, because they found that Actinomycetaceae accounted for 1%
of the OTUs found in the uterine fluid samples of healthy and pyometra cows. Therefore,
they suggested that more research is warranted to clarify the role of T. pyogenes in pyometra.

5. Reproductive Tract Inmunity
5.1. Innate Immunity of the Female Reproductive Tract

In order to protect the fertilized ovum from any potential infection, it is important
that the uterus and upper regions of the genital tract are guarded by immune-related
mechanisms. Accordingly, the cervix is fortified with a variety of antimicrobial defense
mechanisms to prevent entry of bacteria from the greatly colonized lower genital tract.
Innate immunity plays an important role in protecting the endometrium from pathogenic
bacteria and preventing uterine infections. Components of innate immunity involve
the mucus layer, epithelial cell barrier, vaginal secretions, and antimicrobial peptides or
molecules as well as a variety of immune cells. The mechanical aspect includes the process
of desquamation and a mucus layer secreted by endometrial epithelial cells. The mucus
layer prevents the direct attachment of bacteria to epithelial cells [91,92]. It is known
that mucosal epithelial cells in the uterine tract act as protective barrier against bacterial
pathogens. Mucus protects mucosal layers by binding and retaining the pathogenic agent
as a physical and immunological barrier, preventing pathogens from entering further into
the uterine tissues [74,93]. A study conducted by Carson et al. [8] reported that mucin
glycoproteins Muc-1 found in mucus not only protects the host from infections but also is
vital in the reproductive process. Cervical mucus is produced by goblet cells found in the
cervix and some of the cervical mucus components are 5AC and 5B gel forming mucins
present also in the mucus of the cow’s reproductive tract (CRT) [94,95]. Cervical mucus
usually mixes with the vaginal fluids also known as cervicovaginal mucus (CVM) [96].
Additionally, endometrial epithelial cells also are tightly bound to each other and at the
same time prevent penetration of pathogenic bacteria through the epithelial cell layer.
Desquamation of epithelial cells also is part of the reproductive tract innate immunity
because it removes bacteria attached to the epithelial layer in a frequent manner.

The chemical barriers consist of secretion of a variety of antimicrobial peptides in-
cluding lactoferrin, lysozyme, elafin, defensins, and secretory leukocyte protease inhibitor
(SLPI), and a whole variety of defensins [77]. In addition, the chemical barrier involves
pattern recognition receptors (PRR) like Toll-like receptors (TLR) and nucleotide-binding
oligomerization domain (NOD)-like receptors (NLR) (NOD1 and NOD2) [67]. The PRR
expressed in immune cells detect pathogen-associated molecular patterns (PAMP) and
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damage-associated molecular patterns (DAMPs) by the TLR system, which recruit im-
mune cells that secrete cytokines and chemokines triggering an acute inflammatory re-
sponse [92,97]. A study conducted by [98] reported presence of TLR1 through TLR10 in
uterine horns and uterus of female humans, TLR1 through TLR9 in the vagina and cervix,
which lead to production of IL-8 by epithelial cells.

Cells involved in innate immunity include neutrophils, macrophages, dendritic cells
(DC), natural killer cells (NK), and mucosal epithelial cells [99]. Innate immunity is
also known as the first line of defense consisting of mechanical, chemical, and cellular
components [100,101].

Innate immunity in the reproductive tract plays an important role in the defense
against Gram-negative bacteria, which usually are responsible for uterine infections. Neu-
trophils and epithelial cells produce neutrophil activating proteins (NAPs) that act as impor-
tant immune responses against bacterial pathogens [102,103]. An example of NAPs in the
mucus are defensins that play an important role in antibacterial activity, cell proliferation,
and production of cytokines, chemokines, and modulation of adaptive and innate immune
cells, which are moderated by estradiol and progesterone [79,104]. In the human reproduc-
tive tract, elafins and secretory leukocyte protease inhibitor, produced by macrophages
and epithelial cells, have antimicrobial effects against bacterial pathogens [105]. Other com-
ponents, such as lactoferrin and lysozyme, produced by neutrophils and epithelial cells,
also play important roles inhibiting uterine infections and enforcing the innate immune
system by producing antibacterial effects [101].

Antimicrobial peptides found in the vaginal mucus destroy the membrane of pathogenic
bacteria as a defensive action directly related to B and T cells. Neutrophils interact with
PRRs and other killing cells against pathogenic bacteria by the production of enzymes, nitric
oxide, and reactive oxygen species (ROS) on postpartum cows with endometritis [16]. Conse-
quently, the high production of HyO, leads to the killing of pathogenic bacteria [106]. In addi-
tion, PRRs are also directly related to the TLR which manifest as neutrophils, macrophages,
and DC’s and detect pathogenic bacteria associated with immune stimulants such as LPS and
peptidoglycan [99].

It should be noted that decreased recruitment of neutrophils and lymphocytes after
parturition is known to be associated with uterine infections in dairy cows [78,107]. It is the
endometrial tissue infected by pathogenic bacteria that responds first with macrophages.
The latter are activated by bacterial compounds through the TLR system secreting a
multitude of proinflammatory cytokines to attract many more cells to fight the infection of
the endometrium [16]. The most important proinflammatory cytokines include TNF, IL-1(3,
IL-6, IL-8, and IL-12 [108].

Presence of granular lymphocytes and macrophages has been reported in various
regions of the endometrium of dairy cows [109]. Interestingly, studies conducted by [106]
reported that monocytes stimulated by E. coli, in cows with uterine infections, have lower
gene expression of key proinflammatory cytokines than healthy cows, 14 days after partu-
rition. Additionally, the production of acute phase proteins (APPs) and the aforementioned
cytokines help the host to fight inflammation but in excess they would be harmful to the
host itself [110]. Furthermore, cows with metritis or clinical endometritis have higher circu-
lating concentrations of adiponectin, leptin, TNF, IL-1-beta, and IL-6 compared to normal
cows [111]. According to [112], there is a higher ratio of anti-inflammatory mediators such
as IL-10, PGE, and transforming growth factor beta 1 (TGF-(31), secreted by endometrial
cells, and pro-inflammatory mediators such as IL-1 in infertile cows.

5.2. Adaptive Immunity of the Female Reproductive Tract

Adaptive immunity is a pathogen-specific immune response initiated by presentation
of bacterial antigens, by antigen-presenting cells (APCs), to T- or B-cells. The main APCs
in the female reproductive tract are macrophages, DCs, Langerhans cells, and epithelial
cells of the cervix and endometrium [113]. This indicates that presentation of antigens in
the CRT is mediated by both local resident cells and cells that migrate to the CRT from
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systemic circulation. Adaptive immunity of the FRT includes T helper type cell 1 (Th1)
(cell-mediated), Th2 (humoral), T regulatory (Tregs), and Th17 responses.

Th1 cell-mediated immunity is involved in killing bacterial pathogens that enter
inside host cells. There are two types of T cells: CD8* and CD4" cells. The CD8" cells,
known also as CTLs, are involved in killing host cells infected by pathogens and are
driven by presentation of bacterial peptides on the surface of infected cells by MHC class I
molecules. The killing of infected cells occurs through induction of apoptosis or cytolysis
by perforin or granzyme molecules released by CTLs [114]. On the other hand, CD4" cells
produce large amounts of interferon (INF)-y, which mediates cytotoxicity of T cells and
blocks replication of viruses [115,116]. T cells are positioned below the epithelial cell layer
or in-between them in the stroma of vagina, cervix, and uterus [117].

Reproductive tract Th2 humoral immunity involves production of pathogen-specific
immunoglobulins that bind to pathogenic antigens that might be free or that associate with
the pathogen itself. The humoral arm of adaptive immunity prevents potential attachment
of pathogens to epithelial cells and their transgression into the host systemic circulation
as well as neutralization of pathogens by binding and neutralizing their activity. Binding
of specific immunoglobulins to the pathogen surface facilitates pathogen phagocytosis
by macrophages or killing by the complement system. CD4" cells play a crucial role
in humoral immunity driving differentiation of B cell to antibody producing plasma
cells [118]. Female reproductive tract is unique in the sense that unlike other mucosal
surfaces secretes more IgG than sIgA [119,120]. Immunoglobulins present in the secretions
of the genital tract are produced mainly locally but they also derive directly from serum by
the process of transudation. These antibodies are able to prevent adhesion of pathogens to
the epithelial cells and neutralize bacterial toxins and other potentially harmful antigenic
compounds. They are also involved in antibody-dependent, cell-mediated cytotoxicity,
and the promotion of phagocytosis by neutrophils.

T regulatory cells are CD4* T cells and are also part of the FRT adaptive immunity.
They are generated in the thymus gland. These cells are known for their anti-inflammatory
activity or as suppressor-proinflammatory T cells like Th1, Th2, and Th17 [121]. Their in-
hibitory effects are either by inhibiting directly the effector T cells or by blocking APCs
and consequently activation of effector T cells. The mechanism by which Tregs affect
effector cells is by releasing cytokines or molecules that directly inhibit the functions of
those cells. For example, Tregs compete with effector T cells for IL-2, a cytokine necessary
for proliferation of both Tregs and effector T cells. Tregs also secrete anti-inflammatory
molecules including IL-10 and TGF-beta which have similar effects on effector T cells.

T helper type 17 cells are a distinct subset of CD4" T cells that play an important role in
regulating immune responses against bacterial and fungal pathogens in the FRT and other
mucosal sites [122]. Th17 cells are lymphocytes that secrete mainly IL-17 [123]. In the pres-
ence of pro-inflammatory cytokines such as IL-6, regulatory T cells differentiate into Th17
cells that are involved in inflammation. Interleukin-17 is pro-inflammatory and induces
expression of other pro-inflammatory cytokines and chemokines by stimulating other
immune cells [121]. Additionally, Th17 cells are associated with neutrophil recruitment to
the female reproductive tract and are critical for the clearance of pathogenic bacteria [124].
Th17 cells have also been shown to regulate neutrophil migration in mouse chlamydial
infections and are thought to play a role in late-stage spontaneous abortion [125,126].

6. Treatment of Uterine Infections
6.1. Conventional Treatment of Uterine Infections

Current treatment of uterine infections is based on utilization of a variety of antimi-
crobial compounds (Table 1). It should be noted that treatment of uterine infections with
antibiotics, iodine solutions, and hormones has shown different efficacies [27]. Addition-
ally, although antibacterial compounds help treat uterine bacterial infections there are
several issues associated with their use. First, selection of antibiotic or medication drug
to be used is very important and should be based on a lab testing of its efficacy prior to
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beginning of the treatment. Meanwhile the cow’s health condition might be exacerbated.
Second, selection of a single antibiotic or a combination of antibiotics and other drugs to
be used for treatment needs in vitro testing in a lab to increase efficacy. Third, antibiotic
or drug resistance of bacteria is growing which requires restricted use of antimicrobial
compounds only for emergency cases. Fourth, antibacterial medications have the potential
to be excreted through milk and therefore milk withdrawal should be applied. This has
economic consequences on the dairy farm. Fifth, there is growing concern that food animal
antimicrobial resistance might transfer to human bacteria and that it might lower efficiency
for treatment of human emergencies. Therefore, exploration of alternative treatments
to antimicrobial drugs is of utmost importance. Sixth, utilization of antibiotics or other
drugs for treatment of uterine infections is associated with alterations in the composition
of reproductive tract microbiota. For example, [127] reported that the use of ceftiofur
was associated with important changes in the composition of microbiota at community,
phylum, and genus levels, whereas ampicillin did not have an effect on uterine microbiota.
Moreover, uterine Bacteroidetes were increased in cows treated with ceftiofur; but there were
no changes in uterine microbiota in cows treated with ampicillin and in those left untreated.
Additionally, treatment of cows with ceftiofur or ampicillin led to different outcomes with
regard to abundance of Gram-negative genus Porphyromonas, which increased with ceftio-
fur and decreased with ampicillin use. Another interesting finding reported by [127] was
that if metritis was not cured there was a decrease in the diversity of uterine microbiota
and an increase in the relative abundance of Bacteroides, Porphyromonas, and Fusobacterium.
It is not known whether the shifts in uterine microbiota driven by antibiotic treatment
are restored to the original level or whether the imbalanced is permanent. Additionally,
it is not known whether these microbiota shifts affect reproduction performance of cows
treated with antibiotics.

Table 1. Treatment of postpartum uterine infections in dairy cows L

Uterine Infection

Antibiotics Hormones Disinfectants

Metritis, endometritis,
and pyometra

Penicillin, ampicillin, ceftiofur,
oxytetracycline, cloxacillin,

aminoglycosides, nitrofurazone, 1. Prostaglandins and Estrogens . 1
. . . Todine, chlorhexidine or cresol
and sulfonamides 2. Oxytocin and ergonovine
+

Distilled water or saline

Application Infusion and injection Injection Infusion
-Microbial resistance . .
. -Production costs increase . .
. -Residues . -Endometrial necrosis and
Disadvantages -Contraction of the uterus

-Production costs increase
-Endometrial irritation

regarding the size of the cervix irritation of the epithelium

1 [128-133].

We refer the readers to some more recent studies that review, analyze, study or discuss
in more detail utilization of antimicrobial compounds for treatment of various uterine
infections in dairy cows as well as the efficiency of various antibiotics including ampicillin,
ceftiofur and many more [134-136].

Although there are no preventive treatments developed to curb down uterine infec-
tions in commercial dairy farms, research work conducted by our lab and others indicate
that using probiotic bacteria intravaginally might be beneficial and promising.

6.2. Other Non-Conventional Treatments of Uterine Infections

Besides conventional treatments for uterine diseases described above there has been
various studies that have tested other non-conventional treatments against uterine infec-
tions. The philosophy behind these treatments is based on the fact that there is present
a systemic inflammatory response in dairy cows around calving and especially during
uterine diseases. Some of these studies have used oral anti-inflammatory treatments includ-
ing non-steroidal anti-inflammatory drugs (NSAID) in the first week postpartum. Results
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of these studies have been mixed. One study reported negative effects on glucose and
non-esterified fatty acids (NEFA) but positive effects on milk yield [137,138]. Another
study that used acetylsalicylic acid several hours postpartum reported a lower prevalence
of fetid vaginal discharge at 7-days postpartum [139]. On the other hand, another study
using flunixin showed increased incidence of retained placenta and increased incidence of
metritis [140].

Another area of research has been using granulocyte colony-stimulating factor, which is
part of the growth factors family, and is known for stimulating conversion of hematopoietic
stem cells to granulocytes. This compound has been used to trigger increase of neutrophil
counts and their extravasation to the sites of inflammation [141]. Although compounds of
this family have had some benefits with reduction of mastitis incidence they have been
associated with greater incidence of lameness, displaced abomasum, and total clinical
disease [142].

Given that the number of neutrophils lowers during uterine infections, another
compound that has been tried to improve this deficiency has been interleukin-8 (IL-8).
Interleukin-8 is known for his chemoattractant properties toward neutrophils. Intrauterine
infusion of recombinant bovine IL-8 (rbIL-8) by [143,144] within 24 h postpartum was
reported to increase proportion of neutrophils in the vagina and uterine lumen and lower
the prevalence of puerperal metritis in multiparous cows but had no effect on the incidence
of retained placenta. The reader is referred to [145] for more details on this field of research.

6.3. Intravaginal Probiotics: A New Approach to Preventing Uterine Infections

The Food and Agriculture Organization of the United Nations (FAO) defines the term
“probiotics”, as live microorganisms that, when administered in adequate amounts, confer
a health benefit on the host [146]. Probiotics have a positive effect in the gastrointestinal
and genitourinary flora decreasing the growth of pathogens by antimicrobial properties.
Lactobacillus spp. has been known as one of the most important and the most studied
beneficial microorganisms in treating bacterial vaginosis and urinary tract infections in the
CRT [147].

It should be noted that the microbiota of the vaginal tract of dairy cows is not dominated
by Lactobacillus strains as is the vaginal tract of female subjects [148]. There is also a difference
in the vaginal pH between dairy cows and human vaginal pH, with cows having a slightly
acidic to slightly alkaline neutral or slightly alkaline value (pH 6.8-7.35) and humans having
an acidotic vaginal pH (3.5-4.5) [143]. Lactobacilli are known to produce lactic acid through
hydrolysis of glycogen present in vaginal mucosa and lower the vaginal pH to acidic values,
which is unique to humans [148]. Acidic vaginal pH plays a significant role in the prevention
of bacterial infection [143]. It should be noted that, Lactobacilli use glycogen, released by
vaginal epithelial cells to produce lactic acid. Interestingly, glycogen has been reported also
in the vaginal tract of dairy cows [149]. Given that lowering vaginal pH is a physical barrier
to pathogenic bacterial infection several studies in dairy cows have explored the potential
of using intravaginal Lactobacilli to prevent vaginal and uterine infections.

A study conducted by our lab applied intravaginally a mixture of three strains of LAB
in transition dairy cows around calving. A total of 82 cows were split into 2 experimental
groups (41 cows per group). The control group was treated with 1 mL of carrier (sterile
skim milk) and the treatment group was treated with 1 mL of a mixture of three lactobacilli
including Lactobacillus sakei, Pediococcus acidilactici FUA 3140, and P. acidilactici FUA 3138
at 10'°-10'2 CFU of LAB/wk/cow. Six treatments were administered intra-vaginally at
week 2 and 1 prior to parturition and at weeks 1-4 post-partum, on a weekly basis. Lactic
acid bacteria were recovered from the mucus of the vaginal tract of healthy multiparous
dairy cows [36]. Results of this study proved for the first time in dairy cows that intrav-
aginal probiotics could lower the occurrence of purulent vaginal discharges (PVD) [150].
There was no effect of treatment on pregnancy rate. Interestingly, administration of LAB
lowered plasma haptoglobin, an indicator of uterine infections, and also increased milk
yield from multiparous cows by 3 kg/d for the first 50 DIM.



Dairy 2021, 2

52

In a second study conducted by our lab a total of 100 cows were randomly assigned to
3 groups. Three groups of cows (11 = 33 cows per group) were treated either with carrier
alone (sterile skim milk) or with 2 doses of LAB only prepartum and 1 dose of carrier
(treatment 1) or 2 doses of LAB prepartum and 1 dose of LAB after calving (treatment
2). The same mixture of LAB (composed of L. sakei FUA3089, P. acidilactici FUA3138,
and P. acidilactici FUA3140 with a cell count of 108-10° cfu/dose) were administered
intravaginally to the two treatment groups. Data demonstrated that cows treated with
LAB had lower incidence of metritis and total uterine infections (i.e., metritis, clinical
endometritis, and pyometra) and also lower systemic lipopolysaccharide binding protein
(LBP) and tended to have lower systemic serum amyloid A (SAA) and higher vaginal
mucus sIgA [51]. Moreover, data from the same study showed that intravaginal LAB
expedited uterine involution, as indicated by smaller size of uterine horn and body in the
treated cows at 14 days postpartum. In this study we confirmed that intravaginal LAB
were able to increase milk yield and feed efficiency in the treated cows [151]. LAB-treated
cows in the same study had higher concentrations of IgG and lower concentrations of
Hp in the milk at 3 DIM (i.e., colostrum) compared with cows that were left untreated.
Interestingly, intravaginal LAB lowered concentrations of NEFA in the serum of the treated
cows. High concentrations of NEFA in the blood around calving have been associated with
negative energy balance and fatty liver [152].

A third study by our lab confirmed again the positive effects of intravaginal probiotics
in a larger number of cows and multiple dairy farms (3 conventional Holstein herds and 1
organic Jersey herd) by lowering the incidence rate of uterine infections by 29% (Barahona
and Ametaj, 2018—unpublished data). Interestingly, the decrease in the incidence rate of
uterine infections in the organically managed Jersey herd was 50%. As an average, all dairy
cows treated with intravaginal LAB produced 4.0 kg milk/day more than untreated cows
for the first 56 DIM.

In a similar study conducted by [153], using a mixture of three commercially available
LAB, they confirmed that intravaginal probiotics lowered the incidence of uterine infections
by 60%. Genis et al. [153] also tested in vitro the potential role of LAB in the prevention
of endometrial cell infection by E. coli. Indeed, results showed that E. coli infection was
lowered by 83% in presence of Pediococcus acidilactici in vitro. Lactobacillus sakei lowered
infection of endometrial cells by 87%. Lactobacillus rhamnosus and L. reuteri lowered infection
of endometrial cells by E. coli by 38% and 78%. The authors reported that one potential
mechanism for prevention of E. coli infection was enhanced expression of occludin (a tight
junction protein) by several fold by all the aforementioned LAB. Genis et al. [153] also
confirmed previous findings by [150], and [51] and concluded that probiotics composed
of LAB and infused intravaginally in dairy cows, lowered the prevalence of metritis by
62% over dairy cows that were not treated. Differences were found in reducing the blood
concentration of IL-1§3, IL-6, IL-8 and TNF, which are inflammatory mediators.

Genis et al. [153] also conducted mechanistic studies in vitro to better understand how
the LAB affect endometrial cell response during E. coli infections. They used three doses of
LAB of a combination of 4 LAB (L. rhamnosus, P. acidilactici, L. reuteri, and L. sakei). Results
indicated that the dose of LAB used is important with regard to easing or aggravating
the inflammation induced by E. coli infection. Overall results indicated that the best
combination of LAB to ease E. coli inflammation and infection was utilization of L. rhamnosus
atratio 25, P. acidilactici at ratio 25, and L. reuteri at ratio 2 (The ratio of each LAB corresponds
to the number of LAB/epithelial cell in vitro).

6.4. Mechanisms of Action of Probiotics

Lactic acid bacteria are anaerobic Gram-positive bacteria that lack catalase, and that
ferment glucose to lactic acid, CO,, and ethanol. They grow anaerobically as aerotoler-
ant anaerobes and since they lack catalase, peroxide radicals are detoxified by means of
peroxidase enzymes [154]. Moreover, it is commonly accepted that LAB increase micro-
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biological, physiological, and immunological defenses on commensal bacteria and the
immune system [154].

The host benefits from LAB due to their capacity to inhibit or eliminate pathogens
through the production of a multitude of compounds including organic acids, bacteri-
ocins, and various antimicrobial compounds [155,156]. The production of antimicrobial
substances by LAB maintains the vaginal pH at acidic value creating a hostile environment
for the growth of pathogenic bacteria [36,157-159].

One of the most studied antimicrobial peptides produced by probiotic bacteria is
bacteriocin. Production of bacteriocin is regarded as an important trait for selection of
probiotic bacteria. Bacteriocins are peptides that have a multitude of actions including;:
(1) serving as colonizing peptides, (2) acting as killing peptides, or (3) playing the role of
signaling molecules [160]. Production of bacteriocins may give probiotics a competitive
advantage against antagonistic bacteria or create favorable conditions for cooperative
microorganisms in a specific mucosal layer. The ability of bacteriocins to inhibit growth of
pathogenic bacteria has been well documented [161-163]. In a study conducted by our team
we evidenced the effect of several strains of pediocin-producing Pediococcus acidilactici on
growth of Enterococcus faecalis FUA3141. Indeed, data showed that Ped. acidilactici FUA3138
and FUA 3140 produced inhibition zones against E. faecalis. Additionally, probiotic peptides
might serve as quorum sensing peptides that at higher concentration act as inhibitors and
at low concentrations as signaling compounds [164]. Studies conducted by Meijerinket
al. [165] and van Hemert et al. [166] identified genes in Lactobacillus plantarum that may
influence the activity of dendritic cells and neutrophils. Deletion of those genes was shown
to change substantially the cytokine profile of the host. Those genes were involved in
bacteriocin production and secretion.

Besides bacteriocins, probiotic bacteria have a multitude of other means of providing
the host and themselves advantages over pathogenic bacteria. Some of the most important
mechanisms of action of probiotics that benefit the host include: (1) strengthening of
epithelial barrier functions; (2) establishing biofilms on mucosal layers; (3) preventing
adhesion of pathogens; (4) competing for essential nutrient; (5) production of anti-microbial
compounds; (6) modulation of the immune system; (7) changing of vaginal pH [167].

6.4.1. Strengthening Epithelial Barrier Functions

Probiotic bacteria are involved in enhancing epithelial barrier functions by increasing
expression of genes involved in tight junction signaling [168]. For example, lactobacilli
have been shown to influence expression of genes related to adherence junction proteins,
such as E-cadherin and pB-catenin, in a T84 cell barrier model. Likewise, incubation of
intestinal cells with lactobacilli differentially influences the phosphorylation of adherence
junction proteins and the abundance of protein kinase C (PKC) isoforms, such as PKC9,
thereby positively modulating epithelial barrier function [169].

6.4.2. Adhesion on Epithelial Layers

Adhesion of probiotics to mucosal layers is one of the desired characteristics for their
selection. Probiotic bacteria compete with pathogens for niches, and if they have good
adherence capabilities they can block adherence of pathogens. The adhesion of probiotics
also is important, because it creates the possibility of interaction with the host and estab-
lishment of colonies on epithelial layers [170-172]. Lactobacilli secrete several proteins
that function as mucus binding proteins that help adhesion of probiotics. Thus, several
proteins from Lactobacillus spp. have been shown to interact with mucous layers [173].
In this regard, several studies have shown the inhibitory effects of Lactobacillus rhamnosus
LGG against vancomycin-resistant enterococci (VRE) in human patients [174,175]. More-
over, [176] demonstrated a new mechanism of how L. rhamnosus GG inhibits binding of
Enterococcus faecium and its decolonization. The authors showed that one of the VRE pilus
structures shares structural similarity with mucus binding SpaCBA-Srtc1 pilus cluster of
L. rhamnosus GG. Indeed, both L. rhamnosus GG and VRE express pili on their cell wall,
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which bind to mucus secreted by the host. L. rhamnosus GG pili are able to prevent binding
of VRE to the host. The authors indicated that the mechanism discovered supports both
the recognized mechanism of competitive exclusion and a new mechanism of induction of
cross-immunity activity against bacterial pathogens.

Another interesting mechanism of the adhesion characteristic of probiotics is their
ability to attach to other bacteria of different species known as the co-aggregation or with
the same species known as auto-aggregation [177]. Several studies have revealed that
the protective role of probiotics is exercised by bringing pathogenic bacteria together into
co-aggregates and by preventing establishment of biofilms, which is a form of existence and
survival of pathogenic bacteria [178]. A study by [179] reported that two probiotic strains
of L. reuteri co-aggregated with Candida albicans, during the process of biofilm development,
creating an unfavourable environment that inhibited the growth of yeast.

6.4.3. Competing for Essential Nutrients

Probiotic bacteria use a whole variety of mechanisms to compete for mucosal sites
and nutrients with pathogenic bacteria. Competing for essential nutrients is of utmost
importance for survival of probiotics and for starving and harming pathogenic bacteria.
Nutrients are crucial for bacterial growth and creation of an unfavourable environment.
This phenomenon is known as competitive exclusion and has beneficial effects on a multi-
tude of mucosal layers where microbiota play significant roles on host health, including
the genital tract. Several studies in human subjects have shown that probiotic bacteria
are helpful for treatment and prevention of genital infections [180-183]. In this regard,
some clinical trials in humans have reported a temporary colonization of probiotic bacteria
in the vagina and have proven that probiotics are beneficial for prevention of bacterial
vaginosis [184—-186].

6.4.4. Production of Organic Acids

Other mechanisms involved in the health benefits provided by probiotics include
production and release of organic acid like lactic acid and acetic acid. When compared
to lactic acid, acetic acid has a broader spectrum of antimicrobial activity. In this regard,
it is known that there is a synergistic effect of both acids and that mixtures of acetic
and lactic acid suppress growth of the pathogenic Gram-negative enteric bacterium like
Salmonella typhimurium [187]. Lactic acid and acetic acid have a strong inhibitory effect
on Gram-negative bacteria, and they have been considered very important compounds
responsible for some of the inhibitory activity of probiotics against pathogens [188-190].
The mechanism by which organic acids damage pathogenic bacteria is related to entering
of the undissociated form of the organic acid into the bacterial cell and then dissociating
inside pathogenic cytoplasm. The subsequent lowering of pathogen’s intracellular pH or
accumulation of the ionized form of the organic acid leads to death of the pathogenic bac-
terium [191,192]. It has been shown that the L-isomer form of lactate has greater inhibitory
activity against pathogens than D-isomer [193]. It should be noted that bacteria respond
in different ways to the acidity of the environment. For instance, if the environmental pH
lowers <5.0, lactic acid can inhibit the growth of spore-forming bacteria, but it has no effect
on the growth of fungi or yeasts.

6.4.5. Production of Antimicrobial Substances

Lactobacilli produce a multitude of inhibitory and antimicrobial substances to prevent
infection of the vaginal mucosa caused by pathogenic bacteria [194]. Lactobacilli are
known to produce bacteriocin-like substances and small antibacterial peptides (AMPs).
The mechanisms of action of bacteriocins were explained at the beginning of this section;
however, the common mechanisms of bacteriocin-mediated killing include the destruction
of target cells by pore formation and/or inhibition of cell wall synthesis [195].

Lactobacilli isolated from healthy vaginal swabs have been shown to have antimi-
crobial activity in vitro against Salmonella, Gardnerella, Enterococcus, and Neisseria by the
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production of antimicrobial substances [194]. Additionally, Lactobacillus salivarius is able
to produce a bacteriocin (ABP-118), which has bacteriostatic effects on the growth of a
variety of pathogens including Bacillus, Listeria, Enterococcus, and Staphylococcus species.
It is interesting to note that the growth of most Lactobacillus species is not inhibited by
these antimicrobial peptides, thus imparting a selective advantage against pathogenic
bacteria [196]. Lactobacillus lactis also produces a two-peptide bacteriocin (i.e., lacticin 3147).
Lacticin is able to establish selective ion pores having a broad-spectrum bacteriostatic effect
on Gram-positive bacteria, including isolates of Clostridium difficile [197-199].

Another antimicrobial compound is hydrogen peroxide (H,O;) is an inhibitory com-
pound against different pathogens. It catalyzes the oxidation of halides by peroxidases
which results in the formation of metabolites with a potent toxicity, i.e., the corresponding
hypohalous acid or halogen [200]. Early studies have shown that vaginal Lactobacillus spp.
have the capability to produce substantial amounts of H,O, in vitro. For example, [201]
showed that almost 80% of the vaginal Lactobacillus spp. in healthy human females were
able to produce HyO,. Furthermore, a study [202] conducted in 215 sexually active women
revealed that H,O, was produced by 95% of L. crispatus and 94% of L. jensenii vaginal
isolates. In pregnant females, HyO,-producing Lactobacilli seem to protect them against the
development of bacterial vaginosis, being an important bacterial group to maintain an eco-
logic balance [203]. Of note, it has been suggested that under low oxygen conditions of the
vagina, the concentration of H,O; is unlikely to attain toxic levels that inhibit pathogenic
microorganisms [204]. Additionally, a study by [205] indicated that the activity of H,O,
can be reduced by fluids secreted by the vaginal tract, implying that production of HyO,
by vaginal lactobacilli might not be of significance for in vivo protection.

6.4.6. Modulation of Immune System

Many beneficial effects of lactobacilli are related to their ability to redirect the host
immune responses. Human research in vitro has shown that L. crispatus [206-208] and L.
jensenii [209] act both through colonization of epithelial cells and modulating secretion
of various cytokines. For example, secretion of IL-8 is inhibited, whereas release of inter-
leukin (IL)-10, IL-6, and defensins are induced ensuring homeostasis of immune responses.
Interestingly, L. crispatus SJ-3C-US strain, was shown to up-regulate production of IL-10
by dendritic cells, which is known to have anti-inflammatory functions [210]. It has been
shown that many of the immune effects of lactobacilli are related to lactic acid. Thus, lactic
acid has been shown to suppress inflammatory responses from vaginal and cervical ep-
ithelial cells by inhibiting secretion of IL-6, IL-8, RANTES, and TNF-« secretion, which are
released by the host in response to presence of pathogenic bacteria [211]. Both L- and
D-lactic acid isomers have been shown to mediate the anti-inflammatory effects [211,212].

There is scarcity of data with regard to in vivo effects of probiotics on immune mod-
ulation. Two lactobacilli strains including Lactobacillus salivarius CRL 1328 and L. gasseri
CRL 1263 have been proposed as good candidates for keeping a balanced vaginal micro-
biota and engaging host immunity. In humans, Hemalatha et al. [213] and Mastromarino
et al. [214] have demonstrated that intravaginal Lactobacillus tablets lower concentrations of
proinflammatory cytokines IL-1f3 and IL-6 in both healthy women and women affected by
bacterial vaginosis. In another study conducted by De Gregorio et al. [215] and involving
mice infused intravaginally with lactobacilli, no effect was reported on the number of
vaginal washing granulocytes and macrophages.

In a study conducted by our lab in dairy cows infused intravaginally multiple times
around calving with a mixture of three lactobacilli, it was observed that both local and
systemic immunity were modulated [51]. The data showed that intravaginal lactobacilli
lowered concentrations of systemic lipopolysaccharide binding protein (LBP), and in-
creased vaginal mucus secretory immunoglobulin A(sIgA). There was also a tendency for
systemic serum amyloid A (SAA) to be lower in the treated cows. There were no differ-
ences found in the serum concentrations of haptoglobin (Hp), TNF, IL-1, IL-6, and total
IgG between the lactobacilli-treated groups and the control cows.
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An early study conducted by [216] reported the effects of infusing in the uterus two
probiotic bacteria in separate groups. The first group received in the uterus 20 mL of
1% glucose and the strain of Lactobacillus spp. G 013 (5.5 x 108) CFU/mL and another
group was treated similarly with Lactobacillus casei CCM 1753 (1.2 x 108 CFU/mL. Control
cows received only 20 mL 1% glucose solution. Treatment was applied 8-12 days of
the estrus cycle. Endometrial tissue samples were collected at 5-6 and 10-12 days after
treatment. Results showed that Lactobacilli colonized the uterus of the treated cows for up
to 12 days post-treatment. Additionally, the authors reported infiltration of mononuclear
cells especially mast cells and macrophages in the uterus. No differences were observed
on the effects of the two lactobacilli used. The authors suggested to use lactobacilli for
prevention of endometritis.

6.4.7. Changing Vaginal pH

It is known that the vaginal lactobacilli of female humans have the ability to produce
lactic acid through the fermentation of sugars, leading to a low pH which prevents the
proliferation of microorganisms that can cause urogenital infections [217,218]. However,
this is not true for the vaginal pH of dairy cows, which as already indicated previously,
is not dominated by lactobacilli and has an alkaline pH in periparturient cows at around
7.50 [71]. Besides creating a hostile environment for pathogenic bacteria, the acidic pH
supports growth of lactobacilli [154]. These data support the reported findings, by our
team and others [158,159] on the beneficial effects of infusing lactobacilli into the vaginal
tract of dairy cows in lowering the incidence of uterine infection. For example, Pediococcus
pentosaceus SB83 has been shown to lower the vaginal pH values from 6.5 to 4.2 within a
period of 24 h [219]. Additionally, Boris et al. [220] and Tomaés et al. [221] have demonstrated
that acidification of the vaginal tract can inhibit the growth of pathogenic bacteria including
Gardnerella vaginalis and E. coli, related to infection of the urogenital tract.

7. Conclusions

During the first weeks after parturition the uterus is exposed to a whole variety of
pathogenic bacteria, which cause a multitude of infectious diseases. Some of the uterine
infectious diseases include metritis, endometritis, and pyometra. Several strains of both
Gram-negative and Gram-positive pathogenic bacteria have been identified as the main
causative agents of uterine infections. Infectious diseases of the uterus affect directly the
fertility and productivity of dairy cows and consequently the financial bottom line of dairy
industry. The current medication of uterine infections includes systemic utilization of
antibiotics. Given public concern with respect to development of antibiotic resistance,
new alternatives for preventing uterine infections have been explored by several research
labs during the last 5 years. In this review article we present the potential of probiotics
as a ‘green’ technology to lower the incidence of uterine infections in dairy cows and
give several examples of how intravaginal lactobacilli have lowered uterine infections and
have improved immune responses and milk yield. The mechanisms of how intravaginal
lactobacilli lower infection by pathogens and improve the health of dairy cows is related
to a multitude of actions that that have been discussed in detail in this article. There is
much knowledge with regard to probiotic-host interactions in human research and less
such knowledge in cattle. There are differences between the vaginal microbiota of human
females and dairy cows. Therefore, more research in this area is of utmost importance
to better understand the benefits and the mechanism(s) of action of probiotics in the
reproductive tract of cattle.
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