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Abstract: Periparturient diseases continue to be the greatest challenge to both farmers and dairy cows.
They are associated with a decrease in productivity, lower profitability, and a negative impact on cows’
health as well as public health. This review article discusses the pathophysiology and diagnostic
opportunities of mastitis, the most common disease of dairy cows. To better understand the disease,
we dive deep into the causative agents, traditional paradigms, and the use of new technologies for
diagnosis, treatment, and prevention of mastitis. This paper takes a systems biology approach by
highlighting the relationship of mastitis with other diseases and introduces the use of omics sciences,
specifically metabolomics and its analytical techniques. Concluding, this review is backed up by
multiple studies that show how earlier identification of mastitis through predictive biomarkers can
benefit the dairy industry and improve the overall animal health.
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1. Introduction

Mastitis is a multifactorial inflammatory disease of the mammary gland. This intra-
mammary infections (IMI) is most commonly caused by bacteria such as Escherichia coli,
Staphylococcus aureus, and Streptococcus spp. and often times by fungi too. Mastitis is seen
in dairy herds between the dry-off and early lactation period [1]. Other rare causative
agents of mastitis can be trauma or toxic chemicals [2]. Mastitis presents chemical and
physical alterations to the milk and abnormal mammary gland appearance. Depending
on the signs and severity, mastitis can be classified as clinical mastitis (CM) or subclinical
mastitis (SCM). Mastitis is commonly monitored by measuring the somatic cell count (SCC)
in milk, which if exceed 200,000 cells/mL, the mammary gland is considered inflamed and
this highly suggests infection [3], as presented in Figure 1.

This disease can significantly impact the health of dairy cattle and dairy farm profitabil-
ity [4]. Indeed, the financial impact of mastitis is considerable, as it is estimated to cost a
Canadian dairy farmer USD 662/year per cow [5]. In fact, reproductive disorders and mas-
titis are the most common reasons why dairy cows are prematurely culled from the herd [6].
The median incidence of CM has been estimated to be 19 cases per 100 cows/year [5],
whereas the incidence of SCM is estimated to be up to 50 cases per 100 cows/year [7].
Farm management is a significant factor in the occurrence of IMI; thus, different farms
will have different levels of CM or SCM [8]. Given the excessive costs and impact on
dairy production, profitability and herd health, there is a strong global effort to lower
mastitis incidence, reduce the negative impact and improve milk quality, production, and
farmer finances.

Dairy 2022, 3, 722-746. https:/ /doi.org/10.3390/dairy3040050

https:/ /www.mdpi.com/journal/dairy


https://doi.org/10.3390/dairy3040050
https://doi.org/10.3390/dairy3040050
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/dairy
https://www.mdpi.com
https://orcid.org/0000-0001-7956-8691
https://orcid.org/0000-0002-3207-2434
https://orcid.org/0000-0003-0957-9373
https://doi.org/10.3390/dairy3040050
https://www.mdpi.com/journal/dairy
https://www.mdpi.com/article/10.3390/dairy3040050?type=check_update&version=1

Dairy 2022, 3

723

l.‘l‘

|
W panned
fo bacterhy

LR J e
LA e ™
ay 2 3

NN

w

Figure 1. Schematic presentation of mastitis pathogenesis. Typically, (1) once bacteria invade the
teat end and ascend into the teat canal and alveoli, a local immune reaction starts; (2) bacterial by
products, such as lipopolysaccharide (LPS) or outer membrane vesicle (OMV) of Gram-negative
pathogens act as pathogen-associated molecular pattern (PAMP), which is recognized by pathogen
recognition receptors (PRR), specifically Toll-like receptor 4 (TLR4), on macrophage type 1 (M1).
After this contact, (3) humoral elements, such as cytokines (IL1, IL6, and TNF) and chemokines
[interleukin(IL)-8] are released that alert other white blood cells, mainly polymorphonuclear (PMN)
leuckocytes in the systemic circulation and trigger the release of acute phase proteins; (4) Once PMN
have entered in the infected area, through mammary epithelial cells (MEC), (5) they engulf and
kill bacteria through phagoctysis. If this inflammation is persistent, (6) then adaptive immunity is
activated via the interaction of macrophages with lymphocytes, like T-regulatory cells.

The goals of this review are to present and discuss current and recent breakthroughs
in mastitis diagnostic methods, as well as to introduce research on biomarker discovery
and its possible application in dairy farms.

2. Disease Etiology and Pathogenesis
2.1. Disease Etiology and Traditional Bacterial Infections

In 1988, Watts listed 137 microorganisms as being causative for mastitis [9]. Later
Zadoks and colleagues reported more than 200 pathogens are associated with this pathol-
ogy [10]. Most mastitis cases in dairy cattle are thought to derive from contagious, environ-
mental pathogens, or opportunistic microbes such as non-aureus Staphylococci (NAS) [11].
Following is a more detailed list of some of the most important agents causing IMI, pre-
sented in Table 1.

Table 1. Classification of mastitis pathogens Adapted from Constable and colleagues (2017) [12].

Contagious Environmental Opportunistic
Staphylococcus aureus Escherichia coli Non-aureus Staphylococci:
Streptococcus agalactiae Streptococcus uberis Staphylococcus simulans
Corynebacterium bovis Streptococcus dysgalactiae Staphylococcus chromogens
Mycoplasma spp Klebsiella spp

Corynebacterium pyogenes
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2.1.1. Staphylococcus aureus

Staphylococcus aureus is currently one of the most problematic mastitis pathogens. It is
more predominant in chronic or subclinical forms of the disease, causing mild, moderate,
and severe infections that can cause sudden death [12]. It invades the mammary tissues
and causes necrosis through the release of lipoteichoic acid (LTA) into the interstitial tissue
of the mammary gland (MG) [13]. Staphylococcus aureus can also produce biofilms as a
barrier against the host immune response. These infections are more common during early
lactation and are associated with continuous losses in milk production [14,15]. LTA of
Gram-positive bacteria, such as S. aureus, tend to elicit a weaker immune response. This is
because S. aureus can dampen the activation of the NF-kB signaling pathway, not eliciting
a strong proinflammatory cytokine expression [16,17]. Because of other variables such as
cow age, infection spread, and treatment length, these infections cannot be fully controlled
with antimicrobial treatments alone [18].

2.1.2. Escherichia coli

Escherichia coli is the primary pathogen that causes clinical signs of mastitis. This
Gram-negative bacterium is found in the environment and causes acute to peracute in-
fections resulting in a rapid, sometimes fatal, immune response [19]. Due to the systemic
inflammation that follows E. coli infection, much more damage to the mammary gland
and a substantial reduction in milk yield can occur, compared to infections by other
pathogens [15]. The mammary gland operates under low oxygen pressures, making it a
suitable environment for this coliform bacterium to thrive and flourish [20]. E. coli can be
found in a non-pathogenic form in the udder, as well as gastrointestinal and reproductive
tracts. Under non-favorable conditions, LPS released by Gram-negative bacteria such as
E. coli can translocate into the systemic circulation and cause endotoxemia [21].

2.1.3. Streptococcus uberis

Streptococcus uberis, a common environmental pathogen that causes moderate clinical
signs, which manifests as abnormal and visible changes in the mammary glands affected
by CM [22]. It is a Gram-positive microorganism, present in pasture and free-stall systems,
and because of its ubiquity in the environment, it can become a persistent causative agent
of mastitis [22-24].

2.1.4. Klebsiella spp.

Klebsiella spp. are Gram-negative, environmental pathogens that cause 2-9% of clinical
mastitis cases [25,26]. The importance of Klebsiella spp. is related to economic losses as these
infections lower milk yield and increase veterinary bills. Furthermore, most cows that
are positive for Klebsiella spp. are predisposed to life-threating mastitis and not a positive
prognosis [27]. The pathogenicity of Klebsiella spp. infection is proposed to be mediated
by many virulence genes and biofilm formation. Furthermore, 42% of all mastitis samples
with Klebsiella spp. demonstrate antimicrobial resistance (AMR) [28,29].

2.1.5. Opportunistic Pathogens

Most opportunistic pathogens causing mastitis fall into the category of non-aureus
staphylococci (NAS). These microbes are common residents of the teat skin. There are
48 known NAS, but few of them cause IMI. The best known of the causative NAS is
Staphylococci chromogens. This microbe causes SCM but with only slight change to milk
quality. An increase in NAS can occur because of poor hygiene, teat skin injuries, and
inadequate milking procedures. A NAS infection does not often demonstrate any clinical
signs. As a result, it can only be discovered from a positive bacteriological culture. Measures
such as post-milking teat dipping with iodine along with improved milking hygiene,
minimizing teat damages, and dry cow therapy can keep NAS infections under control [11].
NAS pathogens are becoming the predominant mastitis bacteria in many countries, and
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these microbes are often associated with recurrent infections due to their ability to form
biofilms [30].

Mastitis-causing pathogens can be categorized into two groups: major or minor,
based on their pathogenicity. The major pathogens comprise S. aureus, S. dysgalactiae,
S. agalactiae, S. uberis and the Enterobacteriaceae. Cows infected with these pathogens require
intensive care, and these bacteria are not easily eliminated. The minor pathogens include
Corynebacterium spp. and the NAS spp. Minor pathogens do not cause visible changes to
the udder and can be kept under control; however, they trigger an elevated SCC in the
milk, leading to IMI and sudden death [31].

In Canada, most CM cases are caused by Escherichia coli and Staphylococcus aureus [1,32].
In the Netherlands and the US, E. coli was found to be predominant over all other mi-
crobes [33,34]. S. aureus, S. dysgalactiae, and E. coli are most frequently isolated in Norway
and Sweden [35]. In New Zealand, S. uberis is the leading cause of CM and SCM [36],
whereas, in Albania, S. aureus and S. agalactiae were found to be the main cause of SCM [37].
In China, Enterobacteriaceae were the most common pathogens leading to CM and SCM [38].

2.2. Pathogenesis

No matter the pathogen, whether it is environmental or contagious, the main route of
mammary gland infection in mastitis is through the teat canal. The first anatomical structure
that bacteria deal with is the teat end and teat canal. A sphincter muscle surrounds it and
helps to maintain a tight closure, not to let milk escape. Keratin, a waxy material derived
from the epithelial lining, also lines the teat canal. This serves as a physical obstruction
usually present during the non-lactating period when the teat end is completely closed with
this substance. Keratin contains antibacterial fatty acids with bacteriostatic and bactericidal
activities. Their activity is more intense towards some bacteria than others [39,40]. When
mastitis-causing pathogens pass this barrier, an innate immune response (IIR) is initiated.

This immune response is mediated at the beginning by innate immunity. It includes
both cellular (e.g., polymorphonuclear neutrophils (PMN), macrophages, natural killer
(NK) cells, dendritic cells, mammary epithelial cells (MEC), and humoral defenses (com-
plement system, cytokines, lactoferrin, transferrin, lysozyme, acute phase proteins (APPs)
as well as reactive oxygen species (ROS) and antimicrobial peptides [41]. Local mammary
cell populations such as macrophages, dendritic cells, and epithelial cells have pathogen
recognition receptors (PRRs) that interact with pathogen-associated molecular patterns
(PAMPs). The latter are motifs or distinctive protein sequences on the surface of microbes
(e.g., LPS or LTA) released by microorganisms when they replicate or degrade. Toll-like
receptors (TLR) and nucleotide-binding and oligomerization domain-like receptors (NLK)
are the two prominent families of PRRs [42]. LPS is recognized by TLR-4, whereas TLR-2
recognizes LTA. In case of a Gram-negative infection, LPS will stimulate innate immunity,
being recognized by TLR-4. Other proteins, including cluster of differentiation 14 (CD14),
myeloid differential protein 2 (MD2), and lipopolysaccharide-binding protein (LBP), help
activate the nuclear factor kappa light chain enhancer of activated B cells (NF-«B) signaling
pathway [43,44]. This activation triggers the production of pro-inflammatory cytokines
and the acute phase response (APR), which initiates a ubiquitous and rapid innate immune
response [45].

Peripheral neutrophils contacted by IL-8 rapidly migrate to the infected area to phago-
cytose and destroy the intruding bacteria. The high concentration of SCCs found in cows’
milk with CM or SCM is mostly made of neutrophils, indicating “a cellular battle” inside
the mammary gland [46]. If microbes are eliminated, the host returns to a healthy, home-
ostatic state. If not, the adaptive immune system is activated. This response is mediated
by T and B lymphocytes. T-cells are activated by encountering an antigen-presenting cell
(APC), MHC 11, plus various cytokines. Once activated, T-cells can exert their cytotoxic
activity or activate B-cells, which produce antibodies to eliminate the bacterial intruder
and create a memory of its specific antigen [47,48]. Depending on the type and scale of
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pathogen invasion, this infection is presented either in a clinical or subclinical form. This
process is presented schematically in Figure 2.

Healthy quarter Subclinical Mastitis
« 200,000 SCC/mL > 200,000 SCC/mL

. Macrephages
. Nowtropiils

. Lymphocytes

Marmmary

Epithed 3!
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Figure 2. Presence of somatic cells in healthy and infected quarters of a cow. In the milk of a
healthy quarter there are present more macrophages, followed by a small percentage of lymphocytes,
neutrophils, and epithelial cells, whereas an infected quarter, with clinical mastitis or subclinical
mastitis, is overpopulated with neutrophils and few macrophages, lymphocytes, and epithilail cells.

2.2.1. Clinical Mastitis

Clinical mastitis is one of the most important diseases affecting dairy cows. Clinical
mastitis manifests with clear visible external signs such as swelling, redness and/or pain
in the udder, and systemic fever. There are also detectable changes to the milk and its
components [49]. Variations in color, consistency, as well as presence of clots, blood, and
chemical changes can occur in milk [46,50]. Other milk modifications may include increased
conductivity, increased pH, and changes in water content.

Clinical mastitis is categorized based on its duration (subacute, acute, or peracute) and
severity (mild, moderate, or severe) [51]. With mild/subacute CM, most changes are found
in the milk’s color and consistency. Moderate /acute CM is characterized by changes in the
milk and mammary gland, including redness, swelling, heat, and pain. Severe/peracute
CM is characterized by abnormal milk and mammary gland along with systemic signs
such as fever, loss of appetite, and inability or unwillingness to move [52,53].

2.2.2. Subclinical Mastitis

Subclinical mastitis is another form of mastitis but does not present with any noticeable
symptoms or signs such as external changes in the udder or milk [54]. As the milk does not
show any SCM changes, farmers unintentionally decrease the bulk-tank milk quality while
mixing this milk with milk from healthy cows [55]. Adding SCM milk contributes to an
increase in somatic cells, decreases milk quality, and introduces pathogens into the normal
milk. Since there are no visible signs of the disease with SCM, it can continue to persist.
The only way to discover it is by doing bacterial cultures and weekly tests to measure the
presence of SCC in the milk throughout the lactation period [12].

Subclinical mastitis can be highly significant to a dairy farm as it can affect up to 50% of
the herd [7,56]. This has made SCM detection and management an enormous challenge for
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the past, present, and future dairy industry. Currently, SCM and IMI are monitored through
continuous measurements of SCC in the milk. If the SCC is lower than the threshold of
200,000 cells/mL, a quarter of the udder can be considered non-infected. Therefore, the
optimal value of SCC for a herd should be no more than 100,000 SCC/mL of milk as this
would guarantee that most of the herd is not infected [57,58].

3. Role of the Dry Period in the Life of Cows
3.1. Anatomical and Physiological Changes of the Mammary Gland

The dry or the nonlactating period is when metabolic and nutritional changes happen
to the cow and the mammary gland [59]. This period prepares cows for the next calving
and lactation cycle [60]. The dry period helps the udder tissue involute and regenerate to
provide better milk yields after calving [61,62]. This period should be at least 40-60 days
long; most farmers practice a 6- to 8-week (42-56 days) dry period. It has been shown that
cows dried less than 40 days typically produce less milk than the previous lactation [60].

Involution, steady-state, and colostrogenesis are the three phases that the mammary
gland goes through during the dry-off period. Involution that starts with milk cessation is
proceeded by dry cow therapy (DCT), where the farmers routinely administer antibiotics,
teat sealants, and vaccines as measures to eliminate current infections and prevent new ones
from developing during late gestation. However, we must note that the use of antibiotics
for prophylactic and metaphylactic purposes is prohibited in the EU as of 20 January 2022;
however, certain conditions may apply [63]. After active and steady-state involution of
the mammary gland during the dry off period, redevelopment and colostrogenesis or the
production of colostrum begins.

Infection of the mammary gland during dry off period can be related to damage of the
keratin barrier. Keratin is formed when the cells surrounding the teat canal lumen continue
to desquamate (or shed). It obstructs the canal lumen between milkings, preventing
bacterial penetration. Keratin loss or removal weakens the protective barrier. Without
keratin, the teat canal cannot resist bacterial invasion. The method of infusing antibiotics
into a mammary quarter to prevent mastitis at the initiation of dry off may damage the
keratin barrier. The full insertion of the antibiotic treatment syringe cannula into the
teat cistern may push portions of keratin colonized by bacteria. This may result in an
intramammary infection with consequences on health of the cow and production on the
next lactation cycle [63].

The critical period for a cow’s health is three weeks before and three weeks after
calving. This is called the transition period. During this period, cows go through significant
nutritional, metabolic, immune, and hormonal changes, making them more susceptible to
periparturient diseases [63]. The periparturient period is when the fetus grows the most [64].
It requires several major metabolic adaptions (e.g., mobilization of energy and proteins
from maternal body reserves) for the cow to support this high growth and milk production
level. The transition period from gestation to lactation is linked with increased nutritional
demands but at the same time with appetite depression, which puts the cow in a negative
energy balance (NEB) and under metabolic stress [65,66]. To support their postpartum
physiological requirements, cows typically experience lipolysis and ketogenesis, making
them more prone to other metabolic diseases [67,68].

During the periparturient period, alterations in hormone levels can cause changes in
energy balance metabolites, specifically with non-esterified fatty acids (NEFAs). Hormonal
profiles related to parturition and lactation are also altered. For instance, estrogen begins to
increase while progesterone declines just 1-2 days before calving. Furthermore, as lactation
is initiated, serum levels of growth hormone (GH) and glucocorticoids increase while at the
same time, they inhibit insulin and IGF-1 production, triggering mobilization of NEFAs [69].
Overproduction of the NEFAs leads to incomplete oxidation and accumulation in the liver
due to the lack of re-esterification of the NEFAs back to triacylglycerides (TAGs). This
predisposes cows to ketosis or fatty liver disease [70].
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On the other hand, a high concentration of NEFAs initiates a pro-inflammatory re-
sponse, which can benefit placental detachment during calving. The NEFAs can potentially
support the host to fight infections or it can lead to self-harming if inflammation persists for
a long time. Negative energy balance has been widely accepted as a failure to supply the en-
ergy requirements and sufficient dry matter intake (DMI) [70]. Furthermore, an increasing
body of evidence, based on research done on dairy cows during the periparturient period,
confirms that the energy shortfall is caused by the host’s reaction to systemic inflammation.
It’s still a work in progress to pinpoint the source of this systemic inflammation throughout
the transition period.

3.2. Susceptability to Intramammary Infections during the Dry Period

Many factors participate in the etiology of mastitis. Disease severity and extent depend
on the balance between the host, the farm, and the pathogens [71]. A high incidence of IMI
is strongly correlated with the immunosuppression that cows go through around partu-
rition [72]. Pathogens then use this opportunity to attack and establish an infection [73].
The origin of these pathogens can be from the environment, the udder, or an existing infec-
tion [39]. Cows having dirty udders and farms with improper hygiene are more likely to
develop clinical mastitis [74]. Sand bedding is preferred over organic material as sand does
not predispose cattle to environmental mastitis [75]. It was estimated that the incidence of
CM in conventional dairy farms in 2013 was 26.3 cases per 100 cows [1].

In contrast, organic dairy farms tend to have fewer cases of mastitis [26]. It is interest-
ing to note that different studies report different SCC values between these two system:s,
with some stating that organic farms have higher SCC values [26]. This may be due to
the fact that organic farms have different standards and feeding rations than conventional
farms [76]. Additionally, SCC levels are affected by breed, stage of lactation, parity, and
season [8]. Holstein cows are more likely to be culled when they present with high SCCs
than Jersey cows [77]. Additionally, pure Holstein cows are more predisposed to become
infected and to have a shorter lifespan than crossbreeds [78]. A dairy farmer’s financial
interest is to make a profit by selecting cows that produce considerable amounts of milk.
For many years, the dairy industry has focused on selecting cows for their production
traits, but unintentionally, this has led to a negative impact on cow health and welfare. In
particular, this has increased the average SCC in the milk and the number of mastitis cases
while generating less milk yield and increased culling rates [79,80].

As far back as in the 1950s, it was first noticed that cows could be genetically selected
for mastitis resistance and general health optimization [81,82]. Several studies have shown
that susceptibility to IMI may be inherited. Subclinical mastitis has a low heritability from
0.03 to 0.17 [83-85], as does CM, with a heritability of 0.07 to 0.1 [79,86]. On the other
hand, Svendsen and Heringstad reported that SCM cows with an SCC threshold between
50,000-200,000 SCC/mL shared a high genetic correlation (range = 0.89-0.92) [87].

Cows are susceptible to mastitis throughout lactation. However, they are most at risk
two weeks postpartum, and as they grow older [33,88]. There is supporting evidence that
many metabolic and immune alterations occur long before diagnosis of CM or SCM after
parturition. Indeed, many researchers have reported that the infection is typically acquired
during the dry-off period. It has been demonstrated that mastitis-positive cows identified
within 30-100 days in lactation likely had the infection since the dry period [89,90]. This
was later endorsed by Dervishi and colleagues in 2015 who found activation of innate
immunity and other metabolic changes in cows that developed SCM after calving [91].
Furthermore, these cases increase persistence of IMI and recurrence in the herd [92].

4. Impact of Mammary Gland Infections on Dairy Herds
4.1. Mastitis—A Threat to the Dairy Industry Profitability
Mastitis costs the dairy industry dearly. In 1972, Foley and colleagues reported that

the average cost to treat a mastitic cow was USD 30-50 per year [93]. They estimated that
the total cost to the US economy was a loss of between USD 300 and 600 million per year.
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Since then, inflation has added to the estimated cost and the economic impact of mastitis.
In 2018, it was reported that a Canadian dairy farmer would spend CAD 662 per cow in a
year to treat or prevent mastitis [5]. These costs included the losses due to reduced milk
production from SCM, treatment of CM, and prevention programs.

It is well known that one of the first consequences of an IMI infection is milk reduc-
tion [94]. On the other hand, even SCM cases are accompanied by yield losses. While not as
high as CM, SCM is longer in duration [95]. The reduction in yield comes from mammary
tissue destruction, so the MEC can no longer synthesize or secrete milk. Most SCM cases
caused by S. aureus turn into a significant concern as the secretory tissue transforms into
useless fibrotic tissue [96]. Knowing that almost 50% of a dairy herd can be affected by SCM
and that 20-50% of the cows will experience more than one disorder around parturition,
the scale of these losses is considerable [97]. Older cows produce less milk than those in
the first lactation. At the limit of 200,000 SCC/mL, primiparous cows can lose 0.31 kg/d,
while multiparous cows lose 0.58 kg/d [95]. Due to yield reductions, milk composition
changes, especially the loss of nutrient value, the milk from SCM or CM cows become
unconsumable, so it must be discarded. Another reason milk (quarter level or bulk tank)
from SCM or CM-affected herds is often discarded is due to the presence of high levels of
antibiotics, making it a concern for public safety [98]. A better solution for farmers is to
remove or cull the infected cows and replace them with new ones. This further adds to the
farm’s profitability [99]. Other costs due to CM or SCM are related to veterinary assistance,
extra labor, and preventive measurements [5,100].

A growing concern for the dairy industry, veterinary medicine, and the public is
the antibiotic presence, usage of antimicrobial growth promoters (AGP), and antibiotic
resistance in livestock [101,102]. Antibiotic resistance and antibiotic presence are a burden
not only for the farmer’s pocket and for the cow’s welfare but also for global health and
economic issues. Most farmers use systemic or intramammary antibiotics after confirming
the presence of elevated SCC. Non-specific and extensive antibiotic use has led to the global
problem of antimicrobial resistance (AMR) [103]. Treatment of mastitis accounts for almost
80% of antibiotics used in dairy cows [104]. Antimicrobial resistance presents a significant
concern because some bacterial populations develop resistance genes and can pass those to
other bacterial communities.

Furthermore, the presence of antibiotic residues in the milk means that this milk
cannot enter the human food chain or be fed to calves [105]. Resistant bacteria can pass onto
humans. For example, through the consumption of unpasteurized milk, there have been a
number of disease outbreaks [106,107]. The concept of One Health is becoming a central
part of the agenda of health and veterinary discussions in the US, the European Union,
and Canada [108]. For example, the establishment of Animal Antimicrobial Stewardship
(AMS) Canada [109] and other national or international cohorts will help develop policies
to prevent AMR while at the same time finding more effective treatments for farm animals
and the environment.

4.2. Mastitis in Relation to Other Diseases

Cows are at a higher risk of developing one or more periparturient diseases after
calving. Dry period is the most susceptible time to develop those diseases. Many of the
periparturient diseases are then presented or manifested after calving. It has been suggested
that bacterial endotoxins (LPS or LTA) might be implicated in the periparturient disease
pathogenesis, given that the endotoxin produced by bacteria can translocate from the rumen,
uterus, or mammary gland [21]. Indeed, several papers have shown a good correlation
between increased SCC and other metabolic diseases diagnosed simultaneously [110-113].
Transition diseases are interlinked between one another [114]. For example, hypocalcemia
makes a cow more predisposed to most periparturient diseases, while acidotic cows are
more susceptible to mastitis, laminitis, milk fever, and left displaced abomasum (LDA).
Retained placenta (RP) leads to metritis, milk fever, and LDA [27]. Ketotic cows have an
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increased concentration of NEFA. Beta-hydroxy butyrate (BHBA), in addition to being a
diagnostic tool for ketosis, helps identify uterine infections and LDA.

Elevated levels of NEFA before parturition depresses feed intake, which impacts im-
mune function and can lead to subclinical ketosis and metritis development. Metabolic
changes and adaptations occurring during the transition period can be metaphorically
compared to the domino effect—one falls over the other. Thus, incomplete oxidation of
NEFA results in fatty liver and ketosis, which in ketotic cows with a high body condition
score (BCS) increases the incidence of displaced abomasum (DA) [70]. The increased lipoly-
sis and BHBA impair immune functions, consequently making cows prone to infectious
diseases like mastitis and metritis. This immunosuppression, combined with hypocalcemia,
leads to retention of fetal membranes or retained placenta [114].

Another initiator of this cascade can be the ruminal environment. As the diet changes,
so do the bacterial population in the gut, favoring the release and translocation of the
Gram-negative bacterial endotoxin, LPS, to enter the bloodstream, initiating an immune
response [115-117]. To combat this, the host requires more energy, leading to a postpartum
NEB. Recent studies have established that a decrease in the feed intake in SCM cows
begins to appear at least four weeks before parturition and decreases after calving. This
corresponds to a drop in milk production. These fluctuations are linked to the increased
presence of TNF, which as a pro-inflammatory mediator, decreases appetite and inhibits
prolactin, therefore, reducing milk yield [91]. Ketosis and fatty liver disease are the two
most frequent disorders found simultaneously in dairy cows [27].

A study reported that SCM was preceded by the systemic presence of an inflammatory
insult during the dry-off period, which may make cows more susceptible to other dis-
eases [91]. The origin of the inflammation may be attributed to the translocation of LPS or
pro-inflammatory cytokines into the systemic circulation [21,118]. In general, any metabolic
disease, once it has occurred, presents a higher likelihood to develop again [119]. Moreover,
cows that suffered once from CM are more predisposed to present it again throughout lac-
tation [120,121]. These health disorders, including mastitis, poor reproductive performance,
and metabolic perturbations, increase dairy farmers’ culling decisions [122].

Mastitis also impacts the reproductive health of dairy cows [123]. No matter when it
happens during lactation, mastitis lowers a cow’s future reproductive performance and
conception rates. In particular, cows experience more days open and more days to first
service, more abortions, and higher culling rates [124,125]. Several meta-analyses have
studied the relation between udder and uterus health. Some authors, initially, concluded
that reproductive performance was not affected by IMI [126]. However, the latest study,
which used far more data, proved that mastitis incidence was related to the incidence of
uterine tract disorders [127].

Prepartum augmentation of NEFA increases the odds that a cow can develop mastitis,
RP, ketosis, and DA after calving [128]. Clinically mastitic cows continue to have high levels
of NEFA and BHBA and lowered glucose at the beginning of lactation [129]. These authors
connected the susceptibility of mastitis to immune suppression through hyperketonemia
on neutrophil recruitment [130]. Administration of LPS to the udder or naturally occurring
IMI causes local and generalized immune alterations [131]. Most artificial-mastitis cases
are induced at the beginning of lactation, while not many are assessed during the dry-off
period. When a group of researchers applied LPS intravenously several times during the
transition period in cows, they noticed increased levels of 3-hydroxybutyric acid almost
two weeks before parturition [116]. Later, the elevation of BHBA was found together
with higher numbers of SCC at dry-off. This implies that endotoxin could initiate the
elevation of BHBA [111]. After an LPS challenge post-calving, a few authors noted plasma
changes characterized by increased insulin levels [132,133]. Another consistent finding is
elevated plasma cortisol. This impacts insulin resistance, induced by pro-inflammatory
cytokines such as IL-1, IL-6, and TNF [134,135]. These immune medjiators are released upon
exposure of host cells (leukocytes; MEC) to the pathogen and alert peripheral WBCs and
the liver to initiate an APR [48]. The acute phase proteins released from the liver include
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serum amyloid A (SAA), haptoglobin (Hp), calcitonin gene-related peptide (CGRP), serum
albumin, and lipopolysaccharide binding protein (LBP). These proteins were found to be
elevated in cows two months before being diagnosed as mastitis positive [91]. High-density
lipoprotein-SAA complexes make endotoxin neutralization possible and safe removal of
endotoxin from the circulation. This rapid removal of endotoxin shifts out from the liver
making it possible for a higher-than-average amount of lipids to pass through the liver,
contributing to the deposition of fat to the liver or fatty liver disease [21,67,136].

5. Current Diagnostic Approaches

The inflammatory response seen in a cow’s udder can indicate the presence of mastitis,
whereas the identification of the bacterial pathogen causing the disease confirms the
intramammary infection [51]. Usually, CM can be diagnosed via an abnormal appearance
of the udder. Redness, swelling, and warm when touched due to inflammation are examples
of common symptoms. Additionally, the milk changes its appearance from white to yellow,
as well as its consistency.

Subclinical diseases present a significant problem for monitoring the health of dairy
herds. SCM cases are quite common in many conventional dairy farms. Two of the most
routinely used methods to identify SCM cows are the California Mastitis Test (CMT) and
Somatic Cell Count (SCC) test [137]. Estimation of SCCs is a traditional approach to
diagnose mastitis. In addition to SCC measurements, several other methods are being used.
The count of somatic cells or CM biomarkers, such as N-acetyl-beta-D glycosaminidase
and lactate dehydrogenase enzymes have shown positive outcomes. However, scientists
are always working to find better, faster, and cheaper methods. Immunoassays, hand-
held biosensors, nucleic acid tests, and enzymatic assays as well as advances in genomics,
proteomics, and metabolomics sciences has made it easier to detect mastitis at a much
earlier time [137].

5.1. Laboratory Techniques
5.1.1. Somatic Cell Count

The somatic cell count or SCC indicates an IMI and gives an overview of a cow’s udder
health [3]. Data suggests that clean udders or quarters have approximately 70,000 cells/mL,
and SCC measurements equal to or greater than 200,000 cells/mL indicate a SCM cow [138].
According to the Dairy Farmers of Canada website, last updated August 2017, it is required
that a sample of raw milk must contain less than 400,000 cells/mL. In the United States,
as of August 2018, the allowed amount of SCC is 750,000 cells/mL. In the European
Union, the limit is 400,000 cells/mL [139,140]. Normally, milk should not have more than
150,000 cells/mL, and if the SCC is greater than 200,000 cells/mL, it shows some level of
abnormality, and that the immune system is activated [141]. There is a chance that high
SCCs sometimes can be caused by factors other than an infection. High levels of animal
stress, for example, can produce high SCCs, thus giving false-positive results [57,142].

Under normal health conditions, the somatic cells found in the mammary gland are
the macrophages, which make up 66-68% of detected cells. Other somatic cells may include
neutrophils, mononuclear, and epithelial cells. The local concentration of neutrophils
increases as the IMI progresses. The only cells that demonstrate the presence of high
SCCs are leukocytes, specifically high numbers of neutrophils, seen in almost 90% of SCM
cases [143].

A random sampling procedure is typically followed by farmers when collecting milk
samples for laboratory SCC evaluation. Somatic cells in milk can be analyzed in several
ways, but most labs use flow cytometry or combine flow cytometry and fluorescence [144].
In Alberta, milk samples are processed by CanWest DHI, which has a standardized pro-
tocol. Samples can be taken from herd average of individual cows (HSCC) or bulk tank
(BTSCC) [145]. Analyzing bulk tank milk is a convenient and inexpensive method to control
milk quality and test for pathogen presence [146]. Measurement of BTSCC can help the
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farm evaluate its management policies, but the most accurate SCM detection in a cow is
through quarter samples [147].

5.1.2. Bacterial Culturing

After confirmation of contamination, the causative agent should be identified for
treatment purposes and good management practices [148]. The National Mastitis Council
(2017) has described various methods for working with bacterial cultures. The most
common method is still the standard plate count (SPC) with a healthy target of less than
5000 colony-forming units (CFUs)/mL. If the number of CFUs is over 20,000 per mL, then
financial fees are levied on the farms [149].

Pathogen identification by plate culture focuses on discovering Staphylococcus aureus,
Streptococcus agalactia, Escherichia coli, Mycoplasma spp., Corynebacterium spp. and NAS [150].
When taking milk samples for culture, attention must be paid to avoiding contamination.
Factors such as a dirty stall or a contaminated environment, poor udder preparation, or
incorrectly performing the procedure may lead to milk contamination and the presence of a
remarkably high number of bacteria on the plate, leading to false-positive results [151,152].

5.1.3. Polymerase Chain Reaction (PCR)—Based Methods

Although culture plate identification of bacteria is considered the gold standard for
CM and SCM, it is not necessarily the best method. Compared to the polymerase chain
reaction (PCR), culture plate methods were able to identify mastitis pathogens on only 47%
of the no-growth milk samples [153]. Nucleic acid-based detection or PCR has facilitated
the detection of those pathogens that cannot be identified using standard bacterial culture
plates. The superior sensitivity of PCR enables better farm management, too [154].

Electrospray ionization mass spectrometry ESI-MS is another common diagnostic
method that can detect other microorganisms such as parasites, yeasts, and viruses, but PCR
is still the preferred sequencing technique for bacterial identification [155,156]. Polymerase
chain reaction methods are more rapid, but several times more expensive than conventional
bacterial plate culture methods. However, it should be kept in mind that PCR methods can
detect only the species included in the PCR kit [157].

Other molecular techniques include real-time quantitative PCR (qPCR), loop-mediated
isothermal amplification (LAMP), and next-generation sequencing (NGS) methods [158-160].
As a secondary confirmatory test, matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry can be applied as a diagnostic technique for bacterial
species identification in mastitis studies [161,162]. However, the cost of analysis, the required
sample pre-treatment and the frequency of false-negative results mean that this approach is
not readily adaptable for commercial use [163].

5.2. Cow-Side Tests
5.2.1. California Mastitis Test

The California Mastitis Test (CMT) is one of the oldest and easiest tests to use as a
cow-side test. It evaluates the milk’s alkalinity using a detergent (alkyl aryl sulfonate)
combined with a pH indicator, bromocresol purple [164]. If mastitis is present, this results
in the formation of a purple viscous mass due to the nucleic acids and other constituents
released from the lysis of somatic cells. The interpretation of the CMT might be subjective
as it gives variable results to identify IMI. The CMT kit is composed of a plastic paddle
and four cups to put the milk from each quarter of the udder. The reagent is added, then
the milk in the cup is stirred until a mixture is formed. The test is most useful when there
is a very high number of SCCs, with an average of 500,000 cells/mL [165]. The result of
the CMT is read as negative (N) or trace (T) and then depending on the viscosity of the
gel, with a grade from 1 to 3 to indicate the number of somatic cells, with three being the
highest (>5 million SCC/mL) [166]. The CMT cannot identify whether the infection is from
major or minor pathogens [137].
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5.2.2. Electrical Conductivity Test

During inflammation, concentrations of many ions change. Increases in the concentra-
tion of ions such as potassium, magnesium, sodium, and calcium can increase the electrical
conductivity (EC) in milk [137]. A high EC is based on high sodium and chloride concen-
trations in the milk and a loss of lactose and potassium. However, the concentration of ions
in milk can be influenced by factors other than mastitis. Conductivity is also affected by
the cow’s age and lactation stage [167].

Many dairy farmers use automatic milking systems (AMS), which helps them in-
crease milk production and minimize labor costs [168,169]. Automatic milking systems are
equipped with sensors that measure EC to detect mastitis [170]. One drawback of this pro-
cess is that just a part of the milk is measured. Sensors that identify mastitis in AMS farms
do not consider the measurement of foremilk [171,172]. Foremilk is the milk obtained in
the first part of milking. This initial milk is discarded, whereas alveolar ejection is preceded
by teat cleaning and stimulation. The time difference between cisternal and alveolar milk is
between 50-100 s, and this can correlate negatively with EC and SCC [172-174]. It has been
shown that milk sampled before ejection improves mastitis detection [175].

5.2.3. On-Farm Culture

Biplates and triplates are the main cow-side testing methods to confirm the presence
of bacteria. The biplate contains two types of agars, one for Gram-negative and another
one for Gram-positive bacteria. In contrast, the triplate type comprises three types of
agars, which can differentiate Gram-negatives from Gram-positives and Gram-positive
staphylococci from Gram-positive streptococci. The results of biplate or triplate tests are
not as promising as one would hope. However, they can be used to discover whether the
pathogen can grow in culture [176].

A milk sample is considered contaminated when three or more colonies are present.
One quarter may be regarded as cured when the bacteria found present at the beginning of
the plate test are no longer isolated from the milk sample. On the other hand, there are cases
where cows with clinical mastitis have a bacteriologically negative sample. These results
are present even when all the necessary protocols for collecting and performing the sample
analysis were followed. The reasons might be due to a low concentration of the pathogen
in the milk, presence of intracellular bacteria, or of growth-inhibitory substances in the
milk. In cases where no pathogen can be detected, enzyme-linked immunosorbent assays
(ELISA) methods can help identify S. aureus, E. coli, S. dysgalactiae, and S. agalactiae [151,176].
However, it is essential to realize that in some cases, microorganisms in quarters of milk
are due to microbiological contamination during sampling rather than IMI, particularly in
milk samples with low colony counts, <100 CFU/mL [177].

Different farms apply different on-farm techniques to monitor udder health. This
includes measuring enzymes (N-acetyl-D glucosaminidase; lactate dehydrogenase), pH
indicators, strip plates or portable SCC measurements (PortaCheck; BacSomatic; DeLaval
Cell Counter) [11,137,178]. These conventional methods are focused on discovering mastitis
at the time of occurrence.

The need to detect and prevent mastitis or IMI as soon as possible is important for
disease mitigation and spread control. Emerging innovations using a combination of
biotechnology and nanotechnology are making this possible. Thanks to the invention
of nanotechnology-based biosensors and lab-on-a-chip technologies, high-throughput
analysis using proteomics and metabolomics is now possible [179]. These systems will offer
farmers an all-in-one method—from processing the sample to analyzing the sample and
giving an accurate result right on the farm [180]. Most of the studies done with biosensor
and biomarkers in the field of mastitis have been performed in milk. However, it was noted
that milk samples negatively influenced biosensor detection performance and suggested
that other biological fluids should be used [108].
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6. Comparison of Mastitis Tests and Future Approaches

Eradicating mastitis infections is almost impossible. Much effort is still focused on
eliminating existing infections and preventing new ones. The National Institute for Research
in Dairying in 1970 created a 10-point control program [151]. According to this program,
to have profitable udders, better dairy cow health and welfare, and positive treatment
outcomes, the detection of udder infection should be done as early as possible [100,181].
Monitoring and preventive measurements require reliable and affordable prognostic and
diagnostic methods. As discussed above, most of the diagnostic techniques are widely
used, but many lack the necessary accuracy. Some are prohibitive in time and cost, while
others are limited to detecting mastitis only when the cow is already severely infected.
For example, CMT has been used for a very long time as a cow side test [182]. Still, its
performance is questionable due to the variability in the execution of the test and the user’s
ability to read it correctly [183]. Generally, CMT detects the presence of IMI 4 days after
calving and is not able to work for SCM detection [165,184]. Compared to other diagnostic
tests, the CMT has been proven less accurate (87.4-90.8%) and more time-consuming for a
large herd [185]. On the other hand, with better sensitivity and specificity, counting somatic
cells in milk can be more successful. The drawback to this approach is that it requires
laboratory analysis, which limits its use as a real-time detection method and is associated
with higher costs per test [186,187]. Portable devices, such as the DeLaval cell counter,
Porta SCC and Fossomatic are useful for on-farm SCM evaluation [188,189]. Even though
these portable systems are easy to use and fast, they lack sensitivity at low SCC [137].

Errors can occur while interpreting SCC data since this is influenced by several fac-
tors such as the presence of bacteria, diurnal variation, age, stage of lactation, and milk
sample [190]. A group of authors determined that the accuracy of SCC should be higher
than 85% to identify the bacterial species associated with IMI [191]. They also showed
how SCC levels fluctuated between various mastitis microorganisms. Out of all quarters
or composite milk samples that exceeded 200,000 SCC/mL, over one third were culture
negative [191]. Furthermore, they found out that if the threshold to detect S. aureus is
150,000-200,000 cells/mL, 30.8% of all cows will remain undetected as they had lower
SCC but were bacteriologically positive. By not identifying truly infected samples, SCC
methods unintentionally create adverse outcomes for both the cow and the farm. The
two most frequently used diagnostic methods, CMT and SCC, can detect abnormalities in
the udder but cannot specify the causative agent. The inability to identify the pathogens
leads to inappropriate treatments that increase antibiotic resistance leading to the spread
of antibiotic-resistant strains [108]. Other methods to fight bacterial resistance to antibi-
otics or toxic compounds (RATC) and inflammation can be considered, such as probiotics,
prebiotics, and proteobiotics [192-194].

There are many diagnostic approaches for mastitis detection, including SCC, CMT
and EC. Other techniques such as sensor-based systems, immunoassays, and specific
biomarkers from PCR, nucleotide sequencing, proteomics or metabolomics are just being
introduced [51]. Higher diagnostic accuracy can often be achieved if we combine multiple
methods [195]. A comparison between two of the most common used tests is summarized
in Figure 3.

Future pen-side mastitis tests should take into consideration the need to detect cows
susceptible for new or existing IMIs before calving, while at the same time being economical
and user friendly. The development of better, faster, cheaper, and more convenient tests
will encourage appropriate interventions to prevent transmission, reduce antimicrobial
resistance, and minimize financial losses.
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Description

Advantages

Disadvantages

Evaluation of somatic cells in milk

CMT Kit, ImmuCell Fossomatic'™7, FOSS
USA Denmark
A gel is formed by the interaction of cell's Flow cytometry method that stains
DNA and the lest reagent. SCC is based on nuclear DNA. Several sensors detect
the ge&f s viscosity fluorescence signals
Pen-side test Automated laboratory technique
Easy to use High-throughput
Cheap High accuracy
Low accuracy Specific equioment and software
Difficult 10 interpret Trained staff
Labour-investment More costs and time-delays
(materials, transport, analysis
results)

Figure 3. Comparison of two of the most used tests to detect somatic cells in milk. CMT kit image
courtesy of ImmuCell (USA); Fossomatic 7 image courtesy of FOSS (Denmark).

7. Metabolomics Investigation of Mastitis
7.1. Application of Metabolomics in Periparturient Diseases

The dairy farmers and milk industry’s primary goal is to breed cows for high milk
production and quality. However, this goal is associated with a drawback—increased
incidence of periparturient diseases [196,197]. Holstein cows, which make up 93% of
Canadian herds produce about 10,753 L/milk for 305 days in milk (DIM) [6]. During the
dry period and early lactation period, cows go through physiological, immunological,
metabolic, nutritional changes, and adaptions that prepare them for calving and the next
lactation [198,199]. As mentioned, our lab has observed such changes up to 8 weeks before
calving and these continue until 8 weeks postpartum. Cows that do not adapt to these
changes likely present either clinical or subclinical forms of diseases (ketosis, milk fever,
retained placenta, fatty liver, metritis, mastitis, or laminitis). On average, almost 50%
of dairy cows in a Canadian dairy herd present with more than one disease during the
transition period [21,97,136].

Many diseases in humans and cattle can be detected or diagnosed by the perturbation
of just one metabolite. For example, subclinical ketosis is still defined as an increased
level of ketone bodies in the blood, especially BHBA. Ketosis occurs due to deficiencies in
energy intake, and it is not detectable via visible physiological changes [200,201]. With the
advancements in omics technologies, other kinds of chemical or protein biomarkers are
being discovered that potentially offer greater sensitivity and specificity than traditional
cell-based or gross property measurements [202]. For example, studies from our lab have
identified that inflammatory mediators such as interleukin (IL)-1, IL-6, TNF, SAA and Hp
are elevated at the beginning of the dry period, up to 8 weeks before calving in several
periparturient diseases [91,110,111,113,203]. Those systemic findings of inflammation
present another point of view regarding pathomechanisms of such diseases. In particular,
those results show that post-calving disease is preceded by a systemic inflammatory insult
weeks before presenting any clinical signs or physiological changes. There is mounting
evidence that can attribute the origin of this insult to the presence of endotoxin in the
circulation that can be translocated from the rumen, reproductive tract, or mammary
gland, thereby initiating an immune response [21,136]. Furthermore, immunosuppression
during the transition period can be caused by these pathogenic bacteria (i.e., Staphylococcus
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aureus; Escherichia coli). As proven on humans, this kind of immunosuppression can
slow or even prevent an immune response [204,205]. One of those mechanisms causing
immunosuppression is the impairment of neutrophil functions and extravasation [206,207].

Metabolomics, which offers a route to measure an animal’s chemical phenotype, is
being used to understand the underlying metabolic changes associated with the transi-
tion period in dairy cattle and how it relates to disease manifestation. Metabolomics can
identify potential metabolite biomarkers to identify animals susceptible to several peripar-
turient diseases. In blood, three metabolites carnitine (C0), propionyl carnitine (C3), and
lysophosphatidylcholine acyl C14:0 (LPC a C14:0) were found to be able to predict which
cows would be susceptible to develop one or more diseases (retained placenta, mastitis,
metritis, or laminitis) up to 4 weeks before calving [208]. Another study showed that up to
67 metabolites were expressed differently 21 days prepartum than the day of calving [209].
Many other metabolites (amino acids (AA), acylcarnitines (AC), phosphatidylcholines
(PC), Lyso-PC, and metal ions) each specific to a given disease have been identified and
measured with high predictive accuracy for a number of conditions using blood [210-214]
or milk [215,216]. Biomarkers for animals at risk for developing ketosis were identified in
urine [217] and blood [214]. Likewise, biomarkers for those at risk to develop periparturient
diseases were found in serum [218-220], urine [221], or milk [222].

7.2. Application of Metabolomics for Mastitis Biomarker Discovery

One of the first metabolomic studies to look at mastitis was conducted in 2005 [223].
GC-MS demonstrated that it was possible to differentiate milk from healthy or mastitic
samples chemically with what is now called an electronic nose. Other studies concluded
that if the concentrations of specific volatile metabolites were high in milk, it meant that
they were infected, and the volatiles corresponded to metabolic by-products from bacterial
pathogens [224,225]. NMR studies conducted in milk found that lactate, acetate, BHBA,
butyrate, and isoleucine were in a higher concentration in high SCC samples [226]. On
the other hand, for the same samples, lactose, hippurate, and fumarate were at lower
levels than in milk with low SCC levels [226]. A mastitis-induced experiment studied how
oxylipin profiles in milk and mammary tissues changed and influenced the disease [227].
Hydroxy octadecadienoic acid (HODE) and oxo octadecadienoic acid derived from arachi-
donic acid and linoleic acid were higher in S. uberis mastitis. These results show that
oxylipids are implicated in the inflammatory state within the mammary gland. Several
authors have noted the increased milk concentrations of prostaglandins and thromboxane
in mastitis samples [228,229]. These pro- and anti-inflammatory oxylipids may affect the
host’s ability to eliminate the pathogen [230]. In another study with skimmed milk, using
untargeted LC-MS, 690 metabolites were identified [231]. They challenged the cows with a
S. uberis strain and collected milk samples 0, 36, 42, 57, 81, and 312 h after infusion. The
bacterial load peak was noted at 36h, whereas most of the metabolite changes in milk
occurred after 81h. They noticed increased levels of bile acids (taurochenodeoxycholic
acid (C26H45NO6S), taurocholic acid (C26H45NO7S), glycocholate (C26H43NO6), gly-
codeoxycholate (C26H43NO5), and cholate (C24H4005). Those bile acids support antimi-
crobial [232] and anti-inflammatory activities, facilitated through the farnesoid X receptor
pathway [233], which inhibits the activation of the NF-kB signaling pathway [234,235].
Thomas and colleagues’ results revealed that high levels of bile acids in milk decreased
the levels of pro-inflammatory cytokines [231]. Other authors have noticed alterations in
metabolic pathways pre-and/or postpartum in SCM and CM cows compared to healthy
cows. These results show extensive evidence of bacterial activities.

Several other studies have demonstrated that mastitis is preceded by alterations of
metabolic pathways in the blood corresponding to inflammatory insults in the prepartum
period [91,236,237]. Several serum metabolites were used to distinguish SCM cows from
healthy cows up to 8 weeks before their due date using targeted GC-MS. Alterations in
amino acid metabolism continued up to 8 weeks postpartum. The best indicators between
the two groups were valine, serine, tyrosine, and phenylalanine [236]. Besides, distin-
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guishing between CM cows and healthy cows could be achieved by quantifying about a
half dozen metabolites, including N-methyl ethanolamine phosphate, choline, phospho-
rylcholine, free carnitine, trimethyl lysine, tyrosine, and proline. The most significant
discriminator was 3'-sialyl lactose in serum [237]. This particular saccharide was more
elevated than the control group at —21 days, probably to boost innate immunity [238]. This
compound is known to protect calves against infections [239]. Lactate was also increased
in this study, which correlates with what was found by other authors [91,240,241]. The
shift in metabolite levels can be due to acute inflammation, as shown by the increased
APPs [91,208,236,237,242]. A recent study from our group confirmed lactate in blood
as a biomarker of high somatic cells 4 weeks before parturition and traditional diagno-
sis [220]. Detecting urine changes confirmed the hypothesis that SCM cows were preceded,
associated, and followed by alterations of urinary metabolites [118].

Further validation of these findings over a larger number of cows and more diverse
farm management settings can help us develop a better view of the pathology of mastitis.
It might also help develop more robust pen-side tests to facilitate the identification and
treatment of susceptible cows to improve overall dairy herd health.

8. Predictive Biomarkers: Opportunity for the Dairy Industry

Given that not all dairy cows are equally susceptible to mastitis [181,243], there is a
need to develop a pen-side test with a panel of metabolites that can distinguish between
cows that are more susceptible to developing mastitis from healthy cows. MS-based
metabolomics approaches are highly sensitive and high-throughput instruments that allow
identification and validation of biomarkers from biological biofluids. Current challenges
for the dairy industry lay on high culling rates, treatment costs and tests that only screen
for mastitis in milk during lactation. Considering the existing literature and approaches,
we speculate that new studies focusing on finding predictive biomarkers during the dry-off
period for the risk of SCM will bring many advantages on cow’s health, dairy industry and
food safety.

9. Conclusions

Currently all types of mastitis are monitored and diagnosed after parturition where the
incidence is known to be higher. A series of longitudinal studies and recent developments
in the area of biomarkers for periparturient diseases has shed light into the pathobiology of
mastitis. In this review article we present the interconnection of mastitis and other diseases
occurring around calving as well as the opportunity to utilize metabolomics for predictive
biomarkers. As noticed, several labs have identified potential biomarkers in blood, urine,
and milk either postpartum or prepartum.

Dairy industry is profoundly impacted by the consequences of mastitis, therefore,
prepartum diagnosis and monitoring of mastitis is of uttermost importance. Further large-
scale validation and production of predictive biomarkers is necessary.
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