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Abstract: Mastitis is an inflammation of the mammary gland initiated by pathogenic bacteria. In 
fact, mastitis is the second most important reason for the culling of cows from dairy herds, after 
infertility. In this review we focus on various forms of mastitis, including subclinical and clinical 
mastitis. We also stress the importance of the dry-off period as an important time when pathogenic 
bacteria might start their insult to the mammary gland. An important part of the review is the 
negative effects of mastitis on milk production and composition, as well as economic consequences 
for dairy farms. The two most important groups of bacteria that are involved in infection of the 
udder, Gram-negative and Gram-positive bacteria, are also discussed. Although all cows have both 
innate and adaptive immunity against most pathogens, some are more susceptible to the disease 
than others. That’s why we summarize the most important components of innate and adaptive 
immunity so that the reader understands the specific immune responses of the udder to pathogenic 
bacteria. One of the most important sections of this review is interrelationship of mastitis with other 
diseases, especially retained placenta, metritis and endometritis, ketosis, and laminitis. Is mastitis 
the cause or the consequence of this disease? Finally, the review concludes with treatment and 
preventive approaches to mastitis.   
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1. Mammary Gland Infections in Dairy Cows 
 
1.1. A Brief Description of Mammary Gland Infection  

Mastitis is defined as an inflammation of the mammary gland of dairy cows, which is 
commonly related to infection by pathogenic bacteria. Mastitis is a multifactorial disease and is 
classified into subclinical mastitis (SCM; with no visual signs of infection) and clinical mastitis (CM; 
with visual signs of infection in the udder and milk; [1,2]. Subclinical and clinical mastitis negatively 
affect both milk quality and yield, making mastitis a major economic concern for the dairy industry 
[3]. Indeed, a case of mastitis costs an average of US$253 [4]. Mastitis infection can result in 
production losses of up to $2 billion dollars to dairy producers in the United States alone [5]. 
According to the government of Canada [6] the number of cows culled in 2019 for mastitis reasons in 
Canada was 23,832. Given that the cost of a cull cow is C$880, then the economic loss to the dairy 
industry from mastitis is roughly CAD$21 million. This does not consider financial losses due to other 
factors such as treatment, milk loss, labor for treatments, veterinary bills, medication costs, and 
discarded milk.  

1.2. Types of Mastitis  
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 August 2022                   doi:10.20944/preprints202208.0041.v1

©  2022 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202208.0041.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 32 

 

       As indicated, mastitis is classified as either subclinical or clinical based on the manifestation 
or lack of signs. Mastitis also has been classified as chronic, subacute, acute, or peracute based on its 
duration and severity. A summary of the signs, somatic cell counts (SCC), and severity of each 
mastitis type is provided in Table 1.  

Table 1. A summary of signs for subclinical and clinical mastitis, including the four categories of 
clinical mastitis (chronic, subacute, acute, and peracute). 

Subclinical Mastitis Clinical Mastitis 

Signs SCC Level1 Severity Category Signs SCC Level1 Severity 

Decreased 

production, 

increased SCC, 

changes in 

milk 

components, 

presence of 

pathogens. 

>200 Can only be 

determined by 

laboratory tests. 

Non-visible 

symptoms causing 

potential risk of 

infecting entire 

herd. 

Chronic Visible alterations in the milk 

(clots, flakes, water), no 

inflammation or other visible 

sings. 

>200 Long-term infection 

in which culling is 

recommended. 

Subacute Minor udder inflammation, 

heat, changes in milk (clots, 

flakes, water-like appearance), 

some sensitivity to udder. 

>200 Typically, non-life 

threatening. 

Acute Sudden onset, redness/ 

swelling, hardness, pain, 

abnormal milk, decreased 

production, fever, decrease 

appetite, decrease rumen 

function, rapid pulse, 

dehydration, weakness, 

depression. 

>200 Life-threatening 

and causes extreme 

discomfort. 

Peracute Very rapid onset with similar 

symptoms to acute but more 

severe. 

>200 Decrease in cow’s 

overall condition, 

life threatening. 

1Somatic cell counts in 103 cells/mL 
(Adopted from: [7,8,9,10,11]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 August 2022                   doi:10.20944/preprints202208.0041.v1

https://doi.org/10.20944/preprints202208.0041.v1


 3 of 32 

 

 

1.3. Subclinical Mastitis  

Cows affected by subclinical mastitis do not display signs of infection, such as alterations in milk 
appearance or udder swelling. However, SCM is associated with an increase in SCC, decreased milk 
production, the presence of infectious pathogens in the milk, and alterations in milk composition [8]. 
Subclinical mastitis is the most common udder infection found in Holstein dairy cows, affecting 
between 36-50% of the herd [12,13]. Subclinical mastitis can also result in milk losses of up to 70% for 
dairy producers due to non-visible effects unless regular measurements of SCC are part of the post-
partum management of the cows [7]. Given that cows affected by SCM do not reach their maximum 
milk yield potential; the profitability of dairy farms is negatively affected. Somatic cell counts are the 
main indicator in determining a subclinical mammary gland infection. SCC less than 100,000 cells/mL 
in mammary gland milk is considered healthy [14,15], whereas values greater than 100,000 cells/mL 
are suggestive of mastitis. In Canada, a threshold concentration of 200,000 cells/mL is used for 
distinguishing between healthy udders and the diseased ones [16]. There are several factors that can 
influence the SCC, including the cow’s age, breed, stage of lactation, and milk yield [17].  

1.4. Clinical Mastitis  

Based on duration of disease, CM is classified as: chronic, subacute, acute, and peracute 
(Table 1; [9,10]. During CM, signs of disease are visible on the mammary gland, including swollen or 
hardened udder, heat, pain, and changes in the milk consistency [11]. Chronic cases are the least 
severe, compared to the other types of CM, as there is a visible change in milk consistency and 
infection can persist for long periods of time where culling is often recommended [9,10,11]. During 
subacute mastitis, there is a slight inflammation and swelling to the mammary gland accompanied 
by a change in milk consistency [9,10]. Subacute mastitis is the most common type of CM, affecting 
around 10-50% of a herd. The onset of an acute clinical infection is relatively quick, and signs include 
the mammary gland appearing red, swollen, and hard, and changes in milk consistency. Cows with 
acute CM also experience systemic signs including pain, reduced appetite, reduced rumen function, 
increased heart rate, fever, depression, and weakness. Peracute mastitis has an extremely severe and 
rapid onset, which frequently results in the animal’s death [10]. Both acute and peracute clinical 
infections are extremely dangerous for the cow as infection affects the animal systemically. 

1.5. Mode of Infection of the Mammary Gland 

Bacterial invasion of the mammary gland is the primary cause of intramammary infections 
(IMIs) in dairy cows. There are multiple microbial pathogens, including Gram-negative and Gram-
positive organisms, that invade the mammary gland. Pathogens can invade the mammary gland 
directly from the environment or from animal-to-animal contact, and this is referred to as 
environmental mastitis and contagious mastitis, respectively [18]. 

Environmental mastitis is primarily caused by pathogens located within the cow’s 
environment [18], including the soil, contaminated water, manure, and bedding. The most common 
environmental mastitis-causing pathogens include coliform organisms such as Escherichia coli and 
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environmental streptococci such as Streptococcus uberis. Approximately 70-80% of CM cases are 
mainly caused by coliform organisms. Coliform infections have been found to have a short duration 
of 10 days within the mammary gland [5]. However, studies have found that 1.5% of E. coli infections 
have a duration of over 100 days [18]. The difference in duration could be based on the serotype of 
the pathogen that is causing infection. In comparison to streptococci organisms, the duration has been 
found to be 3 times longer within the mammary gland [5]. 

In contagious mastitis, the mode of infection for bacteria is from udder-to-udder, typically 
by the milker or milk machines. Therefore, it has been extremely important to wash, dry, and dip 
each teat during milking time in order to reduce spreading. The main pathogen of concern for 
contagious mastitis is Staphylococcus aureus [18], which has been shown to be one of the more difficult 
pathogens to control and treat [19]. In a study conducted by [20] it was found that most CM cases 
were caused by S. uberis and S. aureus.    
 
1.6. The Importance of Somatic Cell Count for Diagnosis of Mammary Gland Infections  
 

There are various methods used for the diagnosis of mastitis in dairy cows. The most efficient 
method is by determining the SCC in the milk and the presence of inflammation [21]. In healthy 
mammary glands, somatic cells consist of neutrophils, macrophages, lymphocytes, and shed 
mammary epithelial cells [22,23]. Various countries worldwide have different regulations regarding 
the level of somatic cells acceptable in the milk, either on a bulk-tank or per cow basis. For instance, 
the limit for raw milk SCC in Canada is 400,000 cells/mL [24], whereas the International Dairy 
Federation [21] states that SCC should be less than 200,000 cells/mL. The United States Department 
of Agriculture [25] allows a SCC of 750,000 cells/mL whereas other countries, like Brazil, have a limit 
of 1,000,000 cells/mL. According to [14], the SCC of dairy cows should be 1,000,000 cells/mL or less; 
anything above would indicate the presence of infection.  
 Detecting cows with a high SCC can be done by lab analysis or using the California Mastitis Test 
(CMT). The CMT was developed by [26] and is now used worldwide for identifying mastitis in dairy-
producing animals. The benefit of using a CMT is that it’s an easy method to quickly determine SCC 
in milk collected from individual quarters [27]. A sample of milk from each quarter is deposited into 
a well where detergent is added, causing lysis of the external membrane (lipoprotein membrane) of 
the somatic cells and exposing the gel-like DNA. Indication of a mastitis infection is based on the gel 
consistency and color that is formed, with the darker color indicating high SCC [28]. 

Detecting a mammary gland infection using CMT has been shown to be correlated with the 
quantity of SCC present in the milk, making CMT a beneficial method for determining mastitis [26]. 
The procedure and the scoring system for a CMT were described in a study by [29], who performed 
a 1:1000 dilution of milk samples with 3% sodium lauryl sulphate and bromocresol. Samples were 
separated into wells where the plate was then rotated. The rotation of the plate leads to a color change 
or gel formation, and a score is given based on the strength of the color. The scoring system for a 
CMT is on a scale of 0-4 where 0 indicates no reaction, 1 for a slight reaction, 2 for a weak positive, 3 
for a confirmed positive, and 4 for a high positive.  

Dairy cows approaching the dry off period are susceptible to new IMI (intramammary 
infections); therefore, the CMT can be a useful tool in determining cows with high SCC prior to dry 
off. Poutrel and Rainard [30] were able to accurately determine 80% of new IMI using the CMT. In 
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the same study by Bhutto et al. [29], it was reported that cows had significantly higher CMT scores 
at dry off than a week prior to dry off. However, the CMT has been found to produce less reliable 
scores in determining cows with mastitis post-partum [30]. This is a major drawback as the incidence 
of disease in dairy cows is higher after parturition.  

1.7. Additional Factors that Cause Elevation of Somatic Cells in the Mammary Gland 

Other factors should be taken into consideration when looking at SCC to determine 
mammary gland infections, including stage of lactation, age, breed, stress level, and season [24]. 
According to [31], somatic cells can increase within 6 hours following bacterial invasion. Specific 
mammary quarters have also been found to be highly susceptible to bacterial infections [32]. For 
example, Harmon [32] indicates hindquarters have a higher SCC compared with the front ones, and 
Dhakal [33] found that the right quarters had a higher SCC than the left quarters. Therefore, the 
position of the mammary quarters could potentially increase the cow’s susceptibility to mammary 
gland infections.  
 

2. The Role of Dry Period in Dairy Cow’s Health and Performance 
 
2.1. Background and Importance of the Dry Period on Cows’ Performance 

The dry period can be defined as the period in which the cow is no longer lactating but is 
undergoing nutritional and metabolic changes and changes to the mammary gland [34]. The dry 
period is important for cows to prepare for the next calving and lactation. Previous research found 
that cows with a dry period have a higher milk yield in the following lactation than cows without a 
dry period [35,36]. During the dry period, the mammary gland regenerates the milk-secreting tissue 
that was damaged during the previous lactation [36,37].  

Additionally, the length of the dry period can also significantly influence milk yield in the 
next lactation. The dry period typically begins at 60 d prior to parturition; however, DHI (Dairy Herd 
Improvement, Canada) recommends the dry period to be a minimum of 40 d prior to parturition [36]. 
Studies have found that cows with a dry period of 40 d significantly reduce milk yield in the next 
lactation compared to cows dried at 60 d [36]. Cows that are continuously milked with no dry period 
experience a 33% drop in production in the next lactation [35]. Funk et al. [38] found that cows with 
a dry period of 60-69 d had an increase in milk yield of 459 kg following parturition. A study by 
Watters et al. [39] showed that cows with a shorter dry period of 34 d had a significant decrease in 
milk yield by 2.1 kg/d compared to cows with a dry period of 55 d following parturition. Other studies 
have also confirmed that cows with a 40-d dry period had a decrease in milk yield [39]. We can 
therefore conclude that if maximum production is to be achieved, cows should have approximately 
a 60-day dry off period or greater.     

All cows entering the dry period are administered an antibiotic that helps prevent infection 
of the mammary gland. The use and benefits of antibiotic treatments at dry off include administering 
antibiotics in higher dosages without having to discard milk, reducing infectious pathogens, 
regeneration of damaged mammary tissue, and reducing the incidence of CM [36]. The mammary 
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gland also undergoes various physiological changes when dry cow therapy is administered. Such 
changes will prepare the mammary gland for parturition and the next lactation.  

2.2. Physiological Changes of the Mammary Gland During the Dry Period 

A cow entering the dry period experiences various physiological changes, including 
nutritional, metabolic, and changes to the mammary gland [40,34]. There are 3 stages through which 
the mammary gland undergoes during the dry period in preparation for the next lactation [41]. These 
stages are involution, steady-state involution, and colostrogenesis.  

Involution occurs during the first 3 weeks of the dry period, and the mammary gland ceases 
milk synthesis. Regression of the alveolar epithelial cells occurs when milk builds up in the mammary 
gland, increasing pressure and decreasing secretion [40,41]. Atrophy of epithelial cells by the 
increasing pressure from milk accumulation is known as pressure atrophy [42]. Pressure atrophy is 
defined as a force that causes the secretory cells to cease milk secretion [42]. The increase in pressure 
on the alveolar milk-secreting cells lowers blood flow to the capillaries, and the mammary gland 
appears swollen [37]. In the alveolar epithelium, milk secretion decreases, and secretory cells become 
non-functional for the duration of the dry period [42]. Local macrophages and neutrophils also 
remove apoptotic mammary epithelial cells and pathogens from the mammary gland [37]. 

During involution, there is a build-up of a keratin plug within the teat canal that functions as 
a protective barrier to prevent bacteria from entering the mammary gland during the dry period [41]. 
However, the involution stage poses a high risk of bacterial infection due to the accumulation of milk 
and bacteria not being removed, thereby increasing the potential risk of infection during the dry 
period. It takes approximately 21-30 days for the involution process to be completed. Previous studies 
have shown that at approximately 10 d into the dry period, 50% of the quarters have not formed the 
keratin plug in the teat canal, making the quarter susceptible to bacterial invasion. About 5% of 
quarters were found to be open at 60 d. Dry cow therapy treatments are administered at the beginning 
of the dry period; however, they are not effective throughout the entire dry period, meaning that 
cows are not completely protected from new IMI occurring at parturition. Full protection of the 
mammary gland can be achieved by administering dry cow therapy in combination with a teat 
sealant. The combination of dry cow therapy with a teat sealant has been shown to lower the 
incidence of new IMI by 7.3% [41]. 

Senger [42] indicates that the involution stage is crucial during the lactation cycle of dairy 
cows. In relation to milk yield, a shorter dry period resulting in a decreased milk yield for the next 
lactation could be due to a lack of restoration of the milk-secreting tissues. Thus, maximum 
production can be achieved in the subsequent lactation if the cow has a sufficient dry period, ensuring 
tissue regeneration.  

The second stage in the dry off period is the steady state involution, which is when the 
mammary gland is protected from the entrance of bacteria from outside and has resistance to 
infection due to the keratin plug in the streak canal [41].  

Colostrogenesis is the third and final stage of the dry period and is known as the transition 
period [41]. This stage occurs towards the end of gestation, when the mammary gland undergoes 
physiological changes opposite to those of involution. In response to prolactin, adrenal cortical 
hormones, and placental lactogen secreted from the pituitary gland, adrenal gland, and placenta, 
respectively, alveoli are stimulated to begin milk synthesis [42]. The secretory tissue undergoes 
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differentiation and intense growth along with the secretion of proteins, lipids, and lactose as part of 
colostrum [40,43,44]. Bacterial infection can increase during colostrogenesis because of breakdown of 
the keratin plug within the teat canal, thus increasing exposure to foreign pathogens. Leukocytes, 
which are white blood cells including neutrophils, have been shown to be under a state of 
immunosuppression during the transition period [45]. Approximately 95% of new IMIs have been 
shown to occur 2-3 weeks prior to parturition [41].  

2.3. Other Physiological Changes During the Dry Period and Susceptibility to New Infections 

During the dry period, the fetus will enter its final stages of growth [34]. Two-thirds of fetal 
growth is completed during the dry period, which often causes body maintenance to prioritize the 
fetus over the dam. This can cause high metabolic stress towards the end of gestation, which can 
result in immunosuppression and increased susceptibility to new IMI and other metabolic diseases 
[46,47,48]. It has also been indicated that the incidence of new IMI is highest during the involution 
stage of the dry period and towards the end of gestation [40]. Moreover, Natzke et al. [49] indicated 
a positive correlation between cows dried off with a pre-existing mammary gland infection and the 
incidence of new IMI during the dry period. This could possibly be due to increased stress around 
parturition and leakage of colostrum from the udder, thus allowing bacteria to enter the mammary 
gland. Although bacterial infection increases around parturition, administration of dry cow therapy 
at dry off is beneficial in lowering the risk of new IMI. 

2.4. The Impact of Mammary Gland Infection on a Dairy Herd 
 

The incidence of a mammary gland infection in a dairy herd has a tremendous impact on 
milk production, cow health, and economic loss. Milk production can suffer in the subsequent 
lactation from a mammary gland infection if cows have a short dry-off period and tissue regeneration 
is not fully achieved. During lactation, milk production can decrease in cows with mastitis as bacteria 
utilize the milk-secreting cells. A decrease in milk production also results in an economic loss for 
producers. Furthermore, mammary gland infections can impact the health of the cow, including the 
display of abnormal behavior and systemic signs depending on the severity of infection [50].  

2.5. Effects of Mammary Gland Infections on Milk Production 

It has been well established that an IMI results in a decline in milk production. More 
specifically, the physical damage exerted on the mammary epithelial cells because of infection causes 
a reduction in both the synthesis and secretion of milk [51]. The lactating bovine mammary gland is 
composed of a network of ducts that terminate at the alveolar clusters. The alveolar clusters are lined 
with mammary epithelial cells that secrete milk. Connectivity of the mammary epithelial cells is 
achieved by the apical junction complex, which is composed of adherens and tight junctions [52]. 
Tight junctions link adjacent epithelial cells by forming a narrow and continuous seal surrounding 
each cell at the apical border. The main function of tight junctions is to coordinate the movement of 
materials between cells and prevent leakage of milk components into the systemic circulation [51,53].  

During infection, bacteria release endotoxins that induce an influx of leukocytes into the 
mammary gland and the secretion of inflammatory mediators [51]. The influx of leukocytes into the 
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mammary gland results in disruption of the tight junctions, causing the mammary epithelial cells to 
lose their integrity and decrease milk synthesis [53,54,55]. Permeability of the blood-milk barrier is 
also increased because of infection, leading to a decrease in volume and milk components [56]. 
Additionally, the role of lactose in the mammary gland is for osmotic regulation of milk volume. The 
reduction in lactose synthesis can therefore contribute to a further decline in milk production [57].    
 Physical damage to the mammary epithelium is not the only cause of the decline in milk 
production during mammary gland infections. Affected mammary quarters can cause a decline in 
milk production in healthy mammary quarters because of systemic infection [56]. The secretion of 
inflammatory compounds including cytokines and arachidonic acid can alter the stimulatory or 
inhibiting hormone concentration, causing reduced milk precursor uptake. However, the decline in 
milk production is evident in affected quarters as opposed to healthy ones since inflammation is 
localized within the sick quarters. Furthermore, in the affected quarters, local inflammatory mediator 
secretion, leukocytosis, and mammary edema can reduce milk production [56]. Cows may also 
experience a decline in milk yield during other periparturient diseases such as uterine infections [58], 
ruminal acidosis [59], lameness [60], ketosis [61], and retained placenta [62].  

2.6. Effects of Mammary Gland Infection on Milk Composition 

An infection of the mammary gland not only affects the milk production in dairy cows but 
alters the composition of milk. Milk is composed of various proteins, fats, carbohydrates, minerals, 
vitamins, hormones, enzymes, ions, cells, and water. Concentrations of milk constituents tend to 
fluctuate during mammary gland infections depending on the pathogen present, immune response, 
and severity of infection.  

During a mastitis infection, the concentration of protein in milk will either increase or 
decrease. The increase in protein in the milk may be an influx of blood-borne proteins, including 
serum albumin and immunoglobulins, into the milk in response to bacterial endotoxins and tight 
junction disruption [54,56,57]. This is mainly due to the increase in humoral or antibody-mediated 
immunity that results in an increase in immunoglobulins, which are important for combating 
infection [54,56,57].  

Lactoferrin has also been shown to increase during mammary gland infections [51]. 
Lactoferrin is an iron-binding protein synthesized by the mammary epithelial cells that functions by 
competing with bacteria for free iron to decrease bacterial growth [63]. Lactoferrin can also bind to 
bacterial membrane surfaces, thereby altering the integrity and permeability of the cell walls and 
resulting in cell destruction [64]. According to [66] the concentrations of lactoferrin have a 100-fold 
increase during the involution stage of the dry period and less during lactation. Additionally, 
transferrin, an iron-binding protein taken up from the blood, will increase during infection [66].  

Caseins are phosphorylated proteins that account for 80% of the total protein found in the 
mammary gland [67]. The main functions of caseins are providing amino acids to the newborn and 
binding calcium and phosphorous within the Golgi apparatus of the mammary epithelial cells, 
forming casein micelles which are important for skeletal growth in neonates [67]. Casein 
concentrations tend to decrease during infection, unlike lactoferrin, immunoglobulins, and serum 
albumin, which increase. The decrease in casein is largely due to secreted proteinases by infectious 
pathogens and leukocytes, or in the blood because of disruption of the blood-milk barrier [57].  
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Milk protein also consists of whey proteins including α-lactalbumin, β-lactoglobulin, serum 
albumin, and immunoglobulins. Both α-lactalbumin and β-lactoglobulin decrease in cows with a 
mammary gland infection largely due to the decline in synthesis and secretory activity [57]. Studies 
have observed a reduction in both α-lactalbumin and β-lactoglobulin in milk of high SCC cows [68]. 
The reduction in these proteins could be in part due to the decrease in synthesis and secretory 
function as well as protein leakage from the mammary gland [69]. Auldist and Hubble [57] suggest 
that the decline in α-lactalbumin and β-lactoglobulin could be due to protein leakage because of tight 
junction disruption. McFadden et al. [69] observed elevated concentrations of α-lactalbumin in the 
blood of high SCC dairy cows. The role of α-lactalbumin in the mammary gland is in the synthesis of 
lactose whereby binding the regulatory unit of lactose synthase induces synthesis [67]. Therefore, 
decreased synthesis of α-lactalbumin can result in a decreased synthesis of lactose in high SCC cows.  

Additional enzymes found in milk have also been shown to be increased during a mastitis 
infection [57,70], including plasmin, a caseinolytic enzyme derived from plasminogen found in the 
blood [51]. The main function of plasmin in blood is to dissolve blood clots, whereas in the milk, 
plasmin cleaves β-casein into γ-casein [51,57,70]. It has been suggested that elevated plasmin activity 
in high SCC is attributed to leakage into the mammary gland from the blood [71]. Neutrophil 
granules contain various bactericidal peptides, including defensins, enzymes, and neutral and acidic 
proteases that can destroy various mastitis-causing pathogens [72]. These proteases, along with 
plasmin can permit chemotaxis of cells to the area of inflammation during immune response [73]. 
The increase in plasmin is, therefore, important in the immune host response to IMI.  
 Although much of the research has mainly focused on milk protein alterations during mammary 
gland infections, conflicting reports have found milk fat to decrease [57], whereas others have 
reported an increase in milk fat [55,56,67]. The synthesis of milk fat occurs in the rough endoplasmic 
reticulum of mammary epithelial cells [67]. Bruckmaier et al. [55] reported an increase in fat content, 
a reduction in lactose synthesis, and therefore a decline in milk production. Holdaway [70] also 
indicated that the decline in milk synthesis will eventually cause milk fat to decline. Furthermore, 
unlike lactose, which leaks from milk with water, milk fat is retained within the alveolar lumen due 
to the large size of lipid droplets, which are unable to move through the disrupted tight junctions 
[70]. Leukocytes produce lipase enzymes during infections that can act on the fat globules, causing 
oxidation of fatty acids and the breakdown of triglycerides [54,57,70]. Additionally, the phagocytotic 
ability of neutrophils can result in a further decline of milk fat [74] along with a decrease in synthesis 
and secretory function of the mammary gland [57]. Higher SCC in cows has also been associated with 
spontaneous lipolysis of milk fat [70].  

Lactose is the main carbohydrate found in milk and is a disaccharide consisting of a glucose 
and a galactose molecule [67]. Lactose synthesis occurs within the Golgi apparatus of the mammary 
epithelial cells. Lactose synthesis consumes approximately 60-70% of plasma glucose [67]. As briefly 
mentioned above, lactose is the osmotic regulator for milk volume in lactating mammary glands. 
During a mammary gland infection, the concentration of lactose tends to decline partly due to the 
damaged mammary epithelium, resulting in reduced lactose synthesis [55,57]. The reduction in 
lactose is caused by the increased gap of the tight junctions, resulting in lactose being transported 
through the paracellular pathway out of the mammary gland and into the systemic circulation [54]. 
According to Bruckmaier et al. [55], the amount of damage to the tight junctions determines the 
decline in lactose concentration in milk.  
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Other sources have also observed elevated levels of lactose in both blood and urine in cows 
with mastitis [53,55,57]. Specific bacteria can ferment lactose, causing a further decline in lactose 
concentration [54].  

Mammary gland infections result in alterations in mineral concentrations in the milk. 
Potassium is the most abundant mineral found in milk [54] and is present in high concentrations 
compared to sodium [70]. During mastitis, potassium leaks into the blood from the mammary gland 
via the paracellular pathway, causing a decrease in its concentration [54,57]. Conversely, sodium 
leaks from the blood into the mammary gland, causing an increase in sodium concentrations in the 
milk [54,57]. Additionally, chloride concentrations in the milk also increase during mastitis, likely 
due to the influx of blood constituents into the mammary gland [57].  
 

2.7. Effects of Mammary Gland Infections on Dairy Cow Health 

Animals will often display abnormal behavior that indicates the presence of disease [50]. 
Invasion by pathogenic organisms is energy-demanding for the cow, especially when the immune 
system must be altered to combat infection and support recovery. Infection can cause a decrease in 
normal behavior including socialization, grooming, and feeding behaviors [75]. Acute mastitis causes 
visible signs of disease, such as a decrease in rumination [50]. Siivonen et al. [50] found that cows 
with endotoxin-induced acute mastitis displayed poor appetite and a decrease in rumen function.  

Additionally, it has been observed that sick animals are reluctant to lie down, and those with 
a swollen udder and fever spend more time standing up [50]. Danzter [76] also points out that less 
lying down time is an indication of disease. Lying behavior is extremely important for dairy cows as 
it provides time for the cow to ruminate, which can maximize milk production [77]. If a cow is sick, 
then there is a reluctance to lie down and ruminate, negatively influencing milk production. The pain 
sensation in the cow’s udder during infection could explain the reluctance to lie down but rather 
stand to avoid putting pressure on the swollen mammary gland [50]. Fogsgaard et al. [78] also found 
similar behavioral changes in cows with E. coli-induced mastitis, including a decrease in feeding, 
rumination, grooming, and lying behavior. Changes in normal behavior can be used as an indication 
of pain [79].  

2.8. Economic Implications of Mammary Gland Infections  

Infection of the mammary gland also contributes to economic loss for dairy producers due 
to the decrease in milk production. Subclinical mastitis, which is a form of mastitis infection with no 
visible signs, can result in a 70% decrease in milk production [7]. Aghamohammadi et al. [80] indicate 
that the economic loss due to mastitis can be up to CA$662 on a per cow basis. The National Mastitis 
Council [81] estimates 66% of production losses from a decrease in milk production due to a mastitis 
infection. The other 34% of losses would be for treating the sick cow, including veterinary bills, cost 
of treatments, extra labor, animal replacement, and discarding milk [81]. The economic loss from 
cows with mastitis is tremendous. Therefore, producers should routinely check their herd for mastitis 
and take necessary measures to prevent further production loss.  
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3. Microbial Pathogens that Cause Mammary Gland Infections  

3.1. Gram-positive Pathogens 

Staphylococcus aureus is a major mastitis-causing pathogen, producing both subclinical and 
clinical infections and occurring more frequently in tie-stall housing systems [19,82]. The incidence 
of S. aureus infections has been found to be higher during early lactation and decrease further into 
lactation [83]. Sol et al. [84] sampled 143 S. aureus infected quarters 7 days prior to antibiotic treatment, 
the day of treatment, as well as 16 and 30 days after treatment. According to the authors, it was found 
at 30 d after treatment that 34% of infected quarters were still culture-negative [84]. Staphylococcus 
aureus can colonize the mammary gland and release lipoteichoic acid (LTA), a constituent of the cell 
wall [85]. Lipoteichoic acid can result in necrosis to the milk secreting tissue, thereby decreasing milk 
production [86].  

The immune response has been shown to be inefficient during S. aureus infection due to the 
limited release of pro-inflammatory cytokines [87]. Cytokine expression in a S. aureus infection has 
been shown to be 5% lower compared to an E. coli infection [88]. Riollet et al. [89] reported a lack of 
pro-inflammatory cytokine expression, including interleukin-1 (IL-1), tumor necrosis factor-α (TNF-
 α), and interleukin-8 (IL-8), in milk infected with S. aureus. Furthermore, Rainard et al. [90] 
discovered an increase in IL-1 and chemokine concentrations but no changes in TNF concentrations. 
During an immune response, IL-1 and TNF-α are important mediators of the host's inflammatory 
response. Furthermore, elevated TNF-α levels cause inflammatory signs such as heat, redness, 
swelling, and pain [91]. Interleukin-8's primary function is to act as a chemoattractant in neutrophil 
migration and degranulation while also increasing neutrophil microbicidal activity and stimulating 
phagocytosis [92]. Lara-Zarate et al. [93] indicated that S. aureus can disrupt the nuclear factor κB 
(NF-κB) system and decrease cytokine expression. Nuclear factor κB is known as a transcription 
factor that increases pro-inflammatory cytokine production and inducible nitric oxide synthase [94]. 

Another characteristic of S. aureus is the ability to produce a biofilm during pathogenesis, 
which protects the pathogen from phagocytosis by neutrophils and macrophages [86]. Chronic 
mastitis infections have also been found to be caused by Gram-positive bacteria possibly due to the 
formation of biofilm [95]. A recent study [96] compared the physiological and behavioral effects of 
pain in cows infused with LPS and LTA. Their findings displayed a higher degree of pain and 
discomfort in LPS-infused cows compared to LTA [96]. Naturally occurring Staphylococcal mastitis 
was found to induce chronic subclinical cases compared to acute clinical cases caused by E. coli [97]. 
These findings further support LTA’s role in chronic mastitis infections, and slower immune 
response. Indeed, LTA has been shown to stimulate a weaker effect on vascular permeability 
compared to LPS [90,96].  
 Another Gram-positive pathogen found in pasture, free-stall, and tie-stall systems is 
Streptococcus uberis [82,98]. Countries including Canada, the United States, the Netherlands, and the 
United Kingdom have found S. uberis to produce 14 to 26% of clinical signs, where 33% of occurrence 
is greatest in the United Kingdom [99]. Surprisingly, 50-60% of S. uberis infections were discovered 
in cows kept in straw yards [100,101]. Research of S. uberis is lacking, but there have been various 
speculations on the exact mechanisms of infection. Different strains of S. uberis have also been found 
to be resistant to phagocytosis by neutrophils, allowing for colonization and clinical signs to be 
produced [102]. It is speculated that S. uberis strains produce a capsule for protection against 
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neutrophils and macrophages; however, the exact mechanism remains unclear [103]. Thomas et al. 
[104] found S. uberis established within the secretory alveoli and ductular tissues, suggesting 
colonization occurs in the milk secreting tissues. Streptococcus uberis also produces an LTA endotoxin 
like that of S. aureus [105].  
 

3.2 Gram-negative Pathogens 

Gram-negative bacteria are major pathogens involved in environmental mastitis, where 
coliform pathogens are the predominate organisms, including Escherichia, Klebsiella, and Enterobacter 
[106]. Escherichia coli is harbored within the gastrointestinal tract of ruminants, often at normal, non-
pathogenic coliform forming unit (cfu) levels [107]. Escherichia coli has also been found in the uterine 
tract of cows with uterine infections (metritis) [108]. Interestingly, coliform pathogens can multiply 
within the mammary gland without adhering to the epithelial tissue surfaces, possibly due to their 
ability to utilize lactose, the main carbohydrate in milk. The mammary gland itself has low oxygen 
levels, making this an ideal environment for coliform colonization. These factors can enable coliform 
bacteria numbers to increase, which is positively correlated to severity of the mammary infection. For 
instance, the coliform population can reach 108 cfu/mL of milk, whereas some Gram-negative bacteria 
such as Serratia and Pseudomonas are not lactose fermenters and typically don’t exceed 104 cfu/mL of 
milk [107]. 

Susceptibility to new IMI increases during the first 2 weeks of the dry period and 2 weeks 
prior to parturition [40]. Certain serotypes of bacteria also require iron, which is necessary for their 
growth and survival but is bound, during dry-off, by lactoferrin [109]. As previously discussed in 
section 1.3.2 on protein alterations during mammary gland infections, lactoferrin increases during 
involution and remains constant throughout the dry period until colostrogenesis, when it decreases. 
Bacteria such as Klebsiella pneumoniae and Enterobacter can overcome the iron-binding abilities of 
lactoferrin and thereby cause mammary gland infection during the dry-off period [110].  

The release of lipopolysaccharide (LPS) is triggered by the death of the pathogens, or the 
toxins are released in the form of vesicles [111]. Lipopolysaccharide can also translocate from the 
mammary gland into the systemic circulation, and contribute to clinical symptoms including fever, 
dehydration, anorexia, and diarrhea [107]. Hakogi et al. [112] found an 18-fold increase in plasma 
LPS concentration in cows with mastitis compared with healthy cows. Dosogne et al. [113] performed 
intramammary infusions of LPS, which increased plasma LPS levels in mastitis-affected cows with 
concentrations of 55-134 pg/mL compared to healthy cows at 10 pg/mL. Both studies confirm that 
infusion of LPS into the mammary gland can translocate into the blood circulation. Eckel and Ametaj 
[94] also suggested 3 potential sources of LPS that translocate into systemic circulation, including the 
rumen, mammary gland, and reproductive tract. 
 

4. Immune Responses During Infections of the Mammary Gland Infection  
During infection by bacteria, the host initiates an immune response to combat infection. The 

innate immune response is the non-specific initial response by the host that recognizes the pathogens 
and triggers the release of inflammatory mediators, including cytokines. The adaptive immune 
response is the secondary response by the host. This response is much more prolonged as it functions 
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by memorizing a particular bacterial antigen to prevent further bacterial invasion. Both innate and 
adaptive immunity play major roles in the host defense during bacterial infection.    
 

4.1 Innate Immunity 

The innate immune response is the first line of defense against invading bacteria. More 
specifically, activation of innate immunity in the mammary gland is triggered by the recognition of 
invading organisms and the initiation of an inflammatory response [114]. The innate immune 
response of the mammary gland includes a series of cellular (e.g., leukocytes) and humoral defenses 
(e.g., cytokines, complement system, lactoferrin, transferrin, lysozyme, and the 
lactoperoxidase/myeloperoxidase systems) as well as oligosaccharides, gangliosaccharides, reactive 
oxygen species, acute phase proteins (APPs), ribonucleases, and various antimicrobial proteins and 
peptides [114].  

Macrophages are the most predominant immune cells in both healthy and unhealthy 
mammary glands [22,115]. The proportion of macrophages varies depending on the stage of lactation. 
In early lactation, the number of macrophages is highest at 68% of all SCC and decreases to 21% in 
late lactation [116]. During early involution and in colostrum, the macrophages do not exceed 30% 
[115]. Blood monocytes migrate to the mammary gland where they differentiate into macrophages 
[92]. They migrate at a slower rate in comparison to neutrophils due to their large nuclei that provide 
more of a challenge to move between the endothelial cells [117]. Macrophages function in a similar 
manner to neutrophils where they engulf bacteria, foreign material, milk components, and cellular 
debris [118]. These cells also play a role in the adaptive immune response by processing and 
presenting antigens (Ag) to lymphocytes [119]. Bovine macrophages contain receptors for 
immunoglobulin G1 (IgG1) and immunoglobulin G2 (IgG2) to aid in the adaptive immune response 
[120]. Macrophages in the mammary gland also exhibit a bactericidal effect, which is found to be 
more effective during the dry-off period than during lactation [118].  

Neutrophils are present in healthy mammary glands. They are important during early 
inflammatory stages and serve as the second line of defense during an infection [92]. The migration 
of additional neutrophils into the mammary gland occurs during IMI but also during milk removal 
[117]. The numbers of neutrophils have been found to increase during early and late lactation [121]. 
Furthermore, neutrophils made up 40-80% of SCC in early involutional secretions, but decreased in 
the second and fourth weeks of the dry period. Once the mammary gland has become fully involuted, 
neutrophil numbers return to lactational values [115]. Bovine neutrophils have a multilobulated 
nucleus which allows for easy migration across the endothelium of the mammary gland by 
diapedesis without causing damage to the mammary epithelium [122]. Neutrophils function in the 
phagocytosis of foreign invaders and remove them from infected areas. As previously discussed, 
neutrophils have been shown to mistakenly engulf milk components, including milk fat globules 
[123] and secrete proteinases, resulting in proteolysis of milk proteins such as casein [57,124]. 
Additional humoral components are secreted by neutrophils, including cytokines, chemokines, and 
hydroxyl radicals that damage the mammary epithelium and decrease milk production [124]. After 
completing their function, neutrophils undergo apoptosis (programmed cell death) and are removed 
from the mammary gland by macrophages [125,126].  
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4.2 Adaptive Immunity 

Adaptive immunity is a specific response to bacterial infection mediated by lymphocytes, 
which includes T and B lymphocytes and natural killer (NK) cells. Antigens (Ags) bind to membrane-
bound receptors of lymphocytes, which in turn alter the function of those cell. The purpose of 
adaptive immunity is to elicit a faster response to a previously exposed threat [89] by memory 
lymphocytes [126]. Conditions in which adaptive immunity responds at a slower rate occur when the 
host has never been previously exposed to a particular threat [127]. Not much is known about the 
role of lymphocytes within the mammary gland, and populations tend to vary during lactation 
[116,128,129].  

T lymphocytes are categorized into αβ T-cells and γδ T-cells [92]. The αβ T-cells include CD4+ 
(helper) and CD8+ (cytotoxic) T-cells, where T-cells expressing the CD8+ receptor are predominant 
within the mammary gland [129]. Activation of CD8+ T cells is mediated by the major 
histocompatibility complex (MHC) class I molecules, which are present on majority of cells [130]. 
Taylor et al. [128] suggested that CD8+ T cells may remove the damaged mammary epithelial cells, 
further increasing susceptibility to infection. CD4+ T cells are activated by MHC class II molecules 
from Ag-presenting cells and are important for secreting various immunoregulatory compounds [89]. 
CD4+ T cell concentrations are lower in milk compared to CD8+ T cells but higher in the blood [129]. 
Cytotoxicity may also be mediated by γδ T-cells, which are found in secretions and the parenchyma 
of the mammary gland [131]. It has been suggested that γδ T-cells may also provide a barrier to the 
mucosal microenvironments to protect against infectious pathogens, indicating γδ T-cells’ potential 
role in antibacterial immunity [122].    

B lymphocytes play a role in humoral immunity by secreting antibodies (Ab) during 
infection. Levels of B lymphocytes within the mammary gland remain constant during lactation and 
during bacterial infection, unlike T lymphocytes, which tend to fluctuate [122,132]. Recognition of Ag 
by B lymphocytes is done via MHC class II molecules which bind the Ag, internalize, and process it 
whereby specific Ab are produced. Antibodies produced are termed immunoglobulins, including 
IgG1, IgG2, IgM, IgA, IgD, and IgE, where IgG is the predominant antibody in the milk of dairy cows 
[37].    

Natural killer cells reside in the bone marrow, spleen, lymph nodes, and tonsils [133]. They 
are involved in the non-specific responses that recognize and cause lysis of foreign cells by various 
mechanisms, including Ab-dependent cell-mediated cytotoxicity, release of cytolytic factors, 
receptor-mediated Ag-recognition, granule exocytosis, and secretion of toxic molecules that induce 
apoptosis of altered cells [122]. Natural killer cells’ ability to destroy both Gram-negative and Gram-
positive bacteria has been demonstrated in various studies; therefore, NK cells could be crucial in 
preventing IMIs [134].  
 

4.3 Recognition of Infectious Bacteria Within the Mammary Gland 

Microbial surfaces contain various molecules that alert the immune system to the presence 
of an infectious organism. Such molecules are termed pathogen-associated molecular patterns 
(PAMPs) and are recognized by pattern recognition receptors [135] (PRRs). There are 3 known 
categories of PRRs, which include secreted PRRs, membrane-bound PRRs, and phagocytic PRRs 
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[136]. Secreted PRRs are proteins including complements, pentraxins, peptidoglycan-recognition 
proteins, and lipid transferases, which are produced by hepatocytes that destroy bacteria via 
phagocytosis. Pattern recognition receptors are found on the surfaces of macrophages, neutrophils, 
and dendritic cells that bind bacteria and remove them from the host. Common PRR’s would include 
macrophage mannose receptors, β-glucan, and scavenger receptors [134].  

The most common type of PRR that recognizes PAMPs and damage-associated molecular 
patterns (DAMPs) are toll-like receptors (TLRs), which are the most heavily involved in the innate 
immune response. The central role of TLRs is binding of bacteria and secreting pro-inflammatory 
compounds. Macrophages, dendritic cells, and neutrophils have the majority of TLRs present on their 
cell surfaces, further indicating the role of these phagocytes during innate immunity [137]. Binding 
of bacteria to the TLRs triggers the secretion of pro-inflammatory cytokines, thus initiating an 
inflammatory response. Macrophages are known to have the most abundant production of cytokines 
during infection and inflammation. TNF- and IL-1, which are both important during the 
inflammatory response, are released by macrophages and other leukocytes [135].  
 

4.4 Alterations in Serum Components During Mastitis Infections 

Apart from alterations in milk composition during mammary gland infections, there are 
various serum metabolites, carbohydrates, and fatty acids involved in the immune responses that 
undergo marked changes during infection. Additionally, serum concentrations have also been shown 
to be altered during other periparturient diseases [62,138,139,140,141].   

Tumor necrosis factor-α and IL-1 have been shown to be major indicators of diseases in dairy 
cows. The main functions of IL-1 are to enhance recruitment of neutrophils and their phagocytic and 
bactericidal abilities, stimulate secretion of additional cytokines and chemokines (e.g., IL-1, IL-6, IL-
8, IL-12, TNF-α), and mediate the acute phase response (APR) [92].  

Tumor necrosis factor-α has pro-inflammatory properties similar to IL-1, such as neutrophil 
recruitment, enhancing neutrophil activity, and mediating APR [92]. TNF-α also stimulates 
endothelial cells to express adhesion molecules [92]. TNF- and IL-1 can both cause systemic effects in 
the host, such as fever, increased heart rate, and appetite loss [137]. Dervishi et al., [138] found 
significant increases in TNF- in the serum of SCM cows four weeks before calving and during disease 
diagnosis. Concentrations of TNF-α in the milk and serum of cows are higher in both naturally 
occurring and experimentally induced E. coli mastitis [142,143]. Increased concentrations of TNF- α 
and IL-1 in milk suggest a link between neutrophil recruitment in the mammary gland and the 
development of SCM [144]. Other studies on innate immunity and disease also found increased 
concentrations of pro-inflammatory cytokines in cows with SCM, retained placenta, metritis, ketosis, 
and lameness [62,138,139,140,141].  

Tumor necrosis factor-α and IL-1 are important pro-inflammatory cytokines in activating the 
APR which involves the secretion of APPs including haptoglobin (Hp) and serum amyloid A (SAA) 
from liver hepatocytes [89,144]. The study by Dervishi et al. [138] additionally found serum SAA 
concentrations to be greater in cows with SCM at multiple time points prior to and after parturition. 
The authors speculated that elevated TNF-α and SAA throughout the study means that IMI had 
begun at dry-off and that cows were in a state of chronic endotoxemia during the dry period [138]. 
The function of SAA is to expedite the removal of endotoxin, bound to lipoproteins, from systemic 
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circulation through liver hepatocytes [48]. Serum amyloid A is also present in the mammary 
epithelial cells of infected mammary glands and may be important in protecting the tissues against 
pathogenic bacteria in the early stages of infection [145].  

Haptoglobin also plays a major role in innate immunity as it binds free hemoglobin to 
decrease the availability of iron, which bacteria require for growth [146]. Haptoglobin was observed 
to be lower at 8 and 4 weeks prior to parturition, possibly making cows more susceptible to disease 
during the dry period [136]. Previous studies on lameness, metritis, and ketosis witnessed significant 
increases in Hp during the week of diagnosis [138,140,141]. Dervishi et al. [138] suggest that lower 
concentrations of Hp in the blood of SCM cows prior to calving are a result of Hp moving into the 
mammary gland to assist in immune response. Aside from binding of free hemoglobin, Hp can also 
facilitate neutrophil recruitment, free radical quenching, and help tissue repair and regeneration 
during inflammation [147].  

Apart from innate immunity alterations during disease, there have also been alterations in 
carbohydrate and lipid metabolism in dairy cows with SCM. Cows with SCM post-partum were 
shown to have significantly higher levels of serum lactate at -8 weeks relative to calving [138]. 
Research has found that concentrations of lactate in the blood can serve as a useful indicator of the 
severity of illness [148]. Moreover, assessment of lactate concentrations in the milk can also be a useful 
indicator for udder health [149]. Davis et al. [149] previously reported that there is a close relationship 
between SCC and high lactate in the milk, further supporting lactate as an indicator for udder health. 
Concentrations of non-esterified fatty acids (NEFA) and β-hydroxybutyric acid (BHBA) also have 
been shown to be elevated at -4 weeks in dairy cows diagnosed with SCM [138]. Increased blood 
NEFA and BHBA is a result of negative energy balance and reduced feed intake which causes 
mobilization of fatty acids in the adipose tissue and conversion of NEFA into ketone bodies in the 
liver [150]. Increased BHBA and NEFA concentrations have been linked to an increased risk of 
periparturient disease such as ketosis, displaced abomasum, milk fever, mastitis, and retained 
placenta [151,152,153].  
 

5. Relation of Mastitis to Other Periparturient Diseases  
It is being proposed that mastitis possibly contributes to the development of other 

periparturient diseases in dairy cows. These diseases include retained placenta, 
metritis/endometritis, lameness, and ketosis; however, there has been no research conducted on 
whether mastitis does in fact contribute to other diseases. Previous studies have found an elevation 
in the SCC of dairy cows diagnosed with periparturient disease [62,138,140,141]. Eckel and Ametaj 
[94] have suggested that endotoxins, such as LPS and LTA, can translocate from 3 different organs of 
cattle, including the rumen, reproductive tract, and mammary gland. Reports from [112] and [113] 
showed that plasma LPS increased during experimentally induced or naturally occurring mastitis. It 
is suggested that translocation of LPS occurs by two possible mechanisms [154]. The first mechanism 
is paracellular transport, where endotoxin disrupts the epithelium’s tight junctions, increasing 
permeability and allowing for passage of endotoxin across the epithelium into the bloodstream 
[114,154]. The second possible mechanism of endotoxin transport is transcellular transport, where 
endotoxin binds to TLR’s located on the epithelial surfaces where it is internalized, transported to the 
Golgi apparatus, and chylomicrons are produced, which are transported into systemic circulation 
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[155]. Endotoxin transport via paracellular and/or transcellular transport could provide some insight 
into how bacteria causing an IMI could enter systemic circulation and cause or worsen other diseases.  

 

5.1. Retained Placenta  

The incidence of retained placenta has increased substantially over the years, occurring in 2-
5% of dairy cows postpartum [156]. Normal expulsion of the fetal membranes should be within 6 
hours following parturition. The placenta is considered retained if the cow fails to expel the fetal 
membranes after 24 hours. Multiple factors increase the likelihood of a cow developing a retained 
placenta, including abortion, short gestation, twins, and dystocia. Retained placenta also contributes 
to an increased risk of postpartum metritis and/or endometritis, an increased time to first heat, an 
increased number of days open, decreased fertility, delayed uterine involution, and an increased 
number of times bred. The prevalence of retained placenta has also been linked to the development 
of other periparturient diseases in dairy cows, such as ketosis, metritis, endometritis, and mastitis 
[156]. Retained placenta is associated with a decrease in milk production [157].  

Dervishi et al. [62] found elevations of blood metabolites including TNF-α, IL-1, IL-6, SAA, 
and lactate beginning at 8 and 4 weeks prior to parturition, indicating an inflammatory state and 
activation of innate immunity. Concentrations of Hp also increased 10-fold in retained placenta cows 
during diagnosis week [62]. Ametaj et al. [158] suggest that E. coli LPS has some involvement in the 
low milk yield of dairy cows with retained placenta. Increased concentrations of TNF-α during gram-
negative bacterial infections inhibit prolactin production in the pituitary gland, thereby decreasing 
production [159]. Lactate levels have also been noted to increase in cows with retained placenta [62]. 
Lactate has previously been elevated during diseases like mastitis, and the sources of this metabolite 
may be the mammary gland or muscle tissue [149].  
 

6.2 Metritis and Endometritis 

Metritis and endometritis refer to inflammation of the uterine tract where metritis is the 
inflammation of the uterus and endometritis is inflammation of the endometrium [156]. Metritis and 
endometritis are mainly caused by bacterial infection; however, inflammation of the uterine tract 
post-partum is considered normal. A visual indication of metritis is a purulent or reddish-brown 
discharge, often with a foul odor, that occurs within 21 days post-partum [160,161]. Metritis incidence 
in dairy cows has been reported to be around 18.5% [162], but on some farms it can reach up to 40% 
of the cows [163]. Studies performed using American and European dairy herds have also found that 
cows with retained placentas were 6 times more likely to develop metritis, and those with metritis 
had a 2-fold higher risk of developing ketosis [156].  

Metritic cows also exhibited activation of innate immunity and subsequent inflammation 
prior to calving [139]. Multiple studies have reported upregulation of pro-inflammatory cytokines 
IL-6 and TNF-α in cows with metritis [139,164], whereas concentrations of IL-1 are decreased. The 
lowered levels of IL-1 could be caused by negative feedback exerted by IL-6-type cytokines [165]. 
Pro-inflammatory cytokines have also been shown to activate APP and SAA as early as 8 weeks prior 
to parturition [139]. The involvement of SAA in uterine tissue damage has been observed after the 
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fetus and placenta are expelled from the uterus [166]. There is also evidence that Hp is involved in 
the pathogenesis of multiple reproductive diseases [167]. It has additionally been observed that 
metritis can decrease milk production and increase SCC within the mammary gland [139].  

To our best knowledge, there have been no studies conducted on the association of SCC and 
metritis; however, some studies have observed a negative correlation between mastitis and 
pregnancy success [168,169]. Moore et al. [168] reported that cows with CM were more likely to 
develop irregular estrous cycles. Fetal abortion was also 3 times higher in cows that developed CM 
within the first 45 DIM [170]. Endotoxins have also been found to be present in tissues of the ovary 
[171], endometrium [172], and hypothalamus [173]. Herath et al. [171] found that follicular growth 
was disrupted by bacterial infection, whereas [172] found LPS prolonged the luteal phase with an 
increase in estrogen production. Intramammary infections have also been linked to hypothermia 
(fever) induction and embryo loss as a result of pro-inflammatory cytokines released from the 
mammary gland [169].   

 

6.3 Ketosis 

 Ketosis is a metabolic disorder that commonly occurs during early and peak lactation (3-6 weeks 
postpartum) [174,175]. Ketosis first appears in subclinical form, characterized by an elevation of 
ketone bodies (β-hydroxybutyric acid (BHBA), acetoacetate, and acetone) in the urine, milk, and 
blood. Subclinical ketosis (SCK) affects approximately 40% of dairy cows in North America, often 
reaching 80% in some dairy herds [174]. Around 2-15% of SCK cases can progress to clinical ketosis 
(CK) characterized by excess ketone bodies in the blood, urine, and milk, decreased appetite, 
decreased milk production, significant decrease in body condition, and dry manure [176]. Cows tend 
to experience a NEB during early lactation, where a decrease in feed intake cannot compensate for 
the high demand for milk production, resulting in ketosis [175]. Additionally, cows at peak lactation 
require large amounts of energy for milk production, resulting in NEB and reduced feed intake [175].  

Previous research has shown an association between ketosis and the incidence of other 
periparturient diseases, including mastitis and metritis [177]. Moreover, alterations in blood 
metabolites suggest that innate immunity as well as carbohydrate and lipid metabolism may have a 
role in the development of ketosis [141]. The latter authors observed a significant increase in BHBA, 
lactate, IL-6, TNF-α, Hp, and SAA in dairy cows beginning at 8 and 4 weeks prior to calving, 
indicating activation of innate immunity. Elevation in IL-6 was observed in human subjects during 
hyperketonemia, possibly due to IL-6 effects on multiple metabolic pathways including oxidative 
stress, oxidation of fatty acids, lipoprotein metabolism, and protein degradation [178]. Furthermore, 
[179] proposed that elevated IL-6 and TNF- and decreased appetite could stimulate adipose tissue 
breakdown, leading to insulin resistance and lipolysis.  

In vitro studies have also determined a correlation between elevated plasma BHBA and E. 
coli mastitis [180]. Intramammary infusion of LPS has been previously demonstrated to affect 
metabolism, immune response, and overall performance of dairy cows [181]. Several studies have 
provided evidence that LPS challenge induces both a metabolic response and an mRNA abundance 
of inflammatory mediators [181,182]. Moreover, infusion of BHBA has resulted in an increase in APP 
mRNA abundance within the mammary gland [183]. Zarrin et al. [184] induced hyperketonemia by 
BHBA infusion for 56 h and then infused LPS into the mammary gland in mid-lactating dairy cows. 
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The authors observed a decline in plasma glucose concentrations and confirmed that the mammary 
tissues used BHBA as an alternative energy source. Reduction in glucose concentrations could 
negatively impact the immune system and reduce cow performance if glucose concentrations are 
depleted for long periods of time [184]. While this study established the metabolic effects of induced 
hyperketonemia and LPS-infusion in the mammary gland, it remains unclear whether mastitis is 
associated with ketosis.  
 

6.4. Laminitis  

Laminitis is defined as the aseptic inflammation of the corium layer, commonly occurring in 
both horses and bovines. Laminitis is one of the top 3 major diseases of dairy cows, following 
infertility and mastitis [185]. Physical characteristics of cows affected by laminitis include abnormal 
gait, arched back, abnormal claw morphology, favoritism on one leg, decreased body condition, 
decreased feed intake, and decreased milk production [186]. Inflammation in the hoof region is also 
a major indicator of laminitis. The relationship between grain-overload and the development of 
subclinical ruminal acidosis to the incidence of laminitis has been well established; however, the 
pathogenesis of laminitis remains poorly understood [158]. Furthermore, research has primarily 
focused on lameness contributing to a mastitis infection but not mastitis contributing to lameness.  

A study by [192,193] investigated the relationship between locomotion scores and SCC in 7 
UK dairy herds. Their results indicated a negative association between SCC and locomotion score, 
where lame cows had lower SCC compared to non-lame cows [192]. Archer et al. [193] then concluded 
that lame cows that spent more time standing decreased exposure of the mammary gland to 
infectious pathogens, thus maintaining a low SCC. To our best knowledge, this is the only study that 
aimed to establish a relationship between SCC and lameness. While these findings observed the 
overall behavior and locomotion scoring of lame cows, they did not, however, look at the changes in 
metabolites that are associated with lameness and mastitis.  

It was previously demonstrated that the upregulation of blood metabolites in dairy cows 
with lameness could be used as potential biomarkers for predicting lameness incidence [140]. Zhang 
et al. [140] reported increased serum concentrations of TNF-α, IL-1, and IL-6 in dairy cows at 8 and 4 
weeks prior to calving. Previous reports in horses suggested that the development of clinical 
lameness would result in an increase in IL-6 in blood [194]. In previous reports, it was shown that IL-
6 was a potent biomarker for cows with mastitis, retained placenta, and metritis [195,196]. This 
indicates that IL-6 may play an important role in the clinical stages of lameness and other metabolic 
diseases. It was also suggested that endotoxins might play a role in stimulating cytokine production 
and increasing Hp and SAA concentrations [197]. Zhang et al. [140] also reported increased SCC 
levels in lame cows and a positive correlation between lactate, IL-6, TNF-α, and SAA, further 
suggesting that mammary gland infection prior to dry off could contribute to the development of 
diseases post-partum. 
 

6. Current Approaches to Treatment of Mammary Gland Infections 
 
6.1 Application of Antibiotics and Bacterial Resistance 
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Treatment and prevention of disease in food-producing animals has been maintained using 
antibiotics, which is one of the most effective ways of reducing IMI. The highest risk for a cow to 
develop a new IMI has been shown to be at the beginning of dry-off and around parturition [40]. Dry 
cow therapy (DCT) is an antibiotic treatment administered to cows at dry off. The benefits of DCT 
are related to decreasing the number of infectious organisms within the mammary gland, thus 
reducing the incidence of new IMI post-partum [36]. According to [36], farmers who do not treat their 
cows with DCT increase the incidence rate of new IMI by 10-15%. The dry cow therapy has been 
shown to have an efficiency of 90-93% against S. agalactiae infections, 70-80% against S. aureus 
infections, and 70-90% against environmental streptococci bacteria. In comparison to treating mastitis 
infections during lactation, the dosage of antibiotic is less compared to DCT due to the risk of 
antibiotic residues within the milk. Therefore, cows receiving DCT at dry off is more beneficial since 
higher dosages can be administered and incidence of new IMI is decreased.  

Recent suggestions have been put forward that antibiotic use for treatment of disease within 
the agriculture industry is resulting in increased antibiotic resistance by infectious organisms [198]. 
Indeed, the mechanisms by which bacteria become resistant to antibiotics include preventing entry 
or export of the drug, secretion of enzymes that alter or destroy the antibiotic, or making changes to 
the antimicrobial target [199]. Countries such as the United Kingdom, Denmark, and Norway have 
implemented a ban on certain antimicrobials in swine and poultry systems with the goal of 
decreasing populations of resistant organisms. Conflicting reports showed that some populations of 
resistant organisms had decreased after the ban, while other populations had remained unchanged 
[200,201]. An example is the resistance of S. aureus against penicillin [10], which has made it 
increasingly difficult to control and treat sick animals. Cows treated for a staphylococcal infection 
during lactation have been shown to be <50% effective at reducing infectious pathogens [36]. Oliver 
and Sordillo [202] concluded that DCT is not entirely effective at decreasing the incidence of new IMI. 
There is now an increasing interest in new alternative methods of reducing IMI and reducing other 
periparturient diseases of dairy cows. 
 

8. Summary 
The incidence of a mammary gland infection is highly problematic within the dairy industry 

as it results in production loses for producers and poor cow performance. Both Gram-negative and 
Gram-positive organisms can produce endotoxins that contribute to mammary gland infections and 
activation of the immune system. There have been multiple studies on immunosuppression during 
the transition period, and disease incidence post-partum. To our best knowledge, there is no research 
yet on the association of mammary gland infections at the time of dry off being related to other 
periparturient diseases in dairy cows. The incidence of mammary gland infection at dry off and its 
possible association with periparturient diseases including metritis, laminitis, ketosis, retained 
placenta, and milk fever will be the subject of interest.  
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