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Simple Summary: Establishing reliable biomarkers of udder bacterial infection and its bovine
immune response at the early stage of the mastitic infection is considered an urgent matter. Thus,
reliable biomarkers were measured in our study for accurate detection of the changes in biochemical
and immunological parameters related to both clinical and sub-clinical mastitis. Ultimately, APP
and cytokines, along with antioxidant markers can be used as early indicators of subclinical and
clinical mastitis.

Abstract: The study aimed to investigate the mastitis’ emerging causative agents and their antimi-
crobial sensitivity, in addition to the hematological, biochemical indicators, oxidative biomarkers,
acute phase protein (APP), and inflammatory cytokine changes in dairy farms in Gamasa, Dakahlia
Governorate, Egypt. One hundred Holstein Friesian dairy cattle with clinical and subclinical mastitis
were investigated and were allocated into three groups based on a thorough clinical examination.
Escherichia coli and Staphylococcus aureus were found responsible for the clinical and subclinical
mastitis in dairy farms, respectively. Multiple drug resistance (MDR) was detected in 100%, and
94.74% of E. coli and S. aureus isolates, respectively. Significantly low RBCs count, Hb, and PCV
values were detected in mastitic cows compared with both subclinical mastitic and control groups;
moreover, WBCs, lymphocytes, and neutrophil counts were significantly diminished in mastitic
cows compared to the controls. Significantly higher levels of AST, LDH, total protein, and globulin
were noticed in both mastitic and subclinical mastitic cows. The haptoglobin, fibrinogen, amyloid A,
ceruloplasmin, TNF-α, IL-1β, and IL-6 levels were statistically increased in mastitic cows compared to
the controls. Higher MDA levels and reduction of TAC and catalase were identified in all the mastitic
cases compared to the controls. Overall, the findings suggested potential public health hazards due
to antimicrobial resistance emergence. Meanwhile, the APP and cytokines, along with antioxidant
markers can be used as early indicators of mastitis.

Keywords: mastitis; E. coli; S. aureus; oxidative/antioxidant molecules; APP; inflammatory cytokines

Animals 2023, 13, 892. https://doi.org/10.3390/ani13050892 https://www.mdpi.com/journal/animals

https://doi.org/10.3390/ani13050892
https://doi.org/10.3390/ani13050892
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://orcid.org/0000-0003-0458-2020
https://orcid.org/0000-0002-1381-8245
https://orcid.org/0000-0003-4484-3678
https://orcid.org/0000-0003-2924-9670
https://doi.org/10.3390/ani13050892
https://www.mdpi.com/journal/animals
https://www.mdpi.com/article/10.3390/ani13050892?type=check_update&version=2


Animals 2023, 13, 892 2 of 18

1. Introduction

In veterinary medicine, bovine mastitis is considered one of the most common and
economically important diseases affecting dairy herds worldwide. It mostly causes major
economic losses [1,2]. Hence, the economic impact of mastitis is usually due to decreased
milk production, increased costs of veterinary treatment, and premature culling of infected
animals [3]; in addition, it causes alterations in the milk and udder physically, chemically,
and pathologically [4,5].

Staphylococcus aureus is one of the major common pathogens causing mastitis in dairy
animals [6]. The ability of the organism to cause infections is probably due to the expression
of various toxins, virulence factors, and cell wall adhesion proteins. The bacterium can
survive phagocytosis in the udder and often causes chronic inflammation [7]. These
infections frequently do not respond to routine therapy. However, other microorganisms
may be attributed to mastitic infections like Escherichia coli, Salmonella spp., and Streptococci
or Listeria spp. [8–10].

Bovine mastitis poses a great one-health concern and zoonotic danger to humans
due to the capability of this food-borne pathogen to be transmitted through milk or even
through workers to consumers [3] The use of antimicrobial agents on cattle farms is often
useful but the excessive use of it to control or prevent the mastitic infections may be
contributing to the global antimicrobial resistance development [3]. Besides, antimicrobial
residue leads to a decrease in the quality of milk [11]. Bovine mastitis is classified into
two categories: clinical mastitis and subclinical mastitis; clinical mastitis is characterized
by observable clinical signs of the udder and signs of inflammation with general health
disturbance [12–15]; subclinical mastitis is difficult to be detected at once due to the lack
of visible signs. It takes days or weeks to be observed [13], producing huge losses in the
milk production due to the long-time persistence of infection and alterations of physical
and chemical properties of the milk [16]. Usually, subclinical mastitis is more common than
clinical mastitis [17,18].

The number of Somatic cells in the milk may be considered a diagnostic marker for
subclinical mastitis [13]; these somatic cells consist of macrophages, neutrophils, lympho-
cytes, and some mammary epithelial cells. In the case of the healthy udder, macrophages
are the predominant cell, while during early mastitis neutrophils become the predominant
cells [19]. Host-pathogen interactions lead to the activation of the innate immune response
to recognize infected microorganisms or rechange immune components by increasing the
number of macrophages and releasing cytokines, which recruit leukocytes at the site of
infection and trigger the local and systemic acute phase response [19,20]. Furthermore,
acute phase proteins such as haptoglobin, cathelicidins, and peptidoglycan recognition
protein were recorded at higher rates during infection [21]; similarly, high levels of IL-1β,
IL-8, and TNF-α were expressed [22].

The pathogenesis of udder bacterial infection and bovine immune response must
be studied to establish reliable biomarkers which can be detected at the early stage of
the infection. Thus, these reliable biomarkers were measured in our study for accurate
detection of the changes assigned with the bacteriological agent invasion and accompanied
changes in biochemical and immunological parameters related to both clinical and sub-
clinical mastitis. Meanwhile, the antimicrobial resistance of our strains was assessed to
measure the current danger of multidrug resistance strains affecting public health.

2. Materials and Methods
2.1. Animal Population

The present study was conducted in January 2021 on 100 dairy cows: healthy cows
(n = 20), clinical mastitis-infected cows (n = 30), and subclinical mastitis-infected cows
(n = 50) from two different farms located on the road of Gamasa city, Dakahlia Governorate,
Egypt. Their ages ranged between 4 and 7 years. All dairy cattle diagnosed in our study
were Holstein Friesian. The study was performed on cows that had not received any
medication in the week before sampling. On the farm, modern management techniques
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and good hygiene standards were applied. Only automatic milking machines were used at
both farms.

All investigated cows were subjected to a thorough clinical examination. After milking
the diseased cows, the size, the conformation of the udder, and the relative size of all
quarters were inspected. The udder tissue and supramammary lymph nodes were also
thoroughly examined. Cows with clinical mastitis were identified if one or more of the
following signs were observed: cardinal signs of inflammation in one or more of an
udder’s quarters, signs of systemic reactions (fever, depression, and disturbed appetite),
or abnormal physical character of milk (clot formation, discoloration, and alterations in
viscosity, aberrant smell, and the presence of blood).

Due to the absence of observable clinical signs in cows with subclinical mastitis, the
presumptive diagnosis was based on the laboratory diagnostic tests of milk samples, the
California mastitis test (CMT), and somatic cell count (SCC). Cows with positive CMT or
having SCC > 200,000 cells/mL and lacking clinical signs were considered affected with
subclinical mastitis.

Briefly, the California mastitis test (CMT), [23] was performed as follows: a plastic
vessel with 4 shallow wells was used for collecting approximately 2 mL of milk from
each udder quarter. Then, an equal amount of alkali reagent (kerbl® reagent) was added.
A gentle circular motion was applied to the mixtures in a horizontal plane for 5 s and
the different degrees of gel were recorded, according to the system used in the Nordic
countries as the scoring is made from 1–5. Meanwhile, all the milk samples were examined
automatically for somatic cell count by using The Nucleo Counter® SCC-100™. The sample
was warmed in a water bath at 35 ◦C for 5 min and then mixed automatically before
reading [24].

All procedures were performed following the principles and specific guidelines pre-
sented in the Mansoura University Animal care and approved by its Ethical Committee.

2.2. Sample Collection

Milk and blood samples were collected from each individual dairy cow (n = 100),
including healthy cows (n = 20), clinical (n = 30), and subclinical mastitis cows (n = 50). The
teats were wiped using alcohol for sterilization and all samples were taken in sterilized
vials. After milk samples were taken aseptically, they were transported in coolers (4 to
8 ◦C) for subsequent bacteriological analyses within 6 hrs. All milk samples were sent
to the Department of Bacteriology, Mycology and Immunology lab, Faculty of Veterinary
Medicine, Mansoura University, Egypt.

For blood samples, the halter was used to position the animal’s head in a slightly
elevated manner to expose the jugular vein with minimal restraint to get the blood samples
without causing injury. One blood sample was collected with an anticoagulant (EDTA) for
complete blood counting. The second blood sample was collected in a heparinized tube
which was rapidly centrifuged at 3000× g for 10 min for separation of blood plasma. The
collected plasma was used for the estimation of fibrinogen. The third blood sample was
collected in plain test tubes, left for 15 min to clot, and centrifuged at 3000 rpm (4 ◦C) for
serum separation. The separated serum was stored at −80 ◦C for further determination of
biochemical, inflammatory, and oxidative stress/antioxidant parameters.

2.3. Bacterial Identification

All collected milk samples were centrifuged for 10 min. A drop from the sediment was
cultivated onto Baird-Parker agar, 5% sheep blood agar, MacConkey’s agar, and Mannitol
salt agar, (Oxoid, Ltd., Basingstoke, UK) at 37 ◦C for 24–48 h. Bacterial colonies were
classified according to their phenotypic characters on the culture media. All milk samples
that give more than two bacterial species on bacterial culture plates were considered
contaminated samples and were discarded. Presumptive characterization of the isolated
bacteria was carried out based on Gram’s stain and biochemical characteristics according
to Quinn and his group [25].
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2.4. Molecular Confirmation of S. aureus and E. coli Isolates
2.4.1. DNA Extraction

The DNA was extracted from all suspected isolates by the boiling method [26]. Two
to three colonies from suspected S. aureus and E. coli isolates were suspended in 200 uL
deionized free water and boiled for 10 min, and then centrifugated for 10 min. The
supernatants were transferred to a new sterile Eppendorf tube and stored at −20 ◦C as a
DNA sample.

2.4.2. Molecular Confirmation Using Polymerase Chain Reaction (PCR) for S. aureus and
E. coli Isolates

All the isolates suspected to be S. aureus by biochemical typing were confirmed
by amplification of species-specific nuc gene (encoding for the S. aureus-specific ther-
monuclease) using the primers: nuc-F:(GCGATTGATGGTGATACGGTT) and nuc-R: (AGC-
CAAGCCTTGACGAACTAA AGC) by using PCR amplification technique according to
Sallam et al. [27]. In brief, A 25 µL PCR reaction mixture contained 5 µL of DNA template,
12.5 µL of 2X PCR master mix (Thermo Scientific, United States), 6.5 µL of deionized
nuclease-free water, and 1 µL of each primer. PCR conditions were 94 ◦C for 2 min for
initial denaturation, followed by 35 cycles of 98 ◦C for 10 s, 58 ◦C for 30 s, and 68 ◦C for
60 s, then 68 ◦C for 7 min as a final extension step; this cyclic reaction was run using a 96
well Applied Biosystem, 2720 thermal cycler. The PCR products were visualized using
1% agarose gel using a UV transilluminator and a Gel Documentation System (cleaver
scientific ltd UV gel documentation system, USA). S. aureus strain from a previous study
was used as a positive control [28].

Furthermore, all the biochemically characterized E. coli isolates were subjected to PCR
amplification for encoding of the Genus-specific primer 16S-rRNA gene using the following
primer pair: 16S-rRNA-F-GCGGACGGGTGAGTAATGT and 16S-rRNA-R-TCATCCTCTCA-
GACCAGCTA (Table 1). PCR protocol was performed as per Teichmann et al. [29]. The
reaction was performed in a total volume of 25 µL with 5 µL DNA template, 12.5 µL 2X
PCR master mix (Thermo Scientific, United States), 6.5 µL deionized nuclease-free water,
and 1 µL of each primer. A 96-well Applied Biosystem and a 2720 thermal cycler were
used for PCR amplification. The following PCR amplification reaction was applied: initial
denaturation for 5 min at 94 ◦C; 30 cycles of 94 ◦C for 15 s, 69 ◦C for 30 s, and 72 ◦C for
30 s; final extension for 7 min at 72 ◦C. PCR products were run on 1% agarose gel and
were visualized using a UV transilluminator and a Gel Documentation System (cleaver
scientific ltd UV gel documentation system, USA). The strain used as PCR positive control
was supplied from a previous study [30].

Table 1. Primers were used for amplification in this study.

Gene Bacteria Gene Primer Sequences (5′ to 3′) bp Reference

nu
c

S. aureus
Nuc-F F-GTGCTGGCATATGTATGGCAATTG

660 [27]
Nuc-R R-CTGAATCAGCGTGTCTTCGCTCCAA

16
s-

rR
N

A

E. coli
16S rRNA-F F-GCGGACGGGTGAGTAATGT

200 [29]
16S rRNA-R R-TCATCCTCTCAGACCAGCTA

2.5. Antimicrobial Sensitivity Test for S. aureus and E. coli Strains

All the confirmed bacterial isolates were characterized for their antimicrobial sensitiv-
ity tests on Muller Hinton agar (Oxoid, Ltd., Basingstoke, UK) by using the disc diffusion
technique according to CLSI [31]. Firstly, the twenty-one E. coli isolates were tested for
antimicrobial sensitivity against 12 different antimicrobial compounds by disc diffusion
test. The following antimicrobial discs (Oxoid, Ltd., Basingstoke, UK) were used: peni-
cillin (10 mg), cefuroxime (30 mg), cefoperazone (30 mg), amikacin (30 mg), streptomycin
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(15 mg), neomycin (5 mg), azithromycin (15 mg), nalidixic acid (30 mg), trimethoprim-
Sulfamethazole (25 mg), gentamycin (10 mg), chloramphenicol (30 mg), and rifamycin
(5 mg) (Table 2). In addition, thirty-eight S. aureus isolates were examined against 10 antimi-
crobial agents for their antimicrobial sensitivity using a disc diffusion test on Muller Hinton
agar (Oxoid, Ltd., Basingstoke, UK). These antimicrobial discs (Oxoid, Ltd., Basingstoke,
UK) were ampicillin (10 mg), oxacillin (15 mg), ceftazidime (30 mg), kanamycin (30 mg),
streptomycin (15 mg), norfloxacin (10 mg), ciprofloxacin (5 mg), chloramphenicol (30 mg),
tetracycline (30 mg), and gentamycin (10 mg) (Table 2). The results were interpreted accord-
ing to CLSI [31]. Resistance to more than two antibiotics from different antimicrobial classes
was recorded as MDR [32]. A multiple antibiotic resistance (MAR) index was calculated
according to Krumperman [33].

Table 2. Antimicrobial sensitivity detected in different Escherichia coli and Staphylococcus aureus
isolates from clinical and sub-clinical mastitic milk.

Bacteria Antimicrobial Agent Family CPD Resistance No/% Intermediate
No (%)

Sensitive
No/%

E. coli

Penicillin β-lactam 10 21 (100%) - -

Cefuroxime
Cephalosporin

30 21 (100%) - -

Cefoperazone 30 21 (100%) - -

Amikacin

Aminoglycoside

30 11 (52.4%) 8 (38.1%) 2 (9.5%)

Streptomycin 15 8 (38.1%) 8 (38.1%) 5 (23.8%)

Neomycin 5 13 (61.9%) 3 5 (23.8%)

Azithromycin Macrolide 15 21 (100%) - -

Nalidixic acid Quinolone 30 21 (100%) - -

Trimethoprim-
Sulfamethazole Sulphonamide 25 21 (100%) - -

Gentamycin Lincosamide 10 21 (100%) - -

Chloramphenicol Phenicols 30 10 (47.6%) 8 (38.1%) 3 (14.29%)

Rifamycin Rifamycin 5 21 (100%) - -

S. aureus

Ampicillin β-lactam 10 29 (76.3%) 5 (13.2%) 4 (10.5%)

Oxacillin 15 29 (76.3%) 5 (13.2%) 4 (10.5%)

Ceftazidime Cephalosporin 30 20 (52.6%) 10 (26.3%) 8 (21.1%)

Kanamycin Aminoglycoside 30 18 (47.4%) 19 (50%) 1 (2.6%)

Streptomycin 15 19 (50%) 13 (34.2%) 6 (15.8%)

Norfloxacin Quinolone 10 13 (34.2%) 5 (13.2%) 20 (52.6%)

Ciprofloxacin Fluoroquinolone 5 14 (36.8%) 14 (36.8%) 10 (26.3%)

Gentamycin Lincosamide 10 28 (73.7%) 10 (26.3%) -

Chloramphenicol Phenicols 30 10 (26.3%) 14 (36.8%) 14 (36.8%)

Tetracycline Tetracycline 30 9 (23.7%) 9 (23.7%) 20 (52.6%)

2.6. Complete Blood Cell Analysis

Red blood cell count (RBCs), hemoglobin (Hb), hematocrit value (PCV), and total and
differential leukocytic count were analyzed according to Morar et al. [34].

2.7. Biochemical Markers, Acute Phase Protein, and Inflammatory Cytokines Analysis

The serum activity of aspartate aminotransferase (AST, catalog No.; AS101) was esti-
mated using kits obtained from the Randox company (Kearneysville, VA, USA). Lactate
dehydrogenase (LDH, catalog No.; TK41214), total protein (Catalog No.; MD1001291), and
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albumin (Catalog No.; MX1001020) were assessed using kits obtained from the Spinre-
act company (Santa Coloma, Spain) according to the described methods of its manufac-
turer’s instructions.

Serum levels of acute-phase protein (APP) including haptoglobin (Catalog No.; ab137977),
amyloid A (Catalog No.; ab274407), fibrinogen (Catalog No.; ab108842), ceruloplasmin
(Catalog No.; ab108818), and ferritin (Catalog No.; ab108698) were estimated using kits
obtained from the Abcam company (Cambridge, UK) according to the standard protocol of
their specific pamphlets.

Serum tumor necrosis factor-alpha (TNF-α, Catalog No.; MBS2609886), interleukins, IL-
1β, IL-6, (Catalog No.; # ESS0027, and # RBOIL6I) (Invitrogen-Thermo Fisher Co., Waltham,
MA, USA) and IL-10, (Catalog No.; ab277386) (Abcam Co., Cambridge, UK) levels were
estimated using specific bovine ELISA commercial kits according to the methodology of
each enclosed pamphlet. All parameters were measured spectrophotometrically using a
5010 Photometer (ROBERT RIELE GmbH & Co KG, Berlin, Germany).

2.8. Oxidative Stress/Antioxidant Parameters

The serum levels of malondialdehyde, total antioxidant capacity (TAC) superoxide
dismutase (SOD), and catalase were estimated spectrophotometrically following the illus-
trated approaches of Ohkawa et al. [35], Benzie and Strain [36], Nishikimi et al. [37], and
Aebi [38], respectively.

2.9. Statistical Analysis

Data analysis was carried out using a statistical software program (SPSS for Windows,
Version 21, Cary, NC, USA). The Kolmogorov–Smirnov test was selected to assess the
normal distribution of the data. The assessed data were normally distributed; therefore,
the means and standard mean of error (SME) for each variable were statistically analyzed
and presented. The post hoc test with ANOVA (Tukey’s test) was used to assess statistical
differences between the two groups. In all statistical analyses, the results were considered
significant at p < 0.05.

3. Results
3.1. Characterization of E. coli and S. aureus among Clinical and Sub-Clinical Mastitic Milk

Out of all investigated mastitic milk samples, a total of 70% (21/30) E. coli isolates and
76% (38/50) S. aureus isolates were identified from clinical mastitis milk and sub-clinical
mastitis milk, respectively, using PCR assay. All the other samples were discarded and
counted as contaminated samples. A total of twenty milk samples from healthy cows were
negative for bacterial culture. Due to the absence of observable clinical signs in animals
infected with subclinical mastitis, a presumptive diagnosis was done based on laboratory
diagnostic tests of milk samples using the CMT and SCC. Cows with positive CMT or those
having SCC > 200,000 cells/mL but lacking clinical signs were considered affected with
subclinical mastitis.

3.2. Antimicrobial Susceptibility Testing for E. coli and S. aureus among Clinical and Sub-Clinical
Mastitic Milk

The results of antimicrobial susceptibility testing of E. coli isolates (n = 21) are listed in
Table 2. E. coli isolates were resistant to penicillin, cefuroxime, cefoperazone, azithromycin,
nalidixic acid, trimethoprim-sulfamethoxazole, rifamycin, and gentamycin. They dis-
played intermediate resistance to neomycin (61.9%), amikacin (52.4%), and chlorampheni-
col (47.6%). E. coli isolates were more sensitive to streptomycin (38.1%). Multiple drug
resistance (MDR) was detected in all tested E. coli isolates (resistant to ≥3 antimicrobial
class) and the most prevalent antimicrobial pattern was ‘’C, P, DA, STX, RA, N, NA, CXM,
CEP, AZM” (Table 3).
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Table 3. Antimicrobial sensitivity pattern and multiple antimicrobial resistance detected in different
Escherichia coli and Staphylococcus aureus isolates from clinical and sub-clinical mastitic milk.

Bacteria Antibiotypes Resistance Pattern Isolates
No (%)

MAR
Index

E. coli

I C, P, DA, STX, RA, AK, NA, CXM, CEP 1(4.8%) 0.75

II C, P, DA, STX, RA, NA, CXM, CEP, AZM 1(4.8%) 0.75

III P, DA, STX, RA, N, NA, CXM, CEP, AZM 3(14.3%) 0.75

IV C, P, DA, STX, RA, AK, NA, CXM, CEP, AZM 3(14.3%) 0.83

V C, P, DA, STX, RA, N, NA, CXM, CEP, AZM 5(23.8%) 0.83

VI P, S, DA, STX, RA, N, NA, CXM, CEP, AZM 1(4.8%) 0.83

VII P, S, DA, STX, RA, N, AK, NA, CXM, CEP, AZM 4(19.04%) 0.92

VIII P, S, DA, STX, RA, AK, NA, CXM, CEP, AZM 3(14.3%) 0.83

S. aureus

I OX, CAZ, AMP 2(5.3%) 0.3

II K, DA, CAZ 4(10.5%) 0.3

III NOR, DA, OX, AMP 1(2.6%) 0.4

IV OX, CLP, CAZ, AMP 1(2.6%) 0.4

V NOR, OX, CAZ, AMP 3(13.2%) 0.4

VI K, C, DA, OX, S 5(13.2%) 0.5

VII C, DA, CAZ, AMP, S 1(2.6%) 0.5

VIII K, OX, CIP, CAZ, AMP 4(13.2%) 0.5

IX DA, OX, CAZ, AMP, S 4(10.5%) 0.5

X NOR, DA, OX, CIP, AMP 4(13.2%) 0.5

Moreover, the antimicrobial susceptibility testing of S. aureus isolates (n = 38) is
listed in Table 2. S. aureus isolates were highly resistant to ampicillin, oxacillin, and
gentamycin (76.3%, 76.3%, and 73.7%), respectively, and they displayed intermediate
resistance to ceftazidime (52.6%), kanamycin (47.4%), and streptomycin (50%). S. aureus
was more sensitive to norfloxacin (34.2%), ciprofloxacin (36.8%), chloramphenicol (26.3%),
and tetracycline (23.7%). Multiple drug resistance (MDR) was detected in 94.74% of the
total tested isolates (resistant to ≥3 antimicrobial classes). Only two S. aureus strains were
found to be sensitive to all antimicrobials tested. The most prevalent antimicrobial pattern
was K, NOR DA, TE, OX, CIP, CAZ, AMP, and S (Table 3).

3.3. Hematological and Serum Biochemical Parameters of Dairy Cows with Subclinical and
Clinical Mastitis

As presented in Table 4, the obtained results showed significantly lower RBCs count
(p < 0.01), Hb (p < 0.001), and PCV (p < 0.01) values in mastitic cows compared with both
subclinical mastitic and control cows. Moreover, WBCs (p < 0.01), and neutrophil (p < 0.001)
counts were significantly diminished in clinical and subclinical mastitic cows compared
to the controls. Significantly higher levels of AST (p < 0.001, p < 0.01), LDH (p < 0.001,
p < 0.01), total protein (p < 0.001, p < 0.05), and globulin (p < 0.001, p < 0.05) in both mastitic
and subclinical mastitic cows unlike that of the controls. However, the serum level of
albumin (p < 0.05) statistically declined in mastitic cows only compared to other groups.
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Table 4. Hematological and serum biochemical parameters of dairy cows with subclinical and
clinical mastitis.

Parameters Control Subclinical Mastitis Clinical Mastitis

RBCs (106/µL) 7.41 ± 0.24 a 6.81 ± 0.33 a 5.45 ± 0.19 b

Hb (g/dL) 10.13 ± 0.15 a 9.39 ± 0.10 a 8.21 ± 0.07 b

PCV (%) 31.51 ± 0.70 a 29.02 ± 0.71 a 26.38 ± 0.13 b

WBCs (103/µL) 10.32 ± 0.37 c 13.44 ± 0.09 b 18.05 ± 0.71 a

Lymphocyte (103/µL) 7.56 ± 0.16 8.07 ± 0.05 8.34 ± 0.66
Neutrophil (103/µL) 2.32 ± 0.29 c 4.46 ± 0.06 b 9.08 ± 0.36 a

Monocyte (103/µL) 0.44 ± 0.18 0.91 ± 0.05 0.64 ± 0.26
AST (U/L) 46.17 ± 2.24 c 66.45 ± 1.22 b 94.57 ± 2.08 a

LDH (U/L) 261.21 ± 14.88 c 479.77 ± 9.56 b 766.23 ± 10.81 a

T. protein (g/dL) 7.43 ± 0.09 c 8.37 ± 0.08 b 9.02 ± 0.24 a

Albumin (g/dL) 3.47 ± 0.15 a 3.20 ± 0.36 a 2.48 ± 0.11 b

Globulin (g/dL) 3.97 ± 0.22 c 5.17 ± 0.68 b 6.54 ± 0.31 a

Data were represented as Mean± SME. Means in the same row with different superscripts is significantly different
(p < 0.05). AST, Aspartate aminotransferase; LDH, lactate dehydrogenase.

3.4. Serum Acute Phase Protein of Dairy Cows with Subclinical and Clinical Mastitis

To assess the mechanisms involved in the progression and damage of mammary gland
tissue during mastitis, serum acute-phase proteins (APP) and inflammatory cytokines were
estimated in our study. The haptoglobin (p < 0.001), fibrinogen (p < 0.01), and Amyloid A
(p < 0.001, p < 0.01) levels were found to be highly elevated in the serum of both mastitic and
subclinical mastitic cows unlike that of the controls (Figure 1). Moreover, ceruloplasmin
(p < 0.05) levels were significantly raised in the serum of mastitic cows compared to the
healthy controls (Figure 1D). No significantly valuable differences in serum ferritin levels
of all the groups were identified (Figure 1E).
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3.5. Serum Inflammatory Cytokines of Dairy Cows with Subclinical and Clinical Mastitis

TNF-α (p < 0.001), IL-1β (p < 0.001, p < 0.01), and IL-6 (p < 0.001, p < 0.01) were
statistically increased in mastitic and subclinical mastitic cows compared to the healthy
controls (Figure 2). Meanwhile, the IL-10 (p < 0.01) decreased only in mastitic cows relative
to the remaining groups (Figure 2D).
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3.6. Serum Antioxidant\Oxidative Stress Parameters of Dairy Cows with Subclinical and Clinical Mastitis

During the progression of mastitis, the bacterial infection caused the generation of
an accentuated reactive oxygen species (ROS) and impairment of antioxidant molecules
confirmed in our results by higher malondialdehyde (MDA) levels (p < 0.001), along with
a reduction of total antioxidant capacity (TAC) (p < 0.05, p < 0.001) and catalase (p < 0.01,
p < 0.001) in mastitic and subclinical mastitic cows compared to the control non-infected
one (Figure 3). Superoxide dismutase (SOD) (p < 0.05) was statistically diminished only in
mastitic cows compared to the controls (Figure 3C).
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4. Discussion

Mastitis is a mammary gland inflammatory illness that causes huge, enormous eco-
nomic losses in the dairy industry [39]. It occurs when a pathogenic microbe enters the
mammary gland, usually by disrupting physical barriers like the teat canal [40]. Once
the barrier is breached, a prompt and effective defense response is required to prevent
the spread of pathogenic organisms and additional injury to mammary gland tissue [41].
Mastitis, in its clinical and subclinical forms, is considered one of the most devastating
diseases that affect dairy herds and represents 21% of reported diseases in dairy cattle, with
an annual incidence of 37% [42]. To our knowledge, there were no studies applied to clini-
cal or subclinical mastitic cows that directly link the bacterial causative agent, and serum
biochemical, antioxidant, and inflammatory markers (APP & cytokines) with mastitis risk.
That is why the goal of this study was to investigate the bacterial cause and detect serum
biochemical, antioxidant, and inflammatory markers in dairy cows that were linked to
clinical and subclinical mastitis susceptibility.

Mastitis is a complex disease with varied etiological causes, contagious bacterial,
environmental, and opportunist [43]. In our study, the bacterial agent was detected in high
proportion 73.75% (59/80) of all mastitic milk samples. This confirms previous studies
which mentioned bacterial mastitis as the most common etiology [44,45]. Furthermore,
our findings revealed that E. coli and S. aureus were the causative agents responsible for
our mastitic cases which are in accordance with previous studies that described these two
microorganisms to be the most common and significant bacterial agents responsible for
mastitis [46].

E. coli is an environmental agent capable of invading the cow’s teat through ascend-
ing infection [47]. E. coli was recovered from 70% (21/30) of our clinical mastitis cases.
Higher results were obtained in France and Egypt; investigating more than 80% of the
clinical mastitic cases were caused by E. coli [48,49]. In Egypt, a previous report showed
a slightly low occurrence (about 31%) of clinical mastitic cases where E. coli was the
causative agent [50]. Ahmed et al. [51] recovered a low incidence (9.1%) of E. coli-related
mastitic cases.

S. aureus is a contagious microorganism that invades the udder and infects all the
quarters. In our study, S. aureus recovered at a rate of 76% (38/50) from the subclinical
cases which came following other studies in Egypt [52,53]. From Egypt, another study was
found to have higher results than ours; about 91.48% of the samples were identified as
S. aureus [54].

Antimicrobial resistance is an important hazard that is mentioned as the silent tsunami
facing modern medicine. Nowadays, MDR has been a serious challenge facing scien-
tists [55]. Examination of our isolates from farms that did not receive any previous medica-
tion the last week relived a dangerous result for MDR. Our E. coli mastitic strains showed
extensive resistance against seven antimicrobial classes, β-lactam, cephalosporin, macrolide,
quinolone, sulphonamide, lincosamide, and rifamycin. Previous reports discussed E. coli raised
antimicrobial resistance against ampicillin, streptomycin, and sulfonamides [56–58]; in addi-
tion, extended-spectrum β -lactamases resistance was investigated in other reports [59,60].
These results might be attributed to the broad-spectrum antimicrobials, trimethoprim–
sulfonamides, oxytetracycline, fluoroquinolones, cefquinome, and ceftiofur which are used
in the farms for the systematic treatment of mastitic coliform [61,62]. Thus, E. coli have
developed resistance to these extensively used antimicrobial classes.

In this study, the isolated Staphylococcus aureus strains showed slightly lower antimicro-
bial resistance results than the E. coli strain. Our study exhibited higher resistance against
ampicillin which came in accordance with previous studies [53,63]. S. aureus produces
penicillinase enzyme which makes the treatment by β-lactamase antimicrobial class more
problematic. Third-generation cephalosporin was considered for treatment of the mastitis
cases caused by S. aureus. It was revealed that about half of the strains were ceftazidime
resistant which was the same as other previous studies [53]. We observed that about
73% of the strains developed resistance to gentamicin which was higher than in other
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studies [64,65]. Reports from China showed that antimicrobial agents such as penicillin,
ampicillin, streptomycin, gentamicin, ciprofloxacin, and sulfamethoxazole-trimethoprim
were usually applied for mastitis in dairy farms [66]; these antimicrobial agents act by
inhibiting protein synthesis [67,68]. Resistance against penicillin, ampicillin, erythromycin,
tetracycline, and clindamycin was reported in different countries [69–72]. In this study, the
low resistance against tetracycline and chloramphenicol was reasonable. Since tetracycline
resistance is usually acquired by horizontal gene transfer; besides, chloramphenicol is not
used anymore in the veterinary field. The proportion of MDR S. aureus in our study was
94.74%. These results are similar to previous studies from Malaysia and Brazil [71,73].

The inappropriate use of antimicrobials in farms may be involved in the emergence or
spread of antimicrobial-resistant strains; these strains could be transmitted to humans via
direct contact with animals or via ingestion of infected food [74,75]. Thus, misuse led to the
environmental release of the antimicrobial resistance genes and resistant bacterium. In this
case, the environment and the animals will serve as an end reservoir of the antimicrobial
resistance genes [76]. This limited the options used for the therapy against these agents [77].
Periodical surveillance strategies must be taken to control this dramatic development of
MDR bacterial strains [78]. Nowadays, the emergence of novel strategies such as the usage
of antimicrobial combination, phage therapy, and peptide therapy had been studied [79,80].

Changes in hemato-biochemical parameters and leukocyte counts can be employed as
crucial indications of the animal’s physiological or pathological status (mastitis). Following
our results, the mastitis-affected cows showed a significant decrease in Hb, PCV, and RBCs
counts, with an increase in TLC as compared to healthy cows [81]. These findings were also
consistent with a prior study that found a significant fall in RBC, Hb, and PCV values in
mastitis-affected animals, resulting in anemia [82]. Earlier studies also found that mastitic
cows had a higher leukocyte, granulocyte count, lymphopenia, and anemia [83]. TLC
levels were recorded to be increased in affected animals, as well as monocyte, neutrophil,
and eosinophil count [82]. Various immunomodulatory actions may be responsible for the
considerable increase in WBC and neutrophilic counts in mastitic cows [84]. Furthermore,
Abba et al. [85] attributed those neutrophils enhanced the chemotactic molecules gener-
ated by infectious pathogens, as well as other immune system components that activate
neutrophil recruitment to infection sites.

Compared to healthy cows, the activities of AST and LDH exhibited a considerable
increase in mastitic cows, which could be attributed to stressful conditions. Our findings
were consistent with prior research [81,82,86,87]. In terms of total protein findings, our
results revealed a significant increase in serum total protein and globulin with lower
albumin levels in mastitic groups when compared to healthy ones. These findings agreed
with Ali et al. [88] and Garba et al. [89] who found a significant increase in total protein
levels with significantly lower albumin levels in cows with clinical and subclinical mastitis.
Similarly, previous reports recorded high levels of globulin and total protein in mastitic
cows [88,90]. The immunological response is the main cause of the decrease in albumin
levels that are linked to udder infection [89]. As well, hypoalbuminemia may be interpreted
as the stress that occurs during mastitis, which increases protein catabolism [91]. Increased
serum globulin levels could be related to the development of antibodies in the form of
gamma-globulin, which is responsible for neutralizing the invading microorganism’s
effect [92]. Alternatively, Sarvesha et al. [93], and Krishnappa et al. [94] recorded the
mastitic group had a significantly lower level of total proteins in mastitic in indigenous
cows, crossbred cattle, and buffaloes.

To identify cows with subclinical mastitis, laboratory diagnostics is crucial. Mastitis
control is primarily dependent on determining SCC and the CMT, which aim to detect the
number of cells in the milk sample. The other useful diagnostic tool is microbial culture,
which complements SCC and CMT [95]. However, all mentioned diagnostic methods have
their limitations and therefore novel biomarkers of subclinical mastitis are highly desired.
These sensitive indicators include cytokines and acute phase protein measurements, partic-
ularly haptoglobin, fibrinogen, and amyloid A which could be determined in cow serum
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and/or milk, and in the future may become useful in early mastitis diagnostics as well as a
preventive tool. This may contribute to increase the detection of mammary gland inflam-
mation in cows, especially in subclinical form, and consequently improve milk quality and
quantity. Over the last few decades, research has revealed that acute-phase protein quanti-
tation (APP) e.g., ceruloplasmin, fibrinogen, haptoglobin, and amyloid A, can be found in
blood plasma or serum and it can be used for disease diagnosis and prognosis detection, as
well as to assess the degree of inflammation [96,97]. In the current investigation, we found
that ill cows had significantly higher levels of haptoglobin, fibrinogen, amyloid A, and
ceruloplasmin in subclinical and clinical mastitic animals than in the healthy cows. The
production of proinflammatory cytokines like TNF-α, which exacerbate the inflammatory
process and stimulate neutrophil phagocytic activity, could be to blame for the increased
amounts of APPs [98]. The elevated levels of APP are in accordance with those obtained by
Winter et al. [99] in cows with Listeria monocytogenes-induced mastitis, as well as in clinical
and subclinical mastitic dairy cows [100,101].

Data about subclinical and clinical mastitis demonstrate inflammatory responses to
the intramammary infection driven by IL-1β, IL-6, and TNF-α. Moreover, the host defense
response in mastitis is characterized by the continuation or resolution of initial inflam-
mation [102]. Additionally, our aim of the study was to determine inflammatory and
regulatory cytokines in the serum of dairy cows with subclinical and clinical mastitis and to
help in the diagnosis of subclinical or clinical mastitis. Knowledge about the inflammatory
and regulatory cytokines in naturally occurring mastitis is lacking as most studies focus
on pathogen-induced mastitis. In naturally occurring mastitis, the study of cytokines is a
potential tool for early and timely diagnosis and in prospective pathogenesis-based treat-
ment. Our finding recorded statistically increased TNF-α, IL-1β, and IL-6 in mastitic and
subclinical mastitic cows compared to the healthy controls, while the IL-10 was decreased
only in mastitic cows relative to the other groups. Similarly, it has been shown that pro-
inflammatory cytokines are important in fighting the original infection. Increased levels of
TNF-α and IL-1β in subclinical mastitis were discovered in this study, suggesting that they
play a role in the early stages of mastitis development [103–105]. The pro-inflammatory
cytokines IL-12, IL-6, TNF-α, and IL-1β were found to be significantly elevated in lactating
cows suffering from clinical mastitis [102]. Variations in these proinflammatory concen-
trations corresponded to the onset of illness signs. As previously reported, increased pH
and significant decreases in fat, SNF, protein, and lactose were identified in the mammary
gland tissue of these cows [106]. In contrast to our findings, previous research showed a
non-significant rise in IL-2 and IL-6 markers in cows with subclinical mastitis [107].

All the living organisms, particularly dairy cows, produce free radicals because of
their active metabolism. Oxidative stress occurs when homeostasis is disrupted, which
is mostly caused by the generation and accumulation of free radicals, which can lead
to mastitis in dairy cows [108]. Antioxidants protect the body from oxidative damage
caused by free radicals by scavenging them directly or by inhibiting the action of oxidizing
enzymes [109]. In the present study, there was a significant increase in MDA, along with a
reduction of TAC, SOD, and catalase in subclinical and clinical mastitic animals compared
to the control non-infected ones. The considerable increase in MDA levels, as well as the
significant drop in TAC and catalase activity, such findings could imply an increase in
free radical activity, which would reflect the state of oxidative stress that happens in such
situations [110]. Previously similar findings have been reported by Sharma et al., [111] and
Jhambh et al. [112]. Increased consumption to neutralize ROS generated by the inflamed
gland could explain the decreased antioxidant enzymatic activity, indicating a weakened
antioxidant defense mechanism [90]. Furthermore, these changes could be due to the high
demand for high SOD, catalase, and GPx activities for elevated levels of oxidant damage
caused by inflammatory reactions in the mammary gland tissue or insufficient nutrition,
which has a significant impact on the level of blood lipid peroxidation and lack of energy
increases blood plasma levels of MDA in clinical mastitis animals [113].
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Nonetheless, this study has limitations to discuss. our baseline scenario assumed
that blood parameters were only affected by the mastitis inflammation caused by the
bacterial infection, while the bacterial-caused mastitis might result in a decrease in the
immune system efficiency which would permit the entrance of secondary invaders or
decrease cows’ food intake causing a nutritional deficiency sign. Thus, to solve those
limitations a future study on broad aspects should be done where a large scale of mastitic
cows in different geographical regions inside Egypt examined for different microbiologi-
cal, environmental, and nutritional disorders besides, performing a correlation between
the revealed data to a better understanding the linkage of mastitis inflammation and mi-
crobes. This can be accomplished with the help of new computational biology techniques
or through sophisticated technology and artificial intelligence algorithms. Moreover, the
study emphasizes the necessity to evaluate additional cytokines to the already studied,
including Interleukin-1 alpha (IL-1α) Interleukin-4 (IL-4), Interleukin-17 (IL-17), Interleukin-
13 (IL-13), cathelicidin LL37, nuclear factor kappa B (NF-κB), and transforming growth
factor-beta 1 (TGF-β1). Together would explain their relationships in detailed interrelations
by correlation analysis to substantiate the knowledge of the broad cytokine participating
in both host immune defense and mastitis inflammation. Finally, it might be the sim-
plest way to promote the pasteurization of milk so that humans will not get exposed to
resistant bacteria.

5. Conclusions

In conclusion, the current findings show that dairy cow mastitis is related to sig-
nificant immunological, and oxidative changes, including hematological, biochemical
indicators, oxidative acute phase protein (APP), and inflammatory cytokine with the pre-
disposing factors for mastitis resistance/susceptibility highlighted by our findings. These
findings suggest that variations in these biomarkers could be utilized to diagnose such
illnesses. The variable pattern of antioxidant, APP, and inflammatory cytokines in sub-
clinical and clinical mastitic dairy cows could be a biomarker for bovine immune status
which not only predicts the most susceptible risk time for disease occurrence but also builds
up an effective management protocol to improve health through proper breeding and
vaccination regimens.
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5. Risvanli, A.; Şeker, I.; Saat, N.; Karagulle, B.; Köseman, A.; Kaygusuzoglu, E. The management practices and microbiological

quality of a dairy farm with low bulk tank milk somatic cell count. Pak. Vet. J. 2017, 37, 175–179.
6. Li, T.; Lu, H.; Wang, X.; Gao, Q.; Dai, Y.; Shang, J.; Li, M. Molecular Characteristics of Staphylococcus aureus Causing Bovine

Mastitis between 2014 and 2015. Front. Cell Infect. Microbiol. 2017, 7, 127. [CrossRef]
7. von Eiff, C.; Peters, G.; Becker, K. The small colony variant (SCV) concept—The role of staphylococcal SCVs in persistent infections.

Injury 2006, 37 (Suppl. 2), S26–S33. [CrossRef]
8. Zhao, X.; Lacasse, P. Mammary tissue damage during bovine mastitis causes and control. J. Anim. Sci. 2008, 86, 57–65. [CrossRef]
9. Poutrel, B.; Bareille, S.; Lequeux, G.; Leboeuf, F. Prevalence of Mastitis Pathogens in France: Antimicrobial Susceptibility of

Staphylococcus aureus, Streptococcus uberis and Escherichia coli. J. Vet. Sci. Technol. 2018, 9, 1–3. [CrossRef]
10. Lavon, Y.; Leitner, G.; Kressel, Y.; Ezra, E.; Wolfenson, D. Comparing effects of bovine Streptococcus and Escherichia coli mastitis on

impaired reproductive performance. J. Dairy Sci. 2019, 102, 10587–10598. [CrossRef]
11. Yang, M.; Shi, J.; Tian, J.; Tao, J.; Chai, M.; Wang, J.; Xu, Z.; Song, Y.; Zhu, K.; Ji, P.; et al. Exogenous melatonin reduces somatic cell

count of milk in Holstein cows. Sci. Rep. 2017, 7, 43280. [CrossRef] [PubMed]
12. Sharma, A.; Sindhu, N. Occurrence of clinical and subclinical mastitis in buffaloes in the State of Haryana (India). Ital. J. Anim.

Sci. 2007, 6, 965–996. [CrossRef]
13. Viguier, C.; Arora, S.; Gilmartin, N.; Welbeck, K.; O’Kennedy, R. Mastitis detection: Current trends and future perspectives. Trends

Biotechnol. 2009, 27, 486–493. [CrossRef] [PubMed]
14. Smolenski, G.A.; Broadhurst, M.K.; Stelwagen, K.; Haigh, B.J.; Wheeler, T.T. Host defence related responses in bovine milk during

an experimentally induced Streptococcus uberis infection. Proteom. Sci. 2014, 12, 19. [CrossRef] [PubMed]
15. Abdelmegid, S.; Murugaiyan, J.; Abo-Ismail, M.; Caswell, J.L.; Kelton, D.; Kirby, G.M. Identification of Host Defense-Related

Proteins Using Label-Free Quantitative Proteomic Analysis of Milk Whey from Cows with Staphylococcus aureus Subclinical
Mastitis. Int. J. Mol. Sci. 2017, 19, 78. [CrossRef]

16. Singh, D.; Kumar, S.; Singh, B.; Bardhan, D. Economic losses due to important diseases of bovines in central India. Vet. World
2014, 7, 579–585. [CrossRef]

17. Sindhu, N.; Sharma, A.; Jain, V.K. Coagulase gene-based molecular detection of Staphylococcus aureus directly from mastitic milk
samples of Murrah buffalo. Buffalo Bull. 2010, 29, 52–59.

18. Ali, Z.; Dimri, U.; Jhambh, R. Prevalence and antibiogram of bacterial pathogens from subclinical mastitis in buffaloes. Buffalo
Bull. 2015, 34, 41–44.

19. Rainard, P.; Riollet, C. Innate immunity of the bovine mammary gland. Vet. Res. 2006, 37, 369–400. [CrossRef]
20. Roncada, P.; Piras, C.; Soggiu, A.; Turk, R.; Urbani, A.; Bonizzi, L. Farm animal milk proteomics. J. Proteom. 2012, 75, 4259–4274.

[CrossRef]
21. Reinhardt, T.; Sacco, R.; Nonnecke, B.; Lippolis, J. Bovine milk proteome: Quantitative changes in normal milk exosomes, milk fat

globule membranes and whey proteomes resulting from Staphylococcus aureus mastitis. J. Proteom. 2013, 82, 141–154. [CrossRef]
[PubMed]

22. Mudaliar, M.; Tassi, R.; Thomas, F.C.; McNeilly, T.N.; Weidt, S.K.; McLaughlin, M.; Wilson, D.; Burchmore, R.; Herzyk, P.;
Eckersall, P.D.; et al. Mastitomics, the integrated omics of bovine milk in an experimental model of Streptococcus uberis mastitis: 2.
Label-free relative quantitative proteomics. Mol. Biosyst. 2016, 12, 2748–2761. [CrossRef] [PubMed]

http://doi.org/10.1016/j.rvsc.2019.07.001
http://www.ncbi.nlm.nih.gov/pubmed/31323525
http://doi.org/10.1186/s12014-016-9110-4
http://www.ncbi.nlm.nih.gov/pubmed/27095950
http://doi.org/10.3923/ijds.2007.145.151
http://doi.org/10.3389/fcimb.2017.00127
http://doi.org/10.1016/j.injury.2006.04.006
http://doi.org/10.2527/jas.2007-0302
http://doi.org/10.4172/2157-7579.1000522
http://doi.org/10.3168/jds.2019-16673
http://doi.org/10.1038/srep43280
http://www.ncbi.nlm.nih.gov/pubmed/28240296
http://doi.org/10.4081/ijas.2007.s2.965
http://doi.org/10.1016/j.tibtech.2009.05.004
http://www.ncbi.nlm.nih.gov/pubmed/19616330
http://doi.org/10.1186/1477-5956-12-19
http://www.ncbi.nlm.nih.gov/pubmed/24721702
http://doi.org/10.3390/ijms19010078
http://doi.org/10.14202/vetworld.2014.579-585
http://doi.org/10.1051/vetres:2006007
http://doi.org/10.1016/j.jprot.2012.05.028
http://doi.org/10.1016/j.jprot.2013.02.013
http://www.ncbi.nlm.nih.gov/pubmed/23459212
http://doi.org/10.1039/C6MB00290K
http://www.ncbi.nlm.nih.gov/pubmed/27412694


Animals 2023, 13, 892 15 of 18

23. Saloniemi, H. Use of Somatic Cell Count in udder health work. In The Bovine Udder and Mastitis; Sandholm, M., Honkanen, T.,
Honkanen-Buzalski, T., Kaartinen, L., Pyorala, S.I., Eds.; Gummerus Kirjapaino Oy.: Vaajakoski, Finland, 1995; pp. 105–110.

24. Radostitis, O.M.; Gay, C.; Blood, D.; Hinchcliff, K. Veterinary Medicine, 9th ed.; W.B. Saunders Co.: Philadelphia, PA, USA, 2000.
25. Quinn, P.J.; Markey, B.K.; Leonard, F.C.; Hartigan, P.; Fanning, S.; Fitzpatrick, E. Veterinary Microbiology and Microbial Disease,

2nd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2011; pp. 1–928.
26. Alexopoulou, K.; Foka, A.; Petinaki, E.; Jelastopulu, E.; Dimitracopoulos, G.; Spiliopoulou, I. Comparison of two commercial meth-

ods with PCR restriction fragment length polymorphism of the tuf gene in the identification of coagulase-negative staphylococci.
Lett. Appl. Microbiol. 2006, 43, 450–454. [CrossRef] [PubMed]

27. Sallam, K.I.; Abd-Elghany, S.M.; Elhadidy, M.; Tamura, T. Molecular Characterization and Antimicrobial Resistance Profile of
Methicillin-Resistant Staphylococcus aureus in Retail Chicken. J. Food Prot. 2015, 78, 1879–1884. [CrossRef] [PubMed]

28. Sadat, A.; Shata, R.R.; Farag, A.M.M.; Ramadan, H.; Alkhedaide, A.; Soliman, M.M.; Elbadawy, M.; Abugomaa, A.; Awad,
A. Prevalence and Characterization of PVL-Positive Staphylococcus aureus Isolated from Raw Cow&rsquo; s Milk. Toxins 2022,
14, 97. [PubMed]

29. Teichmann, A.; Agra, H.N.; Nunes Lde, S.; da Rocha, M.P.; Renner, J.D.; Possuelo, L.G.; Carneiro, M.; Rieger, A.; Benitez, L.B.;
Valim, A.R. Antibiotic resistance and detection of the sul2 gene in urinary isolates of Escherichia coli in patients from Brazil. J.
Infect. Dev. Ctries. 2014, 8, 39–43. [CrossRef]

30. Sadat, A.; Ramadan, H.; Elkady, M.A.; Hammad, A.M.; Soliman, M.M.; Aboelenin, S.M.; Al-Harthi, H.F.; Abugomaa, A.;
Elbadawy, M.; Awad, A. Phylotypic Profiling, Distribution of Pathogenicity Island Markers, and Antimicrobial Susceptibility of
Escherichia coli Isolated from Retail Chicken Meat and Humans. Antibiotics 2022, 11, 1197. [CrossRef]

31. Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial Susceptibility Testing; Twenty-Seventh
Informational Supplement; Document M100-S27; CLSI: Wayne, PA, USA, 2017.

32. Waters, A.E.; Contente-Cuomo, T.; Buchhagen, J.; Liu, C.M.; Watson, L.; Pearce, K.; Foster, J.T.; Bowers, J.; Driebe, E.M.;
Engelthaler, D.M.; et al. Multidrug-Resistant Staphylococcus aureus in US Meat and Poultry. Clin. Infect. Dis. Off. Publ. Infect. Dis.
Soc. Am. 2011, 52, 1227–1230. [CrossRef]

33. Krumperman, P.H. Multiple antibiotic resistance indexing of Escherichia coli to identify high-risk sources of fecal contamination of
foods. Appl. Environ. Microbiol. 1983, 46, 165–170. [CrossRef]

34. Morar, D.; Ciulan, V.; Simiz, F.; Mot, , T.; Hutu, I.; Văduva, C. Effect of heat stress on haematological parameters in dairy cows.
Anim. Breed. Pathol 2018, 61, 65–70.

35. Ohkawa, H.; Ohishi, N.; Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal. Biochem. 1979,
95, 351–358. [CrossRef]

36. Benzie, I.F.F.; Strain, J.J. The Ferric Reducing Ability of Plasma (FRAP) as a Measure of “Antioxidant Power”: The FRAP Assay.
Anal. Biochem. 1996, 239, 70–76. [CrossRef]

37. Nishikimi, M.; Appaji, N.; Yagi, K. The occurrence of superoxide anion in the reaction of reduced phenazine methosulfate and
molecular oxygen. Biochem. Biophys Res. Commun. 1972, 46, 849–854. [CrossRef]

38. Aebi, H. Catalase in vitro. Methods Enzym. 1984, 105, 121–126. [CrossRef]
39. De Vliegher, S.; Fox, L.K.; Piepers, S.; McDougall, S.; Barkema, H.W. Invited review: Mastitis in dairy heifers: Nature of the

disease, potential impact, prevention, and control. J. Dairy Sci. 2012, 95, 1025–1040. [CrossRef] [PubMed]
40. Goldammer, T.; Zerbe, H.; Molenaar, A.; Schuberth, H.J.; Brunner, R.M.; Kata, S.R.; Seyfert, H.M. Mastitis increases mammary

mRNA abundance of beta-defensin 5, toll-like-receptor 2 (TLR2), and TLR4 but not TLR9 in cattle. Clin. Diag. La. Immunol. 2004,
11, 174–185. [CrossRef]

41. Aitken, S.L.; Corl, C.M.; Sordillo, L.M. Immunopathology of mastitis: Insights into disease recognition and resolution. J. Mammary
Gland. Biol. Neoplasia 2011, 16, 291–304. [CrossRef] [PubMed]

42. Miller, G.Y.; Dorn, C.R. Costs of dairy cattle diseases to producers in Ohio. Prev. Vet. Med. 1990, 8, 171–182. [CrossRef]
43. Shaheen, M.; Tantary, H. A Treatise on Bovine Mastitis: Disease and Disease Economics, Etiological Basis, Risk Factors, Impact on

Human Health, Therapeutic Management, Prevention and Control Strategy. Adv. Dairy Res. 2015, 4, 1–10. [CrossRef]
44. Blowey, R.; Edmondson, P. Milking machines and mastitis. In Mastitis Control in Dairy Herds, 2nd ed.; Bloweym, R., Edmondsonm, P., Eds.;

CAB eBooks, CAB International: Wallingford, UK, 2010; pp. 60–94.
45. Ashraf, A.; Imran, M. Causes, types, etiological agents, prevalence, diagnosis, treatment, prevention, effects on human health and

future aspects of bovine mastitis. Anim. Health Res. Rev. 2020, 21, 36–49. [CrossRef]
46. Contreras, G.A.; Rodríguez, J.M. Mastitis: Comparative etiology and epidemiology. J. Mammary Gland. Biol. Neoplasia 2011, 16,

339–356. [CrossRef] [PubMed]
47. Günther, J.; Esch, K.; Poschadel, N.; Petzl, W.; Zerbe, H.; Mitterhuemer, S.; Blum, H.; Seyfert, H.M. Comparative kinetics of

Escherichia coli- and Staphylococcus aureus-specific activation of key immune pathways in mammary epithelial cells demonstrates
that S. aureus elicits a delayed response dominated by interleukin-6 (IL-6) but not by IL-1A or tumor necrosis factor alpha. Infect
Immun. 2011, 79, 695–707. [CrossRef] [PubMed]

48. Botrel, M.A.; Haenni, M.; Morignat, E.; Sulpice, P.; Madec, J.Y.; Calavas, D. Distribution and antimicrobial resistance of clinical
and subclinical mastitis pathogens in dairy cows in Rhône-Alpes, France. Foodborne Pathog. Dis. 2010, 7, 479–487. [CrossRef]
[PubMed]

http://doi.org/10.1111/j.1472-765X.2006.01964.x
http://www.ncbi.nlm.nih.gov/pubmed/16965378
http://doi.org/10.4315/0362-028X.JFP-15-150
http://www.ncbi.nlm.nih.gov/pubmed/26408138
http://www.ncbi.nlm.nih.gov/pubmed/35202125
http://doi.org/10.3855/jidc.3380
http://doi.org/10.3390/antibiotics11091197
http://doi.org/10.1093/cid/cir181
http://doi.org/10.1128/aem.46.1.165-170.1983
http://doi.org/10.1016/0003-2697(79)90738-3
http://doi.org/10.1006/abio.1996.0292
http://doi.org/10.1016/S0006-291X(72)80218-3
http://doi.org/10.1016/s0076-6879(84)05016-3
http://doi.org/10.3168/jds.2010-4074
http://www.ncbi.nlm.nih.gov/pubmed/22365187
http://doi.org/10.1128/cdli.11.1.174-185.2004
http://doi.org/10.1007/s10911-011-9230-4
http://www.ncbi.nlm.nih.gov/pubmed/21938490
http://doi.org/10.1016/0167-5877(90)90009-7
http://doi.org/10.4172/2329-888X.1000150
http://doi.org/10.1017/S1466252319000094
http://doi.org/10.1007/s10911-011-9234-0
http://www.ncbi.nlm.nih.gov/pubmed/21947764
http://doi.org/10.1128/iai.01071-10
http://www.ncbi.nlm.nih.gov/pubmed/21115717
http://doi.org/10.1089/fpd.2009.0425
http://www.ncbi.nlm.nih.gov/pubmed/19919286


Animals 2023, 13, 892 16 of 18

49. El-Mohandes, S.S.; Eid, R.H.; Allam, A.M.; Abou-Zeina, H.A.A.; Elbayoumy, M.K. Phenotyping and genotyping studies on
extended-spectrum β-lactamase-producing Escherichia coli isolates from mastitic cows on dairy farms in Egypt. Vet. World 2022,
15, 890–897. [CrossRef]

50. Ibrahim, E.S.F.; El Wahab, A.M.A.; Khalil, S.A.; Torky, H.A. Prevalence of Esbl producing Enterobacteriacae isolated from bovine
mastitis milk. Alex. J. Vet. Sci. 2018, 58, 102–108. [CrossRef]

51. Ahmed, W.; Neubauer, H.; Tomaso, H.; El Hofy, F.I.; Monecke, S.; Abd El-Tawab, A.A.; Hotzel, H. Characterization of Enterococci-
and ESBL-Producing Escherichia coli Isolated from Milk of Bovides with Mastitis in Egypt. Pathogens 2021, 10, 97. [CrossRef]

52. Younis, G.; Sadat, A.; Maghawry, M. Characterization of Coa Gene and Antimicrobial Profiles of Staphylococcus aureus Isolated
from Bovine Clinical and Subclinical mastitis. Adv. Anim. Vet. Sci. 2018, 6, 161–168. [CrossRef]

53. Algammal, A.M.; Enany, M.E.; El-Tarabili, R.M.; Ghobashy, M.O.I.; Helmy, Y.A. Prevalence, Antimicrobial Resistance Profiles,
Virulence and Enterotoxins-Determinant Genes of MRSA Isolated from Subclinical Bovine Mastitis in Egypt. Pathogens 2020,
9, 362. [CrossRef]

54. Elsayed, M.S.; El-Bagoury, A.M.; Dawoud, M.A. Phenotypic and genotypic detection of virulence factors of Staphylococcus aureus
isolated from clinical and subclinical mastitis in cattle and water buffaloes from different farms of Sadat City in Egypt. Vet. World
2015, 8, 1051–1058. [CrossRef]

55. Cox, D. Antibiotic Resistance: The Race to Stop the Silent Tsunami Facing Modern Medicine. The Guardian. 2015. Available
online: http://www.theguardian.com/society/blog/2015/aug/21/antibiotic-resistance-the-race-to-stop-the-silent-tsunami-
facingmodern-medicine (accessed on 21 August 2015).

56. Mevius, D.J.; Koene, M.G.J.; Wit, B.; Pelt, W.V.; Bondt, N. MARAN (2009): Monitoring of Antimicrobial Resistance and Antibiotic
Usage in Animals in the Netherlands in 2009; Wageningen UR: Wageningen, The Netherlands, 2009.

57. FARM 2007–2008. French Antimicrobial Resistance Monitoring Program for Bacteria of Animal Origin. ANSES. Available online:
http://www.anses.fr/Documents/SANT-Ra-FARM2008.pdf (accessed on 28 December 2022).

58. Suojala, L.; Pohjanvirta, T.; Simojoki, H.; Myllyniemi, A.L.; Pitkälä, A.; Pelkonen, S.; Pyörälä, S. Phylogeny, virulence factors and
antimicrobial susceptibility of Escherichia coli isolated in clinical bovine mastitis. Vet. Microbiol. 2011, 147, 383–388. [CrossRef]

59. Locatelli, C.; Caronte, I.; Scaccabarozzi, L.; Migliavacca, R.; Pagani, L.; Moroni, P. Extended-spectrum β-lactamase production in
E. coli strains isolated from clinical bovine mastitis. Vet. Res. Commun. 2009, 33 (Suppl. 1), 141–144. [CrossRef] [PubMed]

60. Endimiani, A.; Bertschy, I.; Perreten, V. Escherichia coli producing CMY-2 b-lactamase in bovine mastitis milk. J. Food Prot. 2012, 75,
137–138. [CrossRef] [PubMed]

61. Wenz, J.R.; Barrington, G.M.; Garry, F.B.; McSweeney, K.D.; Dinsmore, R.P.; Goodell, G.; Callan, R.J. Bacteremia associated with
naturally occuring acute coliform mastitis in dairy cows. J. Am. Vet. Med. Assoc. 2001, 219, 976–981. [CrossRef]

62. Oliver, S.P.; Murinda, S.E.; Jayarao, B.M. Impact of antibiotic use in adult dairy cows on antimicrobial resistance of veterinary and
human pathogens: A comprehensive review. Foodborne Pathog. Dis. 2011, 8, 337–355. [CrossRef] [PubMed]

63. Pitkälä, A.; Haveri, M.; Pyörälä, S.; Myllys, V.; Honkanen-Buzalski, T. Bovine Mastitis in Finland 2001—Prevalence, Distribution
of Bacteria, and Antimicrobial Resistance. J. Dairy Sci. 2004, 87, 2433–2441. [CrossRef]

64. Kumar, R.; Yadav, B.R.; Singh, R.S. Genetic determinants of antibiotic resistance in Staphylococcus aureus isolates from milk of
mastitic crossbred cattle. Curr. Microbiol 2010, 60, 379–386. [CrossRef] [PubMed]

65. Wang, X.; Wang, Y.; Wang, G.; Guo, G.; Usman, T.; Hao, D.; Tang, X.; Zhang, Y.; Yu, Y. Antimicrobial resistance and toxin gene
profiles of Staphylococcus aureus strains from Holstein milk. Lett. Appl. Microbiol. 2014, 58, 527–534. [CrossRef]

66. Liu, H.; Li, S.; Meng, L.; Dong, L.; Zhao, S.; Lan, X.; Wang, J.; Zheng, N. Prevalence, antimicrobial susceptibility, and molecular
characterization of Staphylococcus aureus isolated from dairy herds in northern China. J. Dairy Sci. 2017, 100, 8796–8803. [CrossRef]

67. Chellat, M.F.; Raguž, L.; Riedl, R. Targeting Antibiotic Resistance. Angew. Chem. Int. Ed. 2016, 55, 6600–6626. [CrossRef]
68. Wang, X.; Ryu, D.; Houtkooper, R.H.; Auwerx, J. Antibiotic use and abuse: A threat to mitochondria and chloroplasts with impact

on research, health, and environment. Bioessays 2015, 37, 1045–1053. [CrossRef]
69. Kayili, E.; Sanlibaba, P. Prevalence, characterization and antibiotic resistance of Staphylococcus aureus isolated from traditional

cheeses in Turkey. Int. J. Food Prop. 2020, 23, 1441–1451. [CrossRef]
70. Pereira, L.B. Impetigo—Review. An. Bras. Dermatol. 2014, 89, 293–299. [CrossRef] [PubMed]
71. Kalayu, A.A.; Woldetsadik, D.A.; Woldeamanuel, Y.; Wang, S.H.; Gebreyes, W.A.; Teferi, T. Burden and antimicrobial resistance of

S. aureus in dairy farms in Mekelle, Northern Ethiopia. BMC Vet. Res. 2020, 16, 20. [CrossRef]
72. Liao, F.; Gu, W.; Yang, Z.; Mo, Z.; Fan, L.; Guo, Y.; Fu, X.; Xu, W.; Li, C.; Dai, J. Molecular characteristics of Staphylococcus aureus

isolates from food surveillance in southwest China. BMC Microbiol. 2018, 18, 91. [CrossRef]
73. Aklilu, E.; Hui, Y.C. First mecC and mecA Positive Livestock-Associated Methicillin Resistant Staphylococcus aureus (mecC

MRSA/LA-MRSA) from Dairy Cattle in Malaysia. Microorganisms 2020, 8, 147. [CrossRef] [PubMed]
74. Ewers, C.; Bethe, A.; Semmler, T.; Guenther, S.; Wieler, L.H. Extended-spectrum β-lactamase-producing and AmpC-producing

Escherichia coli from livestock and companion animals, and their putative impact on public health: A global perspective. Clin.
Microbiol. Infect. 2012, 18, 646–655. [CrossRef]

75. Alazab, A.; Sadat, A.; Younis, G. Prevalence, antimicrobial susceptibility, and genotyping of Streptococcus agalactiae in Tilapia fish
(Oreochromis niloticus) in Egypt. J. Adv. Vet. Anim. Res. 2022, 9, 95–103. [CrossRef]

76. González-Zorn, B.; Escudero, J.A. Ecology of antimicrobial resistance: Humans, animals, food and environment. Int. Microbiol.
2012, 15, 101–109. [CrossRef]

http://doi.org/10.14202/vetworld.2022.890-897
http://doi.org/10.5455/ajvs.285225
http://doi.org/10.3390/pathogens10020097
http://doi.org/10.17582/journal.aavs/2018/6.4.161.168
http://doi.org/10.3390/pathogens9050362
http://doi.org/10.14202/vetworld.2015.1051-1058
http://www.theguardian.com/society/blog/2015/aug/21/antibiotic-resistance-the-race-to-stop-the-silent-tsunami-facingmodern-medicine
http://www.theguardian.com/society/blog/2015/aug/21/antibiotic-resistance-the-race-to-stop-the-silent-tsunami-facingmodern-medicine
http://www.anses.fr/Documents/SANT-Ra-FARM2008.pdf
http://doi.org/10.1016/j.vetmic.2010.07.011
http://doi.org/10.1007/s11259-009-9263-y
http://www.ncbi.nlm.nih.gov/pubmed/19568948
http://doi.org/10.4315/0362-028X.JFP-11-320
http://www.ncbi.nlm.nih.gov/pubmed/22221366
http://doi.org/10.2460/javma.2001.219.976
http://doi.org/10.1089/fpd.2010.0730
http://www.ncbi.nlm.nih.gov/pubmed/21133795
http://doi.org/10.3168/jds.S0022-0302(04)73366-4
http://doi.org/10.1007/s00284-009-9553-1
http://www.ncbi.nlm.nih.gov/pubmed/19957184
http://doi.org/10.1111/lam.12221
http://doi.org/10.3168/jds.2017-13370
http://doi.org/10.1002/anie.201506818
http://doi.org/10.1002/bies.201500071
http://doi.org/10.1080/10942912.2020.1814323
http://doi.org/10.1590/abd1806-4841.20142283
http://www.ncbi.nlm.nih.gov/pubmed/24770507
http://doi.org/10.1186/s12917-020-2235-8
http://doi.org/10.1186/s12866-018-1239-z
http://doi.org/10.3390/microorganisms8020147
http://www.ncbi.nlm.nih.gov/pubmed/31973159
http://doi.org/10.1111/j.1469-0691.2012.03850.x
http://doi.org/10.5455/javar.2022.i573
http://doi.org/10.2436/20.1501.01.163


Animals 2023, 13, 892 17 of 18

77. Nikaido, H. Multidrug resistance in bacteria. Annu. Rev. Biochem. 2009, 78, 119–146. [CrossRef]
78. Gillings, M.R. Evolutionary consequences of antibiotic use for the resistome, mobilome and microbial pangenome. Front. Microbiol.

2013, 4, 4. [CrossRef]
79. Worthington, R.J.; Melander, C. Combination approaches to combat multidrug-resistant bacteria. Trends Biotechnol. 2013, 31,

177–184. [CrossRef] [PubMed]
80. Parisien, A.; Allain, B.; Zhang, J.; Mandeville, R.; Lan, C.Q. Novel alternatives to antibiotics: Bacteriophages, bacterial cell wall

hydrolases, and antimicrobial peptides. J. Appl. Microbiol. 2008, 104, 1–13. [CrossRef] [PubMed]
81. Das, D.; Panda, S.K.; Jena, B.; Sahoo, A.K. Somatic cell count: A biomarker for early diagnosis and therapeutic evaluation in

bovine mastitis. Int. J. Curr. Microbiol. App. Sci. 2018, 7, 1459–1463. [CrossRef]
82. Zaki, M.S.; El-Battrawy, N.; Mostafa, S.O.; Fawzi, O.M.; Awad, I. Some biochemical studies on Friesian suffering from subclinical

mastitis. Nat. Sci. 2010, 8, 143–146.
83. Sarvesha, K.; Satyanarayana, M.L.; Narayanaswamy, H.D.; Rao, S.; Yathiraj, S.; Isloor, S.; Mukartal, S.Y.; Singh, S.V.;

Anuradha, M.E. Haemato-biochemical profile and milk leukocyte count in subclinical and clinical mastitis affected crossbred
cattle. J. Exp. Biol. Agric. Sci. 2017, 5, 1–6.
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