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In the context of climate change, there has been an increased interest in improving 
management practices for animals genetically adapted to extreme environmental 
conditions, such as buffaloes. The temperature–humidity index (THI) is used to 
determine the severity of heat stress in livestock. This study aimed to evaluate 
the cytokine profile, oxidative staus, differential somatic cell count (DCC), and 
the surface expression and activity of myeloperoxidase (MPO) in the somatic cells 
(SCs) of buffalo. Milk samples (n  =  216) were collected from the spring to summer 
season under three different THI classes (THI  <  72; ≤72 THI  <  76, and THI  ≥  76). 
The cytokine profile was determined using ELISA, and the expression of DSCC 
and MPO was determined by flow cytometry. MPO activity was performed on 
SC extracts using a specific ELISA kit. Oxidative status was determined by the 
antioxidant/oxidant balance combining the free radical scavenging activity levels, 
and reactive oxygen and nitrogenous species. The results on the cytokine profile 
showed that at the THI  ≥  76 the levels of both IL-10 and IFN-γ were highest. IL-
1β secretion was lower at the THI  <  72 than at the THI values ranging from ≤72 
THI  <  76. Higher levels of both TNF-α and IL-12 were registered in both THI  <  72 and 
THI  ≥  76 classes. The level of IL-4 was higher in the THI  ≥  76 class than in the ≤72 
to <76 range. Data on DCC showed a decrease in the percentage of macrophages 
and lymphocytes as the THI increased from the ≤72 to <76 range to THI  ≥  76. 
Furthermore, the highest percentage of polymorphonuclear leukocyte (PMNLs) was 
registered in both ≤72 to <76 and THI  ≥  76 classes. The MPO activity and surface 
expression on SC were lower at a THI above 76, which could be associated with 
an absence of inflammation. A condition of oxidative imbalance was registered 
as demonstrated by the lower levels of antioxidant/oxidant balance along with 
increasing THI. Present data demonstrated that buffaloes were able to modulate 
the alteration of immune response activated by heat stress throughout a series 
of cross-linked mechanisms involving cytokine networks, different somatic cell 
distribution, and oxidative status.
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1 Introduction

Water buffaloes play an important role in the economy of many 
tropical and subtropical countries contributing to the production of 
meat and milk with high nutritional value (1). Due to their historical 
adaptation to hot climates, water buffaloes are better able to tolerate 
hot and humid conditions than other livestock species (2, 3). Based on 
these notable characteristics of resilience and adaptability to tropical 
climates (4), the buffalo represents an important food source of animal 
origin. However, given the discouraging estimates for future climate 
scenarios (5, 6), a negative effect of heat stress on buffalo farming is 
expected and should be properly managed. In particular, it has been 
demonstrated that exposure to heat stress in buffaloes activates a 
physiological adaptive response that leads to decreased feed intake, 
reduced efficiency and utilization of the diet, and alterations in water 
metabolism, protein, energy, and mineral balance, as well as in 
enzymatic reactions, hormonal secretions, and blood metabolites (7). 
This physiological response to thermal adaptation contributes to the 
reduction in milk yield and quality (8) and the reproductive 
performance with silent heat and decreased fertility (9). Moreover, 
exposure to high temperatures impairs lymphocyte function in 
buffaloes (10), and the reduced cellular immunity is mainly due to an 
altered T-helper (Th)1/Th2 cytokine balance, favoring the secretion of 
Th2 cytokines (IL-4, IL-10, and IL-13) (11). A recent comparative 
study on the survival and phagocytic activity of buffalo and bovine 
leukocytes following in vitro hyperthermia exposure has concluded 
that buffalo leukocytes exhibit better thermal adaptation than bovine 
cells, despite a reduction in neutrophil phagocytosis (12). Additionally, 
during the summer season, buffaloes exhibit oxidative imbalances 
(13), which also may impair immune function (14). In the previous 
study by Albenzio et al. (15), different THI classes have influenced 
buffalo milk production and composition. To the best of our 
knowledge, there is limited information on the immune response of 
buffaloes under varying environmental conditions and the complexity 
of immune mechanisms, particularly the role of cytokines. The 
hypothesis of this study is that udder health could be  affected by 
adverse temperature and humidity conditions, shifting the cytokine 
secretion in favor of the Th2 ratio, and causing an oxidative imbalance 
condition. Therefore, this study aimed to evaluate the cytokine profile, 
differential somatic cell counts, and the oxidative status of milk across 
three THI classes observed during the late spring and summer. 
Additionally, the potential use of myeloperoxidase (MPO) in somatic 
cells as a biomarker for mammary gland inflammation is discussed.

2 Materials and methods

2.1 Animals

The details of the experimental trial were previously reported in 
Albenzio et al. (15). Briefly, 18 Italian Mediterranean buffalo cows 
balanced for days from parturition (38.5 d) and parity (6.6) were 
enrolled in the study and raised in a commercial farm located 
approximately 15 km south-west of Foggia, Apulia, southern Italy 
(latitude: 41°27′6″N; longitude: 15°33′5″E). The buffaloes were housed 
in a free stall open-sided barn with a concrete floor, and the resting 
and feeding areas were covered by a roof. Animals were fed with a 
concentrated diet mainly composed of corn silage (35.06% on DM), 

wheat middlings (10.40% on DM), corn flour (10.41% on DM), soy 
flour (15.61% on DM), vetch and oat hay (15.43% on DM), and straw 
(13.40% on DM) as extensively reported by Albenzio et al. (15). From 
the spring (May) to the summer (end of July) 2022 seasons, individual 
milk samples were collected every 2 weeks for six consecutive 
samplings, and a total of 216 milk samples were analyzed. Milk 
samples were defatted by centrifugation at 2,000 g for 30 min at 4°C, 
and the milk whey was collected and stored at −20°C until analysis. 
Somatic cells (SCs) were then counted and suspended in a freezing 
medium composed of complete RPMI medium (10% fetal bovine 
serum-FBS, penicillin–streptavidin, and L-glutamine), along with 
10% dimethylsulfoxide for cryopreservation and 50% FBS. The SCs 
were stored at −80°C until further analyses. Throughout the 
experiment, environmental temperature and relative humidity (ET 
and RH) were recorded at a weather station located 10 km from the 
farm and combined into the temperature humidity index (THI) using 
the Kelly and Bond (16) formula.

( ) ( ) ( )THI 1.8 Tdb 32 0.55 – 0.0055 RH 1.8 Tdb 26= × + − × × × −

where Tdb is the dry bulb temperature and RH is the 
relative humidity.

In order to analyze the effect of the THI on the immunological 
parameters of buffalo milk, three classes of THI were assigned a 
posteriori to each milk sampling (THI < 72, 72 ≤ THI < 76, and 
THI ≥ 76), and all data were analyzed according to the rationale 
reported in Albenzio et al. (15). Temperature (°C, min and max), 
relative humidity (%, min and max), and the THI (min and max) 
recorded throughout the experimental trial are reported in 
Supplementary Table  1. The Institutional Animal Care and Use 
Committee of the University of Foggia approved all procedures 
involved on animals with protocol number 0039184-2/2022; 
furthermore, throughout the experiment the health status of animals 
was constantly checked by the veterinarian and no signs of any 
diseases were detected.

2.2 Determination of cytokine profile in 
milk whey

All antibodies and recombinant proteins used were verified for 
cross-reactivity with buffalo species, with cross-reactivity rates 
exceeding 90%. All samples were run in duplicate. The evaluation of 
the concentration of IL-1β and IL-10 cytokines in buffalo milk whey 
was carried out according to Ciliberti et al. (17) using a sandwich 
ELISA. Briefly, mouse monoclonal antibodies (mAbs) for ovine IL-1β 
(Clone 1D4, Bio-Rad Ltd., at a final concentration of 2 μg/mL), and 
bovine IL-10 (Clone CC318, Bio-Rad Ltd., at a final concentration of 
2 μg/mL) were used as capture antibodies. The detecting antibodies 
were represented by the rabbit polyclonal anti-ovine IL-1β Ab 
(Polyclonal IgG, Bio-Rad Ltd., at a final concentration of 2 μg/mL) and 
the biotinylated secondary anti-bovine IL-10 mAb (Clone CC320, 
Bio-Rad Ltd., at a final concentration of 2 μg/mL). The samples were 
compared to a standard curve generated using a 4-parameter logistic 
fit method based on serial dilutions of recombinant bovine IL-1β 
protein (Kingfisher Biotech Inc., St. Paul, MN, USA, range 500–0 ng/
mL, and R2 = 0.995), which has 99% homology with buffalo IL-1β 
protein, as stated by the manufacturer. Similarly, recombinant bovine 
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IL-10 (Bio-Rad Ltd.; range: 500–0 ng/mL, R2 = 0.999) was used, 
exhibiting 90% homology with buffalo IL-10 protein (UniProt 
Accession no. P43480). Data were expressed in nanograms of IL-1β 
and IL-10 per milliliter.

The IFN-γ and TNF-α determination in milk whey was carried 
out following the Ciliberti et al. (18) ELISA procedure. In brief, the 
anti-bovine IFN-γ (Clone CC330, Bio-Rad Ltd., at a final 
concentration of 2 μg/mL) and anti-bovine TNF-α (Kingfisher 
Biotech, at a final concentration of 5 μg/mL) antibodies were dissolved 
in coating buffer for the overnight step at 4°C. Biotinylated anti-
bovine IFN-γ antibody (Clone CC302, Bio-Rad Ltd., at a final 
concentration of 2 μg/mL) and biotinylated anti-bovine TNF-α 
antibody (Kingfisher Biotech, at a final concentration of 2.5 μg/mL) 
were used as detection antibodies of the sandwich. For the secondary 
antibody, streptavidin–horseradish peroxidase (HRP) conjugate 
(Bio-Rad Ltd., diluted 1/500 in PBS) was used for both the IFN-γ and 
TNF-α assays. A scalar dilution of recombinant bovine TNF-α protein 
(Kingfisher Biotech, range 2,500–0 ng/mL, R2 = 0.098), which has 
100% homology with buffalo TNF-α protein as per the manufacturer’s 
instructions, and recombinant bovine IFN-γ protein (Bio-Rad Ltd., 
range: 5,000–0 pg/mL, R2 = 0.997) exhibiting 100% homology with 
buffalo IFN-γ protein (UniProt Accession no. P07353) was added to 
each plate to create a standard curve (using the four-parameter 
logistical fit method). Data were expressed as nanograms per milliliter 
for TNF-α, and the level of IFN-γ was measured as picograms 
per milliliter.

The levels of IL-4 and IL-12 subunit 40 were performed following 
the Ciliberti et al. (53) procedure. The antibodies used for sandwich 
ELISA building were characterized by the mouse anti-bovine IL-4 
antibody (Clone CC303, Bio-Rad Ltd., at a final concentration of 2 μg/
mL), the mouse anti-bovine IL-4 antibody: biotin (Clone CC314, 
Bio-Rad Ltd., at a final concentration of 2 μg/mL), the mouse anti-
bovine IL-12 low endotoxin (Clone CC301, Bio-Rad Ltd., at final 
concentration of 2 μg/mL), and the mouse anti-bovine: biotin IL-12 
(Clone CC326, Bio-Rad Ltd., at final concentration of 2 μg/mL), 
respectively. The standard curves were obtained using scalar dilutions 
of IL-4 bovine recombinant protein (Bio-Rad, range of 500–0 ng/mL 
and R2 = 0.994), which has 100% homology with buffalo IL-4 protein 
(UniProt Accession no. P30367), and IL-12 bovine recombinant 
protein (Kingfisher Biotech, range 2,500–0 ng/mL and R2 = 0.993), 
exhibiting 98% homology with buffalo IL-12 protein, as per the 
manufacturer’s instructions. All the reads were stopped after 10 min 
from the addition of the 3,3′,5,5′-tetramethylbenzidine (TMB, Sigma-
Aldrich, Milan, Italy) substrate solution and read at 450 nm using a 
spectrophotometer (Power Wave XS, BioTek). Data were obtained 
using the 4-parameter logistical fit method and expressed as 
nanograms per milliliter for both IL-4 and IL-12 cytokines. For all 
cytokines measured, the inter- and intra-assay coefficients of 
variability (CV) were less than 15 and 10%, respectively.

2.3 Flow cytometric analysis of differential 
somatic cell count

Somatic cells were rapidly thawed in a water bath at 37°C and 
centrifuged at 400×g for 15 min. Then, the freezing medium was 
discarded, and the SCs were suspended in 1% phosphate buffer saline 
(PBS). Conjugated monoclonal antibodies against CD45-PECy7 
(10 μL, Thermo Fisher), and CD11b-FITC (10 μL, Bio-Rad), CD14-PE 

(5 μL, Bio-Rad) cell subsets, were employed for the identification of 
milk SCs and added to 100 μL of SC suspension. Tubes were incubated 
with antibodies for 30 min at room temperature in the dark. Then, 
after a washing step (1×), SCs were suspended in 500 μL of PBS. Flow 
cytometry detection was performed by using an Attune NxT Flow 
Cytometer equipped with a blue laser (Thermo Fisher) according to 
Schwarz et  al. (19). Briefly, 10,000 cells from each sample were 
differentiated into lymphocytes, olymorphonuclear leukocyte 
(PMNLs), and macrophages. The PMNLs were measured as CD11b+ 
cells, whereas macrophages were identified as a double-positive subset 
of CD11b+/CD14+ cells. Lymphocytes were calculated as the 
percentage of total leukocytes (CD45+) subtracted from PMNLs (% of 
CD11b+) and macrophages (% of CD11b+/CD14+). Cells with no 
antibody labeling were used as negative controls to measure the 
background fluorescence. In addition, due to multiparameter staining, 
fluorescence minus one (FMO) controls were employed, which 
included all antibody conjugates except for the specific one being 
controlled (20). The gating strategy, illustrated in Figure 1, involved 
the following steps: (1) identifying singlets, (2) defining the dot plot 
of the population of CD45+ cells, which discriminates all the 
leukocytes present in SCs; and (3) analyzing the CD45+ cells to 
identify the single CD11b+ cell subset (PMNLs) and the double-
positive CD11b+/CD14+ cells (macrophages). Before 
immunophenotypization, 7-amino actinomycin D (AAD) DNA strain 
was added to the cells in a single tube for each sample to assess the 
viability of SCs, which was found to be greater than 99%. Apart from 
the immunophenotypization, in order to measure the surface MPO 
expression, a tube containing a suspension of SCs stained with 5 μL of 
anti-human MPO-FITC was added and incubated for 30 min at room 
temperature in the dark. Then, after a washing step (1×), the cells were 
suspended in 500 μL of PBS. Supplementary Figure  1 shows the 
morphological dot plot of a positive somatic cell stained with the 
MPO-FITC antibody.

2.4 Determination of myeloperoxidase 
(MPO) activity in somatic cell extracts

MPO activity was assessed in SC extracts (n = 216) following the 
manufacturer’s suggestion reported in the OxiSelect™ 
Myeloperoxidase Chlorination Activity Assay Kit (Cell Biolabs, Inc., 
USA). The SCs (1–2 × 107) were rapidly thawed in a bath (37°C), 
treated with cold 100 mM phosphate buffer (pH 6.0) containing 1 mM 
EDTA and 0.5% HTAB extraction reagent, and then lysed by 
sonication. A measure of 1 mM hydrogen peroxide (H2O2) was added 
to the SC extract supernatants (obtained by centrifugation at 
12,000 rpm for 15 min at 4°C) and incubated for 30 min at room 
temperature. The MPO activity was defined as the amount of enzyme 
(one unit) that caused the oxidation of 1 µmole of TNB chromophore 
per minute at 25°C. Absorbance kinetic was assessed 
spectrophotometrically at 655 nm (Power Wave XS, BioTek).

2.5 Determination of reactive oxygen 
species/reactive nitrogenous and free 
radical scavenging activity in milk

The determination of reactive oxygen species/reactive 
nitrogenous (ROS/RNS) species was measured in milk whey (n = 216) 
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following the manufacturer’s suggestion reported in the OxiSelect™ 
in vitro ROS/RNS Assay Kit Green Fluorescence (Cell Biolabs Inc., 
San Diego, CA, USA). Briefly, the fluorescence intensity is directly 
proportional to the oxidation of 2′,7′-dichlorodihydrofluorescin 
(DCFH) activated by ROS/RNS species present in the sample. Data 
were read against the DCF standard curve (1 concentration range of 
0–10,000 nM) using a fluorescence of 480-nm excitation/530-nm 
emission (CLARIOstar microplate reader, BMG Labtech, Ortenberg, 
Germany). Data were reported as micromolar of DCF.

Free radical scavenging activity of milk whey (n = 216) was 
determined using 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical 
scavenging assay as reported in Ciliberti et  al. (21), with some 
modifications. Briefly, DPPH powder was dissolved in methanol to 
obtain a concentration of 0.1 mM. The DPPH reagent (1,000 μL) was 
added to the milk whey (200 μL), and the solution was vortexed and 
incubated at 37°C for 30 min. After the centrifugation step (3,000×g 
for 5 min), the supernatant was added to the plate for reading 
(520 nm). The absorbance of milk whey was compared to that of the 
control represented by the DPPH solution (containing methanol). 
Finally, the formula by Giri et  al. (22) was used to obtain the 
percentage of radical scavenging:

 
[ ] A Ax%DPPH radical scavenging activity 100

A
− = ∗  

A = absorbance of the DPPH solution of the control; 
Ax = absorbance of the milk whey treated with DPPH reagent.

The ROS/RNS quantification was combined with DPPH values in 
the antioxidant/oxidant balance (AOB) as a biomarker to monitor the 
antioxidant status of plasma (23).

2.6 Statistical analysis

Data were checked for normality using the Kolmogorov–Smirnov 
test, and the one-way ANOVA of SAS (24) was used to identify the 
differences based on the three experimental THI classes on the 
analyzed biomarkers. The significance of the differences was assessed 
using Tukey’s post-hoc test for multiple comparisons, and the p-value 
of <0.05 was considered statistically significant. A p-value of 
0.10 < p > 0.05 was treated as a tendency.

3 Results

3.1 Milk cytokine profile

All the cytokines measured were significantly influenced by the 
THI classes (Figure 2). The secretion of both IL-10 (p < 0.05, Figure 2a) 
and IFN-γ (p < 0.05, Figure 2b) in milk whey was higher in the class 
of the THI ≥ 76 than in the other two classes. Moreover, IL-1β 
(p < 0.05, Figure 2c) secretion was lower when the THI increased from 
≤72 to <76 range. The level of TNF-α (p < 0.05, Figure 2d) and IL-12 
(p < 0.001, Figure 2e) of milk whey was higher in both the THI < 72 
and the THI ≥ 76 classes. On the contrary, the secreted IL-4 (p < 0.05, 
Figure 2f) in milk whey was lower when the THI was in the ≤72 to 
<76 range than when the THI was ≥76. The IL-4/IL-12 (Figure 2g), 
measured as a ratio of Th2/Th1, was tendentially influenced by the 
THI classes (0.10 < p > 0.05), showing a higher value in the ≤72 to <76 
THI range than in both the THI < 72 and the THI ≥ 76. Conversely, 
the IFN-γ/IL-10, measured as a ratio of Th1/Th2, was not significantly 
influenced by the THI classes (Figure 2h).

3.2 Milk oxidative status

The quantification of ROS/RNS in milk whey was significantly 
affected by the THI class (Figures 3a, p < 0.001), displaying the highest 
value at the THI ≥ 76. The free radical scavenging activity, measured 
by DPPH, was influenced by the THI; it decreased from the THI < 72 
to ≤72 to <76 range (p < 0.05, Figure 3b) and returned to the initial 
levels at the THI ≥ 76. The AOB value showed a significant influence 
of the THI classes (0.10 < p > 0.05, Figure 3c), with lower values at the 
THI ≥ 76 than at the THI < 72.

3.3 Immunophenotyping and 
myeloperoxidase in somatic cells

Immunophenotyping of milk SCs using DCC showed a 
significantly higher number of macrophages at the THI ≥ 76 than at 
the 72 ≤ THI < 76 (Table 1); on the contrary, lymphocytes were fewer 
at the THI >76 than at the 72 ≤ to <76 range. No significant effects on 

FIGURE 1

Example of gating strategy for milk buffaloes differential somatic cell count: (a) morphological dot plot, (b) singlets gate, (c) Cd45+ somatic cells, and 
(d) dot plot quadrants: Cd11b+/Cd14+ cell subset identified macrophages; Cd11b+ identifies PMNLs.
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PMNL numbers were registered among the THI classes. Leukocyte 
distribution across the THI classes showed that PMNL leukocytes 
were the most significant SC population, with increasing of THI from 
the ≤72 to <76 range to the THI ≥ 76 (p < 0.05, respectively). A dot 
plot overlay of the CD11b+/CD14+ cells subset for each THI class is 
presented in Supplementary Figure 2.

The percentage of SC gated, which expresses MPO on the surface, 
was lower along with the increase of the THI ≥ 72 (Table 1). Finally, 
the enzymatic activity of MPO measured in the extracts of SC tended 
to decrease at the THI >76 in comparison to the other two THI classes 
(0.10 < p > 0.05, Figure 4).

4 Discussion

The present study is the first report on cytokine profile, oxidative 
status, and the DCC of buffalo milk as affected by different 
environmental conditions.

In the mammary gland environment, the immunomodulatory 
capacity of the cytokine network is very complex. The action of 
cytokines is considered hormone-like due to their transiently and 
local production with strong biological activity at extremely low 
doses; conversely, high levels can be negative to the host (25). In the 
present study, buffaloes exposed to a THI above 76 exhibited raised 
levels of IFN-γ in the milk. Interferon-γ is an immunomodulatory 
cytokine derived from T lymphocytes that enhances macrophage-
mediated cytotoxicity against tumor cells and stimulates the 
synthesis and release of ROS from both macrophages and 
neutrophils (26). In vivo intramammary administration of IFN-γ 
can enhance the phagocytic and bactericidal capability of 
neutrophils (27), and the in vitro exposure of recombinant bovine 
IFN-γ can decrease the susceptibility of the mammary gland to 
infection (28). Previous statements suggest that such a high level of 
IFN-γ found under the THI ≥ 76 could be associated with a relief 
of the immune response mediated by IFN-γ in the 
udder environment.

FIGURE 2

Secretion of (a) IL-10, (b) INF-γ, (c) IL-1β, (d) TNF-α, (e) IL-12, (f) IL-4, (g) IL-12/IL-4 (Th1/Th2 ratio), and (h) IL-10/INF-γ ratio (Th2/Th1 ratio) in buffaloes’ 
milk whey under three THI classes (THI  <  72, 72  ≤  THI  <  76, and THI  ≥  76). The data are presented as mean  ±  SEM. Bars with different letters are 
significantly different at p  <  0.05.
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The IL-10 serves as a bridge between innate and adaptive 
immune responses by activating the recruitment of monocytes and 
macrophages through the induction of chemokine-4 and various 
scavenger receptors, which are responsible for antibody-dependent 
cell-mediated cytotoxicity, and the phagocytosis of opsonized 
particles (29, 30). Luttmann et al. (31) suggested that the production 
of IL-4 could be restricted to the first phases of an initiated Th2 
immune response. In the present experiment, the high levels of both 
the IL-10 and the IL-4 at a THI above 76 suggest a shift toward a 
Th2-mediated response. However, the concomitant high level of 
IFN-γ found indicates that the Th1/Th2 shift should be considered 
balanced, underlining the cross-linking among cytokines and the 
central role of the cytokine network during the 
thermotolerance process.

The IL-12, TNF-α, and IL-10 are considered key regulators of 
the Th1/Th2 balance (32, 33). In the present experiment, both the 

levels of TNF-α and IL-12 decreased as THI increased from 72 to 
less than 76. However, this condition was re-established in the 
highest THI class, probably as an attempt at adaptation to 
increasing THI. This was further confirmed by the increased 
tendency of the IL-4/IL-12 ratio (Th2/Th1) in the ≤72 to <76 THI 
range. In a recent review by Bagath et al. (34), the available results 
on bovine immune system-related gene expression patterns, which 
include cytokine patterns during heat stress are not conclusive. 
Lactating cows exposed to increasing THI showed a reduction of 
TNF-alpha and IL-10 serum production (35). On the contrary, 
heat-stressed dairy cows increased the IL-10 expression (36) and 
its secretion in the plasma (37). Moreover, heat stress reduced the 
level of TNF-α, IL-1α, and IL-2 cytokines in comparison to the 
levels registered in cooled dairy cows, coupled with high total 
immunoglobulin IgM and IgG, thus, demonstrating an alteration 
of immune responses under heat stress exposition (38). The present 

FIGURE 3

Levels of reactive oxygen and nitrogenous species (ROS/RNS), radical capacity scavenging measured using the DPPH test, and antioxidant–oxidant 
balance (AOB) measured in buffalo milk whey under three THI classes (THI  <  72, 72  ≤  THI  <  76, and THI  ≥  76). The data are presented as mean  ±  SEM. 
Bars with different letters are significantly different at p  <  0.05.

TABLE 1 Differential somatic cell count (DSCC) of milk buffalo reported in terms of macrophages (CD45+, CD14+/CD11b+ cell subset), PMNLs (CD45+, 
CD11b+ cell subset), and lymphocytes (CD45+ cells subtracted of macrophages and PMNLs), and surface expression of somatic cells of myeloperoxidase 
(MPO) (± SE) measured by flow cytometry as affected by three THI classes (THI  <  72, 72  ≤  THI  <  76, and THI  ≥  76).

Items THI  <  72 72  ≤  THI  <  76 THI  ≥  76 p-value

Macrophage, % on total CD45+ 87.33ab ± 11.05 146.00aB ± 38.35 59.89bB ± 8.77 0.047

PMNL, % on total CD45+ 192.00b ± 80.89 590.14aA ± 174.43 233.00abA ± 70.12 0.068

Lymphocyte, % on total CD45+ 87.67ab ± 10.99 151.67aB ± 39.12 60.89bB ± 8.95 0.038

MPO, % gated 2.30a ± 0.423 1.43b ± 0.24 1.16b ± 0.09 0.024

a,bDifferent superscript lowercase letters within a column indicate significant differences (p < 0.10) among THI classes (n = 18 for each milk sampling).
A,BDifferent superscript capital letters within a column indicate significant differences (p < 0.05) among the leukocyte population (DSCC) in each THI class (n = 18 for each milk sampling).

https://doi.org/10.3389/fvets.2024.1449017
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Ciliberti et al. 10.3389/fvets.2024.1449017

Frontiers in Veterinary Science 07 frontiersin.org

data suggest that the cytokines network in milk serves as robust 
immune biomarkers for defining the immune status of 
buffalo udders.

Macrophages are the leading cell types found in the milk and 
lactating mammary glands, which act as active mammary gland 
phagocytic cells capable of ingesting bacteria and cellular debris (39), 
and are responsible for the initiation of the immune response (40, 41). 
Lymphocytes are cells that regulate the induction and suppression of 
immune responses (25). Milk PMNLs have the main task of defending 
the udder against invading bacteria at the beginning of an acute 
inflammatory process (40, 42). In the healthy mammary gland, the 
SCs are composed predominantly of macrophages and lymphocytes 
(19, 43, 44). On the contrary, the proportion of PMNLs significantly 
increases reaching up to 95% of the total leukocyte population during 
the mastitis infection (42, 45). In addition, it has been revealed the 
importance of the investigation of the milk cell composition also when 
the SCC is low (range < 100,000 cells/mL) because elevated 
proportions of PMNL could indicate inflammatory reactions (19, 43, 
44, 46) or at least an active immune response (i.e., triggered by 
pathogens) (47). In Albenzio et al. (15), no differences in the total SCC 
were registered in buffalo milk among the different THI classes. On 
the contrary, the data on DCC showed a decrease in both macrophages 
and lymphocytes as THI increased from the ≤72 to <76 range to above 
76. The SC distribution in each THI class demonstrated the highest 
proportion of PMNLs in milk from buffaloes exposed to the THI 
values in the ≤72 to <76 range and above 76. Taken together, all these 
data suggest that exposure to the THI in the ≤72 to <76 range may 
trigger an immune response in the mammary glands of buffaloes, 
leading to changes in the proportion of SCs. The previous statement 
supports the importance of determining the proportions of individual 
immune cell populations in milk to describe the actual udder health 
status of buffaloes.

To add novel information on the immune somatic cell 
activation in buffaloes, the activity of MPO from SC extracts and 
the expression of MPO on the SC surface were performed. The 
MPO plays an important role in innate immunity and has been 
indicated as a promising marker to evaluate the bovine immune 
function against bacterial infection (48). Interestingly, a decrease 

in both the MPO activity in SC extracts and the expression on the 
cell surface was registered in buffaloes exposed to a THI above 76. 
Moreover, a reduction in the expression of MPO on the SC surface 
was detected starting from THI values in the ≤72 to <76 range. 
Particularly, the reduced activity and the surface expression of 
MPO along with the increased THI agree with the results on the 
cytokine network and the balance of Th1/Th2 cytokines, 
indicating that buffaloes under extreme environmental conditions, 
as represented by different classes of THI, exhibit proper immune 
competence. To confirm this assumption, in the previous study by 
Albenzio et  al. (15), no cases of clinical mastitis have been 
registered among experimental animals.

Oxidative damage is reported to be  responsible for immune 
functional impairment under heat stress conditions (49). Neutrophils 
and macrophages activated during inflammatory reactions produce 
the anion superoxide radical (O2

−), which is the major ROS formed 
mostly within the mitochondria (50). When the production of ROS 
exceeds the capacity of antioxidant defenses to neutralize them, a 
condition of oxidative stress occurs (51, 52). It has been demonstrated 
that buffaloes under heat stress are exposed to oxidative stress due to 
heat-ROS formation (14). In the present study, exposure of buffalo to 
a THI above 76 resulted in the highest production of ROS/RNS, 
coupled with a reduced free radical scavenging capacity at THI values 
ranging from ≤72 to <76. Accordingly, studies conducted on 
buffaloes during the summer season showed an increased level of 
oxidative biomarkers (13) and a decrease in plasma antioxidant 
enzymes (2), which revealed a reduced total antioxidant capacity to 
manage the excessive load of ROS produced during the hot season. 
The AOB index has been previously reported as a reliable biomarker 
of oxidative stress in both sheep and bovine (18, 21, 23). The AOB 
measured in the present experiment demonstrated that buffaloes 
exposed to THI above 76 were under oxidative stress conditions; 
therefore, it could be  supposed an inefficient antioxidant system 
in milk.

Taking into consideration all the measurements, the exposition to 
THI classes did not compromise the udder immune competence of 
dairy buffaloes, showing an immune cell homeostasis condition after a 
first stage of cellular adaptation to different THI classes. However, an 
oxidative stress condition emerged that needs to be further elucidated 
in order to define the physiological response of buffaloes under diverse 
environmental conditions.

5 Conclusion

The present study focused on the evaluation of the cytokine 
profile, DCC distribution, MPO activity and surface expression, and 
oxidative status of buffalo milk affected by different environmental 
conditions. The present data showed that milk cytokine profile was 
influenced by THI classes, suggesting the key role of those immune 
biomarkers on buffalo udder health. Moreover, the evaluation of MPO 
in somatic cells was introduced as a feasible measure of the 
inflammatory status of the buffalo udder. The oxidative status of milk 
indicated a condition of oxidative stress when the THI was above 76. 
This study evidenced an interplay between cytokines profile and 
immune cell activation confirming that buffaloes are animals with a 
high capacity to tolerate adverse environmental conditions.

FIGURE 4

MPO activity (U/mL) measured in buffalo milk somatic cell extracts 
under three THI classes (THI  <  72, 72  ≤  THI  <  76, and THI  ≥  76). The 
data are presented as mean  ±  SEM. Bars with different letters are 
significantly different at p  <  0.05.
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