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In a healthy udder, immune cells from the peripheral bloodstream migrate into mammary tissue in 
low numbers to provide baseline immune surveillance, without triggering inflammation. In bovine 
intramammary inflammation, on the other hand, high amounts of leukocytes are recruited, causing 
severe inflammation. We were interested in leukocyte subpopulations and functional differences 
between blood- and milk-derived neutrophils from healthy and inflamed udder quarters. In this 
context, we found a distinct leukocyte subpopulation profile dependent on the health status of 
mammary gland quarters, with a predominant T cells population in heathy mammary gland quarters 
and a shift to macrophages and granulocytes in inflammation. Further, we detected divergent 
expression of major histocompatibility complex class II and interleukin 2 receptor CD25 on the surface 
of milk- and blood-derived neutrophils, pointing to antigen presentation and immune modulatory 
properties. Moreover, we observed differences in production of reactive oxygen species, deviant early 
and late apoptosis and functional changes in these cells, pointing to an altered metabolic phenotype in 
milk cells dependent on the health status of mammary gland quarters. These findings provide insights 
into the functional adaptations of neutrophils in different environments, highlighting the importance 
of metabolic alterations for immune cell function.

During intramammary inflammation, elevated levels of pro-inflammatory cytokines and chemokines increase 
permeability of the blood-milk barrier and recruit leukocytes, mainly neutrophils, from the peripheral 
bloodstream1–3. Neutrophils are highly effective cells of the innate immune system and are essential for clearance 
of pathogens from the inflamed mammary gland through various effector functions, including phagocytosis, 
degranulation, production of reactive oxygen species (ROS) and neutrophil extracellular trap release4,5. To limit 
tissue damage caused by excessive effector functions, neutrophils undergo apoptosis after several functional 
cycles and are subsequently cleared by macrophages4,6.

Neutrophil migration and effector functions, and thus their ability to efficiently eliminate pathogens, are 
influenced by mitochondrial metabolism, despite neutrophils primarily generating adenosine triphosphate 
(ATP) through glycolysis7,8. Inhibition of neutrophil mitochondria has been shown to reduce ROS production, 
neutrophil extracellular trap release, migration speed and chemotaxis7,9,10. Consequently, mitochondrial 
metabolism of neutrophils represents a critical factor in both inflammation and pathogen elimination7.

Although it is evident that neutrophils infiltrate the inflamed mammary gland for elimination of pathogens, 
thereby sustaining or even promoting inflammation, these cells may also participate in the regulation of 
inflammatory mechanisms, taking on an immunomodulatory role11,12. Additionally to the standard neutrophil 
effector function repertoire, regulatory neutrophils are capable of suppressing T cell proliferation through 
mechanisms involving ROS production and direct cell-cell interactions11,13. For instance, superoxide generated 
by the NADPH oxidase complex in neutrophils is converted into hydrogen peroxide by superoxide dismutase, 
which suppresses T cell proliferation by, among other mechanisms, inducing apoptosis and inhibiting Nf-κB 
activation, a key pathway for T cell activation13,14.

Furthermore, the formation of an immunological synapse between T cells and regulatory neutrophils can 
also contribute to suppression of T cell proliferation11. Various surface molecules of neutrophils such as CD11b, 
major histocompatibility complex (MHC) class II and programmed death ligand 1 play a supporting role in this 
process11,15,16. Interestingly, neutrophils also have the ability to present antigens to T cells, which can have the 
opposite effect and stimulate T cell activation17–19. In bovines, neutrophils expressing MHC class II have recently 
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been shown to suppress T cell proliferation11,20. However, the presence and potential role of bovine regulatory 
neutrophils in inflammation, particularly in intramammary inflammations, remains largely unexplored.

Therefore, our study aimed at characterizing milk cells, mainly neutrophils, from healthy and inflamed 
mammary gland quarters in comparison to blood-derived neutrophils, with regard to their immune effector 
functions and metabolic phenotype.

Results
Blood cells and milk cells from healthy and inflamed udder quarters comprise divergent 
leukocyte subpopulations
Using flow cytometry analysis, we detected a divergent composition of viable CD45+ leukocyte subpopulations 
between blood cells and milk cells from both healthy and infected udder quarters (Fig. 1). Blood-derived cells 
showed apparent lymphocyte, monocyte and granulocyte populations (Fig. 1a,b). In healthy mammary gland 
quarters, lymphocytes predominated, while only a few granulocytes and macrophages were visible (Fig. 1f,g). In 
inflamed quarters, on the other hand, the main leukocyte population was comprised of granulocytes (Fig. 1k,l).

Investigating these differences in more detail, we could show that the percentage of CD4+ T lymphocytes and 
CD8+ T lymphocytes was significantly higher in healthy udder quarters than in blood and in inflamed udder 
quarters (Table 1; Fig. 1c,h,m). Furthermore, we detected a significantly lower C4+:CD8+ ratio in inflamed udder 
quarters compared to blood and healthy udder quarters (Supplementary Fig. 2). Additionally, the percentage 
of monocytes/macrophages (CD172a+CD14+) was significantly lower in inflamed udder quarters compared to 
blood (Table 1; Fig. 1d,i,n). Finally, we observed a higher percentage of neutrophils (CH138A+) in inflamed 
udder quarters compared to blood and healthy udder quarters (Table 1; Fig. 1e,j,o).

Interestingly, we observed a divergent morphology of blood cells and milk cells from healthy and inflamed 
udder quarters (Fig. 1a,f,k). Milk-derived leukocytes showed increased cytoplasm-to-nucleus ratio, and a blurred 
appearance of the plasma membrane compared to cells from blood. These properties might indicate increased 
deformability, adhesion and activation of these cells. Additionally, we observed cytoplasmic vacuoles in milk-
derived neutrophils, especially in those from inflamed udder quarters (Fig. 1f,k).

Fig. 1.  Characterization of immune cells in blood (a–e) and milk samples from healthy (f–j) and inflamed 
udder quarters (k–o). Representative cytospin preparations of blood cells (a) and milk cells from healthy (f) 
and inflamed (k) udder quarters in Haema Quick staining visualises different cell populations and morphology. 
Representative SSC/FSC density plots of viable CD45+ blood leukocytes (b) and viable CD45+ milk 
leukocytes from healthy (g) and inflamed (l) udder quarters demonstrate divergent leukocyte subpopulations. 
Representative dot plots of CD4/CD8 (c,h,m), CD172a/CD14 (d,i,n), and CD45/CH138A (e,j,o) staining show 
differences within the leukocyte subpopulations between blood cells (c–e) and milk cells from healthy (h–j) 
and inflamed (m–o) udder quarters in more detail.
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High expression of MHC class II and CD25 on neutrophils from healthy udder quarters points 
to antigen presentation and increased activation
In order to investigate the neutrophil subset in more detail and gain insights on possible changes in activation, 
the expression of surface receptors CD11b, CD62L, MHC class II and CD25 was analyzed using flow cytometry. 
We observed no significant differences in the expression of CD62L (Fig. 2e,f) and CD11b (Fig. 2g,h) on the 
surface of blood- and milk-derived neutrophils. Contrary to this, we detected high levels of MHC class II on 
milk-derived neutrophils from healthy udder quarters, and a significant decrease of this molecule on both 
blood-derived neutrophils and neutrophils from inflamed udder quarters (Fig. 2a,b). Similarly, CD25 was highly 
expressed on the surface of neutrophils from healthy udder quarters with significant decrease of this molecule 
on blood-derived neutrophils, but no significant expression changes compared to neutrophils from inflamed 
quarters. However, we observed significant differences in CD25 expression between neutrophils from inflamed 
udder quarters and those from blood. (Fig. 2c,d). These differences in CD25 and MHC class II expression may 
point to activation and increased antigen presentation of milk-derived neutrophils from healthy udder quarters.

Decreased ROS production and activation after PMA stimulation correlates with increased 
apoptosis rate in milk-derived cells
To assess whether the expression changes of MHC class II and CD25 correlate with changes in neutrophil 
viability, we measured early and late apoptosis using Annexin V/PI staining on freshly obtained cells from blood 
and milk. Compared to blood-derived neutrophils, the early apoptosis rate (Annexin V+/PI−) of neutrophils 
from inflamed udder quarters was significantly increased (Fig. 3a, b). No significant difference was detected 
between cells from blood and healthy udder quarters as well as cells from healthy and inflamed udder quarters 
(Fig. 3a,b). The late apoptosis rate (Annexin V+/PI+) of milk-derived neutrophils from healthy and inflamed 
udder quarters was significantly increased compared to blood-derived neutrophils (Fig. 3a,b). Moreover, milk-
derived neutrophils from healthy udder quarters exhibited a significantly higher late apoptosis rate than milk-
derived neutrophils from inflamed udder quarters (Fig. 3a,b).

To examine further effector functions of neutrophils and a possible correlation with the observed apoptosis 
rates, cells were stimulated with phorbol 12-myristate 13-acetate (PMA) and ROS production was determined 
by flow cytometry using 2′,7′-Dichlor-dihydrofluorescein-diactetat (DCF-DA) staining, which is converted into 
fluorescent 2′,7′-Dichlorfluorescein upon oxidation. Compared to blood-derived neutrophils, we detected a 
significantly lower ROS production in neutrophils from both healthy and inflamed udder quarters (Fig. 3c,d). 
However, no significant differences were observed between inflamed and healthy udder quarter derived 
neutrophils (Fig. 3c,d).

For evaluation and quantification of the observed differences in oxidative burst response to PMA stimulation 
over an extended period of time, we subsequently analyzed the oxygen consumption rate (OCR) of blood- and 
milk-derived cells with a Seahorse XFe Analyzer after blocking mitochondrial respiration with rotenone & 
antimycin A (Rot/AA). Compared to blood, we detected a significantly decreased OCR of milk cells from both 
healthy and inflamed udder quarters after PMA stimulation (Fig. 3e,f). The OCR did not differ between cells 
from healthy and inflamed udder quarters (Fig. 3e,f).

Interestingly, the decreased ROS production and OCR in PMA stimulated, milk-derived cells correlated with 
increased apoptosis rate observed in freshly isolated cells, respectively.

Surface antigen Comparison group 1 Comparison group 2 p-value

Blood Healthy udder quarter

CD45+CD4+CD8- 5.39 ± 1.33 23.13 ± 10.81 0.016 *

CD45+CD4-CD8+ 4.32 ± 0.94 18.50 ± 11.93 0.016 *

CD45+CD172a+CD14+ 6.01 ± 1.51 4.12 ± 2.47 0.093

CD45+CH138A+ 47.30 ± 10.12 35.21 ± 20.11 0.157

Blood Inflamed udder quarter

CD45+CD4+CD8- 5.39 ± 1.33 3.32 ± 3.46 0.247

CD45+CD4-CD8+ 4.32 ± 0.94 4.52 ± 3.87 0.917

CD45+CD172a+CD14+ 6.01 ± 1.51 2.37 ± 1.89 0.0008 ***

CD45+CH138A+ 47.30 ± 10.12 67.06 ± 17.66 0.016 *

Healthy udder quarter Inflamed udder quarter

CD45+CD4+CD8- 23.13 ± 10.81 3.32 ± 3.46 0.016 *

CD45+CD4-CD8+ 18.50 ± 11.93 4.52 ± 3.87 0.032 *

CD45+CD172a+CD14+ 4.12 ± 2.47 2.37 ± 1.89 0.144

CD45+CH138A+ 35.21 ± 20.11 67.06 ± 17.66 0.006 **

Table 1.  Percentage (mean value ± standard deviation) and statistical differences (p-value) of leukocyte 
subpopulations in blood and milk from healthy and inflamed udder quarters.
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Changed mitochondrial function of blood- and milk-derived leukocytes points to a divergent 
metabolic phenotype
Since we identified significant differences in milk-derived neutrophil activation and apoptosis rates, we were 
now interested to see if we could also detect differences in mitochondrial function between blood and milk 
cells from healthy and inflamed udder quarters. To maintain the most in vivo-like functional entity regarding 
leukocyte subset composition, we analyzed leukocytes including all subsets present in the samples.

Fig. 2.  Comparison of MHC class II, CD25, CD62L and CD11b expression on neutrophils from blood 
and milk. Representative density plots of MHC class II (a) and CD25 (c) staining visualize differences in 
the expression of these molecules on the surface of blood- and milk-derived neutrophils from healthy 
and inflamed udder quarters. Representative density plots of CD62L (e) and CD11b (g) staining show no 
expression differences on the surface of blood- and milk-derived neutrophils from healthy and inflamed udder 
quarters. (b) Milk neutrophils from healthy udder quarters showed a significantly (*p ≤ 0.05) higher expression 
of MHC class II compared to blood neutrophils and milk neutrophils from infected udder quarters. (d) Milk 
neutrophils from healthy and infected udder quarters showed a significantly (**p ≤ 0.01, *p ≤ 0.05) higher 
expression of CD25 compared to blood neutrophils. No significant differences in the expression of CD62L (f) 
and CD11b (h) on the surface of blood- and milk-derived neutrophils were observed.
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Fig. 3.  Comparison of early and late apoptosis rate of neutrophils in blood, healthy udder quarter and 
inflamed udder quarter and ROS production and OCR in neutrophils from blood and milk. (a) Representative 
density plots of Annexin V/PI stained blood- and milk-derived neutrophils from healthy and inflamed udder 
quarters. (b) Milk neutrophils from infected udder quarters showed a significantly (*p ≤ 0.05) higher early 
apoptosis rate compared to blood neutrophils. Milk neutrophils from healthy and infected udder quarters 
exhibited a significantly (***p ≤ 0.001, **p ≤ 0.01) higher late apoptosis rate than blood neutrophils. The late 
apoptosis rate of milk neutrophils from healthy udder quarters was significantly (*p ≤ 0.05) increased compared 
to milk neutrophils from infected udder quarters. (c) Representative histograms show DCF-DA staining of 
unstimulated and PMA stimulated blood- and milk-derived neutrophils from healthy and inflamed udder 
quarters. (d) DCF-DA staining revealed a significantly (**p ≤ 0.01, *p ≤ 0.05) lower ROS production of milk 
neutrophils after PMA stimulation compared to blood neutrophils. (e) Representative OCR after injection of 
Rot/AA and PMA. (f) OCR of milk-derived cells after mitochondrial inhibition and PMA stimulation was 
significantly (*p ≤ 0.05) lower compared to blood-derived cells.
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Via the Seahorse XF Cell Mito Stress Assay we first measured basal respiration (Fig. 4a, far left section). After 
the inhibition of the ATP synthase (complex V) of the respiratory chain reaction through injection of oligomycin, 
we observed a decrease in the amount of oxygen used through ATP production (Fig. 4a, left section). In detail, 
milk-derived leukocytes from healthy and inflamed udder quarters both showed a significantly decreased ATP-
linked respiration compared to blood cells (Fig. 4b). No differences were observed between healthy and inflamed 
udder quarters (Fig. 4b).

Fig. 4.  Mitochondrial function of blood- and milk-derived cells. (a) Mitochondrial metabolism of blood-
derived cells (black) and milk-derived cells from healthy (green) and inflamed (blue) udder quarters after 
injection of Oligomycin, FCCP and Rot/AA. Ratios were determined after normalizing each measurement 
against the baseline mean. Data are presented as mean ± SD. (b) ATP production is significantly (*p ≤ 0.05) 
lower in milk-derived cells compared to blood-derived cells after Oligomycin induced inhibition of complex 
V of the respiratory chain. (c) The spare respiratory capacity of milk-derived cells is significantly (*p ≤ 0.05) 
decreased compared to blood-derived cells. Milk-derived cells from inflamed udder quarters showed a 
significantly (*p ≤ 0.05) lower spare respiratory capacity compared to healthy udder quarters.
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Measurement of the maximal respiration after the injection of the uncoupler carbonyl cyanide-4 
(trifluoromethoxy) phenylhydrazone (FCCP) (Fig. 4a, right section), and calculation of the difference between 
basal and maximal respiration, revealed a significant decrease in the spare respiratory capacity of leukocytes 
from healthy and inflamed udder quarters compared to blood-derived cells (Fig. 4c). Additionally, the spare 
respiratory capacity significantly decreased in leukocytes from inflamed udder quarters compared to healthy 
udder quarters (Fig. 4c). The spare respiratory capacity indicates the ability of the cells to respond to changes in 
energetic demand.

Finally, blocking of mitochondrial respiration through a combination of rotenone, a complex I inhibitor, 
and antimycin A, a complex III inhibitor, had no significant effect on nonmitochondrial oxygen consumption 
(Fig. 4a, far right section).

Discussion
The mammary gland is habitually infiltrated by small numbers of immune cells from the bloodstream, ensuring 
baseline immune surveillance21. However, during bovine intramammary inflammation, a substantial influx of 
leukocytes occurs, resulting in pronounced inflammation21. In our study, we detected a divergent composition 
of viable leukocyte subpopulations in blood, milk from healthy udder quarters and milk from inflamed udder 
quarters. As physiologically expected, blood-derived leukocyte subsets showed a slightly more lymphocytic 
phenotype, whereas healthy mammary gland quarters were clearly dominated by CD4+ and CD8+ T cells. 
Contrary to this, cells from inflamed quarters were mainly neutrophils, which is in line with previous studies 
described increased neutrophil infiltration in intramammary inflammation22–25. Since we were interested in 
gaining more insights in the impact of these different environments on the functional properties of neutrophils, 
we analyzed markers for activation and antigen presentation.

CD11b and CD62L, both activation markers of neutrophils26, did not significantly differ in abundance 
between blood, healthy udder quarters and inflamed udder quarters. This suggests that at the time of sampling, 
the activation status of the investigated neutrophils was unchanged between the different extracellular 
environments. To determine whether we missed peak activation, more experiments are needed comparing cells 
obtained from different sampling times.

The expression of MHC class II on the surface of bovine blood and milk neutrophils was previously described 
only on a subset of neutrophils11,20,27, whereas we observed an expression on almost all neutrophils in our 
analysis. Interestingly, MHC class II expression on neutrophils suggests a role of these cells as atypical antigen 
presenting cells17–19 and in the regulation of the adaptive immune response, for example via suppression of 
T cell proliferation11. The increased expression of MHC class II on neutrophils from healthy udder quarters 
may therefore be an indication for immune modulatory properties, as shown in other studies on bovine 
neutrophils11,20, underlining the role of these cells in providing immune surveillance in the healthy udder. The 
decrease in inflamed udder quarters suggests that inhibitory properties may be decreased due to functional 
adaptation in course of inflammation, for example as a reaction to causative agents28,29.

Similar to MHC class II, the surface expression of the Interleukin-2 (IL-2) receptor CD25 was highest on 
neutrophils from healthy udder quarters. However, the slight decrease observed in milk-derived neutrophils 
from quarters with intramammary inflammation was not significant. Although CD25 is typically associated 
with regulatory T cells30, it has previously been identified on bovine neutrophils, suggesting this molecule to be 
a potential biomarker for inflammations in cattle31. Contrary to our studies, CD25 expression was compared 
on mRNA level between healthy cows and cows with extra- and intramammary infections and showed strong 
correlation with the severity of disease31. Studies on human neutrophils previously described unchanged 
expression levels of the IL-2 receptor CD25 after stimulation with granulocyte-macrophage colony-stimulating 
factor, while IL-2-binding increased32, suggesting that effective binding of IL-2 is not correlated to the intensity 
of CD25 receptor expression. Other studies showed that recombinant IL-2 can induce production of ROS and 
thereby enhance the bacterial killing rate of neutrophils in milk33,34; pointing to increased activation through 
ligation of CD25 by IL-2. Further studies are needed to clarify whether CD25 is associated to the activation 
status of bovine neutrophils or possibly plays a role in immune regulation similar to regulatory T cells, or if the 
manifestation of these characteristics depends on the extracellular environment these cells are exposed to.

Although we observed an upregulation of CD25 on milk-derived neutrophils suggesting an activation of 
effector functions via IL-2, we found a decreased oxidative burst response of PMA-stimulated neutrophils in milk 
compared to blood, which has similarly been shown in previous investigations on healthy cows and goats35,36. 
This leads us to suspect that, despite increased CD25 expression, IL-2 was not able to trigger increased ROS 
production in the milk-derived neutrophils. This may simply originate in insufficient levels of IL-2 in the milk 
samples that we used for analysis or have other underlying reasons, such as the specific intra-udder environment 
and the impact of the diverse variety of milk-derived molecules on ROS production. For instance, a reduced 
oxidative burst of bovine milk neutrophils was observed after diapedesis across mammary epithelium in vitro37. 
Furthermore, milk components, such as fat and casein, have been shown to inhibit phagocytosis and oxidative 
burst response of bovine milk neutrophils38. Moreover, the decreased ROS production that we showed in milk 
cells may have occurred due to cell exhaustion caused by a pre-existing excessive ROS production in course of 
activation after migration into the udder. This is supported by the observation of cytoplasmic vacuoles in freshly 
isolated, unstimulated milk-derived neutrophils in our study, which are indicative of ongoing ROS production in 
these cells39. The fact that these cells may initially already be in an advanced state of activation, might explain the 
higher rates of late apoptosis that we observed directly after isolation. These lower viability rates of neutrophils 
from milk compared to neutrophils from the peripheral bloodstream are not only in line with other studies on 
milk-derived neutrophils of cows and goats35,40–42, but also underline the fact that diapedesis through the blood-
milk barrier is an initial trigger for neutrophil apoptosis after activation43.
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Moreover, we identified a correlation of apoptosis rate and udder quarter health. To date, there is no consensus 
on the correlation of neutrophil viability with udder quarter health status. Several studies on the viability and 
apoptosis rate of neutrophils in milk clearly support our findings of increased apoptosis in healthy udder 
quarters41,44, whereas others rather describe a higher rate of viable neutrophils, therefore less apoptotic cells in 
healthy udder quarters compared to diseased udder quarters24,45,46. The studies indicating reduced apoptosis in 
healthy udder quarters, however, lack uniform cell preparation methods and viability or apoptosis rate analysis 
of neutrophils, which needs to be kept in mind when interpreting respective results. In addition, heterogeneous 
definitions were used regarding the mammary gland health24,41,45.

Controlled apoptosis of neutrophils and their subsequent phagocytosis by macrophages is an important 
process in reducing tissue damage of the mammary gland and curing intramammary inflammations6. 
Inflammatory mediators regulate cell apoptosis through pro-apoptotic and anti-apoptotic signals6. The pro-
inflammatory cytokine Tumor necrosis factor (TNF)-α is upregulated during intramammary inflammation and 
induces bovine neutrophils to undergo apoptosis47,48. In contrast, LPS stimulates toll-like receptor 4, which 
suppresses apoptosis of neutrophils in cows49. During mastitis, further cytokines are upregulated in milk, 
including IL-6 and IL-8, that delay programmed cell death6,50,51. They are responsible for mediating acute phase 
response and the accumulation of leukocytes in inflamed mammary glands50,51. In addition to these effects, an 
increased number of apoptosis-inhibiting mediators in inflamed udder quarters might lead to the observed 
lower rate of apoptotic neutrophils in our study. Further, a previous study showed that pathogens triggering 
intramammary inflammation can inhibit neutrophil apoptosis5. This may be an additional reason for the higher 
rate of apoptotic neutrophils in the healthy, uninflamed udder quarters. Although the healthy and the inflamed 
quarters are located in direct proximity, neutrophils from the healthy quarters showed a significantly higher 
rate of late apoptosis. We therefore assumed that the regulation of apoptosis in healthy udder quarters is not 
affected by the neighboring inflammation, which indicates immunological independence of the mammary gland 
quarters. Delayed apoptosis is important for combating the pathogen, but it also poses a risk of tissue damage. 
Proper regulation of apoptosis is therefore important for curing intramammary inflammation, making targeted 
regulation of apoptosis a potential therapeutic approach. Therefore, the mechanisms accelerating or suppressing 
neutrophil apoptosis need further investigations.

To our knowledge, we are the first to analyze the metabolic phenotype of bovine milk-derived leukocytes. 
We could show that, despite high CD25 expression suggesting increased activation, milk cells from both healthy 
and inflamed mammary gland quarters showed a decreased ATP production by oxidative phosphorylation 
compared to blood cells, which indicates energetic stress of these cells leading to restricted cellular respiration 
and energy deficits. Mitochondrial dysfunctions and damage during inflammations can be caused by various 
factors, including oxidative stress and cytokines52,53. In vitro studies with endometrial epithelial cells observed 
mitochondrial dysfunction with decreased ATP production induced by Escherichia coli in cattle as well as 
mitochondrial damage caused by Staphylococcus aureus in goats, both common causative agents of intramammary 
inflammation53,54. The presence of pathogens could therefore be an explanation for decreased mitochondrial 
ATP production of milk cells from inflamed quarters. However, since we also observed this effect in the healthy, 
uninflamed quarters, the presence of bacteria alone cannot be the only reason. In humans, the pro-inflammatory 
cytokine TNF-α induces mitochondrial dysfunction with reduced ATP production55. TNF-α is also released in 
high amounts during bovine mastitis and induces an increase in neutrophil ROS production, as already shown in 
humans56,57. We therefore hypothesize that pro-inflammatory cytokines and the oxidative stress resulting from 
elevated ROS production reduce mitochondrial ATP production and that this affects both the healthy and the 
inflamed mammary gland quarter, which suggests an immunological dependence of the quarters. In contrast, 
our results showed an independence of the quarters by the regulation of apoptosis. Whether and to what extent 
there is an immunological dependence or independence of mammary gland quarters requires further research.

Further investigations of mitochondrial functions revealed a lower spare respiratory capacity – determined 
by the difference of maximal and basal respiration - in milk cells compared to blood cells, indicating a reduced 
adaptability to increased energy demand. We suspected that this result is caused by the exhaustion of the cells 
due to increased energy consumption during diapedesis, as described for human neutrophils58,59. Additionally, 
we observed a correlation of spare respiratory capacity and inflammation status of mammary gland quarters. 
Cells from inflamed udder quarters showed a lower spare respiratory capacity compared to cells from healthy 
quarters. In inflamed quarters, cells consisted mainly of neutrophils, which are energy-dependent in their 
effector functions60. These energy-demanding processes and the aspects causing mitochondrial dysfunction 
and damage during inflammation, as previously mentioned, might lead to cell exhaustion, reflected in reduced 
spare respiratory capacity. While interpreting these results, however, we need to keep in mind that the milk and 
blood samples that were used for mitochondrial metabolism analysis comprised divergent leukocyte subsets, 
which may also have an impact on the analysis of metabolic functions. Moreover, the cell-cell interactions may 
influence cell metabolism and activation, as previously shown for γδ T cells, an abundant lymphocyte subset 
in cattle which has been described to inhibit CD4+ and CD8+ T cell proliferation via IL-10 secretion61, and 
was shown to increase in course of experimentally induced inflammatory response to Streptococcus uberis in 
the udder62. To address these limitations, more experiments are needed analyzing mitochondrial function 
and metabolic phenotype of isolated leukocyte subsets in milk and blood. Especially the metabolic features of 
pure neutrophils may be useful to gain further insights into the interplay of inflammatory environment and 
metabolic adaptation of these cells. Current strategies for antibody-free isolation of pure neutrophil subsets 
from bovine blood are promising63. Their suitability for the use of the obtained cells in subsequent metabolic 
analyses, however, remains to be determined, since neutrophils are prone to activation and the isolation process 
for obtaining pure neutrophils without triggering activation and subsequent functional alterations impacting the 
outcome of metabolic analyses is challenging. Nevertheless, our findings on an altered metabolic phenotype of 
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milk-derived cells in inflamed mammary gland quarters provide an opportunity for further research, also with 
regard to therapeutic approaches.

Taken together, our findings point to a significant alteration in immunological function and metabolic 
phenotype of milk-derived neutrophils compared to neutrophils from the peripheral bloodstream. In addition to 
a possible immunomodulatory role, we described a reduced respiratory capacity of milk leukocytes, specifically 
from inflamed udder quarters, indicating exhaustion of these cells leading to a reduced performance of their 
immunological functions. Overall, our study provides a basis for further investigations concerning the impact of 
the metabolic phenotype on the immune response of neutrophils from milk.

Methods
Animals and sample collection
In this study, samples from 15 dairy cows were used (breed: Brown Swiss (n = 12) and Simmental (n = 3); 
lactation stages: early lactation (n = 5), mid lactation (n = 1) and late lactation (n = 9)). All cows showed 
intramammary inflammation in at least one udder quarter, determined with positive California mastitis test 
(CMT, SCC threshold 400,000 cells/ml) and bacteriological analysis. From each cow, milk samples from healthy 
and inflamed udder quarters were collected in sterile tubes. Teats were cleaned and disinfected with 70% ethanol 
and the first milk jets were discarded prior to sampling. Udder quarters with positive results in the CMT and in 
the bacteriological analysis were categorized as inflamed (n = 14), whereas udder quarters with negative results 
in both tests were grouped as healthy (n = 13). Heparinized (50 I.U./ml blood, Ratiopharm, Ulm, Germany) 
venous whole blood was drawn from the jugular vein. Sampling of blood by venipuncture and experimental 
approach were approved by the local authority, the Government of Upper Bavaria, permit no. ROB-55.2-2532.
Vet_03-22-38. No experimental animals were used in this study. All animals were kept for the purpose of milk 
production. Permission from the dairy farms to use the blood samples from their animals for study purposes was 
obtained. All methods were carried out in accordance with relevant guidelines and regulations and are reported 
in accordance with ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines.

Sample preparation
After centrifugation (room temperature, 500×g, 20  min, brake off) of whole blood samples, the plasma was 
discarded. In the remaining blood cells at the bottom of the tube, erythrocytes were removed by 30 s sodium 
chloride (0.2% NaCl) lysis. Isotonicity of samples was restored through addition of equal parts 1.6% NaCl. After 
washing (room temperature, 400×g, 10 min) the remaining leukocytes were briefly stored in phosphate buffered 
saline (PBS; NaCl 136.9 mM (Sigma-Aldrich, Taufkirchen, Germany), Na2HPO4 × 2H2O 8.1 mM (AppliChem, 
Darmstadt, Germany), KH2PO4 1.4 mM (Sigma-Aldrich), KCl 2.6 mM (Sigma-Aldrich); pH 7.4) for further 
analysis. Milk samples were centrifuged at 500×g for 20 min at room temperature. After removal of the fat layer 
and the supernatant, the remaining milk cells were washed twice with PBS before analysis. All cells were counted 
with trypan blue solution (VWR Life Science, Darmstadt, Germany). Blood- and milk-derived leukocytes were 
either used the same day within two hours after isolation (cytospin preparation: cell morphology; flow cytometry 
analysis: apoptosis rates and ROS production after PMA stimulation; Seahorse XFe Analyzer: activation after 
PMA stimulation) or stored in RPMI 1640 (PanBiotech, Aidenbach, Germany) with 1% penicillin-streptomycin 
(PanBiotech) and 10% heat-inactivated fetal bovine serum (Sigma-Aldrich, Darmstadt, Germany) at 4  °C 
overnight, until further processing after approximately 20 h (flow cytometry analysis: surface markers; Seahorse 
XFe Analyzer: mitochondrial metabolism assay).

Cytospin preparation
1×105 cells from blood or milk with divergent udder health status were applied to a slide and centrifuged by 
300×g for 10  min using a cytocentrifuge (Eppendorf, Wesseling-Berzdorf, Germany). Cytospin preparations 
were stained with Diff-Quick (Heama Schnellfärbung Diff Quick, Eberhard Lehmann GmbH, Berlin, Germany) 
according to the manufacturer’s specifications. The visualization was performed with a Leica DMi8 microscope, 
and LASX software, version 3.4.2 (both Leica, Wetzlar, Germany).

Flow cytometry analyses
Blood cells (n = 8) and milk cells from healthy (n = 7) and inflamed (n = 8) udder quarters were stained in 96-
well round-bottom plates with 5 × 105 cells per well. All antibodies were incubated at 4°C for 20 min. For the 
characterization of surface antigens of leukocytes, all cells were incubated with FITC-conjugated mouse anti-
bovine CD45 (isotype IgG1, clone CC1, Bio-Rad, Feldkirchen, Germany; 1:50). The following primary antibody 
combinations were used: mouse anti-bovine CD4 (isotype IgG2a, clone ILA11A, Kingfisher, Saint Paul, MN, 
USA; 1:400) labeled with FlexAble CoraLite ® Plus 555 antibody labeling kit for mouse IgG2a (ChromoTek & 
Proteintech Germany, Planegg-Martinsried, Germany) and mouse anti-bovine CD8 (isotype IgG1, clone CC63, 
Bio-Rad; 1:200), mouse anti-bovine CD172a (isotype IgG1, clone DH59B, Bio-Rad; 1:10) and biotin-conjugated 
mouse anti-human CD14, cross-reactive to bovine (isotype IgG2a, clone TÜK4, Bio-Rad; 1:100), mouse anti-
bovine granulocytes (isotype IgM, clone CH138A, Kingfisher; 1:200) and mouse anti-equine MHC class II, 
cross-reactive to bovine (isotype IgG2a, in house antibody; 1:400), mouse anti-bovine CD25 (isotype IgG1, 
clone IL-A111, Bio-Rad; 1:200) or mouse anti-human CD62L, cross-reactive to bovine (isotype IgG2b, clone 
FMC46, Bio-Rad, 1:50). The primary antibody mouse anti-bovine CD11b (isotype IgG2b, clone CC126, Bio-
Rad, 1:200) was not applied in any combination, whereby blood cells from only five cows and milk cells from 
only four healthy and seven inflamed udder quarters were used. For the staining combination CD4 and CD8, 
blood cells from only five cows and milk cells from only four healthy and five inflamed udder quarters were used. 
To CD8, CD172a and CD11b stained cells, goat anti-mouse IgG, F(ab’)2 fragment specific secondary antibody 
conjugated with Alexa Fluor 647 (Dianova, Hamburg, Germany; 1:400) was added. The CD25, MHC class II 
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and CD62L staining was visualized using goat anti-mouse IgG (H + L) secondary antibody, Alexa 568 conjugate 
(Thermo Fisher Scientific, Ulm, Germany; 1:500). For the CH138A primary antibody, secondary antibody 
donkey anti-mouse IgM conjugated with Alexa Fluor 647 (Thermo Fisher Scientific; 1:500) was added, and for 
the biotin-conjugated CD14 primary antibody, Streptavidin-iFluor 555 conjugate (AAT Bioquest, Pleasanton, 
CA, USA; 1:300) was used. All secondary antibodies were preabsorbed with 5% heat-denatured bovine serum. 
Dead cells were excluded by staining with Viobility 400/452 Fixable Dye (Miltenyi Biotec, Bergisch Gladbach, 
Germany). The gating was performed based on the exemplary gating strategy shown in Supplementary Fig. 1.

The apoptosis rate of blood neutrophils (n = 8) and milk-derived neutrophils from healthy (n = 6) and 
inflamed (n = 8) udder quarters was determined by Annexin V-FITC/PI labeling kit (Miltenyi Biotech) according 
to the manufacturer’s instructions. Briefly, freshly isolated leukocytes were incubated with Annexin V-FITC 
for 15 min, washed for 10 min, then directly measured after addition of PI. Apoptosis rates of the neutrophil 
subset were shown through the gating strategy used (Supplementary Fig. 3). Annexin V binds to phospholipid 
phosphatidylserine, which is redistributed from intracellular to extracellular during apoptosis, whereas PI 
penetrates only cell membranes of dead or dying cells and binds to DNA.

The quantity of neutrophil ROS production was observed by DCF-DA (Merck, Darmstadt, Germany) staining. 
Blood cells (n = 10) and milk cells from healthy (n = 5) and inflamed (n = 7) udder quarters were incubated with 
10 µM DCF-DA and measured before and after 90 min of stimulation with PMA (Sigma-Aldrich, Darmstadt, 
Germany; 1 µg/ml). ROS production of the neutrophil subset was shown through the applied gating strategy 
(Supplementary Fig. 4).

Measurements were performed with NovoCyte Quanteon flow cytometer (Agilent Technologies, Waldbronn, 
Germany). Data were analyzed using Flowlogic Software V7 (Inivai Technologies, Mentone Victoria, Australia) 
and NovoExpress Software version 1.5.0 (Agilent Technologies). Antigen expression intensity was calculated 
using mean fluorescence intensity values.

Measurement of oxygen consumption rate and cell metabolic analysis by Seahorse XFe 
Analyzer
Quantification of leukocyte activation and metabolic phenotypes of blood cells (n = 4) and milk cells from 
healthy (n = 4) and inflamed (n = 4) udder quarters were determined by measuring the OCR using a Seahorse 
XFe Analyzer (Agilent Technologies). The Seahorse XFe Analyzer measures extracellular concentration changes 
of dissolved oxygen and free protons caused by cellular oxygen consumption and proton excretion. Following 
the manufacturer’s instructions, the isolated leukocytes from the blood and milk samples were seeded in 24-well 
XF24 cell culture microplates (Agilent Technologies) coated with 52 µl Poly-D-Lysin (Merck). Cells were seeded 
at a concentration of 1.5×106 cells per well in sterile XF assay buffer (Seahorse XF RPMI medium supplemented 
with 10 mM glucose, 2 mM L-glutamine, and 1 mM pyruvate, pH 7.4; Agilent Technologies), while at least four 
wells were kept free from cells for background correction. The plate was briefly centrifuged at 500×g for one 
minute at room temperature and brake on to ensure that the cells settled evenly. Afterwards, cells were allowed to 
rest for 45 min at 37 °C. Prior to measurement, the four ports of the sensor cartridge plate (Agilent Technologies) 
were filled with the required compounds to be consecutively injected into the wells at defined timepoints. Prior 
to injection, baseline measurement was performed.

For quantification of neutrophil activation, mitochondrial inhibition was induced by injection of Rot/
AA from port A (final well concentration: 0.5 µM). Subsequently, cells were stimulated by injection of PMA 
from port B (final well concentration: 100 ng/ml). OCR was measured every 6 min for 3 cycles for baseline 
measurement, for 5 cycles after Rot/AA injection and for at least 60 cycles after injection of PMA.

For determining the metabolic phenotypes via mitochondrial metabolism of leukocytes from blood and 
milk, the Agilent Seahorse XF Cell Mito Stress Test was used according to the manufacturer´s protocol (Agilent 
Technologies). This test targets the electron transport chain (ETC). Briefly, oligomycin was injected into the 
wells from port A for inhibition of ATP Synthase (complex V). FCCP was injected from port B for uncoupling 
of electron flow at the inner mitochondrial membrane. Rot/AA was injected from port C for inhibition of 
mitochondrial respiration via complex I and III of the ETC. Measurements were performed every 8.5 min for 5 
cycles before / after compound injection.

Analyses were performed with at least two technical replicates for each cell fraction per individuum. Mean 
values of technical replicates were used for further statistical analysis. OCR was reported in units of pmol/min. 
Data analysis was done using WAVE 2.6 Software according to the manufacturer’s manual (Agilent Technologies).

Statistical analysis
Data from all sampled cows were grouped into blood, healthy udder quarter and inflamed udder quarter. To 
compare differences between groups, the Kolmogorov-Smirnov (KS) test was used for the determination of 
Gaussian distribution. If the KS test indicated p ≤ 0.05 (no normal distribution), the Mann-Whitney test was 
used for statistical analysis. In case of normal distribution (KS test with p > 0.05), statistics were performed using 
student´s t-test. In both tests, the results were considered significant at p ≤ 0.05. Data were processed, analyzed 
and visualized with GraphPad Prism software (version 5.04, GraphPad Software, San Diego, CA, USA).

Data availability
The authors declare that the data supporting the findings of this study are available within the paper and its 
Supplementary files. Should any raw data be needed these are available from the corresponding author upon 
reasonable request.

Received: 29 November 2024; Accepted: 10 March 2025

Scientific Reports |         (2025) 15:9401 10| https://doi.org/10.1038/s41598-025-93929-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


References
	 1.	 Wellnitz, O., Arnold, E. T. & Bruckmaier, R. M. Lipopolysaccharide and Lipoteichoic acid induce different immune responses in 

the bovine mammary gland. J. Dairy Sci. 94, 5405–5412. https://doi.org/10.3168/jds.2010-3931 (2011).
	 2.	 Murphy, M. P., Niedziela, D. A., Leonard, F. C. & Keane, O. M. The in vitro host cell immune response to bovine-adapted 

Staphylococcus aureus varies according to bacterial lineage. Sci. Rep. 9, 6134. https://doi.org/10.1038/s41598-019-42424-2 (2019).
	 3.	 Detilleux, J. A strategy to estimate the rate of recruitment of inflammatory cells during bovine intramammary infection under field 

management. BMC Vet. Res. 13, 167. https://doi.org/10.1186/s12917-017-1078-4 (2017).
	 4.	 Saleem, A. et al. Immunotherapy in mastitis: state of knowledge, research gaps and way forward. Vet. Q. 44, 1–23. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​

1​0​.​1​0​8​0​/​0​1​6​5​2​1​7​6​.​2​0​2​4​.​2​3​6​3​6​2​6​​​​ (2024).
	 5.	 Srithanasuwan, A. et al. Exploring the distinct immunological reactions of bovine neutrophils towards major and minor pathogens 

responsible for mastitis. Int. J. Vet. Sci. Med. 11, 106–120. https://doi.org/10.1080/23144599.2023.2262250 (2023).
	 6.	 Paape, M. J., Bannerman, D. D., Zhao, X. & Lee, J. W. The bovine neutrophil: structure and function in blood and milk. Vet. Res. 

34, 597–627. https://doi.org/10.1051/vetres:2003024 (2003).
	 7.	 Cao, Z. et al. Roles of mitochondria in neutrophils. Front. Immunol. 13, 934444. https://doi.org/10.3389/fimmu.2022.934444 

(2022).
	 8.	 Peng, S., Gao, J., Stojkov, D., Yousefi, S. & Simon, H. U. Established and emerging roles for mitochondria in neutrophils. Immunol. 

Rev. 314, 413–426. https://doi.org/10.1111/imr.13158 (2023).
	 9.	 Bao, Y. et al. Mitochondria regulate neutrophil activation by generating ATP for autocrine purinergic signaling. J. Biol. Chem. 289, 

26794–26803. https://doi.org/10.1074/jbc.M114.572495 (2014).
	10.	 Bao, Y. et al. mTOR and differential activation of mitochondria orchestrate neutrophil chemotaxis. J. Cell. Biol. 210, 1153–1164. 

https://doi.org/10.1083/jcb.201503066 (2015).
	11.	 Rambault, M. et al. Neutrophils encompass a regulatory subset suppressing T cells in apparently healthy cattle and mice. Front. 

Immunol. 12, 625244. https://doi.org/10.3389/fimmu.2021.625244 (2021).
	12.	 Li, Y. et al. The regulatory roles of neutrophils in adaptive immunity. Cell. Commun. Signal. 17, 147. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​8​6​/​s​1​2​9​6​

4​-​0​1​9​-​0​4​7​1​-​y​​​​ (2019).
	13.	 Pillay, J., Tak, T., Kamp, V. M. & Koenderman, L. Immune suppression by neutrophils and granulocytic myeloid-derived suppressor 

cells: similarities and differences. Cell. Mol. Life Sci. 70, 3813–3827. https://doi.org/10.1007/s00018-013-1286-4 (2013).
	14.	 Chapple, I. L. C., Hirschfeld, J., Kantarci, A., Wilensky, A. & Shapira, L. The role of the host-neutrophil biology. Periodontol 2000 

https://doi.org/10.1111/prd.12490 (2023).
	15.	 Zemans, R. L. Neutrophil-mediated T-cell suppression in influenza: novel finding Raising additional questions. Am. J. Respir Cell. 

Mol. Biol. 58, 423–425. https://doi.org/10.1165/rcmb.2017-0425ED (2018).
	16.	 de Kleijn, S. et al. IFN-gamma-stimulated neutrophils suppress lymphocyte proliferation through expression of PD-L1. PLoS One  

8, e72249. https://doi.org/10.1371/journal.pone.0072249 (2013).
	17.	 Jin, H. et al. Antigen-presenting aged neutrophils induce CD4 + T cells to exacerbate inflammation in sepsis. J. Clin. Invest. ​h​t​t​p​s​:​/​

/​d​o​i​.​o​r​g​/​1​0​.​1​1​7​2​/​J​C​I​1​6​4​5​8​5​​​​ (2023).
	18.	 Vono, M. et al. Neutrophils acquire the capacity for antigen presentation to memory CD4(+) T cells in vitro and ex vivo. Blood 129, 

1991–2001. https://doi.org/10.1182/blood-2016-10-744441 (2017).
	19.	 Bert, S., Nadkarni, S. & Perretti, M. Neutrophil-T cell crosstalk and the control of the host inflammatory response. Immunol. Rev. 

314, 36–49. https://doi.org/10.1111/imr.13162 (2023).
	20.	 Rambault, M. et al. Neutrophils expressing major histocompatibility complex class II molecules circulate in blood and milk during 

mastitis and show high microbicidal activity. J. Dairy Sci. 106, 4245–4256. https://doi.org/10.3168/jds.2022-22728 (2023).
	21.	 Rainard, P. & Riollet, C. Innate immunity of the bovine mammary gland. Vet. Res. 37, 369–400. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​5​1​/​v​e​t​r​e​s​:​2​0​0​

6​0​0​7​​​​ (2006).
	22.	 Schwarz, D. et al. Flow cytometric differential cell counts in milk for the evaluation of inflammatory reactions in clinically healthy 

and subclinically infected bovine mammary glands. J. Dairy Sci. 94, 5033–5044. https://doi.org/10.3168/jds.2011-4348 (2011).
	23.	 Chengolova, Z., Atanasova, M. & Godjevargova, T. Neutrophil and CD4 + milk cell count related to natural incidence of mastitis 

in Jersey cattle. J. Dairy Res. 88, 334–336. https://doi.org/10.1017/S0022029921000510 (2021).
	24.	 Alhussien, M. N., Panda, B. S. K. & Dang, A. K. A comparative study on changes in total and differential milk cell counts, activity, 

and expression of milk phagocytes of healthy and mastitic indigenous sahiwal cows. Front. Vet. Sci. 8 (2021).
	25.	 Gonçalves, J. L. et al. Using milk leukocyte differentials for diagnosis of subclinical bovine mastitis. J. Dairy Res. 84, 309–317. 

https://doi.org/10.1017/S0022029917000267 (2017).
	26.	 Wohlgemuth, L. et al. Modulation of neutrophil activity by soluble complement cleavage products-an in-depth analysis. Cells 

https://doi.org/10.3390/cells11203297 (2022).
	27.	 Li, L. et al. Characterization of IL-10-producing neutrophils in cattle infected with Ostertagia ostertagi. Sci. Rep. 9, 20292. ​h​t​t​p​s​:​/​/​

d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​1​9​-​5​6​8​2​4​-​x​​​​ (2019).
	28.	 Milillo, M. A. et al. Bacterial RNA contributes to the down-modulation of MHC-II expression on monocytes/macrophages 

diminishing CD4 + T cell responses. Front. Immunol. 10 (2019).
	29.	 Mitchell, E. K., Mastroeni, P., Kelly, A. P. & Trowsdale, J. Inhibition of cell surface MHC class II expression by Salmonella. Eur. J. 

Immunol. 34, 2559–2567. https://doi.org/10.1002/eji.200425314 (2004).
	30.	 de la Rosa, M., Rutz, S., Dorninger, H. & Scheffold, A. Interleukin-2 is essential for CD4 + CD25 + regulatory T cell function. Eur. 

J. Immunol. 34, 2480–2488. https://doi.org/10.1002/eji.200425274 (2004).
	31.	 Zoldan, K. et al. Increase of CD25 expression on bovine neutrophils correlates with disease severity in post-partum and early 

lactating dairy cows. Dev. Comp. Immunol. 47, 254–263. https://doi.org/10.1016/j.dci.2014.08.002 (2014).
	32.	 Girard, D., Gosselin, J., Heitz, D., Paquin, R. & Beaulieu, A. D. Effects of interleukin-2 on gene expression in human neutrophils. 

Blood 86, 1170–1176. https://doi.org/10.1182/blood.V86.3.1170.1170 (1995).
	33.	 Wedlock, D. N. et al. Effects of yeast expressed recombinant interleukin-2 and interferon-γ on physiological changes in bovine 

mammary glands and on bactericidal activity of neutrophils. J. Dairy Res. 67, 189–197. https://doi.org/10.1017/S0022029900004131 
(2000).

	34.	 Daley, M. J. et al. Staphylococcus aureus mastitis: pathogenesis and treatment with bovine interleukin-1β and interleukin-2. J. Dairy 
Sci. 74, 4413–4424. https://doi.org/10.3168/jds.S0022-0302(91)78637-2 (1991).

	35.	 Tian, S. Z. et al. Comparison of morphology, viability, and function between blood and milk neutrophils from peak lactating goats. 
Can. J. Vet. Res. (2005).

	36.	 Mehrzad, J., Dosogne, H., Meyer, E., Heyneman, R. & Burvenich, C. Respiratory burst activity of blood and milk neutrophils in 
dairy cows during different stages of lactation. J. Dairy Res. 68, 399–415. https://doi.org/10.1017/S0022029901005039 (2001).

	37.	 Smits, E., Burvenich, C., Guidry, A. J. & Heyneman, R. Massart-Leën, A. Diapedesis across mammary epithelium reduces 
phagocytic and oxidative burst of bovine neutrophils. Vet. Immunol. Immunopathol. 68, 169–176. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​S​0​1​6​5​-​2​
4​2​7​(​9​9​)​0​0​0​1​9​-​7​​​​ (1999).

	38.	 Dulin, A. M., Paape, M. J. & Nickerson, S. C. Comparison of phagocytosis and chemiluminescence by blood and mammary gland 
neutrophils from multiparous and nulliparous cows. Am. J. Vet. Res. 49 (2), 172–177 (1988).

Scientific Reports |         (2025) 15:9401 11| https://doi.org/10.1038/s41598-025-93929-y

www.nature.com/scientificreports/

https://doi.org/10.3168/jds.2010-3931
https://doi.org/10.1038/s41598-019-42424-2
https://doi.org/10.1186/s12917-017-1078-4
https://doi.org/10.1080/01652176.2024.2363626
https://doi.org/10.1080/01652176.2024.2363626
https://doi.org/10.1080/23144599.2023.2262250
https://doi.org/10.1051/vetres:2003024
https://doi.org/10.3389/fimmu.2022.934444
https://doi.org/10.1111/imr.13158
https://doi.org/10.1074/jbc.M114.572495
https://doi.org/10.1083/jcb.201503066
https://doi.org/10.3389/fimmu.2021.625244
https://doi.org/10.1186/s12964-019-0471-y
https://doi.org/10.1186/s12964-019-0471-y
https://doi.org/10.1007/s00018-013-1286-4
https://doi.org/10.1111/prd.12490
https://doi.org/10.1165/rcmb.2017-0425ED
https://doi.org/10.1371/journal.pone.0072249
https://doi.org/10.1172/JCI164585
https://doi.org/10.1172/JCI164585
https://doi.org/10.1182/blood-2016-10-744441
https://doi.org/10.1111/imr.13162
https://doi.org/10.3168/jds.2022-22728
https://doi.org/10.1051/vetres:2006007
https://doi.org/10.1051/vetres:2006007
https://doi.org/10.3168/jds.2011-4348
https://doi.org/10.1017/S0022029921000510
https://doi.org/10.1017/S0022029917000267
https://doi.org/10.3390/cells11203297
https://doi.org/10.1038/s41598-019-56824-x
https://doi.org/10.1038/s41598-019-56824-x
https://doi.org/10.1002/eji.200425314
https://doi.org/10.1002/eji.200425274
https://doi.org/10.1016/j.dci.2014.08.002
https://doi.org/10.1182/blood.V86.3.1170.1170
https://doi.org/10.1017/S0022029900004131
https://doi.org/10.3168/jds.S0022-0302(91)78637-2
https://doi.org/10.1017/S0022029901005039
https://doi.org/10.1016/S0165-2427(99)00019-7
https://doi.org/10.1016/S0165-2427(99)00019-7
http://www.nature.com/scientificreports


	39.	 Kono, M. et al. Detection of activated neutrophils by reactive oxygen species production using a hematology analyzer. J. Immunol. 
Methods  463, 122–126. https://doi.org/10.1016/j.jim.2018.10.004 (2018).

	40.	 Mehrzad, J., Duchateau, L., Pyörälä, S. & Burvenich, C. Blood and milk neutrophil chemiluminescence and viability in primiparous 
and pluriparous dairy cows during late pregnancy, around parturition and early lactation. J. Dairy Sci. 85, 3268–3276. ​h​t​t​p​s​:​/​/​d​o​i​.​
o​r​g​/​1​0​.​3​1​6​8​/​j​d​s​.​S​0​0​2​2​-​0​3​0​2​(​0​2​)​7​4​4​1​5​-​9​​​​ (2002).

	41.	 Mehrzad, J., Duchateau, L. & Burvenich, C. Viability of milk neutrophils and severity of bovine coliform mastitis. J. Dairy Sci. 87, 
4150–4162. https://doi.org/10.3168/jds.S0022-0302(04)73558-4 (2004).

	42.	 Van Oostveldt, K. et al. Apoptosis and necrosis of blood and milk polymorphonuclear leukocytes in early and midlactating healthy 
cows. Vet. Res. https://doi.org/10.1051/vetres:2001143 (2001).

	43.	 Van Oostveldt, K., Paape, M. J. & Burvenich, C. Apoptosis of bovine neutrophils following diapedesis through a monolayer of 
endothelial and mammary epithelial cells1. J. Dairy Sci. 85, 139–147. https://doi.org/10.3168/jds.S0022-0302(02)74062-9 (2002).

	44.	 Souza, F. N. et al. Immune response in nonspecific mastitis: what can it tell Us?? J. Dairy Sci. 103, 5376–5386. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​
1​6​8​/​j​d​s​.​2​0​1​9​-​1​7​0​2​2​​​​ (2020).

	45.	 Alhussien, M. et al. A comparative study on the blood and milk cell counts of healthy, subclinical, and clinical mastitis Karan fries 
cows. Vet. World (2015).

	46.	 Swain, D. K. et al. Formation of NET, phagocytic activity, surface architecture, apoptosis and expression of toll like receptors 2 and 
4 (TLR2 and TLR4) in neutrophils of mastitic cows. Vet. Res. Commun. 38, 209–219. https://doi.org/10.1007/s11259-014-9606-1 
(2014).

	47.	 Ślebodziński, A. B., Malinowski, E. & Lipczak, W. Concentrations of triiodothyronine (T3), tumour necrosis factor-α (TNF -α) and 
interleukin-6 (IL -6) in milk from healthy and naturally infected quarters of cows. Res. Vet. Sci. 72, 17–21. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​5​3​
/​r​v​s​c​.​2​0​0​1​.​0​5​1​4​​​​ (2002).

	48.	 Van Oostveldt, K., Paape, M. J., Dosogne, H. & Burvenich, C. Effect of apoptosis on phagocytosis, respiratory burst and CD18 
adhesion receptor expression of bovine neutrophils. Domest. Anim. Endocrinol. 22, 37–50. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​S​0​7​3​9​-​7​2​4​0​(​0​1​
)​0​0​1​1​5​-​1​​​​ (2002).

	49.	 Shimizu, T. et al. Effect of single nucleotide polymorphisms of toll-like receptor 4 (TLR 4) on reproductive performance and 
immune function in dairy cows. Biochem. Genet. 55, 212–222. https://doi.org/10.1007/s10528-017-9790-0 (2017).

	50.	 Bochniarz, M. et al. Interleukin-6 as a milk marker of clinical and subclinical intramammary infections (IMI) in cows caused by 
Streptococcus spp. Animals 14 (2024).

	51.	 Barber Michele, R. & Yang, T. J. Chemotactic activities in nonmastitic and mastitic mammary secretions: presence of interleukin-8 
in mastitic but not nonmastitic secretions. Clin. Diagn. Lab. Immunol. 5, 82–86. https://doi.org/10.1128/cdli.5.1.82-86.1998 (1998).

	52.	 Peng, W. et al. Mitochondrial dysfunction in atherosclerosis. DNA Cell Biol. 38, 597–606. https://doi.org/10.1089/dna.2018.4552 
(2019).

	53.	 Yi, Y. et al. Staphylococcus aureus-induced necroptosis promotes mitochondrial damage in goat endometrial epithelial cells. 
Animals 12 (2022).

	54.	 Liu, J. et al. Autophagy mediates Escherichia coli-induced cellular inflammatory injury by regulating calcium mobilization, 
mitochondrial dysfunction, and Endoplasmic reticulum stress. Int. J. Mol. Sci. 23 (2022).

	55.	 Hahn, W. S. et al. Proinflammatory cytokines differentially regulate adipocyte mitochondrial metabolism, oxidative stress, and 
dynamics. Am. J. Physiol. Endocrinol.  Metabol. 306, E1033–E1045. https://doi.org/10.1152/ajpendo.00422.2013 (2014).

	56.	 Bhattarai, D. et al. Mechanism of pattern recognition receptors (PRRs) and host pathogen interplay in bovine mastitis. Microb. 
Pathog. 120, 64–70. https://doi.org/10.1016/j.micpath.2018.04.010 (2018).

	57.	 Niemietz, I. & Brown, K. L. Hyaluronan promotes intracellular ROS production and apoptosis in TNFα-stimulated neutrophils. 
Front. Immunol. 14 (2023).

	58.	 Chen, Y. et al. ATP release guides neutrophil chemotaxis via P2Y2 and A3 receptors. Science 314, 1792–1795. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
1​2​6​/​s​c​i​e​n​c​e​.​1​1​3​2​5​5​9​​​​ (2006).

	59.	 Fossati, G. et al. The mitochondrial network of human neutrophils: role in chemotaxis, phagocytosis, respiratory burst activation, 
and commitment to apoptosis 1. J. Immunol. 170, 1964–1972. https://doi.org/10.4049/jimmunol.170.4.1964 (2003).

	60.	 Kumar, S. & Dikshit, M. Metabolic insight of neutrophils in health and disease. Front. Immunol. 10 (2019).
	61.	 Guzman, E. et al. Bovine gammadelta T cells are a major regulatory T cell subset. J. Immunol. 193, 208–222. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​0​

4​9​/​j​i​m​m​u​n​o​l​.​1​3​0​3​3​9​8​​​​ (2014).
	62.	 Slama, P. et al. Effect of Streptococcus uberis on gamma delta T cell phenotype in bovine mammary gland. Anim. (Basel)  11. ​h​t​t​p​s​:​

/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​a​n​i​1​1​1​2​3​5​9​4​​​​ (2021).
	63.	 Broberg, L., Gonzalez-Cano, P., Arsic, N., Popowych, Y. & Griebel, P. J. Isolation and characterization of eosinophils in bovine 

blood and small intestine. Vet. Immunol. Immunopathol. 242, 110352. https://doi.org/10.1016/j.vetimm.2021.110352 (2021).

Acknowledgements
The authors thank Ursula Cramer and Tanja Weißer for excellent technical support.

Author contributions
R.L.D and C.A.D. conceived the project. H.C.D. and R.L.D. designed the experiments and analyzed the data; 
H.C.D., C.J.S. and A.D. performed the experiments; A.M.S. contributed resources; H.C.D. and R.L.D. wrote 
the manuscript; R.L.D. supervised the project. All authors critically read the manuscript and approved the final 
version to be published.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​9​3​9​2​9​-​y​​​​​.​​

Correspondence and requests for materials should be addressed to R.L.D.

Scientific Reports |         (2025) 15:9401 12| https://doi.org/10.1038/s41598-025-93929-y

www.nature.com/scientificreports/

https://doi.org/10.1016/j.jim.2018.10.004
https://doi.org/10.3168/jds.S0022-0302(02)74415-9
https://doi.org/10.3168/jds.S0022-0302(02)74415-9
https://doi.org/10.3168/jds.S0022-0302(04)73558-4
https://doi.org/10.1051/vetres:2001143
https://doi.org/10.3168/jds.S0022-0302(02)74062-9
https://doi.org/10.3168/jds.2019-17022
https://doi.org/10.3168/jds.2019-17022
https://doi.org/10.1007/s11259-014-9606-1
https://doi.org/10.1053/rvsc.2001.0514
https://doi.org/10.1053/rvsc.2001.0514
https://doi.org/10.1016/S0739-7240(01)00115-1
https://doi.org/10.1016/S0739-7240(01)00115-1
https://doi.org/10.1007/s10528-017-9790-0
https://doi.org/10.1128/cdli.5.1.82-86.1998
https://doi.org/10.1089/dna.2018.4552
https://doi.org/10.1152/ajpendo.00422.2013
https://doi.org/10.1016/j.micpath.2018.04.010
https://doi.org/10.1126/science.1132559
https://doi.org/10.1126/science.1132559
https://doi.org/10.4049/jimmunol.170.4.1964
https://doi.org/10.4049/jimmunol.1303398
https://doi.org/10.4049/jimmunol.1303398
https://doi.org/10.3390/ani11123594
https://doi.org/10.3390/ani11123594
https://doi.org/10.1016/j.vetimm.2021.110352
https://doi.org/10.1038/s41598-025-93929-y
https://doi.org/10.1038/s41598-025-93929-y
http://www.nature.com/scientificreports


Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |         (2025) 15:9401 13| https://doi.org/10.1038/s41598-025-93929-y

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Metabolic phenotype of bovine blood-derived neutrophils is altered in milk
	﻿Results
	﻿Blood cells and milk cells from healthy and inflamed udder quarters comprise divergent leukocyte subpopulations
	﻿High expression of MHC class II and CD25 on neutrophils from healthy udder quarters points to antigen presentation and increased activation
	﻿Decreased ROS production and activation after PMA stimulation correlates with increased apoptosis rate in milk-derived cells
	﻿Changed mitochondrial function of blood- and milk-derived leukocytes points to a divergent metabolic phenotype

	﻿Discussion
	﻿Methods
	﻿Animals and sample collection
	﻿Sample preparation
	﻿Cytospin preparation
	﻿Flow cytometry analyses
	﻿Measurement of oxygen consumption rate and cell metabolic analysis by Seahorse XFe Analyzer
	﻿Statistical analysis

	﻿References


