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ABSTRACT

The bovine innate immune system has a strong 
repertoire of antimicrobial defenses to rapidly attack 
infectious pathogens that evade physical barriers of the 
udder. Exploration of the intracrine vitamin D pathway 
of bovine macrophages has improved understanding of 
the signals that initiate antimicrobial defenses that pro-
tect the udder. In the intracrine vitamin D pathway, 
pathogen recognition receptors upregulate CYP27B1 
mRNA that encodes for the enzyme that converts 
25-hydroxyvitamin D [25(OH)D3] to the active vitamin 
D hormone, 1,25-dihydroxyvitamin D3 [1,25(OH)2D3]. 
The 1,25(OH)2D3, in turn, is generally known to in-
crease antimicrobial activity and decrease inflamma-
tory responses of immune cells. In cattle specifically, 
1,25(OH)2D3 increases nitric oxide and β-defensin an-
timicrobial responses of bovine monocytes. Immune 
activation of the intracrine vitamin D pathway, in-
cluding induction of inducible nitric oxide synthase 
and β-defensin gene expression by 1,25(OH)2D3, has 
been documented in the mammary glands of lactat-
ing dairy cows. Furthermore, intramammary 25(OH)
D3 treatment decreased bacteria counts and indicators 
of mastitis severity in cows experimentally infected 
with Streptococcus uberis. We propose that vitamin 
D signaling in the udder contributes to containment 
of bacterial pathogens and inflammatory responses of 
the udder. Verification of vitamin D-mediated defenses 
of the mammary gland potentially provides a path for 
development of alternative solutions (i.e., nutritional, 
genetic, therapeutic) to increase mastitis resistance of 
dairy cows. Continued exploration of the intrinsic cel-
lular pathways that specifically promote antimicrobial 

defenses of the udder, such as the vitamin D pathway, 
is needed to support mastitis control efforts for dairy 
cows.
Key words: macrophage, vitamin D, mastitis, dairy 
cow

INTRODUCTION

Mastitis is an inflammatory disease of the mammary 
gland most commonly caused by IMI of opportunistic 
bacterial pathogens that are ubiquitous in the environ-
ment of dairy cows (Ruegg, 2012). Inflammation of 
mammary tissue has long-term effects on productivity 
in addition to the immediate effects of inflammation 
on milk quality, productivity, and well-being of dairy 
cows. Prevention of IMI by proper care, management, 
and nutrition of dairy cows is the most effective ap-
proach for mastitis control; however, implementation of 
best management practices for mastitis prevention does 
not eliminate the occurrence of mastitis. Currently, 
antimicrobial drugs are the most effective therapeutic 
option available for treatment of IMI in dairy cows, 
but they have limited efficacy, require disposal of milk 
from treated cows, and raise concerns of antimicro-
bial resistance (Oliver and Murinda, 2012). Nutritional 
and therapeutic strategies that bolster antimicrobial 
defenses of the mammary gland offer a promising al-
ternative for prevention and treatment of mastitis. 
Recent reports have documented a role for vitamin D 
in activation of antimicrobial defenses via intracrine 
and paracrine vitamin D signaling pathways (Liu et al., 
2006; Nelson et al., 2010a,b). This paper will review 
evidence for vitamin D-mediated antimicrobial defenses 
and potential strategies to boost antimicrobial defenses 
of the udder through targeting the vitamin D pathway 
for the prevention and treatment of mastitis.

INNATE IMMUNE DEFENSES OF THE UDDER

Multiple defense systems are in place to defend 
the mammary gland against IMI. These include the 
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physical barriers of the teat, constitutive cellular and 
humoral defenses, and activated cellular and humoral 
defenses (Sordillo and Streicher, 2002; Rainard and Rio-
llet, 2006). Maintenance of the physical barriers of the 
teat by use of proper milking procedures and hygiene 
is by far the most important factor in prevention of 
IMI. Nevertheless, the humoral and cellular defenses of 
the gland provide a critical role in defense against op-
portunistic pathogens that inevitably evade the physi-
cal barriers of the teat. Macrophages and mammary 
epithelial cells provide innate surveillance of the mam-
mary gland for bacterial pathogens. Upon pathogen 
recognition, they activate antimicrobial and inflamma-
tory responses, which include antimicrobial peptides, 
lactoferrin, chemokines, and cytokines (Riollet et al., 
2000; Schmitz et al., 2004). Neutrophils are recruited 
to the mammary gland if the resident defenses fail to 
prevent establishment of infection and play a critical 
role in resolution of IMI by release of granules loaded 
with antimicrobial peptides, phagocytosis, production 
of superoxides, and release of neutrophil extracellular 
traps (Lippolis et al., 2006; Rainard and Riollet, 2006). 
The lethal neutrophil activity, however, comes at a cost 
of damaged mammary tissue. Therefore, optimization 
of the resident defenses of the mammary gland against 
bacterial pathogens is desired to prevent establishment 
of IMI and subsequent need for massive neutrophil re-
cruitment.

Macrophages and mammary epithelial cells provide 
innate surveillance of the mammary gland for patho-
gens via receptors such as toll-like receptor 2 (TLR-2), 
TLR-4, and TLR-5, which recognize lipoteichoic acids, 
LPS, and flagella, respectively (Kopp and Medzhitov, 
2003; Ibeagha-Awemu et al., 2008). The pathogen 
recognition receptors initiate antimicrobial, cytokine, 
and inflammatory responses via intracellular signaling 
pathways. Certain pathways, such as the mitogen-acti-
vated protein kinase (MAPK) and nuclear factor κB 
(NFκB) pathways, are primary pathways that prime 
immune functions and initiate transcription of genes 
involved in the immune response. Secondary pathways, 
such as prostaglandin, oxylipid, and vitamin D signal-
ing pathways, are activated by MAPK or NFκB signal-
ing and modulate TLR-induced antimicrobial and in-
flammatory responses (Schmitz et al., 2004; Liu et al., 
2007a; Samuchiwal et al., 2017). The secondary path-
ways provide opportunities for specific modulation of 
innate immune responses via therapeutic or nutritional 
approaches (Ryman et al., 2017). Vitamin D signaling, 
in particular, has been identified as a key activator of 
antimicrobial defenses in human macrophages (Adams 
et al., 2007). Vitamin D signaling is activated in the 
bovine mammary gland during mastitis as part of the 

innate response to bacterial infection and enhances im-
mune responses associated with antimicrobial defense 
in cattle (Nelson et al., 2010a; Lippolis et al., 2011; 
Merriman et al., 2017).

VITAMIN D METABOLISM AND MECHANISM  
OF FUNCTION

Vitamin D was originally discovered almost a cen-
tury ago as a factor in butterfat that prevented rickets 
(McCollum et al., 1922). In the years to follow, it was 
also found to be synthesized in the skin exposed to 
sunlight and to be critically involved in calcium ho-
meostasis. Long before the discovery that vitamin D 
prevented rickets, sunlight and cod liver oil, which are 
good sources of vitamin D, were prescribed as a therapy 
for tuberculosis in human patients (Cassidy and Mar-
tineau, 2014). As it turns out, vitamin D supports anti-
microbial mechanisms of macrophages via an intracrine 
antimicrobial pathway (Liu et al., 2006).

Vitamin D3 primarily exerts biological activity upon 
enzymatic conversion to a potent ligand for intracellu-
lar vitamin D receptors (VDR; Haussler et al., 2013). 
Vitamin D3 undergoes 2 successive hydroxylation steps 
to become a biologically active molecule as depicted 
in Figure 1, a process that is very tightly controlled. 
First, vitamin D3 is hydroxylated to 25-hydroxyvita-
min D3 [(25(OH)D3] by cytochrome P450 enzymes 
CYP2J2, CYP2R1, CYP27A1, and CYP3A4 in the 
liver (Jones et al., 2014). Conversion of vitamin D3 
to 25(OH)D3 is not tightly regulated and concentra-
tions of 25(OH)D3 circulating in blood are relatively 
stable over time (Sommerfeldt et al., 1983). Next, 
the 25(OH)D3 metabolite is converted to 1,25-dihy-
droxyvitamin D3 [1,25(OH)2D3], the biologically active 
metabolite, by the cytochrome P450 1α-hydroxylase 
enzyme, CYP27B1. Both 25(OH)D3 and 1,25(OH)2D3 
are inactivated by CYP24A1, another cytochrome 
P50 enzyme with 24-hydroxylase activity. The ratio 
of CYP27B1 to CYP24A1 is a major determinant of 
vitamin D’s physiological actions. The vast majority 
of CYP27B1 activity is in the kidneys, which is ho-
meostatically controlled by an endocrine mechanism 
as a function of calcium and phosphorus concentra-
tions in blood (Horst et al., 2005). The CYP24A1 
is strongly induced by 1,25(OH)2D3 in target tissues 
such as the intestines and kidneys to provide feedback 
control of 1,25(OH)2D3 concentrations in target tis-
sues. Immune cells also have CYP27B1 and CYP24A1 
activity that is dictated by immune activation (Nelson 
et al., 2010b). The immune control of 1,25(OH)2D3 
metabolism in infected tissues is a critical feature of 
vitamin D-mediated immunity.
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The biological function of 1,25(OH)2D3 is carried out 
predominantly through the VDR. The VDR is a nuclear 
hormone receptor that forms a heterodimer with the 
retinoid X receptor (Haussler et al., 2013). The DNA 
binding domains of the VDR-RXR heterodimer bind to 
accessible vitamin D response elements (VDRE) in the 
promoter or enhancer regions of vitamin D-responsive 
genes (Haussler et al., 2013). The VDRE are short tan-
dem sequences of DNA typically characterized as direct 
repeats separated by 3 bp. The VDR has widespread 
influence in the mammalian genome. The human and 
murine genomes are predicted to have almost 1,000 
genes with potential VDRE (Wang et al., 2005) in the 
proximal promoter region. Furthermore, using next-gen-
eration sequencing of chromatin immune-precipitated 
with ligand-activated VDR, researchers have shown the 
VDR influences gene transcription by binding VDRE 
in distal enhancer regions (Pike and Meyer, 2014). 
Discovery of VDR’s genomic actions in humans and 
rodents in recent years has greatly improved knowledge 
of the biological actions of 1,25(OH)2D3. Accordingly, 
identification of genes influenced by the VDR in the 
bovine genome will improve knowledge of the biological 
actions of 1,25(OH)2D3 in cattle, and ultimately lead 
to more accurate therapeutic and nutritional strategies 
aimed at improving dairy cow health and performance.

CONVERGENCE OF VITAMIN D  
AND ANTIMICROBIAL PATHWAYS

A seminal paper published by Liu et al. (2006) 
documented the link between vitamin D and antimi-
crobial pathways in macrophages. Previously, several 
reports documented that IFN-γ- and LPS-stimulated 
macrophages produced 1,25(OH)2D3 and demonstrated 
an immunomodulatory role for 1,25(OH)2D3. Wang 
et al. (2004) and Gombart et al. (2005) reported that 
1,25(OH)2D3 increased bactericidal activity of human 
phagocyte and epithelial cell cultures by increasing 
cathelicidin antimicrobial peptide expression. In their 
reports, they demonstrated the presence of multiple 
VDRE in the human cathelicidin gene promoter. The 
report by Liu et al. (2006) solidified the biological sig-
nificance of the 1,25(OH)2D3 production and activity in 
macrophages; they demonstrated that activation of an 
intracrine vitamin D pathway was an integral element 
in the macrophage defense against bacterial infection. 
In the vitamin D-mediated antimicrobial mechanism 
Liu et al. (2006) described, TLR2 activation of mac-
rophages induced expression of CYP27B1 and VDR 
in macrophages. The 1,25(OH)2D3 produced in macro-
phages inhibited intracellular growth of Mycobacterium 
tuberculosis by increasing production of the cathelicidin 

Figure 1. Vitamin D metabolic pathway. Two natural sources exist for vitamin D in cattle, vitamin D2 and vitamin D3. Both forms contrib-
ute to the overall signaling events of vitamin D, but vitamin D3 is the predominant form in cattle. Vitamin D3 is converted to 25-hydroxyvi-
tamin D3 by 25-hydroxylases in the liver, then 25-hydroxyvitamin D3 is converted to 1,25-dihydroxyvitamin D3 by the 25-hydroxyvitamin D 
1α-hydroxylase, CYP27B1. The 1,25(OH)2D3 is the ligand for the vitamin D receptor. The 25-hydroxyvitamin D 24-hydroxylase, CYP24A1, is 
induced by 1,25(OH)2D3 and provides feedback of vitamin D signaling by catabolism of 25(OH)D3 and 1,25(OH)2D3.
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antimicrobial peptide, LL-37. Consequently, macro-
phages cultured in 25(OH)D3-deficient media were less 
effective in controlling M. tuberculosis growth compared 
with macrophages cultured in 25(OH)D-supplemented 
media. The discovery of this vitamin D-mediated an-
timicrobial pathway in human macrophages sparked 
interest for the role of vitamin D in bacterial diseases 
of cattle. The ensuing investigations have led to oppor-
tunities to enhance antimicrobial defenses of the udder 
through the vitamin D pathway.

In cattle, innate immune activation of the vitamin 
D pathway in macrophages contributes to activation 
of antimicrobial defenses that are potentially relevant 
for mastitis in dairy cows (Figure 2). Activation of 
bovine monocytes with LPS and peptidoglycan, mol-
ecules associated with common mastitis pathogens, 
increased CYP27B1 gene expression by more than 
2-fold in stimulated monocytes compared with non-

stimulated monocytes (Nelson et al., 2010b). Stimula-
tion of monocytes also resulted in potent inhibition 
of CYP24A1 gene expression in monocytes treated 
with 1,25(OH)2D3 (Nelson et al., 2010b). Induction of 
CYP27B1 and inhibition of CYP24A1 in monocytes by 
bacterial-associated molecules represents the possible 
importance of 1,25(OH)2D3 metabolism in the innate 
immune response to bacterial infection.

A plethora of immunomodulatory actions have been 
reported for 1,25(OH)2D3 in several species and, in gen-
eral, include induction of antimicrobial mechanisms and 
suppression of inflammation as reviewed extensively by 
others (Adams et al., 2007; Baeke et al., 2010). The 
immunomodulatory actions of 1,25(OH)2D3, however, 
are somewhat species specific (Nelson et al., 2012). For 
instance, 1,25(OH)2D3 increases bactericidal activity of 
human macrophages by increasing production of cat-
helicidin and β-defensin antimicrobial peptides (Liu et 

Figure 2. Macrophage intracrine vitamin D pathway. Toll-like receptor signaling in response to pathogen associated molecular patterns 
(PAMP) induces the CYP27B1 enzyme that converts 25(OH)D3 to 1,25(OH)2D3, the biologically active metabolite. The 1,25(OH)2D3 activates 
the vitamin D receptor, a nuclear hormone receptor that functions as a transcription factor. The 1,25(OH)2D3 produced in monocytes induces 
expression of genes for inducible nitric oxide synthase (iNOS), β-defensin 3 (DEFB3), DEFB4, DEFB6, DEFB7, DEF10, chemokine (C-C motif) 
5 (CCL5), and calcium binding protein S100A12.
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al., 2007b, 2009). In contrast, vitamin D signaling does 
not induce murine cathelicidin or β-defensin expression 
and, overall, does not promote antimicrobial activity 
of murine macrophages. Likewise, cattle have several 
genes encoding for cathelicidin antimicrobial peptides, 
but none were upregulated by 1,25(OH)2D3, which 
coincides with reports that 1,25(OH)2D3-induction of 
cathelicidin is primate-specific (Gombart et al., 2009; 
Nelson et al., 2010b). Instead, vitamin D signaling is a 
potent stimulator of nitric oxide production by bovine 
monocytes. Expression of iNOS and nitric oxide pro-
duction were positively correlated with concentrations 
of 25(OH)D3 added to the cultures of LPS-stimulated 
monocytes from lactating Holstein cows (Nelson et 
al., 2010b). In the same way, mRNA transcripts for 
chemokine (C-C motif) ligand 5 (CCL5, also known 
as RANTES), β-defensin 3 (DEFB3), DEFB4, DEFB6, 
DEFB7, and DEFB10 in LPS-stimulated monocytes 
were increased by 25(OH)D3 added to the culture me-
dium (Merriman et al., 2015). The functional outcome 
of each of these responses to vitamin D signaling still 
need to be explored, but the known responses suggest 
vitamin D signaling in the bovine immune system has 
implications for defense of the udder.

Our primary hypothesis is that vitamin D-mediated 
upregulation of nitric oxide and β-defensin responses in 
cattle serves to enhance bactericidal activity of macro-
phages. Nitric oxide reacts with superoxide molecules 
in phagolysosomes to form reactive nitrogen species, 
such as peroxynitrite, which contribute to the killing 
of bacteria in macrophages (Bogdan, 2001). Inhibition 
of nitric oxide production in bovine macrophages also 
impaired killing of Mycobacterium bovis (Esquivel-Solis 
et al., 2013). Furthermore, the β-defensin genes upregu-
lated by 1,25(OH) in bovine monocytes encode for small 
cationic peptides that have potent antimicrobial activ-
ity against gram-positive and gram-negative bacteria 
(Selsted et al., 1993). Thus, vitamin D-mediated nitric 
oxide and β-defensin production seemingly provides an 
opportunity for targeted enhancement of endogenous 
bactericidal molecules in macrophages of the mammary 
gland.

The main outcome of monocyte 1,25(OH)2D3 pro-
duction, however, may not be bactericidal activity. For 
example, nitric oxide also functions as a key signaling 
molecule in the innate immune response to pathogens 
through protein nitrosylation and redox signaling (Bog-
dan, 2001). Several of the β-defensins also have chemo-
tactic properties and increased attraction of dendritic 
cells (Mackenzie-Dyck et al., 2011). Similarly, CCL5, 
which is induced by 1,25(OH)2D3 in bovine monocytes, 
increased attraction and activation of monocytes (Hus-
sen et al., 2014). In these ways, the functional out-
comes of 1,25(OH)2D3-induced nitric oxide production 

and expression of β-defensin and CCL5 genes largely 
remain unknown. They are potential mechanisms to be 
explored for clinical outcomes of vitamin D in cattle, 
but at this point, they merely serve as biomarkers for 
vitamin D pathway activity in the bovine immune sys-
tem.

With regard to other cells relevant to defense of 
the mammary gland, mammary epithelial cells and 
neutrophils also express the VDR and are sensitive to 
1,25(OH)2D3 treatment (Merriman et al., 2015). Treat-
ment of bovine LPS-stimulated mammary epithelial 
cell and neutrophil cultures with 1,25(OH)2D3 increased 
iNOS gene expression somewhat similarly to monocytes 
(Merriman et al., 2015). Merriman et al. (2015) also 
reported that mammary epithelial cell DEFB4 mRNA 
expression was increased by 1,25(OH)2D3 treatment, 
but DEFB3, DEFB6, DEFB7, and DEFB10 in mam-
mary epithelial cells and neutrophils were either not 
affected or slightly decreased by 1,25(OH)2D3 treat-
ment. Téllez-Pérez et al. (2012), reported that vitamin 
D3 treatment increased lingual antimicrobial peptide, 
a member of the β-defensin gene family, DEFB10 and 
S100A7 expression, and inhibited Staphylococcus aureus 
invasion of bovine mammary epithelial cells. Similarly, 
Yue et al. (2017) reported that 25(OH)D3 treatment of 
mammary epithelial cell cultures inhibited Staphylococ-
cus aureus invasion. Although the evidence specific to 
cattle is still quite limited, the aforementioned reports 
provide initial evidence of the potential contribution 
of vitamin D to antimicrobial defenses of mammary 
immune cells.

VITAMIN D IN CONTROL OF INFLAMMATION

In addition to potential contribution of vitamin D sig-
naling to antimicrobial activity, it may serve to protect 
the udder from mastitis by containment of inflamma-
tory responses. The suppressive effects of 1,25(OH)2D3 
on inflammation are well-documented in models of 
inflammatory diseases and are evident in rodents, hu-
mans, and cattle (Nelson et al., 2012; Cannell et al., 
2015). With regard to cattle, 1,25(OH)2D3 treatment of 
antigen-stimulated mononuclear cell cultures decreased 
T cell proliferation, IFN-γ production, and IL-17F ex-
pression (Waters et al., 2001; Nelson et al., 2011). The 
decreased IFN-γ and IL-17F responses by 1,25(OH)2D3 
treatment of bovine mononuclear cell cultures suggest 
a potential role for vitamin D signaling in containment 
of excessive T cell-mediated inflammation. Such a role 
has been documented in vivo with rodent models of T 
cell-mediated inflammation (Bruce et al., 2011; Mayne 
et al., 2011; Nashold et al., 2013).

Perhaps more relevant for protection of the mam-
mary gland, but yet unexplored in cattle, are the pro-
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tective actions of vitamin D from endotoxin-induced 
damage of tissues. Production of pro-inflammatory 
cytokines IL-6, IL-8, and TNF-α in response to LPS 
were decreased by 1,25(OH)2D3 treatment of cell cul-
tures (Zhang et al., 2012; Hoe et al., 2016). Similarly, 
bovine mammary epithelial cell responsiveness to LPS 
stimulation is dampened somewhat by 1,25(OH)2D3 
treatment (Merriman et al., 2015). Additionally, tight-
junction integrity upon LPS challenge was improved by 
1,25(OH)2D3 in intestinal epithelial cell cultures (Chen 
et al., 2015a). Dietary vitamin D3 also protected integ-
rity of the intestinal epithelium in response to dextran 
sulfate sodium-induced inflammation in mice (Wang et 
al., 2017). The mechanisms of vitamin D-mediated sup-
pression of inflammation include vitamin D-meditated 
suppression of TLR expression, or interference with 
NF-κB and MAPK signaling pathways (Sadeghi et al., 
2006; Zhang et al., 2012; Chen et al., 2015b). Vitamin 
D signaling also is reported to alleviate cellular dam-
age caused by oxidative stress by increasing antioxidant 
activity (Ferret et al., 2000). Each of these mechanisms 
warrants further investigation in regards to mastitis as 
protection of the mammary epithelium is critical for 
resolution of bacterial infection and productivity of the 
gland. As noted above, pathogen recognition receptor 
signaling, which initiates the inflammatory response, 
also stimulates 1,25(OH)2D3 synthesis in immune cells; 
perhaps the suppressive effect of 1,25(OH)2D3 on in-
flammatory responses serves as a feedback mechanism 
to limit excessive inflammation.

VITAMIN D SIGNALING DURING MASTITIS

Activation of the intracrine vitamin D pathway of 
macrophages described above has been documented in 
the mammary gland. Expression of the vitamin D path-
way genes CYP27B1, CYP24A1, and VDR was highly 
upregulated in mammary tissue and milk somatic cells 
from glands experimentally challenged with intramam-
mary Streptococcus uberis compared with tissue and 
cells from healthy glands or peripheral blood leukocytes 
(Nelson et al., 2010a). The CYP27B1 was upregulated 
more than 300-fold in somatic cells from the infected 
glands compared with somatic cells from healthy glands. 
The CYP27B1 expression also was more abundant in 
CD14-positive cells, a marker of macrophages, than 
CD14-negative cells in the infected mammary glands. 
Similarly, intramammary LPS challenge stimulated 
CYP27B1, CYP24A1, and VDR expression in milk 
somatic cells within 4 h postchallenge (Merriman et 
al., 2015). In the LPS model, however, abundance of 
CYP27B1 was similar in macrophages and neutrophils 
in the challenged glands. In both experiments, the in-
creased CYP24A1 expression, which is highly upregu-

lated by 1,25(OH)2D3, in theory indicates that induc-
tion of CYP27B1 expression in mammary phagocytes 
led to increased production of 1,25(OH)2D3. That data 
are in agreement with those of in vitro experiments 
(Nelson et al., 2010b) and provide further indication 
that an intracrine vitamin D signaling mechanism is 
activated as part of the innate immune response.

More recently, the effects of 1,25(OH)2D3 on expres-
sion of potential vitamin D target genes in mammary 
immune cells were investigated. Merriman et al. (2017) 
reported the specific effects of 1,25(OH)2D3 on regula-
tion of gene expression in the mammary gland. Contra-
lateral mammary glands of healthy cows received 10 μg 
of 1,25(OH)2D3 or placebo treatment and gene expres-
sion was evaluated in milk somatic cells as an indicator 
of the effects of 1,25(OH)2D3 treatment. Expression of 
CYP24A1, as expected, was highly upregulated in cells 
from 1,25(OH)2D3-treated glands within a few hours, 
but CYP24A1 was not increased in placebo-treated 
glands. Expression of iNOS and DEFB7 also was up-
regulated in milk somatic cells from the 1,25(OH)2D3-
treated glands compared with cells from the control 
glands. Furthermore, expression of iNOS was greater 
in macrophages from the 1,25(OH)2D3-treated glands 
compared with macrophages from the placebo-treated 
glands. The other β-defensins induced by 1,25(OH)2D3 
in vitro, and CCL5, however, were not affected by the 
intramammary 1,25(OH)2D3 treatment.

In a second experiment, Merriman et al. (2017) 
reported the effects of intramammary 1,25(OH)2D3 
treatment on indicators of mammary immunity during 
subclinical mastitis. Mammary glands with naturally 
occurring subclinical mastitis were treated with 10 μg 
of 1,25(OH)2D3 or placebo treatments (n = 11/treat-
ment) every 12 h for 48 h. Expression of CYP24A1, 
iNOS, DEFB4, and DEFB7 were upregulated in milk 
somatic cells from glands treated with 1,25(OH)2D3 
compared with placebo. Although concentrations of 
1,25(OH)2D3 were slightly elevated in cows treated 
with intramammary 1,25(OH)2D3 compared with the 
placebo treatment, concentrations of calcium in serum 
were not affected. The experiment was not designed 
to determine effects of 1,25(OH)2D3 treatment on reso-
lution of infection, and no differences in resolution of 
infection were observed, but the experiment did affirm 
the influence of 1,25(OH)2D3 on expression of iNOS 
and β-defensin genes observed in monocyte cultures. 
Again, the functional outcomes of increased iNOS and 
β-defensin expression have yet to be determined, and 
merely serve as biomarkers for vitamin D pathway ac-
tivity; however, induction of iNOS and β-defensin genes 
by 1,25(OH)2D3 in mammary immune cells provides ad-
ditional evidence to explore their role in defense against 
bacterial infection.
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The potential effect of the vitamin D pathway in de-
fense of the mammary gland against bacterial infection 
was demonstrated in experiments reported by Lippolis 
et al. (2011). In their experiment, 10 lactating Holstein 
cows received 100 μg of 25(OH)D3 intramammary or 
placebo treatments (n = 5/treatment) at the time of 
intramammary S. uberis challenge and again every 12 
h for 5 d. Cows typically develop clinical mastitis in 
48 to 72 h after bacterial challenge in the model of 
S. uberis mastitis used in the experiment. Cows that 
received intramammary 25(OH)D3 treatments had over 
1,000 fewer colony forming units of S. uberis per mil-
liliter of milk at 48 and 72 h after challenge compared 
with placebo-treated cows. The 25(OH)D3-treated cows 
also tended to have lower rectal temperatures, lower 
concentrations of bovine serum albumin in milk, and 
less severe decreases in milk production and feed intake 
compared with placebo-treated cows. The intramam-
mary 25(OH)D3 did not affect concentrations of 25(OH)
D3 in serum, which discredits a role for renal vitamin D 
metabolism in response to treatment. The authors sug-
gest that intramammary 25(OH)D3 decreased severity 
of mastitis via the actions of the intracrine vitamin D 
pathway of macrophages. Alternatively, the 25(OH)D3 
concentrations achieved in the treated glands may have 
been sufficient to activate the VDR in immune cells 
without prior conversion to 1,25(OH)2D3.

Although the evidence is still quite limited, the data 
from the experiments above provide evidence in sup-
port of vitamin D’s potential role in defense of the 
mammary gland. Based on our current knowledge of 
how vitamin D acts in the bovine immune system, we 
hypothesize that innate sensing of bacterial pathogens 
triggers conversion of 25(OH)D3 to 1,25(OH)2D3 in the 
infected mammary gland, which subsequently improves 
elimination of the pathogen by phagocytes via upregula-
tion of nitric oxide and β-defensin antimicrobial mecha-
nisms. Further, or alternative, protection may result by 
vitamin D-mediated suppression of inflammation and 
maintenance of the mammary epithelial barrier.

Certainly, much work is still needed to validate the 
accuracy and relevance of our hypothesis of vitamin 
D’s role in defense of the mammary gland. Much of the 
evidence currently relies on expression of vitamin D 
pathway genes, which does not reveal actual metabo-
lism of vitamin D, but is the extent of what is feasible 
for the time being because of the difficulty in accurate 
measurements of the vitamin D metabolites in tissues 
and milk. Furthermore, the effects of 1,25(OH)2D3 on 
immune cells of the mammary gland are limited to 
expression of previously identified target genes, and 
although vitamin D-dependent antimicrobial activity is 
documented in human macrophages, it has not been 
documented in bovine macrophages.

The many variables that influence mastitis, such as 
pathogen, stage of lactation, or breed composition are 
not accounted for as well. The experiments described 
above used Holstein cows in mid to late lactation. The 
immunosuppression and changes in renal vitamin D 
metabolism that occur postpartum, when the risk for 
mastitis is greatest, may lessen the effectiveness of vi-
tamin D signaling in the immune cells of the mammary 
gland. The immunomodulatory role of vitamin D may 
not be as influential in other breeds either, as differ-
ences in magnitude of nitric oxide production among 
dairy breeds have been reported (Gibson et al., 2016). 
Finally, the effectiveness of antimicrobial pathways ac-
tivated by 1,25(OH)2D3 in mammary immune cells, if 
indeed functional, may not apply to all mastitis patho-
gens. For example, although intramammary 25(OH)
D3 treatment was shown to provide some protection 
against experimental S. uberis infection, the actions of 
vitamin D signaling in the immune system may not 
provide the same type of benefit for E. coli infection, 
which has been associated with a more rapid and severe 
onset of mastitis (Bannerman et al., 2004). Hopefully, 
continued research regarding these unknowns will elu-
cidate the hypothetical role of vitamin D in defense of 
the mammary gland.

CONCLUSIONS AND FUTURE DIRECTIONS

The published literature indicates a role for vitamin 
D in activation of antimicrobial defenses via induction 
of vitamin D signaling in immune cells. Evidence from 
experiments with bovine mastitis have provided rel-
evance for vitamin D-mediated antimicrobial defenses 
in the mammary gland by showing that vitamin D 
signaling is activated during mastitis and intramam-
mary vitamin D-based treatments improved indicators 
of antimicrobial activity. The requirement for vitamin 
D signaling in the antimicrobial response and the 
mechanisms of vitamin D-mediated immune responses, 
however, remain undefined and offer promising av-
enues for future research. Improved recommendations 
for vitamin D3 nutrition of dairy cows are potentially 
the most immediate and practical implication of elu-
cidating a role for vitamin D signaling in the immune 
system. Currently, dairy cows in the United States are 
typically supplemented with vitamin D3 at or above 
the NRC recommendation of 21,000 IU/d (NRC, 2001). 
The NRC recommendation for dietary vitamin D3 is 
adequate for calcium homeostasis but may not achieve 
the full potential of the immune system. Supplemental 
vitamin D3 is inexpensive, so maximizing vitamin D-
mediated antimicrobial defenses through dietary vita-
min D3 has minimal cost. Tolerable upper limits need 
to be established, however, as excessive supplemental 
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vitamin D3 can be toxic. In addition to implications 
of vitamin D3 nutrition, additional research is needed 
to understand the functional outcomes of vitamin D-
mediated immune responses. Whether upregulation of 
nitric oxide and β-defensin production by vitamin D 
signaling leads to enhanced antimicrobial activity and 
the extent of genes targeted by the activated vitamin D 
receptor in immune cells are uncertain. We anticipate 
efforts to elucidate of the role of vitamin D signaling 
in defense of the mammary gland will prove fruitful in 
minimizing the effect of mastitis in dairy cows.
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