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A B S T R A C T

Bacterial infection of the mammary gland activates an intracrine vitamin D pathway in macrophages of
dairy cows. The active hormone of the vitamin D pathway, 1,25-dihydroxyvitamin D3 (1,25D), stimulates
nitric oxide and b-defensin responses in bovine monocyte cultures, but the effect of 1,25D on innate
immune genes in the mammary gland remained unknown. Therefore, the objective of this study was to
determine the effects intramammary 1,25D treatment on expression of vitamin D associated host-
defenses of the bovine mammary gland. Intramammary treatment of normal, healthy mammary glands
of lactating dairy cows (n = 14) with 10 mg 1,25D increased inducible nitric oxide synthase (iNOS) and
b-defensin 7 (DEFB7) gene expression in total milk somatic cells more than two-fold relative to placebo-
treated glands within 8 h after treatment. The vitamin D 24-hydroxylase gene (CYP24A1) also was
increased nearly 100-fold in 1,25D-treated glands within 4 h after treatment but was not affected in
placebo-treated glands. Both macrophages and neutrophils isolated from milk had increased CYP24A1
expression in response to 1,25D treatment but only macrophages had increased iNOS expression.
Repeated intramammary 1,25D treatment, every 12 h for 48 h, of infected mammary glands of cows
diagnosed with subclinical mastitis resulted in increased expression of CYP24A1, DEFB4, DEFB7 and iNOS
genes compared to placebo-treated glands. The 1,25D treatment resulted in elevated serum 1,25D
concentrations (55 vs 33 pg/mL) compared to placebo but it did not change serum calcium
concentrations or bacteria counts in milk of infected mammary glands. In conclusion, 1,25D upregulates
iNOS and b-defensin genes in vivo in cattle and affirms earlier reports that vitamin D supports innate
immune functions of cattle.
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1. Introduction

Knowledge of the molecular signals that stimulate antimicro-
bial mechanisms of animals is necessary amid the increasing
concerns of antimicrobial resistance. Bacterial infections of the
mammary gland account for the greatest usage of antibiotics in
dairy cattle; therefore, efforts to understand and strengthen
antibacterial defenses of the mammary gland have significance for
dairy production and welfare [1]. Furthermore, cattle and human
innate immune systems share commonalities in the vitamin D
antimicrobial pathway [2], making cattle an ideal species that can
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serve as an animal model of the vitamin D-mediated antimicrobial
defenses of the human body.

Previous studies have shown that 1,25-dihydroxyvitamin D3

(1,25D) increases expression of inducible nitric oxide synthase
(iNOS) and multiple b-defensin antimicrobial peptide genes
(DEFB3, DEFB4, DEFB6, DEFB7, and DEFB10) in bovine monocyte
cultures [3,4]. Those actions of 1,25D in bovine monocytes
represent a theme of enhanced antimicrobial activity, similar to
the human vitamin D antimicrobial pathway in which 1,25D
induces cathelicidin and b-defensin antimicrobial peptide pro-
duction [5]. In cattle, increased production of nitric oxide (NO) has
been shown to improve bactericidal capacity of bovine macro-
phages, and has been associated with the mammary immune
response to infection [6–8]. Likewise, the bovine b-defensin
peptides are present in the mammary gland and have potent
bactericidal activity against common bacterial pathogens that
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cause mastitis in dairy cattle [9]. Notably, Lippolis et al. showed
that intramammary 25-hydroxyvitamin D3 (25D) treatments
decreased bacterial growth in the mammary gland in an
experiment with Streptococcus uberis mastitis [10], giving evidence
of a functional role of vitamin D in antibacterial defense of the
bovine mammary gland.

Similar to what has been shown in cell culture experiments, the
25-hydroxyvitamin D 1a-hydroxylase (CYP27B1) and vitamin D
receptor (VDR) genes were upregulated in innate immune cells of
the bovine mammary gland during mastitis [11]. Simultaneous
induction of the 25-hydroxyvitamin D 24-hydoxylase (CYP24A1) in
the infected tissues and cells further indicated functional
activation of intracrine and paracrine vitamin D pathway signaling
was activated in the mammary gland. Based on the effects of
intramammary 25D treatment reported by Lippolis et al. we
hypothesized that greater 1,25D synthesis in the 25D-treated
glands led to increased expression of iNOS and b-defensin genes.
However, the specific actions of 1,25D on expression of iNOS,
b-defensins, and other host-defense genes in the mammary gland
of cattle remained unknown. Therefore, our objective was to
determine the effects of intramammary 1,25D treatment on
expression of host defense genes in the mammary gland. We
conducted two experiments using lactating dairy cattle, one in
cows with no disease and one in cows with subclinical mastitis,
and report that intramammary 1,25D treatment increases expres-
sion of bovine iNOS and b-defensin genes in immune cells of the
mammary gland.

2. Materials and methods

2.1. Animals

Holstein cows at the University of Florida’s Dairy Unit (Hague,
FL) were used in the experiments. The cows were fed a diet that
provided approximately 40,000 international units (IU) of vitamin
D3/d corresponding to serum 25D concentrations near 70 ng/mL on
average for the herd. All procedures for the care and treatment of
the animals were approved by the University of Florida’s Institute
of Food and Agricultural Sciences Animal Research Committee.

2.2. Intramammary 1,25D treatment

The 1,25-dihydroxyvitamin D3 was purchased in crystalline
form from Cayman Chemical (Ann Arbor, MI) and dissolved to a
concentration of 1 mg/mL in 100% ethanol. The concentration and
purity of 1,25D was confirmed by UV spectrophotometry at 228
and 264 nm wave-length. For intramammary 1,25D treatments,
10 mg of 1,25D was diluted in 10 mL of sterile phosphate buffered
saline (Dulbecco’s PBS without calcium and magnesium, Hyclone;
Logan, UT) supplemented with 10% fetal bovine serum (FBS;
Hyclone, characterized serum). The 10 mL 1,25D and placebo
(PBS + 10% FBS) solutions were injected into contralateral mam-
mary glands of 14 cows via a sterile teat cannula immediately after
the normal milking routine.

2.3. Experiment 1: effects of 1,25D on normal lactating mammary
glands

Fourteen lactating cows free of mastitis (somatic cell count
[SCC] < 200,000 cells/mL per quarter), and otherwise healthy, were
selected to evaluate the effects of intramammary 1,25D treatment
on mammary host-defense genes. The placebo and 1,25D solutions
described above were injected into contralateral mammary glands
(2 of 4 glands for each cow) at the completion of milking.
Approximately 50 mL of milk were collected by manual expression
from each gland at 0 h, 2 h, 4 h, 8 h, and 12 h relative to the
treatment for analysis of SCC and gene expression in milk somatic
cells. Cows were milked at 12 h intervals and the 12 h milk sample
was collected by manual expression immediately before milking
was completed by machine. Blood samples were collected at the
same time points from the coccygeal blood vessels using evacuated
10 mL serum separator tubes (Vacutainer, Becton Dickinson,
Franklin Lakes, NJ) for assessment of calcium and 1,25D concen-
trations in serum.

2.4. Experiment 2: effects of 1,25D on subclinical mastitis

Cows at the University of Florida dairy with SCC
>1,000,000 cells/mL on the most recent milk test were selected
for further determination of subclinical mastitis. Each individual
quarter of selected cows was tested using the California Mastitis
Test (CMT; ImmuCell; Portland, ME, USA) for a preliminary
determination of infected glands. Individual gland milk samples
were collected for further SCC determination and bacterial culture.
Positive bacterial growth was identified by plating milk on blood
agar plates and incubating for 48 h at 37 �C. Mammary glands with
SCC >1,000,000 cells/mL of milk and positive for bacterial were
selected for the experiment. In total, 17 cows were selected for the
experiment; five of those cows had two infected glands for a total
of 22 infected glands included in the experiment. The experiment
was performed in two separate time periods (blocks) with seven
cows (12 glands) enrolled in the first period, and 10 cows (10
glands) in the second period. Within each time period, each
infected gland was considered as the experimental unit, blocked by
cow, and randomly assigned to the 1,25D or placebo treatment.
Distribution of pathogens is shown was similar among treatments
with 20 of 22 cases associated with gram-positive bacteria (Suppl.
Table 1).

The glands were aseptically treated with 10 mg of 1,25D or
placebo (10 mL PBS + 10% FBS) at the completion of the normal
milking routine for 5 consecutive milking periods (0 h,12 h, 24 h,
36 h, and 48 h relative to the first treatment). Milk samples were
collected from placebo and treated glands at 0 h, 6 h, 12 h, 24 h,
36 h, 48 h, 60 h, 72 h, 7 d, and 14 d relative to the start of treatments
for analysis of milk somatic cell count and gene expression. Milk
samples from the 12 infected glands of cows enrolled in the first
time period were plated on blood agar plates and incubated at
37 �C to measure bacterial counts in milk.

2.5. Milk somatic cell counts

Milk samples were collected into 48 mL tubes that contained
Bronopol as a preservative. Samples were then shipped overnight
to Belleview Lab Southeast Milk, Inc. (Belleview, FL, USA) for
determination of somatic cell counts (SCC). Somatic cell counts
were log-transformed for statistical analysis and reported as log of
SCC.

2.6. Collection of milk somatic cells for gene expression

Milk samples were collected into 50 mL conical tubes and
transported to the laboratory on ice. Samples were centrifuged at
1500 � g for 20 min to separate the cells. The milk fat and whey
were removed. The cell pellet was then resuspended in 10 mL PBS,
and centrifuged again to wash the somatic cells. The cells were
pelleted and stored at �80 �C for later RNA isolation.

2.7. Milk macrophage and neutrophil isolation

Milk cells collected at 4 and 8 h from eight cows in Experiment 1
were further separated into neutrophil and macrophage popula-
tions using fluorescence-activated cell sorting (FACS). Total



Table 1
qPCR primer sequences.

Geneb Accesion no.a Strand Sequence (50–30)

bACTIN NM_173979.3 Fwd GGCATCCTGACCCTCAAGTA
Rev CACACGGAGCTCGTTGTAGA

DEFB3 NM_001282581.1 Fwd CTCCTCGCACTCCTCTTCCT
Rev GCATCTTCGCCTTCTTCTACCACGA

DEFB4 NM_174775.1 Fwd TCCTCGCAGTCCTCTTCCT
Rev GGCACAAGAACGGAATACAGA

DEFB5 NM_001130761.1 Fwd CTCCTCGTGCTCCTCTTCC
Rev ACGGCAGCTTTGAGGATTT

DEFB7 NM_001102362.2 Fwd TCTTCCTGGTCCTGTCTGCT
Rev GGTGCCAATCTGTCTCCTGT

DEFB10 NM_001115084.1 Fwd CTCCTCCTGCTCCTCTTGGT
Rev TGCCAATCTGTCTCATGCGT

CCL5 NM_175827 Fwd CACCCACGTCCAGGAGTATT
Rev CTCGCACCCACTTCTTCTCT

CYP27B1 NM_001192284.1 Fwd TGGGACCAGATGTTTGCATTCGC
Rev TTCTCAGACTGGTTCCTCATGGCT

CYP24A1 NM_001191417.1 Fwd GAAGACTGGCAGAGGGTCAG
Rev CAGCCAAGACCTCGTTGATT

GAPDH NM_001034034.2 Fwd CCTGCCCGTTCGACAGATAG
Rev ATGGCGACGATGTCCACTTT

IL-1b NM_174093 Fwd GCCTTGGGTATCAAGGACAA
Rev TTTGGGGTCTACTTCCTCCA

IL-8 NM_173925 Fwd TGCTCTCTGCAGCTCTGTGT
Rev GGTGGAAAGGTGTGGAATGT

iNOS5 NM_001076799.1 Fwd GATCCAGTGGTCGAACCTGC
Rev CAGTGATGGCCGACCTGATG

RPS95 NM_001101152.2 Fwd GTGAGGTCTGGAGGGTCAAA
Rev GGGCATTACCTTCGAACAGA

VDR NM_001167932.1 Fwd GAGGGGAACCGTCCTTTGAG
Rev GAGAAGCTGGTTGGCTCCAT

a Accesion numbers from NCBI database http://www.ncbi.nlm.nih.gov.
b Primer sequences for bovine b-defensin genes (DEFB3, DEFB4, DEFB5, DEFB7,

DEFB10), chemokine ligand 5 (CCL5), CYP27B1, CYP24A1, and RPS9 have been
published previously [3,4].
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somatic cells were isolated from 50 mL milk samples as above.
Cells were then incubated 30 min on ice with allophycocyanin
(APC)-conjugated anti-CD14 (Tük4 clone, Life Technologies) and
fluorescein isothiocyanate (FITC)-conjugated Mouse Anti Bovine
CD11b (CC126 clone, AbD Serotec; Raleigh, NC) in 100 mL PBS
containing 0.5% BSA (Fisher Scientific; Fair Lawn, NJ, USA) and
2 mM EDTA (Fisher Scientific; Fair Lawn, NJ, USA). Cells were then
sorted on the basis of size, granularity, and intensity of FITC and
APC fluorescence using a Sony SH800 cell sorter equipped with
405 nm, 488 nm and 638 nm lasers (Suppl. Fig. S1). At least 10,000
CD11b+CD14+ cells (macrophages) and 50,000 CD11b+CD14� cells
(neutrophils) from each sample were collected with >95% purity.
The sorted cells were then pelleted and lysed with RNA lysis buffer
from Quick-RNATM MiniPrep (ZYMO Research, Irvine, CA) for later
RNA isolation.

2.8. Gene expression analysis

Total milk somatic cell RNA was processed using Trizol Reagent
(Life Technologies; Carlsbad, CA) and eluted with 50 mL of RNase-
free water. Total RNA from milk neutrophils and macrophages were
isolated using Quick-RNATM MiniPrep (ZYMO Research) and eluted
with 50 mL of RNase-free water. RNA was quantified NanoDrop ND-
2000 spectrophotometer (Thermo Scientific, Waltham, MA) and
samples were diluted with RNase-free water to a concentration of
1 mg per 10 ml. Average 260/280 and 260/230 ratios of the RNA
samples prior to dilution were 1.7 and 0.9 for samples from
Experiment 1 and 1.6 and 0.9 for samples from Experiment 2. RNA
was reverse transcribed to cDNA using High Capacity cDNA Reverse
Transcription Kit (Life Technologies) in a 20-uL reactions that
contained 10 mL of each RNA sample and 1 mL RNAse inhibitor.
Reactions were incubated at 23 �C for 10 min, followed by 2 h at
37 �C, and 5 min at 85 �C. The cDNA samples were diluted 1:10 with
DNase-free water and stored at �20 �C. Quantitative PCR was
performed using the 7300 Real-Time PCR System (Applied
Biosystems; Carlsbad, CA) and the CFX96 Real-Time System
(Bio-Rad Laboratories Inc.; Richmond, CA) with gene-specific
primers listed in Table 1. Amplifications were performed in a 20 mL
reaction that contained 10 uL SYBR Select qPCR master mix (Life
Technologies) 0.5 mL each of 10 mM forward and reverse primers
and 9 mL of the 1:10 diluted cDNA sample. Reactions were
incubated at 95 �C for 10 min followed by 40 cycles of 95 �C for 15 s
and 60 �C for 1 min.

For determination of relative transcript abundance, the
threshold cycle (Ct) for each gene in each cDNA sample was
normalized to the reference gene, ribosomal protein S9 (RPS9),
using the formula [Ct(gene of interest)- Ct(RPS9) = DCt]. The DCt

vales for each gene were used for statistical analysis described
below. The mean DCt (�SE) for each treatment was transformed
using the formula [1000 � 2�DCt] to report the relative number of
transcripts per 1000 RPS9 transcripts. b-ACTIN and GAPDH were
also measured and compared to RPS9 as additional internal
controls.

2.9. Serum 1,25D and calcium analysis

Serum samples from four cows in Experiment 1 and six cows in
Experiment 2 (3 cows/treatment group) were analyzed for
concentrations of 1,25D and total calcium. Serum was separated
by centrifugation at 1500 RCF (Allegra X-14R centrifuge, Beckman
Coulter Inc.; Brea, CA) for 20 min and then stored at �20 �C until
shipping for analysis. Samples from Experiment 1 were shipped to
Heartland Assays (Ames, IA) for 1,25D measurement by radioim-
munoassay. For Experiment 2, the 1,25D was measured in serum
using an ELISA for 1,25D (Diasource ImmunoAssays; Louvain-la-
Neuve, Belgium). Concentrations of total calcium in serum were
measured by atomic absorption (AAnalyst 200, Perkin-Elmer Inc.,
Waltham, MA).

2.10. Statistical analysis

Repeated measures were analyzed using the linear mixed
model (Proc Mixed of SAS v9.3; SAS Inc.; Cary, NC) of SAS. The
models included fixed effects of treatment, time, and treatment by
time interaction and the random effects of quarter nested within
cow and treatment. The Kenward-Roger method was used to
calculate the approximate denominator degrees of freedom for the
F tests in the statistical models. Covariates were assigned to
samples collected before the treatment were applied. For analysis
of gene expression data, DCt values for each gene were used as the
response variables, and the least-square mean estimate was
transformed as described above to report the number of transcripts
for each variable gene relative to 1000 RPS9 transcripts.

3. Results

3.1. Effects of 1,25D on immunity of healthy lactating mammary
glands

The effects of single intramammary dose of 10 mg of 1,25D on
gene expression of somatic cells from milk of healthy glands in
Experiment 1 are shown in Fig. 1. Expression of CYP24A1, a known
response gene to 1,25D, was upregulated over 100-fold in 1,25D-
treated glands within 4 h post treatment and remained elevated
compared with control at 8 h and 12 h post-treatment (treatment
and treatment � time interaction, P < 0.001). Expression of
CYP27B1 and VDR, two other members of the vitamin D pathway,
were not affected by 1,25D treatment (P > 0.15).

http://www.ncbi.nlm.nih.gov
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Fig. 1. Gene expression in total milk somatic cells in response to 1, 25D treatment. Contralateral mammary glands of 14 lactating dairy cows were treated with a single
intramammary injection of 10 (g 1, 25D (filled squares) or placebo control (open circles). Somatic cells were isolated from milk at 0, 4, 8, and 12 h relative to time of treatment.
The mRNA transcripts of the vitamin D pathway (CYP27B1, CYP24A1 and VDR), (-defensin (DEFB3, DEFB4, DEFB5, DEFB7 and DEFB10), inducible nitric oxide synthase (iNOS) and
cytokine (CCL5, IL-1(, and IL-8) genes were measured by RT-qPCR and normalized to RPS9. Data represent the mean � SE expression of each gene relative to RPS9. P-values for
the overall effect of 1, 25D treatment for repeated measures analysis are indicated on each plot. *P < 0.05, **P < 0.01, ***P < 0.001, means within the timepoint are significantly
different.
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Of the host-defense genes evaluated in milk somatic cells iNOS
and DEFB7 were upregulated in cells from the 1,25D-treated glands
compared to control glands (P < 0.05; Fig.1). At 4 h post treatment,
iNOS gene expression was increased 2.4 fold (P = 0.02) and DEFB7
was increased 2.6 fold (P = 0.05) on average in 1,25D-treated
compared to control glands. The other b-defensin genes (DEFB3,
DEFB4, DEFB5, and DEFB10) and cytokines (CCL5 and IL-1b) known
to be regulated by 1,25D in cattle were not affected by 1,25D
treatment (Fig. 1). Expression of another b-defensin upregulated
by 1,25D in monocyte cultures, DEFB6, was not reliably detected in
milk somatic cells, and consequently data are not shown.
Interleukin 8 expression was 2-fold less in cells from 1,25D treated
glands compared with those of placebo treated glands at 8 h post
treatment (P = 0.085), but overall from 4 to 12 h after treatment was
not different between 1,25D and placebo treatments (P = 0.373).
The somatic cell counts in milk were not different between
1,25D and placebo-treated glands with an average of 1.5 �105 cell/
mL at 12 h after treatment (Fig. 2A). However, somatic cell counts
increased to nearly 4 �105 cells/mL for both treatments at 24 h
after treatment (P < 0.001). The percentages of somatic cells
identified as macrophages (CD11b+CD14+) or neutrophils
(CD11b+CD14�) were not affected by the 1,25D treatment (
P > 0.8), but the percentage of neutrophils increased similarly for
both treatments from 27% at 0 h to 58% at 8 h (Suppl. Fig. S2). Serum
1,25D concentrations measured in four of the cows treated with
intramammary 1,25D increased from 86 pg/mL on average at 0 h to
156 pg/mL on average at 4 h (P < 0.05; Fig. 2B). Serum calcium did
not increase after 1,25D treatment, but was slightly lower at 12 h
after 1,25D treatment compared to 0 h (P = 0.12; Fig. 2).

The effects of 1,25D treatment were also evaluated in macro-
phages and neutrophils isolated from milk samples collected at 4
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and 8 h from placebo and 1,25D-treated glands (Fig. 3). CYP27B1
expression tended to be down-regulated in both macrophages and
neutrophils in response to 1,25D treatment but the differences
were not significant (P = 0.15 and P = 0.11, respectively). In contrast,
CYP24A1 was upregulated in both macrophages and neutrophils,
from 1,25D-treated glands compared with those from control
(P < 0.001, Fig. 3). Macrophage iNOS expression also was increased
2-fold (P < 0.05) by 1,25D, but neutrophil iNOS was not different
between treatments (P = 0.64, Fig. 3). DEFB7 was not significantly
increased by 1,25D treatment in either macrophages or neutrophils
(P > 0.25; Figs. 1 and 3). CCL5, which was upregulated by 1,25D in
monocyte cultures [4], tended to be greater in macrophages from
1,25D-treated glands compared with placebo, but was not
significantly different (P > 0.10) between treatments for
0 12 24 3
0

10

20

30

Tim

C
YP

24
A

1/
10

3 R
PS

9 CYP

***
**

**

0 12 24 36 48 60 72
0

200

400

600

iN
O

S/
10

3 R
PS

9

iNOS

** *
P = 0.00 8

0 12 24 36 48 60 72
0

50

100

150

D
EF

B
3/

10
3 R

PS
9

DEFB3
P = 0.99 9

0 12 24 36 48 60 72
0

50

100

150

D
EF

B
7/

10
3 R

PS
9

DEFB7

****
P = 0.00 9

0 12 24 3
0

50

100

150

Tim

D
EF

B
10

/1
03 R

PS
9

DEF

0 12 24 36 48 60 72
0

10

20

30

C
YP

27
B

1/
10

3 R
PS

9 CYP27B 1
P = 0.89 9

0 12 24 3
0

100

200

300

Tim

D
EF

B
4/

10
3 R

PS
9

DE

0 12 24 
0

500

100 0

150 0

Tim

IL
-1

B
/1

03 R
PS

9

IL

Placebo 
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macrophages or neutrophils. There was no significant effect
(P > 0.2) of 1,25D treatment on expression of VDR, b-defensin,
IL-1b or IL-8 genes in macrophages or neutrophils.

3.2. Effects of 1,25D on subclinical mastitis

The effects of intramammary 1,25D on expression of vitamin D
pathway and immune genes in somatic cells from cows with
subclinical mastitis are shown in Fig. 4. The data represent gene
expression in total somatic cells, which includes neutrophils,
macrophages and mammary epithelial cells. The somatic cells from
milk of infected glands are primarily of neutrophils (85% to 90%) in
most cases, but the proportions of specific populations were not
determined here. As with normal lactating glands, the 1,25D
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treatment increased CYP24A1, iNOS and BNBD7 in glands with
subclinical mastitis. CYP24A1 was upregulated 3–8-fold from 12 h
after the first treatment until 60 h, 12 h after the last treatment was
administered (P < 0.001). Overall, iNOS was upregulated 2.6 fold
compared with placebo from 12 to 48 h during the treatment
period (P = 0.013). DEFB7 expression in 1,25D treated glands was
170% of placebo overall from 12 to 60 h of the treatment period
(P = 0.009). In addition, DEFB4 expression was nearly doubled at
36 h after the initial treatment (P = 0.043; Fig. 4). Overall, DEFB4
was 1.4-fold greater in 1,25D compared with placebo glands from
12 to 60 h of the treatment period (P = 0.039). CYP27B1, VDR, DEFB3,
DEFB5, DEFB10, CCL5, IL-1b and IL-8 were not affected by 1,25D
treatment (P > 0.2; Fig. 4). Likewise, b-actin, and GAPDH relative to
RPS9 were not different between 1,25D and placebo treatments
(P > 0.2, data not shown).

The somatic cell count, a measure of immune cells in milk, was
not different between 1,25D and placebo treatments for the first
48 h of treatment with an average near 2 �106 cells/mL (Fig. 5A). At
3 d and 7 d, however, the somatic cell counts of the 1,25D treated
glands were slightly higher with averages of 3.9 � 106 cells/mL and
3.3 � 106 cells/mL compared to 2.1 �106 cells/mL and 1.6 � 106

cells/mL at 3 d (P = 0.11) and 7 d (P = 0.07), respectively. The bacteria
counts in milk were not affected by 1,25D treatment (P = 0.42) and
ranged between 200–1,000 CFU/mL of milk on average in both
placebo and 1,25D-treated glands (Fig. 5A). Concentrations of
1,25D in serum were elevated by the 1,25D treatment with an
average of 55 pg/mL from 12 to 48 h compared to 33 pg/mL in
samples from cows that received only 1,25D or placebo treatments,
respectively (P < 0.05; Fig. 5B). In contrast, serum calcium
concentrations were not affected by the 1,25D treatment and
remained near 9 mg/dL in placebo and 1,25D-treated cows
(Fig. 5B). The SCC, bacteria counts, serum 1,25D and serum
calcium at 7 and 14 d after treatment were not affected by 1,25D
treatment as well (P > 0.2, data not shown) and were similar to
values at the start of the experiment.
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4. Discussion

The contribution of vitamin D to innate immunity has been
documented extensively where 1,25D acts to induce bactericidal
pathways of bovine and human defense systems [3–5,12]. Yet, in
vivo evidence in support of vitamin D-mediated activation of
bactericidal pathways is not abundant. Here, we show that 1,25D
increases expression of bovine iNOS and b-defensin genes in
mammary gland immune cells of dairy cattle. Our data here, along
with previous work showing vitamin D pathway activation in the
mammary gland during mastitis and decreased mastitis severity
with intramammary 25D treatment [10,11], collectively provide in
vivo evidence that vitamin D pathway activity contributes to
induction of key bactericidal defense mechanisms of cattle.
Altogether, the evidence of vitamin D’s role in innate immunity
has implications for efforts to improve disease resistance of cattle
through better nutrition and development of alternative thera-
peutics for treatment of bacterial infections.

Previous work has shown that bacterial and viral pathogens
activate intracrine and paracrine vitamin D signaling pathways in
immune cells of cattle [11,13]. Ligands for the innate pathogen
recognition receptors TRL2/1 and TLR4 stimulate CYP27B1 in
bovine monocytes, and synthesis of 1,25D from 25D in TLR-
stimulated monocyte cultures increases nitric oxide and b-defen-
sin production [3,4,14]. Expression of genes for CYP27B1, CYP24A1
and VDR are highly upregulated in infected tissues of cattle, as are
iNOS and several b-defensins [11,15]. Upregulation of iNOS and the
b-defensins, however, cannot be merely attributed to 1,25D
produced in those infected tissues because TLR signaling also
induces iNOS and b-defensin expression in cattle [3,16,17]. The
objective of the experiments done here was to determine whether
1,25D upregulated iNOS and the b-defensins in vivo as previously
observed for monocyte cultures. The udder of the dairy cow offers a
unique system to investigate in vivo responses to biomolecules
with each of the four glands acting, in principle, as a single
experimental unit, and the somatic cells secreted in milk of each
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gland readily accessible for measurement of responses to intra-
mammary treatments [11,18]. The dose of 1,25D (10 mg) we used
was calculated to achieve intramammary 1,25D concentrations in
the low nanomolar range, but avoid significant increases in
circulating 1,25D. As expected, treatment with 10 mg of 1,25D
elicited a rapid increase in expression of CYP24A1, the most 1,25D-
sensitive gene known, in treated vs. placebo glands. Serum 1,25D
did increase slightly after the intramammary 1,25D injections, but
based on the lack of change in CYP24A1 expression in cells from
placebo-treated glands compared to 1,25D-treated glands of the
same cow and lack of change in serum calcium in 1,25D-treated vs.
placebo-treated cows the effects of intramammary 1,25D treat-
ment were primarily limited to the 1,25D-treated glands. Along
with CYP24A1, the 1,25D treatment consistently increased iNOS and
DEFB7 expression in both healthy and subclinically infected glands.
Thus, our experimental model confirmed earlier cell culture
experiments that showed 1,25D acts to increase iNOS and DEFB7
expression in cattle.

The bovine iNOS gene is upregulated by 1,25D in monocyte,
mammary epithelial cell, and neutrophil cultures; whereas, 1,25D
induces DEFB7 in monocytes and, to a lesser extent, neutrophils,
but not mammary epithelial cells [3]. Approximately 40–60% of the
milk somatic cells of healthy glands measured in this study consist
of macrophages and neutrophils (Suppl. Fig. S2). The remaining
unidentified cells are presumed to include mammary epithelial
cells and a small percentage of T and B lymphocytes. Based on
CYP24A1 expression in sorted macrophage and neutrophil pop-
ulations, both cell types were responsive to intramammary 1,25D
treatment. Despite the responsiveness of both cell types to 1,25D,
however, iNOS was not increased in neutrophils of 1,25D-treated
glands but was increased in macrophages. We did not observe
significantly greater DEFB7 expression in macrophages of 1,25D-
treated glands; so, it remains unclear which cells 1,25D acts upon
to increase DEFB7 in the mammary gland. Neutrophils account for
approximately 85–90% of somatic cells in milk during subclinical
mastitis [19], so it is noteworthy both iNOS and DEFB7 were
increased in somatic cells of subclinically infected glands treated
with 1,25D. Bovine mammary epithelial cell cultures also are very
responsive to 1,25D treatment and, although 1,25D did not induce
BNBD7 in mammary epithelial cell cultures, it did increase iNOS
and BNBD4 [3]. Therefore, the mammary epithelial cells secreted in
milk of healthy and infected glands also may have been a
contributor to the increase of iNOS, BNBD4 and BNBD7 in response
to 1,25D treatment.

In contrast to iNOS and BNBD7, the 1,25D treatment did not
affect DEFB3, DEFB10 or CCL5 in either healthy or subclinically
infected mammary glands. Each of those genes are upregulated by
1,25D in monocyte cultures [3,4,14]. Expression of DEFB4 also is
increased by 1,25D in monocytes, and it is the only b-defensin gene
increased by 1,25D in mammary epithelial cell cultures. Here, it
was not increased in cells of healthy glands within 12 h after a
single 1,25D treatment, but was increased in cells of subclinically
infected glands after repeated 1,25D treatments. In monocyte
cultures, DEFB3, DEFB7, and DEFB10 all increased within 6 h after
1,25D treatment and peaked near 12 h [3]. Thus, we anticipated
DEFB3 and DEFB10 responses to intramammary 1,25D, like iNOS
and DEFB7 would occur within 12 h, the time in between normal
milk removal for the cows. In contrast, DEFB4 expression in
monocyte cultures was not increased until 12 h after 1,25D
treatment and peaked at 24 h; so, it is understandable that in
the mammary gland DEFB4 did not increase until 36 h of 1,25D
treatment. Experiments with monocyte cultures also indicate an
unknown intermediate factor, such as a transcription factor or
signaling pathway directly induced by the 1,25D-activated VDR, is
required for upregulation of the b-defensins in response to 1,25D
[3]. Co-stimulatory signals, such as lipopolysaccharide, also affect
the b-defensin response to 1,25D [3]. Therefore, it is not surprising
that total replication of responses observed in controlled cell-
culture conditions were not observed in the dynamic conditions of
an in vivo system.

It should be noted that the cows used in this study were not
vitamin D deficient. They received approximately 40,000 IU of
vitamin D/d (60 IU/kg BW), which achieves serum 25D concen-
trations near 70 ng/mL on average for lactating dairy cattle [20].
Under normal physiological conditions, we presume that mono-
cytes and neutrophils migrating to the mammary gland would
have had adequate 25D availability for intracellular 1,25D
synthesis and VDR activation. Perhaps use of vitamin D deficient
cows would have yielded more significant responses to intra-
mammary 1,25D treatment. Greater doses of 1,25D also may have
resulted in more significant responses, but that approach could
have the unintended consequence of increased blood calcium
concentrations. Regardless, the results of our experiments estab-
lish that 1,25D has an immunomodulatory role in cattle and open
doors for further investigation into the effects of vitamin D
nutrition and vitamin D-based therapies on disease resistance of
cattle.

The actions of 1,25D demonstrated in this study have
meaningful implications for augmenting mammary innate immu-
nity. The b-defensin and nitric oxide responses are known to have
an important role in defense against bacterial pathogens. The
bovine b-defensins have potent bactericidal activity against gram-
negative and gram-positive pathogens [9], and expression of
several bovine b-defensins has been documented in the mammary
gland [15,21]. Likewise, the nitric oxide response to bacterial
pathogens in the udder has been well-documented. LPS and E. coli
induced mastitis elicit upregulation of iNOS in milk somatic cells
and nitric oxide production in the mammary gland within hours
after challenge [8,22,23]. Notably, disruption of iNOS activity in
rodent and cell-culture models impairs resistance to bacterial
infection [24–27].

Along with increased iNOS and BNBD7, the somatic cell counts
of glands with subclinical infection were slightly elevated after
repeated 1,25D treatments. The somatic cell count of milk serves as
measure of leukocytes present in the milk and, when counts are
above 1 �106/mL of milk, the vast majority of the cells are
neutrophils recruited to combat a bacterial infection [19]. For milk
quality, low somatic cell counts are desirable, however, a transient
increase in phagocytic neutrophils would seemingly increase
clearance of the bacterial pathogen. We did not observe an effect of
1,25D treatment on bacterial counts in milk of cows with
subclinical mastitis, but to detect such an effect in naturally
occurring cases of mastitis would require many more animals than
were used here. Lippolis et al. has shown that bacterial growth in
mammary glands experimentally infected with Streptococcus
uberis was decreased by intramammary 25D treatment [10]. As
mentioned above, CYP27B1 is upregulated during mastitis in cattle
[11], so in theory, intramammary 25D treatment increased 1,25D
synthesis and VDR activity in the infected tissue. In the Lippolis
study [10], the intramammary 25D treatment was administered
prior to infection and continued through the course of infection.
Unlike our study, the cows developed an acute clinical infection.
The rapid growth of the Streptococcus uberis in that case may have
been affected more by the intramammary 25D treatment
compared to our study where cows had chronic, subclinical
infections of diverse pathogens.

The data from our study showing 1,25D increases iNOS and
DEFB7 in the udder, and the Lippolis study showing 25D decreased
bacterial growth, provide support for continued investigation of
vitamin D-based therapies for bovine mastitis. Use of 25D rather
than 1,25D would be a safer alternative, avoiding risk of
hypercalcemia. Currently, antibiotic therapy is the only effective
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means of treating mastitis in dairy cattle, yet most products still
have limited efficacy [1]. The data our study and from Lippolis et al.
[10] showing positive impacts of intramammary 25D and 1,25D on
bactericidal defenses of the mammary gland demonstrate the
potential use of vitamin D metabolites as alternative or adjunctive
therapies to current mastitis treatments.

Our data further supporting an immunomodulatory role for
vitamin D in cattle also have implications for vitamin D nutrition.
Current vitamin D requirements for cattle set by the National
Research Council are based on the minimum needed to support
normal skeletal development and mineral homeostasis [28,29].
Without adequate sun exposure, however, serum 25D of cattle fed
the minimum vitamin D requirement will drop below 20 ng/mL
[30,31]. In contrast, cattle kept outdoors during the summer, or
supplied with adequate supplemental vitamin D3 (50–60 IU/kg
BW) typically have serum 25D concentrations ranging from 40 to
100 ng/mL [20,30]. Whether serum 25D concentrations below that
normal range impair immune function of cattle remains unknown.
Deciphering the vitamin D requirement for immune function on
health outcomes alone is complicated because of confounding
factors (i.e. genetics, pathogen exposure). Equipped with knowl-
edge of the in vivo actions of 1,25D in the immune system of cattle,
the minimum serum 25D concentrations needed for vitamin D-
mediated immune functions can be measured more precisely.
Identification of the vitamin D requirement for optimal immune
function of cattle, consequently, will support efforts to minimize
infectious diseases in cattle and, because of similarities in vitamin
D physiology between humans and cattle, it will provide insight on
vitamin D requirements for human health.
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