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Neutrophils as one of the major haptoglobin sources
in mastitis affected milk
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Abstract — The antioxidant haptoglobin (Hp) is an acute-phase protein responsive to infectious and
inflammatory diseases. Hp and somatic cell counts (SCC) are sharply elevated in bovine milk
following intramammary administration of endotoxin or bacteria. However, the sources of milk Hp
responsible for such increases are not fully understood. The purpose of this study was to define the
source of milk Hp from dairy cows with naturally occurring mastitis. Quarter milk samples selected
from 50 dairy cows were separated into four groups according to SCC as group A: < 100 (n = 19);
B: 100-200 (n = 10); C: 201-500 (n = 10); and D: > 500 x 10* (n = 11) cells/mL. Our results
reveal that milk Hp concentrations were correlated with SCC (r = 0.742; P < 0.01), and
concentrations in group D were ~10-fold higher than in group A. Reverse transcriptase-polymerase
chain reaction (RT-PCR) analysis indicates that the milk somatic cells from group D were not only
capable of synthesizing Hp but could also markedly increase Hp mRNA expression. Western blot,
immunocytochemistry, double confocal immunofluorescence, and Hp releasing experiments
demonstrate that neutrophils were associated with the biosynthesis and release of Hp in milk. It
further shows that Hp was significantly elevated in the epithelium of mammary gland tissue with
mastitis and was also expressed in the cultured mammary epithelial cells. We propose that
neutrophils and epithelial cells may play an essential role in elevating milk Hp in addition to previous
suggestions that Hp may be derived from mammary tissues and circulation.
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1. INTRODUCTION capture released hemoglobin during excessive
hemolysis [12] and to scavenge the hemoglobin-

Haptoglobin (Hp) is an acute phase protein  induced free radicals during oxidative stress
responsive to inflammation and infection [6, 7,  [16]. We have recently shown that Hp is an
24]. One of the major functions of Hp is to  extremely potent antioxidant that directly pre-
vents low-density-lipoproteins from Cu®'- and

* Corresponding author: mao1010@ms7.hinet.net radical compound-induced oxidation [13, 30].
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Transfection of Hp cDNA into Chinese ham-
ster ovary cells protects them against oxidative
stress [30]. Structurally, bovine Hp is unique
possessing only the Hp 2-2 phenotype [14,
15] with a molecular weight ranged from
660 to 730 kDa [15] which is different from
that of humans expressed as Hp 1-1, 2-1,
or 2-2.

Bovine Hp, while not abundantly expressed
in normal plasma, is considered to be one of the
sensitive acute phase proteins during bacterial
infections [15, 24]. Several studies indicate that
its concentration increases dramatically in both
plasma and milk during clinical mastitis of
dairy cows [6, 8, 21]. In experimentally induced
mastitis by intramammary bacterial-challenge
with  Streptococcus uberis, the observed
increase in milk Hp has been suggested to orig-
inate from the circulation [23]. Hiss et al. [9]
also found elevated Hp in milk after intramam-
mary endotoxin challenge. It was further
observed that Hp could be locally synthesized
within the mammary gland [9]. The source of
milk Hp found in naturally occurring mastitis
is poorly understood.

The purpose of the present study was to
define the source of milk Hp from dairy cows
with high somatic cell counts (SCC) (or masti-
tis). We investigated milk somatic cells for the
presence of Hp protein using Western blot,
Hp mRNA expression using reverse transcrip-
tase-polymerase chain reaction (RT-PCR),
partial cell typing using double confocal immu-
nofluorescence, and endogenously released Hp
using ELISA. Finally, we localized Hp in nor-
mal and mastitic mammary gland tissue and
in a cultured mammary epithelial cell line
(MAC-T). Our findings show that the increased
Hp was associated with neutrophils, in which
Hp was released into the medium in an
ex vivo experiment. In mastitis mammary
glands, Hp was mainly localized within the
epithelial cells. We also observed for the first
time that cultured epithelial MAC-T cells could
synthesize Hp in vitro. In addition to locally
synthesized Hp within the mammary gland
and Hp transferred from the circulation, we
propose that milk neutrophils and mammary
epithelium also contribute to milk Hp
concentrations.
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2. MATERIALS AND METHODS
2.1. Sample collection and SCC

Quarter milk samples from individual cows (Bos
taurus) were collected at the Yong Rong Dairy Farm
(Chyayi, Taiwan). SCC in each sample was measured
using a Fossomatic 4000 cell counter (Foss Electric,
Hillerad, Denmark) at the Livestock Research Insti-
tute, Council of Agriculture, Executive Yuan
(Hsinchu, Taiwan). Quarter milk samples were then
selected and assigned to four groups according to
SCC (A: <100; B: 100-200; C: 201-500; and
D: > 500 x 10° cells/mL with n = 19, 10, 10, and
11, respectively).

2.2. Purification of bovine Hp and preparation
of anti-Hp antibodies

Native bovine Hp was isolated from the plasma
using an anti-bovine Hp immunoaffinity column, fol-
lowed by gel-permeation chromatography (Superose-
12) on a HPLC system as previously described [15].
Mouse and rabbit polyclonal antibodies against
bovine recombinant Hp or mouse monoclonal anti-
body (mAb; 2H12) against bovine native Hp were
prepared in our laboratory according to previously
established procedures [3, 15].

2.3. Determination of milk Hp levels
using ELISA

Bovine milk Hp concentrations were determined
using a commercial bovine Hp ELISA kit (Immuno-
logy Consultants Laboratory, Newberg, OR, USA)
according to the manufacture’s instructions. One hun-
dred pL of skimmed milk (1:10 dilution) were used
for the determination of Hp, while skimmed milk
was prepared as previously described [2].

2.4. Isolation of milk somatic cells and protein
extraction

Milk somatic cells were isolated from 200 mL
freshly collected milk. Briefly, milk samples main-
tained at 4 °C were centrifuged at 1 000 g for
20 min at 4 °C. After removing the fat layer and
supernatant, the somatic cells were briefly washed
twice with PBS at 4 °C and maintained on ice. Total
cell proteins were extracted using a lysis buffer
containing 0.3% Triton X-100 in PBS and sonicated
at 4°C for 5 min, followed by -centrifugation
at 10 000 g for 10 min at 4 °C. The remaining
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supernatant was stored at —20 °C until analysis by
SDS-PAGE and Western blot.

2.5. Gel electrophoresis and Western blot

SDS-PAGE was carried out on 1.5-mm-thick slab
gel, using a discontinuous system as previously
described [14]. Unless otherwise specified, the gel
containing 15% (for reducing) or 4% (for non-
reducing samples) polyacrylamide was used with a
top stacking gel of 5% polyacrylamide. Approxi-
mately 20 pg of the protein was loaded onto the gels
and each tested sample was preheated at 100 °C for
10 min in a loading buffer (12 mM Tris-HCl, pH
6.8, 0.4% SDS, 5% glycerol, 0.02% bromphenol
blue) with or without 140 mM 2-mercaptoethanol.
The samples were then run for about 1.5 h at
100 V. and stained by Coomassie brilliant
blue. Molecular-mass standard containing 12 pre-
stained proteins (3.5-260 kDa) was purchased from
Invitrogen (Carlsbad, CA, USA). Western blot
analysis was performed similar to that described
previously [13].

2.6. Analysis of Hp mRNA expression of milk
somatic cells

Total RNA was extracted from milk somatic cells
using an RNeasy mini kit (Qiagen, Hilden, Germany)
according to the manufacture’s instructions. The first
strand cDNA was synthesized using moloney murine
leukemia virus (MMLV) reverse transcriptase (Invit-
rogen). Briefly, equal amounts of total RNA (1 pg)
were added to a reaction mixture containing
50 mM Tris-HC1 (pH 8.3), 10 mM dithiothreitol,
0.5 pg oligo (dT);g, 75 mM KCl, 3 mM MgCl,,
0.5 mM dNTP mix, 40 U RNase inhibitor, and 200
U MMLYV reverse transcriptase, and proceeded at
37 °C for 50 min, followed by 70 °C for 15 min.
Equal amounts of total cDNA (100 ng) were ampli-
fied by PCR using Hp specific primers, while using
glyceraldehyde 3-phosphate dehydrogenase (GAP-
DH) as a house-keeping control. The primer design
was based on the published nucleotide sequence of
bovine Hp [15] with 5-TGCTGCAGGGATCATC
GGTGGCTCATTGGA-3' and 5'-CGGAAAACCAT
CGCTAACAACTAAGCTTGGG-3' as the forward
and reverse primer, respectively. The GAPDH prim-
ers prepared were 5'-CCTGGAGAAACCTGCCA
AGT-3' (forward) and 5'-GCCAAATTCATTGTC
GTACCA-3' (reverse). The PCR cycling profile
was 95 °C for 5 min followed by 30 cycles at
94 °C for 30, 55 °C for 30 s, 72 °C for 50 s (or
30 s in GAPDH) with a final extension at 72 °C
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for 10 min. The RT-PCR products (214 bp for GAP-
DH and 755 bp for Hp) were resolved on 1.5% aga-
rose gel [14], followed by an ethidium bromide
staining. The band intensity corresponding to Hp
was determined using a Quantity One software of
Gel Doc 2000 Gel Documentation System (Bio-
Rad Laboratories, Hercules, CA, USA).

2.7. MAC-T and Hp mRNA expression

MAC-T, an established and immortalized epithelial
cell line isolated from bovine mammary tissue was
cultured as previously described [10, 18]. In general,
the cells (1 x 10* cells per well) were grown at
37 °C (5% CO,) in a 24-well culture plate in complete
Dulbecco modified Eagle medium (Invitrogen) sup-
plemented with 10% fetal bovine serum (containing
no immunoreactive bovine Hp), 50 pg/mL of strepto-
mycin, and 50 IU/mL of penicillin (Invitrogen). Hp
mRNA expression was analyzed using RT-PCR simi-
lar to the procedures described above.

2.8. Immunocytochemical staining of somatic
and MAC-T cells and mammary tissues

The labeled streptavidin biotin kit (LSAB)
(Dakocytomation, Glostrup, Denmark) was used for
immunostaining according to the manufacturer’s
instructions. In brief, cytospins containing freshly
isolated somatic or MAC-T cells were treated with
ice-chilled methanol (100%) for 15 min and then rehy-
drated by PBS. The cells were permeabilized in PBS
containing 0.3% Triton X-100 for 10 min, while the
endogenous peroxidase was blocked by incubation
with 3% H,0,. After blocking with 2% gelatin, the
cells were incubated with unlabeled mouse anti-CD5
mAD (lymphocyte marker), mouse anti-CD11b mAb
(neutrophil marker) (Serotec, Oxford, UK), or mouse
anti-Hp polyclonal antibody for 1 h. The slides were
then incubated with biotinylated anti-mouse IgG for
30 min, followed by washes and incubation with
HRP-conjugated streptavidin for 30 min. After
washes, the slides were developed with 3-amino-
9-ethylcarbazole or 3,3'-diaminobenzidine (DAB)
substrate and counterstained with hematoxylin. For
normal and mastitic mammary tissues (n = 5 each),
each section was deparaffinized in a 50 °C oven for
10 min and then placed for two 5-min washes in
xylene at 24 °C. The sections were rehydrated through
sequential soakings in 100, 95, 90, 80, and 50%
alcohol for 2 min each, followed by final washes in
deionized water. The sections were then stained using
procedures described above.
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2.9. Double immunofluorescence using confocal
laser scanning microscopy

Cytospin prepared cells used for localization of
CDI11b and Hp were permeabilized as described
above. After blocking, the cells were co-incubated
with unlabeled mouse anti-CD11b mAb and rabbit
anti-Hp polyclonal antibody for 1 h. The slides were
then incubated with a mixture of fluorescent isothio-
cyanate (FITC) conjugated anti-mouse IgG and
rhodamine conjugated anti-rabbit IgG (Jackson
Immunoresearch Laboratories, West Grove, PA,
USA) for 1 h in the dark. The cells were washed with
PBS before examination using a Fluoview FV500
confocal laser scanning microscopy (Olympus,
Tokyo, Japan).

2.10. Time course of Hp protein released
from somatic cells in vitro

Two mL of isolated somatic cells (adjusted to
1 x 10* cellsymL at 4 °C) from groups A and D
(n =3 for each) were suspended in Roswell Park
Memorial Institute medium (RPMI) 1640 medium
(JRH Biosciences, Lenexa, KS, USA) containing
100 pg/mL ampicillin with or without protease inhib-
itor of 1 mM phenylmethylsulfonyl fluoride (PMSF)
(Sigma, St. Louis, MO, USA) in a test tube and were
incubated at 37 °C for 0, 2, 4, 8 and 16h,
respectively, followed by centrifugation at 1 000 g
at 4 °C for 5 min. The supernatant was then
subjected to ELISA for the determination of Hp
concentrations.

3. RESULTS

3.1. Correlation between Hp levels and SCC
in bovine milk

Selected bovine milk samples (n = 50) were
assigned into four groups according to their
SCC (A: <100; B: 100-200; C: 201-500;
and D: > 500 x 10° cells/mL with n =9, 10,
10, and 11, respectively). The mean + SEM
of milk Hp concentrations determined by an
ELISA in groups A, B, C, and D were
023 +£0.08, 0.74+0.23, 1.11 £0.28, and
222 +0.53 pg/mL, respectively. The mean
Hp concentration of group D was ~10-fold
higher than that of group A (P < 0.001). The
overall Hp concentrations were correlated with
SCC (r = 0.742; P < 0.01).
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3.2. Hp in milk somatic cells

Because Hp levels in the milk samples were
positively correlated with SCC, we hypothe-
sized that somatic cells might contribute to the
presence of Hp in milk. We extracted protein
from the somatic cells from the low (group A)
and high SCC (group D) to examine the pres-
ence of Hp using a Western blot. Figure 1
depicts the presence of Hp in group D, but
not in group A. It implicates the endogenous
synthesis and expression of Hp between the
analyzed cells of groups A and D was different
or/and altered. The electrophoretic pattern of
bovine Hp (non-reduced) was similar to that
previously reported by our laboratory [15].

3.3. Endogenous expression of Hp mRNA
in milk somatic cells

To determine whether somatic cells could
endogenously synthesize Hp, RT-PCR for the
expression of Hp mRNA was conducted, while
using GAPDH as a house-keeping control.
Figure 2 shows that the Hp mRNA expression
was progressively increased with the SCC
(P < 0.001). The mean Hp mRNA expression
in groups C and D were evidently higher than
those in groups A and B (P < 0.001).

3.4. Somatic cell typing

To identify the cell types in group D, we
used anti-CDS5 (lymphocyte marker) and anti-
CDI11b (neutrophil marker) mAb as a probe
in immunostaining, while comparing group A
as a non-mastitis control. We found lympho-
cytes to be a major cell type in group A and
neutrophils the predominant cell type in group
D (data not shown). The immunostaining was
specific because the background control using
non-immuned sera or non-related mAb was
negative (data not shown).

3.5. Colocalization of Hp and CD11b
in neutrophils using confocal microscopy

In addition to RT-PCR, we tested whether
neutrophils could express Hp in situ. Somatic
cells isolated from group D enriched with
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Figure 1. Typical SDS-PAGE pattern and Western
A and D. (A) Coomassie blue staining of somatic

blot analyses of milk somatic cell lysates from groups
cell lysates run on a 15% SDS-PAGE under reducing

conditions. (B) Western blot analysis of the isolated Hp and somatic cell lysates under reducing (left panel
with 15% SDS-PAGE) and non-reducing conditions (right panel with 4% SDS-PAGE) using a mouse
polyclonal antibody prepared against bovine recombinant Hp. Lane M, molecular markers in kDa.

neutrophils were examined for localization of
Hp using a double confocal laser scanning
microscopy. Figure 3 shows that all the neutro-
phils identified by CD1lb (in green FITC)
exhibited expression of Hp (in red rhodamine),
while no staining was observed for cells treated
with non-immuned sera nor unrelated mAb
(data not shown).

3.6. Release of Hp from the somatic cell ex vivo

To test the hypothesis that the neutrophil
enriched population secreted Hp, we collected
the somatic cells from the groups A and D
(n = 3 quarters for each) and investigated their
Hp secretion into the RPMI 1640 medium over
time. Figure 4 shows that both groups were able
to secrete Hp into the medium with a markedly
greater secretion in group D than in group A.
Essentially, the released Hp reached maximal
levels within the first 2 h tested. Thus, the milk

neutrophils not only express Hp but also release
it into the milk.

3.7. Localization of Hp in mammary tissue
and MAC-T cell

We used mouse anti-bovine Hp polyclonal
antibody to localize the bovine Hp near the area
of alveoli in mammary tissues (z = 5). The results
indicate that only mastitic mammary tissue
expressed Hp relative to normal tissue. Figures
SA and 5B illustrate a typical example showing
that Hp was primarily localized at alveoli of mas-
titic mammary tissue, but not in the normal tissues
(Figs. 5C and 5D). To provide additional evidence
that mammary alveolar epithelial cells can
express Hp, we showed that cultured- MAC-T
cells were able to express Hp mRNA (panel of
Fig. SE). We further demonstrated the presence
of Hp protein in MAC-T cells using immuno-
cytochemical staining (Figs. S5E and 5F).
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Figure 2. Expression levels of Hp mRNA in somatic cells. (A) Expression of Hp mRNA in milk somatic
cells according to SCC (A: < 100; B: 100-200; C: 201-500; and D: > 500 X 10? cells/mL with n = 5 in
each group). An equal amount of total cDNA (100 ng) was amplified by PCR, using GAPDH as a house-
keeping control. (B) Each bar represents the mean = SEM. *** P < 0.001 as compared to group A.

4. DISCUSSION

4.1. Correlation between Hp levels and SCC
in bovine milk

The SCC of milk has been utilized as an indi-
cator of mastitis because of its simple handling
procedures. In §eneral, SCC of a quarter greater
than 500 X 10 cells/mL is considered to be
associated with mastitis [22, 26]. A limit of
< 100 x 10* cells/mL has been suggested for
a healthy quarter [19]. If the SCC exceeds
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200 x 10® cells/mL, the quarter is likely to be
infected [25]. The results from the present study
showed a 10-fold increase in Hp concentrations
in milk containing SCC > 500 x 10° (group D)
relative to SCC < 100 x 10° (group A). This
suggests that the somatic cells were responsible
for the elevation of Hp in milk, at least in part.

4.2. Bovine Hp in milk somatic cells

Previous studies have proposed that milk
Hp can be derived from mammary tissues and
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Figure 3. Colocalization of CD11b and Hp in milk neutrophils using confocal laser scanning microscopy.
CDl11b as a marker for neutrophils was visualized with a FITC-conjugated second antibody (A and B).
Likewise, Hp was visualized with a rhodamine-conjugated second antibody (C and D).

circulating blood following intramammary
infection [5, 9]. Although the factors attributed
to the elevated milk Hp in naturally occurring
mastitis are not fully understood, the present
study suggests that neutrophils in milk are a
major source of milk Hp in cows with mastitis.
There are several lines of evidence to support this
notion. First, Hp levels determined by ELISA
were positively correlated with the SCC in our
group analyses in which the increase in SCC
was mostly attributed to neutrophils. Second,
using Western blot analysis, Hp was found abun-
dantly in the cell lysate of group D, but not in that
of the normal group A (Fig. 1). A recent study
using matrix assisted laser desorption ioniza-
tion-time of flight-mass indicates that Hp is

present and concentrated within the granules of
bovine granulocytes isolated from peripheral
blood of healthy cattle, although the cell types
(such as neutrophils) have not been specified
[4]. Third, the Hp mRNA levels in cells of the
high SCC groups B-D were significantly higher
than in the cells of the normal group A. The
underlying mechanism involved in high Hp
expression in the higher SCC groups appears to
be related to the different cell types. We also
observed that neutrophils were the predominate
cell type in group D, but not in group A when
examined by immunocytochemistry (data not
shown). This suggests that neutrophils in high
SCC milk account for the major synthesis of
Hp. Furthermore, using laser confocal scanning
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Figure 4. Time course of Hp protein released into RPMI 1640 medium by somatic cells from groups A and
D ex vivo. Freshly isolated somatic cells from milk samples of groups A and D (n = 3 of each group) at
4 °C were immediately suspended in RPMI 1640 and kept at 37 °C over time. Supernatant containing Hp
was determined using an ELISA. Protease inhibitor (PMSF) was also added in parallel to each group in an
attempt to minimize the Hp degradation. Each bar represents the mean = SEM.

microscopy, we observed that all the neutrophils
isolated from the somatic cells were capable
of expressing Hp as determined by double
immunofluorescence (Fig. 3). Fourth, these
cells not only synthesized Hp but also released
it into milk (Fig. 4).

This is the first study demonstrating that Hp
is synthesized by cattle neutrophils using
RT-PCR, which is inconsistent with an early
report indicating that human neutrophils do
not produce Hp [32]. In that study, the authors
hypothesized that Hp of neutrophils was
derived from the liver and stored in specific
granules via endocytosis [32]. While conduct-
ing our investigation, a recent study appeared,
reporting that Hp can be released from human
neutrophils [28] indicating the presence of Hp
mRNA in human neutrophils, although the
level of expression was minimal. Taken
together, it is conceivable that neutrophils may
contribute to the increased level of Hp in milk
from cows with mastitis.

4.3. Milk Hp from the other sources

It has been shown that Hp is expressed in the
mammary tissue using ELISA and RT-PCR,
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although the cell types involved were not
specified [9]. Using an epithelial cell line
(MAC-T) and mammary gland tissue sections
we further demonstrate that epithelial cells were
able to endogenously synthesize and express
Hp (Fig. 5), which is consistent with the results
by Thielen et al. [29] using an in situ hybridiza-
tion on the epithelium of mastitic mammary tis-
sue. Another study has also suspected the
presence of Hp in the epithelium of alveolus
[6]. Nonetheless, the localization of Hp in
bovine alveolar epithelium of mastitic tissue
or cultured MAC-T cells is now demonstrated
in the present study (Fig. 5).

4.4. Remarks on Hp secretion in milk
and its physiologic function

This study shows that neutrophils and mam-
mary epithelial cells represent an additional
extra-hepatic source of Hp in milk. The possible
mechanism by which neutrophils migrate into
the alveolus of mammary gland and how Hp
is recruited in milk are explained and summa-
rized in Figure 6.

The physiologic benefits of local Hp
expression in mammary tissue during infection
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Figure 5. Immunocytochemical localization of Hp in mammary gland and MAC-T cells. Mammary tissues
with (A and B) and without mastitis (C and D) were incubated with mouse anti-Hp polyclonal antibodies (A
and C), while using normal non-immuned mouse serum as a negative control (B and D). MAC-T cells were
incubated with mouse anti-Hp polyclonal antibodies (E), while using normal non-immuned mouse serum as
a negative control (F). DAB was used as a chromogenic substrate for Hp staining (in brown) and
hematoxylin was employed as a nuclear stain (in blue). Panel in E represents the Hp mRNA expression
(Lane 2) and DNA molecular weight markers (Lane 1) using RT-PCR. AV = alveolar.

remain illusive. During mastitis, activated
neutrophils produce significant amounts of
reactive oxygen species (in order to kill
the bacteria) which may cause tissue damage
[1, 17, 31]. Hp is an extremely potent antiox-
idant that can directly scavenge free radicals,

it may effectively utilize Hp to attenuate such
intracellular damage [30]. A further under-
standing of the role played by neutrophils as
a source of Hp may provide insight into the
understanding of an additional function of
neutrophils in milk.
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Figure 6. Schematic diagram of hypothetical pathways for the presence of bovine Hp in milk. There are at
least four combined possible pathways for the presence of Hp in milk during mastitis. First, inflammatory
cytokines (TNF-a, IL-1f, IL-6, and IL-8) may activate neutrophils and promote them to migrate through the
endothelium, subepithelial matrix, and basement membrane of blood and lymph vessels into the infected
mammary gland. Neutrophils then pass through the tight junction between the alveolar epithelial cells and
enter into the alveolus to secrete cellular Hp (please see review article for more detail [27]) (pathway 1).
Second, plasma Hp of hepatic origin mimicking albumin and immunoglobulin [11, 20] is able to directly
enter into the epithelial cells via a receptor-mediated process and secrete into alveolus (including
endocytosis and exocytosis) (pathway 2). Third, plasma Hp is able to spill into the udder by passive
diffusion through a compromised udder/vascular system barrier (pathway 3). Fourth, the mammary
epithelial cells are able to endogenously synthesize and express Hp in the alveolus (pathway 4). (A color
version of this figure is available at www.vetres.org.)
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