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Introduction: Milk depression is the major driver of economic loss due to mastitis in dairy
animals. The aim of this study was to identify potential mediators of milk depression by
investigating the local and systemic changes in gene expression or cytokine production
during endotoxin challenge of the mammary gland in a mouse model.

Methods: The left and right sides of the 4th pair of mouse mammary glands were
alternatively injected with either lipopolysaccharide (LPS, Escherichia coli 055: B5, 50 pL
of 0.4 mg/mL) or sterile PBS through the teat meatus 3 days postpartum (n = 9). The 4th
glands were individually collected 12 h after LPS injection and analyzed to identify gene
expression changes by RNA sequencing and real-time PCR, and the plasma was collected
before and after LPS challenge and analyzed to determine the levels of 32 cytokines.
Results: Transcriptome analysis showed that in addition to strong pro-inflammatory
responses, which included granulocyte and monocyte migration and cytokine production
and signaling, the LPS-treated glands exhibited strong ubiquitin-mediated and immune-
mediated proteasome activation and an increase in nitric oxide-mediated oxidative stress.
Furthermore, LPS induced a down-regulation in vesicle membrane, vesicle-mediated traf-
ficking, and metabolic processes of amino acids and other organic molecules in the mam-
mary gland. Of the 32 cytokines analyzed, the levels of 24 (mainly IL-6, G-CSF, MCP-1,
RANTES, MIG, MIP-1b, KC, MIP-2, IP-10, and TNFa) were increased or tended to increase
in the blood after LPS treatment, and only the levels of IL-9 were decreased. In the
mammary gland after LPS challenge, the levels of IL-5, IL-6, IP-10, LIF, MCP-1, MIP-2,
and TNFa were significantly increased, and the levels of INFY, IL-2, IL-4, IL-10, and 1L-12
(p40) were decreased.

Discussion: These observations provide potential markers and targets for further studies on
the prevention and treatment of gram-negative bacteria-induced mastitis.
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Introduction

Mastitis is inflammation of the mammary gland that usually occurs in response to
a bacterial infection, and it is a very widespread disease that affects both humans
and dairy animals. In humans, mastitis affects up to 33% of lactating mothers,
causing pain and discomfort." Additionally, women with a history of mastitis are
considered at an increased risk of developing breast cancer later in life.” In dairy
cows, mastitis is both the most common and the costliest disease.*® The economic
impact of mastitis in cows results from decreased fertility, increased rates of early
culling of animals and increased veterinary care costs, but it mainly results from

a decrease in both the quality and quantity of milk produced.””’ The decrease in
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milk production can sometimes persist long after the infec-
tion and the inflammation have both been resolved,
impacting later lactation.® Last, as a known cause of pain
and discomfort in animals, the prevention and/or swift and
effective treatment of mastitis are also increasingly impor-
tant socially, as there is growing animal welfare pressure
on the dairy industry.

Mastitis can be further categorized into 3 main types
based on the severity and suddenness of symptom onset; in
decreasing order, these types are acute mastitis, chronic
mastitis, and subclinical mastitis. While there is no definite
consensus about which pathogen causes which form of the
disease, acute mastitis is most often associated with either
Staphylococcus or Streptococcus when it is caused by
gram-positive bacteria, or with Escherichia coli (E. coli)
when it is caused by gram-negative bacteria.”'® For mam-
mary pathogenic E. coli, lipopolysaccharide (LPS) is the
most important virulence factor and can be used alone to
mimic the inflammation induced by gram-negative bac-
teria; as such, LPS has been widely used in acute mastitis
models in animals, such as mice and cows.

Acute mastitis is known to elicit a strong localized
immune response in the infected gland but also has
a distinct systemic effect in the host.'"' Among the sys-
temic effects, general lethargy and fever are common
symptoms that have been shown to negatively impact
behavior and feeding in cows.'? This decrease in food
intake can have a strong negative impact on short-term
milk production, and depending on how early it occurs in
lactation, mastitis can significantly lower peak production
for the whole lactation period, drastically reducing the
total milk production of the animal in question. Mastitis
has also been shown to induce lactation insufficiency in
women."? In addition, the localized proinflammatory
response can cause significant oxidative stress in the
affected mammary gland'* and lead to permanent tissue
damage. Both reactive oxygen and reactive nitrogen spe-
cies appear to be involved in this process.'>"'® The precise
roles that localized and systemic responses play in the
recovery and long-term prognosis of the disease are not
currently well established. For example, while mastitis
increases the risk of developing breast cancer in women,
this increased risk is not limited to the area affected by
mastitis, suggesting implication of the systemic inflamma-
tory response rather than direct tissue damage.'” Similarly,
the factors that mediate the local and systemic responses
are not fully clear.

Cytokines play key roles in inflammation.'® A number
of cytokines are currently known to be associated with
acute mastitis, including but not limited to the major
proinflammatory cytokines IL-1B, IL-2, IL-6, and
TNFa.'"” TNFa, IL-6, and IL-1 are the cytokines that are
most consistently reported to be elevated in the plasma of
mastitis-affected cows?* > and mice.”* The local response
to mastitis includes elevated levels of IL-1p, IL-6, IL-10,
IL-12, and TNFa.2*2® However, there is a lack of studies
directly comparing systemic and local cytokine responses,
and there is a lack of diversity in the cytokines that are
typically evaluated.

For these reasons, it is important to study the inflam-
mation associated with mastitis as a whole system and to
give special attention to the differences between the sys-
temic and localized responses in order to gain a better
understanding of the pathology of mastitis in the hope of
one day minimizing its negative impacts on both health
and productivity. In this study, we set out to evaluate the
changes in the transcriptome of an LPS-infused mammary
gland compared to that of a PBS-infused contralateral
gland in a murine acute mastitis model to identify genes
associated with the localized immune response to LPS-
induced mastitis. We then further investigated the loca-
lized and systemic changes in the levels of 32 different
cytokines to corroborate the findings from gene expression
observations.

Materials and Methods

Animals and Treatment

Eighteen 8-week-old female BALB/c mice were purchased
from Jackson Laboratory (Bar Harbor, ME) and all the
animal procedures were approved by the University of
Vermont Institutional Animal Care and Use Committee
(Protocol #18-030). The welfare and treatment of the
laboratory animals followed the US federal Animal
Welfare Act (AWA) and the Public Health Service Policy
on Humane Care and Use of Laboratory Animals (PHS
Policy). The mice were fed ad libitum and housed at the
University of Vermont Small Animal Facility in breeding
cages in a room with a temperature of 25 °C, humidity of
45% and 12-h dark-light cycles. The mice were bred and
kept until 3 days after parturition. The mice were anesthe-
tized with 4% isoflurane and 100 pL of blood was col-
lected from the tail vein. Then, the fourth mammary gland
on one side was injected with 50 pL of LPS (E. coli 055:
BS, Sigma, St. Louis, MO, 0.4 mg/mL) through the teat
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meatus, while the contralateral gland was injected with 50
puL of PBS, and both treatments were administrated with
30G insulin needles (Becton, Dickinson & Company,
Franklin Lakes, NJ). After 12 h, blood was once again
collected from each animal and the animal was then sacri-
ficed. The LPS- and PBS-infused mammary glands from
each mouse were collected, frozen in liquid nitrogen, and
stored at —80 °C.

RNA Sequencing (RNA-Seq)

A total of 30 mg of frozen mammary gland tissue was
ground by a mortar and pestle chilled with liquid nitrogen
and subsequently placed in 600 uL of lysis buffer (RLT,
Qiagen, Germantown, MD). Total RNA was extracted
from the LPS-infused and PBS-infused mammary glands
of five randomly selected mice (n = 5) using the RNeasy
Mini Kit (Qiagen) according to the manufacturer’s proto-
col. The RNA quality was assessed by the RNA integrity
(RIN) RNA Nanochips on
a Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA). The total RNA samples were sent to Novogene USA
(Sacramento, CA) for library preparation using the
NEBNext® Ultra™ RNA Library Prep Kit for Illumina®
(New England Biolabs, Ipswich, MA) and sequencing.

number using Total

First, mRNA was enriched from 1 ug of total RNA using
poly-dT oligo-attached magnetic beads and fragmented
using divalent cations under elevated temperature in
NEBNext First Strand Synthesis Reaction Buffer (5X).
The first-strand ¢cDNA library was then prepared using
and M-MuLV Reverse
Transcriptase, and second-strand cDNA was subsequently
synthesized using DNA Polymerase I and RNase H. After
the remaining overhangs were converted into blunt ends
and 3’ ends of the DNA fragments were adenylated, cDNA
was ligated to NEBNext Adaptor with a hairpin loop
structure for hybridization. cDNA fragments (150-200
bp) were preferentially purified with the AMPure XP

random hexamer primer

system (Beckman Coulter, Beverly, MA). The size-
selected, adaptor-ligated cDNA was incubated with 3 pL
USER Enzyme at 37 °C for 15 min followed by 5 min at
95 °C, and then PCR was carried out with Phusion High-
Fidelity DNA polymerase, Universal PCR primers and
Index (X) Primer. The PCR products were purified with
the AMPure XP system and the library quality was
assessed on the Agilent Bioanalyzer 2100 system.
Finally, the libraries were sequenced after cluster genera-
tion on an Illumina NovaSeq sequencer (NovaSeq 6000

sequencer, Illumina, San Diego, CA) according to the
manufacturer’s instructions.

Bioinformatics Analysis

Bioinformatic analysis of the RNA-seq data was per-
formed by Novogene. Briefly, imaging data from sequen-
cing were transformed into raw data by CASAVA
recognition (base calling) and subjected to quality control
by removing low-quality reads or reads with adaptors.
Read mapping to the Mus musculus reference genome
(GRCm38, mm10) was performed using the STAR (v2.5)
aligner.?” The read numbers mapped for each gene were
counted using HTSeq (v0.6.1) and calculated to determine
the expected number of fragments per kilobase of tran-
script sequence per million base pairs sequenced
(FPKM).?® Differential gene expression analysis was per-
formed using the DESeq2 R package (v2_1.6.3).*° The
resulting P-value was adjusted using Benjamini and
Hochberg’s approach for controlling the false discovery
rate (FDR), and an adjusted P-value (P,qj) < 0.05 was set
as the threshold for significant differential expression.
Venn diagrams, correlations and clusters of gene expres-
sion in different groups were prepared using the functions
in R. Functional analysis, including Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGQG),
was performed using the clusterProfiler R package.*”

Quantitative Real-Time PCR Analysis
(gPCR)

Total RNA was isolated from all the LPS-infused and
PBS-infused mammary glands as described in 2.3 above
(n = 9), and the RNA was reverse transcribed using
SuperScript™ 1III Reverse Transcriptase (Invitrogen,
Carlsbad, CA). The mRNA expression of individual
genes was analyzed by qPCR using SYBR green. Briefly,
1 uL of cDNA solution was mixed with 500 nM forward
and reverse primers'® in 10 pL, and 10 puL of iTaqg SYBR
Green Supermix (Bio-Rad, Hercules, CA) was added to
each reaction. The primer sequences were provided in
a previous study.'® The reactions were carried out in a Bio-
Rad CFX96 Thermocycler using the following program:
initial denaturation at 95 °C for 30 s and 40 cycles of 5 s at
95 °C for denaturation and 30 s at 60 °C for annealing and
extension followed by melt curve analysis from 65 to
95 °C at 0.5 °C increments at every 5 s. The qPCR data
were analyzed by the 2" (-ddCt) method®' and normal-
ized by the average expression level of the housekeeping
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genes Hprt, Actb, Hnrnpab, and Stx5a. The analysis was
conducted in duplicate or triplicate.

Oxidative Stress and Antioxidation
Assays

Mammary gland tissues were ground with a mortar and
pestle in liquid nitrogen and then lysed in RIPA lysis
buffer [20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM
Na,EDTA, 1 mM EGTA, and 1% NP-40] with a protease
inhibitor cocktail on ice. The lysates were centrifuged at
10,000 g for 15 min at 4 °C. The supernatants were
collected, and the protein concentration was measured
and adjusted to 0.5 mg/mL. The hydrogen peroxide
(H,0,) levels in plasma and mammary tissue were quan-
tified using a Sigma Fluorimetric Hydrogen Peroxide
Assay Kit (#MAK166) according to the manufacturer’s
specifications. The activities of catalase (CAT), superoxide
dismutase (SOD), glutathione peroxidase (GPX), and glu-
tathione reductase (GR) in the plasma and mammary tis-
sues were measured using the CAT assay kit, SOD assay
kit, GPX assay kit, and GR assay kit, respectively, pur-
chased from Cayman Chemical Company (Ann Arbor,
MI) and following the manufacturer’s instructions.

Cytokine Analysis

The plasma and tissue levels of 32 individual cytokines
and chemokines [eotaxin, granulocyte colony-stimulating
(G-CSF),
stimulating factor (GM-CSF), interferon gamma (IFNy),
interleukin 1 alpha (IL-la), interleukin 1 beta (IL-1B),
interleukin 2 (IL-2), interleukin 3 (IL-3), interleukin 4
(IL-4), interleukin (IL-5), interleukin 6 (IL-6), interleukin
7 (IL-7), interleukin 9 (IL-9), interleukin 10 (IL-10),
interleukin 12 p40 (IL-12p40), interleukin 12 p70 (IL-
12p70), interleukin 13 (IL-13), interleukin 15 (IL-15),
interleukin 17 (IL-17), interferon gamma-induced protein
10 (IP-10), keratinocyte chemoattractant (KC), leukemia
inhibitory factor (LIF), C-X-C motif chemokine 5 (LIX),
monocyte chemoattractant protein 1 (MCP-1), macro-

factor granulocyte macrophage colony-

phage colony-stimulating factor (M-CSF), monokine
induced by gamma interferon (MIG), macrophage
inflammatory protein alpha (MIP-1a), macrophage
inflammatory protein beta (MIP-1p), macrophage inflam-
matory protein 2 (MIP-2), regulated on activation normal
T cell expressed and secreted (RANTES), tumor necrosis
factor alpha (TNFa), and vascular epithelial growth fac-

tor (VEGF)] were simultaneously analyzed using the

Milliplex® Mouse Cytokine Array/Chemokine Array 32-
Plex (Millipore Sigma, Burlington, MA) on a BioPlex®
200 (Bio-Rad, CA) by Eve
Technologies Corp. (Calgary, AB, Canada). Briefly, for

system Hercules,
serum samples, 25 pL of serum was diluted with 25 pL
of PBS and sent to the company for analysis. For mam-
mary gland samples, tissue lysates were adjusted to
a protein concentration of 1 mg/mL in RIPA buffer, and
50 pL of each lysate was sent to the company for
analysis.

Statistical Analysis

The statistical significance of qPCR, oxidative stress/anti-
oxidation, and cytokine assay data was determined using
a 2-tailed paired #-test when the data followed a normal
distribution, or by a Wilcoxon matched-pairs rank test
data normally  distributed.
A significant difference was defined when P < 0.05, and
a trend was defined when 0.05 < P < 0.1.

when the were not

Results
RNA-Seq

In RNA-seq, an average of 7G clean bases with an error
rate between 0.02% and 0.03% depending on the positions
were obtained for each of the 10 samples, from which an
average of 96.74% of the 44,670,372 reads were mapped
to the Mus musculus genome. The average Pearson corre-
lation coefficient (R?) between replicates was 0.977 for the
PBS samples and 0.981 for the LPS samples.

There were 908 statistically significant differentially
expressed genes (DEGs, 608 upregulated and 300 down-
regulated) in the LPS-treated glands compared to the PBS-
treated glands (Figure 1). As expected, many inflammation
markers and immune function-related genes were greatly
overexpressed in the LPS-treated glands. First, among
them, the expression of the KI/k/0 gene, which encodes
kallikrein-related peptidase 10, was increased 21.42-fold
and was the most statistically significant DEG. Second,
both subunits of the calprotectin protein (S/0048/49), an
important endogenous activator of TLR4, are also among
the most overexpressed genes. Third, two stefins (intracel-
lular thiol proteinase inhibitors), A3 and A2-like (Stfa3/2),
were also greatly overexpressed. The most significantly
downregulated gene was Gldc, which encodes glycine dec-
arboxylase, a key enzyme of the glycine cleavage system.

Of the 908 significant DEGs, 13 were characterized as
coming from an unknown species, and 895 were characterized
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Figure 1 RNA sequencing analysis of differentially expressed genes in the mam-
mary gland infused with lipopolysaccharide for 12 h compared with the gland
treated with PBS (n = 5): Volcano plot. All the genes with a log,-fold change
above 0.22 or below —0.22 are shown. The gray line represents the cutoff for an
adjusted P-value of 0.05. Red dots represent genes that were statistically significant.
Gdlc, Prss12 and Klk/0 were more statistically significant than shown on the graph.

as belonging to Mus musculus. The 895 confirmed mouse
genes were deliberately classified into 16 categories by main
cellular function (Figure 2, Table S1). Genes related to the
immune response were the most frequently upregulated (173
genes). Genes related to metabolism/homeostasis were

the second most frequently upregulated (64 genes) and the
most downregulated (66 genes). More genes related to prolif-
eration/growth, skin/wound healing, oxidative stress, and
apoptosis were significantly upregulated in the LPS-treated
glands, whereas more genes related to sex hormone/milk
production were downregulated. The expression of genes
related to cell organization appeared to be significantly chan-
ged, with the expression of a high number of genes directly
related to vesicles, membranes, and cytoskeleton arrange-
ments either up- or downregulated in the LPS-treated mam-
mary gland.

Both GO term and KEGG pathway enrichment ana-
lyses of upregulated DEGs in the LPS-treated glands
returned proteasome as the most or second most signifi-
cantly enriched term or pathway based on P,4; (Figure 3A
and B). This feature was particularly notable in the KEGG
pathway enrichment analysis, with the proteasome path-
way being considered more significant than the second
most enriched pathway by a factor of 14 log;. For the
constitutive proteasome, the genes encoding 13 out of the
14 core proteasome proteins were significantly upregu-
lated, and the genes encoding 9 out of the 20 regulatory
subunits were also upregulated (Figure 4). For the

Immunity related

Growth / proliferation

62
41

Skin /
wound healing £ 21

3

Cytoskeleton

173
41

50 Significant 3

Apoptosis

Apoptosis
4 prevention

Oxydative stress

15%
38 \Transcription/

11 DEGs t
Sex hormones / Up =600 12 translation
Milk Down = 295 %
Non-coding / 25 40 Proteasome /
unknown 2

17 4

(2

|

Nervous system /
neurons

Membranes / vesicles

protein turnover

5
35 G) Glycosylation
18 £

Lipids / steroids regulation

Metabolism / homeostasis

Figure 2 RNA sequencing analysis of differentially expressed genes (DEGs) in the mammary gland infused with lipopolysaccharide for 12 h compared with the gland treated
with PBS (n = 5): Classification of DEGs. Genes were divided into 16 categories based on their gene ontology annotation, sequence homology, known pathways, and
literature. Each gene was assigned to only one category. Blue and red colors represent up- and downregulated genes, respectively. The assignments are shown in Table SI.
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Figure 3 RNA sequencing analysis of differentially expressed genes (DEGs) in the mammary gland infused with lipopolysaccharide for 12 h compared with the gland treated
with PBS (n = 5): Top 20 GO terms and KEGG pathways significantly enriched from up- (A and B) or downregulated (C) DEGs with the most significant adjusted P values
(padj) by Benjamini-Hochberg correction for multiple testing (padj < 0.05). n represents the number of genes corresponding to each GO term that were up- or

downregulated.

immunoproteasome, in addition to the core 20s protea-
some, the expression of the 3 specific catalytic subunits
and the 2 specific regulatory subunits was also upregu-
lated, as well as the expression of the general proteasome
maturation factor POMP (Figure 4).

Other significantly enriched KEGG pathways from
upregulated genes in the LPS-treated gland were almost
all associated with inflammation and immune function,
such as IL-17 and TNF signaling, cytokine-receptor inter-
action, nucleotide-binding  oligomerization domain
(NOD)-like receptor signaling or disease-specific path-
ways (Figure 3B). Interestingly, the steroid biosynthesis
pathway was also significantly enriched. No significantly
downregulated KEGG pathway was identified in this
study. For GO terms, 7 of the top 20 enriched GO terms
(Figure 3A) and the 7 most significant cellular component

(CC) terms (Figure S1A) from upregulated genes based on

P4 were all related to protein degradation. The majority
of the other significantly upregulated GO terms were
related to immune functions, such as chemotaxis of
immune cells, response to virus or LPS, and cytokine
secretion and activity (Figure 3A and S1A). In addition,
other noticeably upregulated GO terms in biological pro-
cesses (BP) included nitric oxide/reactive oxygen species
biosynthetic/metabolic process, regulation of angiogenesis,
and apoptotic signaling. The 7 most significantly down-
regulated GO terms and 13 of the top 20 were related to
membrane vesicles and Golgi trafficking (Figure 3C and
S1B). The other 7 of the top 20 downregulated GO terms
were all related to amino acid and small organic molecule
metabolism.

Of the 214 immune-related DEGs, 62 were directly
associated with cytokines, while the rest were mostly
lectins, pathway intermediates, and other immune function
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Figure 4 Upregulation of individual proteasome gene expression by lipopolysaccharide (LPS). In the schematic representation of the standard constitutive proteasome and
the immunoproteasome, the subunits in green represent subunits for which the genes were upregulated in the LPS-treated mammary gland compared to the PBS-treated

gland in RNA sequencing analysis.

regulators. The expression of the genes encoding the cyto-
kines CXCL16, ENA-78, eotaxin, fractalkine, G-CSF, IL-
la, IL-1B, IL-1f6, IL-6, IP-9, lungkine, MCP1, MCP3,
M-CSE, MIF, MIPla, MIP1B3, MIP2B, MIP3A,
RANTES was upregulated, whereas the expression of the
genes encoding CCL6, CXCL17, and VEGF-A was down-
regulated (Figure 5 and Table S2). Additionally, the
expression of the genes encoding 4 types of IL-1 receptors,

and

2 types of IL-13 receptors, the chemerin receptor, an I1L-8/
MIP2B receptor, the G-CSF receptor, and an MCP1/
RANTES/MCP3 receptor was upregulated, whereas the
expression of the genes encoding the IL-6 receptor,
M-CSF receptor, fractalkine receptor, TNF 13b receptor,
and LIF receptor was downregulated. The expression of
twenty various interferon response elements was also
upregulated and the expression of 1 was downregulated.

qPCR

In qPCR, the mRNA expression of all 3 cytokines ana-
lyzed (IL-1B, IL-6, and TNFa) increased from 2.4- to
44 8-fold in LPS-treated glands compared to the PBS
glands (P < 0.01, Figure 6 and Table S3). In addition,
the expression of two milk proteins, B-casein and o-
lactalbumin, was decreased by LPS (P < 0.05), whereas
the expression of o-Sl-casein was not significantly

Relative fold change
5

IR © &
.p“o '\\\; o%Q/Q

Figure 5 Differentially expressed cytokines (mean fold change * sem) in RNA
sequencing among 32 cytokines whose protein concentrations were evaluated
(adjusted P < 0.05). The mRNA expression of Il cytokines was significantly
upregulated, and only the expression of VEGF-A was downregulated in lipopoly-
saccharide-treated mammary glands compared to PBS-treated glands.

changed. The expression of the cell apoptosis marker
Bax was increased by LPS treatment, but the expression
of Bcl-2 and Bad, as well as the expression ratio of Bax/
Bcl-2, was not significantly affected. Moreover, the
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Figure 6 Relative gene expression in the mammary gland treated with lipopoly-
saccharide (LPS) for 12 h compared with the gland treated with PBS as determined
by quantitative real-time PCR. Gene expression was calculated by the 2“4
method and normalized to the levels of the housekeeping genes Actb, Hrpt,
Hnrnpab, and Stx5a. Error bars represent standard error (n = 8). *P < 0.05,
P < 0.01.

correlation coefficient between the fold changes of these
gene levels obtained by RNA-seq and qPCR was very
high, with an R? value of 0.97 (Table S3).

Oxidative Stress and Antioxidation

Analyses

The levels of hydrogen peroxide were decreased in both
the mammary tissue and plasma after 12 h of intramam-
mary LPS challenge (P < 0.05, Figure 7). The enzyme
activity of CAT and SOD was decreased in the mammary
tissue, and the activity of SOD was also decreased in the
plasma after LPS treatment (P < 0.05). The activity of
GPX and GR did not show significant changes at 12 h in
either the mammary tissue or plasma after LPS infusion.

Cytokine Analysis

The fold-change and P-values of the levels of all 32
cytokines analyzed in the mammary tissue and plasma
are shown in Table S4. Of the 32 cytokines analyzed, 6
cytokines had significantly increased levels in both LPS-
infused mammary glands and in plasma after LPS chal-
lenge (Figure 8A). Four of these cytokines are important
chemoattractants for granulocytes and macrophages (IL-
5, IP-10, MCP-1, and MIP-2) and exhibited 2.7-, 2.9-,
4.3- and 1.2-fold increases in the mammary tissue and
7.23-, 17.07-, 255.98- and 24.40-fold
plasma, respectively. The remaining two (IL-6 and

increases in
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Figure 7 Relative activity of antioxidation enzymes catalase (CAT), superoxide
dismutase (SOD), glutathione peroxidase (GPX), and glutathione reductase (GR)
and levels of hydrogen peroxide (H,0O,) in the mammary gland with intramammary
infusion of either lipopolysaccharide (LPS) or PBS (Control) for 12 h (A) and in the
plasma of mice before (0 h) and after intramammary infusion of LPS for 12 h (B).
Error bars represent standard error (n = 9). *P < 0.05, **P < 0.01.

TNFa) are very important regulators of inflammation
and had a 5.5- and 1.9-fold increases in the mammary
tissue and 2019.2- and 15.2-fold increases in plasma,
respectively. The levels of 12 cytokines were signifi-
cantly elevated in the plasma after LPS challenge but
not in the LPS-infused mammary glands (Figure 8B).
Eotaxin, KC, MIG, MIP-la, MIP-1B, and RANTES,
with 1.7-, 34.6-, 38.7-, 7.6-, 35.0- and 45.8-fold increases
in concentration, respectively, are chemoattractant and
recruiting cytokines for granulocytes, natural killers,
monocytes, and other immune cells. M-CSF and G-CSF
are two important colony stimulating factors, with 2.0-
and 326.9-fold increased concentrations, respectively. IL-
la, IL-13, and IL-17, with 10.6-, 2.1- and 14.1-fold
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Figure 8 Changes in cytokine concentrations in the mammary gland after intramammary infusion of either lipopolysaccharide (LPS) or PBS for 12 h (bottom panel in A and
upper panel in C) and in the plasma of mice before (0 H) and after (12 H) intramammary infusion of LPS for 12 h (B, upper panel in A, and bottom panel in C). (A)
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increased concentrations, respectively, are important
proinflammatory cytokines, and VEGF is an important
angiogenesis factor with a 2.1-fold increased concentra-
tion. However, eotaxin, MIP-1B, RANTES, and G-CSF
also exhibited a trend of increased levels in mammary
tissue (0.1 > P > 0.05).

The levels of three cytokines, namely, IFNy, IL-10, and
IL-2, were significantly lower in the LPS-infused mam-
mary glands than in the PBS-infused glands (0.87-, 0.77-
and 0.88-fold concentrations, respectively), but were sig-
nificantly higher in the plasma after infusion of the mam-
mary gland with LPS (7.0-, 9.4- and 2.7-fold, respectively)
(P < 0.05, Figure 8C). IL-12 p40 also followed this trend,
but the increase in plasma level was not significant (P =
0.058). Additionally, the level of IL-4 (0.64-fold) was
significantly lower only in the LPS-infused mammary
glands, and the level of IL-9 (0.66-fold) was significantly
lower only in the plasma after infusion of the mammary
gland with LPS (Figure 8C). The level of LIF (2.4-fold)
was also significantly higher in tissue but not in the plasma
after LPS challenge (Figure 8C).

Discussion

In our previous study, LPS induced dramatic inflammatory
responses, as demonstrated by the massive recruitment of
immune cells into alveoli and acute changes in the expres-
sion of cytokines (///B, 116, and Thfa), milk proteins (Csn2
and Lalba), and genes involved in apoptosis and oxidative
stress (Bax and Ngol) in the mammary gland after 12 h of
LPS challenge.'® To extend that study, in the present
research, we first carried out an RNA-seq analysis to
profile the comprehensive transcriptome changes in the
intramammary LPS-challenged gland compared to the
contralateral gland treated with PBS for 12 h. Our RNA-
seq results showed over 900 DEGs. It is no surprise to see
that among these genes, 214 were related to inflammation
and immune function (mainly cytokines and their pathway
intermediates and other immune function regulators), of
which the majority (over 170) showed upregulated
expression.

However, the top enriched GO terms and KEGG path-
ways from the upregulated genes in the RNA-seq results
were proteasome complex and endopeptidase activity. The
proteasome is a multisubunit endopeptidase complex
responsible for the degradation of unneeded or damaged
intracellular proteins by proteolysis. Protein degradation
by proteasomes plays important roles in the regulation of
a variety of basic cellular processes, such as the cell cycle,

apoptosis, tissue development, signal transduction,
immune responses, metabolism and protein quality con-
trol, by degrading short-lived regulatory or structurally
aberrant proteins often marked by polyubiquitination.*
The immunoproteasome is a specialized form of the pro-
teasome that is abundantly expressed in immune cells.*”
The proteasome plays a critical role in the function of the
adaptive immune system by degrading peptide antigens
derived from invading pathogens displayed by the major
histocompatibility complex class I (MHC) proteins. LPS
has been previously shown to be able to induce the for-
mation of immunoproteasomes,’® which is essential to
macrophage production of nitric oxides and various proin-
flammatory cytokines.>> Ubiquitin-mediated proteasome
expression was also previously shown to be increased
following LPS-mediated endotoxemia,® although research
has mainly concentrated on the catalytic subunits 1, B2,
and B5. Here, we demonstrated an almost ubiquitous
increase in the expression of all immunoproteasome sub-
units, as well as almost half of the regulatory subunits of
the constitutive proteasome. The overwhelming increase in
proteasome gene expression after LPS treatment in this
study suggests that the proteasome is an essential part of
the immune response.

The next top upregulated GO terms and KEGG path-
ways were cytokine signaling pathways (such as IL-17 and
TNF signaling pathways) and macrophage and granulocyte
migration which are also strongly associated with cytokine
functions. The gene expression of the cytokines CXCL16,
ENA-78, eotaxin, fractalkine, G-CSF, IL-1a, IL-1p, IL-
1f6, IL-6, IP-9, lungkine, MCP1, MCP3, M-CSF, MIF,
MIPla, MIP1B, MIP2B, MIP3A, and RANTES was up-
regulated, whereas the gene expression of CCL6,
CXCL17, and VEGF-A was downregulated in the LPS-
treated glands. To further identify the local and systemic
cytokine responders, the protein concentrations of 32 cyto-
kines in the mammary tissue and plasma were analyzed
after LPS treatment. Unfortunately, CXCL16, ENA-78,
fractalkine, IP-9, lungkine, MCP3, MIP3A, CCL6, and
CXCL17 were not included in the cytokine array we
used, and their protein levels were not evaluated, although
their mRNA expression was significantly up- or down-
regulated in the mammary gland by LPS. Most of these
cytokines are relatively novel cytokines and as such, they
could represent potentially interesting candidates for future
research.

Of 32 cytokines analyzed by cytokine array, the levels
of 24 were significantly or tended to be increased in the
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blood following LPS administration, but only the levels of
12 were increased in the mammary tissue. Of the 12
cytokines whose levels were increased in the mammary
gland, eotaxin, IP-10, MCP-1, MIP-1p, MIP-2, and
RANTES are potent chemoattractants®’ and may be the
key players in inducing immune cell infiltration into the
LPS-treated glands,'® whereas G-CSF, M-CSF, IL-5, IL-6,
LIF, and TNFa are key mediators in the activation and
proliferation of immune and inflammatory cells.*” Among
these 12 cytokines, the mRNA expression of G-CSF,
M-CSF, eotaxin, IL-6, MCP-1, MIP-1B, MIP-2f, and
RANTES was also increased in the LPS gland, whereas
the mRNA expression of IL-5, LIF, IP-10, and TNFa was
not significantly changed, indicating potential posttran-
scriptional regulation of these 4 genes. Except for LIF,
the 11 other cytokines also exhibited increased protein
levels in the blood after intramammary LPS challenge,
indicating both local and systemic roles of these cytokines
in the acute phase of LPS-induced mastitis. The increased
mammary production of these cytokines may at least par-
tially contribute to the systemic rise of these cytokines in
blood. Moreover, while the expression of IL-6 and M-CSF
was increased in the LPS gland, the gene expression of
their receptors was decreased, suggesting a potential feed-
back loop mechanism in the mammary gland.

In contrast, the protein levels of INFy, IL-2, IL-4, IL-
10, and IL-12 (p40) were lower in LPS-infused mammary
tissue (the reads for these cytokines were too low to be
analyzed by RNA-seq). Reductions of INFy, IL-2, and IL-
4 expression were also observed in bovine mammary
glands at 3 or 12 h after LPS challenge (Choudhary
et al., unpublished observation). These cytokines may
play an anti-inflammatory role in the acute phase of LPS-
mediated inflammation in the mammary gland. IL-4 and
IL-10 are
cytokines.*®*? Reduction in the levels of these cytokines

well-known  potent  anti-inflammatory
may support inflammatory reactions in the mammary
gland at this phase of LPS challenge. All these anti-
inflammatory cytokines, except IL-4, were or tended to
be expressed at higher levels in the blood at 12 h after LPS
treatment. The increase in these cytokine levels in the
blood implies that these cytokines may play a systemic
anti-inflammatory role to protect other tissues from inflam-
matory reactions.

The concentrations of IL-1a, IL-1p, IL-7, IL-13, IL-17,
KC, MIG, MIP-1a, and VEGF were or tended to be higher
in the blood, but not in the mammary gland after LPS
injection. These cytokines must be produced and secreted

from nonmammary sources, such as immune cells or
hepatocytes, and contribute to systemic responses to LPS
challenge together with other systemically increased cyto-
kines discussed above. IL-9 was the only cytokine whose
level was reduced in the blood after LPS challenge. IL-9
remains an understudied cytokine. There is evidence that
IL-9 plays a role in regulating immunity to infectious
disease through several mechanisms, including suppres-
sion of inflammatory cytokine production and the respira-
tory burst in monocytes.***' Thus, decreased levels of this
cytokine may also help systemic immune responses.
Reactive oxygen species biosynthetic/metabolic pro-
cesses were among the enriched GO terms from the upre-
gulated genes in LPS-treated glands, consistent with
increased oxidative stress in acute mastitis observed
previously.*>** However, these processes appeared to be
mainly related to the biosynthetic/metabolic processes of
nitric oxide because the nitric oxide synthase 2 (iNOS,
Nos2), dynein light chain 1, cytoplasmic (Dynl/ll) and
(Ddahl)
genes were among the upregulated genes. iNOS is

dimethylarginine dimethylaminohydrolase 1

a nitric oxide synthase induced by a combination of LPS
and certain cytokines* and plays a key role in the host
defense of mammals against infectious agents.
Cytoplasmic dyneins physically interact with neuronal
nitric oxide synthase to destabilize the enzyme dimer and
control its activity.*’ Dimethylarginine dimethylaminohy-
drolase activity removes methylarginine accumulation to
stimulate nitric oxide synthesis.*® Thus, these three genes
are closely associated with nitric oxide production. In
addition, upregulation of the immunoproteasome promotes
macrophage production of nitric oxides as described
above. Nitric oxide is a signaling molecule that plays
a key role in the pathogenesis of inflammation. Nitric
oxide plays an anti-inflammatory role under normal phy-
siological conditions but can also be a proinflammatory
mediator due to overproduction in abnormal situations.
The release of nitric oxide was observed in milk somatic
cells in cows during endotoxin-induced mastitis.*’ The
hydrogen peroxide concentration was decreased in the
mammary gland after 12 h of LPS treatment in this
study, which was contrary to the increased concentration
in our previous study.'® The reason for the discrepancy
between these two studies is not known, but we hypothe-
size that a high hydrogen peroxide concentration may be
present at earlier times of LPS treatment. Supporting this
notion, the hydrogen peroxide concentration was lower at

24 h post LPS challenge in our previous study. In
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supporting increased oxidative stress in LPS-treated
glands, the activities of the antioxidant enzymes CAT and
SOD were decreased in the mammary tissue and/or plasma
after LPS treatment in this study,
a decreasing trend in total antioxidant capacity observed

consistent with

in LPS-treated mammary glands at 12 and 24 h in our
previous study.'®

One of the top DEGs is the overexpression of KilkI0,
which encode a serine protease, consistent with the findings
in cows.*® This finding is of particular interest because
a modification of K/k/0 expression has been implicated in
various cancer types, including breast cancer,”” where it is
thought to act as an antitumoral factor.>® To make matters
more complicated, an upregulation of K/k/0 expression has
also been observed to promote metastasis and a poorer
prognosis in some cancer types.’' The strong induction of
KIk10 by LPS in the mammary gland suggests an important
role of this protein in mastitis, but the exact role is unknown
and may be related to its role in breast cancer tumorigenesis.
In addition, could this overexpression of K/k/0 from mas-
titis play a role in the long-term development of breast
cancer? There is evidence that women with mastitis have
a higher chance of developing breast cancer.” K/k10 was not
the only breast cancer marker to be affected by LPS treat-
ment in this study. The expression of Ral GTPase activating
protein alpha subunit 1 (Ralgapal)®* and neuroepithelial
cell transforming gene 1(Net/),>® both known markers of
breast cancer, was found to be significantly downregulated
in LPS treatment. Additionally, the expression of Kriippel-
like factor 15 (KIf15),>* a known breast tumor suppressor,
was downregulated, whereas the expression of estrogen-
sensitive tetratricopeptide repeat domain 9 (7tc9), thought
to be implicated in metastasis of breast cancer,’” was upre-
gulated. These findings suggest that LPS-induced mastitis
activates both tumor-promoting and tumor-suppressing
pathways in the mammary glands of mice.

The major significantly downregulated GO terms were
vesicle membrane, ER to Golgi vesicle-mediated trafficking,
and metabolism of amino acids and other organic molecules.
Milk depression is the major driver of economic loss due to
mastitis. In our previous study, intramammary LPS chal-
lenge resulted in a rapid decrease in milk yield in the cow
mammary gland,'" which is consistent with the decreased
expression of the major milk proteins B-casein and o-
lactalbumin and the downregulation in metabolism observed
in this study. a-Lactalbumin is also a component of lactose
synthase, which controls milk volume by regulating lactose

synthesis. The secretion of many milk components,

including caseins and lactose, is mediated by exocytosis of
membrane vesicles generated from the Golgi apparatus.®®
Thus, the downregulation of the vesicle membrane and
vesicle-mediated trafficking in this study may be a result
of decreased milk synthesis, but it is also possible that this
downregulation may contribute to the decrease in milk
yield.

There are several limitations in this study. First, in this
study, we adapted a mouse model in which the 4th pair of
mammary glands was unilaterally challenged with either
LPS or PBS through the teats. The model had a major
advantage in reducing individual animal differences in
studying the local effects of LPS in mammary tissue, but
we cannot rule out the possibility that LPS injected into
one gland entered the PBS-injected glands through the
bloodstream, which could mask some local effects by
causing a systemic effect on the PBS glands. Second, our
mammary gland analyses were performed at the tissue
level. The changes included local changes in mammary
epithelial cells and other cells and may also include
changes in cell types, particularly immune cells. Third,
we cannot rule out the effect of time in our observations
of cytokine levels in the plasma because our plasma cyto-
kine analyses were conducted at 0 and 12 h of LPS treat-
ment. However, the time effect should be minimal, as

observed in other studie:s,l6’57

and unlikely to impact our
major observations. Finally, our observations were limited
to only one time point (12 h after LPS treatment). Gene
expression and cytokine production are dynamic processes
that change over time. Our observations are only applic-

able to the early acute phase of LPS challenge at 12 h.

Conclusions

In the present study, we reported transcriptome changes in
mammary tissues and changes in cytokine levels in the
mammary gland and blood of mice after intramammary
LPS challenge for 12 h. Transcriptome changes in the
mammary gland indicated that LPS induced strong proin-
flammation responses, including granulocyte and mono-
cyte migration and cytokine production and signaling.
LPS activated both the ubiquitin-mediated and immune-
mediated proteasomes and resulted in an increase in nitric
oxide-mediated oxidative stress. Additionally, the expres-
sion of a few known breast cancer markers (K/k10,
Ralgapal, Netl, KIf15, and Ttc9) was either up- or down-
regulated. Furthermore, LPS induced downregulation of
the vesicle membrane, vesicle-mediated trafficking, and
in the

metabolic processes of organic molecules

4064 "

Dove!

Journal of Inflammation Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Takashima et al

mammary gland. Of the 32 cytokines analyzed, the levels
of 24 (mainly IL-6, G-CSF, MCP-1, RANTES, MIG,
MIP-1f3, KC, MIP-2, IP-10, and TNFa) were increased
or tended to increase, and only the level of IL-9 was

decreased in blood after LPS treatment. These cytokines

represent systemic responders. However, only the levels
of IL-5, IL-6, IP-10, LIF, MCP-1, MIP-2, and TNFa were
significantly increased (representing potential local proin-
flammatory cytokines), and the levels of INFy, IL-2, IL-4,
IL-10, and IL-12(p40) were decreased (representing local

anti-inflammatory cytokines) in the mammary gland after

LPS challenge. These observations provide potential mar-

kers and targets for further studies of the prevention and

treatment of LPS-induced mastitis.
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