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Metformin alleviates LTA-induced inflammatory response through
PPARY/MAPK/NF-kB signaling pathway in bovine mammary
epithelial cells
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Abstract: Mastitis is a common inflammatory cow mammary infection; that causes significant economic loss in dairy
industry. Given the interesting connection between metformin’s anti-inflammatory function and mastitis model
induced by LTA in pbMECs, our objective was to prove that metformin was beneficial in suppressing
proinflammatory response induced by LTA through modulation of mitogen-activated protein kinase (MAPK) and
nuclear factor kappa B (NF-kB) signaling pathways and activation of peroxisome proliferator-activated receptor-y
(PPARy) in pbMECs. The proliferation of cells and mRNA expression were measured using EdU assay and
quantitative reverse transcriptase-polymerase chain reaction (QRT-PCR). Immunoblotting and immunofluorescence
analysis were conducted to evaluate the expression of target proteins in inflammatory and anti-inflammatory
responses to metformin and LTA. Finally, ppMECs were allowed to treat with the PPAR antagonist GW9662, and
inflammatory markers were detected in the cells. Our results showed that LTA concentration at 100 pg/mL
significantly stimulated the MAPK14, IL-6 and IL-1p mRNA expressions compared to the control cells (P < 0.05) in
dose-dependent tests for LTA. Metformin suppressed the phosphorylation expressions of MAPK (ERK1/2, p38, and
JNK) in LTA-stimulated ppMECs. Metformin also reduced the protein expression of NF-kB, interleukin-8 (IL-8),
interleukin-1p (IL-1P) and interleukin-6 (IL-6) in pbMECs pretreated with LTA. Metformin administration activated
PPARy phosphorylation by up-regulating the expression of PPARy in LTA-stimulated pbMECs. Treatment with
GW9662 resulted in increased IL-6 expression, which was reversed by metformin. These findings collectively
indicated that metformin act to attenuate LTA-stimulated inflammatory response in ppMECs by suppressing MAPK
and NF-«B activation via a mechanism partially dependent on PPARy activation. These results suggested that

metformin could function as an anti-inflammatory drug in the treatment of mastitis.

costly bovine mammary illness that affects the milk production
sectors (Glinther et al., 2010); and significantly affects animal
health, production ability and may eventually cause a major
economic loss to the dairy farm business (Halasa et al,, 2007;

Introduction

Mastitis is a common and serious infectious disease in the dairy
business caused by many distinct kinds of contagious pathogens

spread among cows, resulting in mastitis infection; these
pathogens include Staphylococcus  aureus, ~ Streptococcus
agalactiae, Mycoplasma spp. and Corynebacterium bovis
(Patterson, 2017). Mastitis is a common, inflammatory and
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Petrovski et al., 2006). Staphylococcus aureus infection causes
almost one-third of dairy cattle’s clinical and subclinical
mastitis infections. Among the numerous bacterial and fungal
pathogenic factors, S. aureus is one of the key pathogens that
cause mastitis (Pereira ef al., 2011). Lipoteichoic acid (LTA), as
a cell wall component of gram-positive bacteria (S. aureus), is
a key element used to trigger inflammatory reactions (Wall
et al.,, 2016) and influences lactation in dairy cows’ mammary
glands (Mount et al., 2009; Wu et al., 2020).
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Nuclear factor-kappa B (NF-kB) and mitogen-activated
protein kinase (MAPK) signalling pathways helped in the
regulation of cytokines and chemokines, which are
important immune mediators during inflammation (Calzado
et al., 2007). Furthermore, the interaction of TLR2-S. aureus
resulted in the rapid activation and coordination of different
intracellular NF-xB and MAPK signaling pathways (Hines
et al., 2013).

Selenium inhibits the production of TNF-a, IL-1P and
IL-6 inflammatory biomarkers in S. aureus-stimulated
pbMECs, via TLR2, NF-kB and MAPK signaling pathways,
which may be attributed to the Selenium anti-inflammatory
role (Wang et al., 2018). Morin’s (flavono pigment) ability to
suppress the NF-B and MAPK signaling may also represent
its protective effects against LPS-induced inflammatory
responses in pbMECs; as a result, Morin may be used as an
anti-inflammatory medicine for mastitis (Wang et al., 2016).
Furthermore, in an LPS-induced mastitis model using
isolated pbMECs, tea tree oil decreased cellular death while
decreasing protein quantities of NF-kB, mitogen-activated
protein kinase 4 (MAPK4), and caspase-3 (Chen et al,
2020b). Docosahexaenoic acid (DHA) reduced the
inflammatory response to LPS in pbMECs by decreasing
NEF-B activation via a mechanism that was partly reliant on
PPAR activity (He et al., 2017). In addition, cis-9, trans-11-
conjugated linoleic acid (CLAs) can reduce Escherichia coli-
induced inflammation in pbMECs, and this effect is
mediated through the TLR4-NF-B pathway and PPAR
participation, as cells pretreated with CLA expressed
significantly lower levels of p-p65, p-IkB, TLR4, and higher
PPAR gene and protein expressions level following E. coli
challenge (Ma et al., 2019).

Currently, antibiotics are used to treat mastitis, which has
resulted in an antibiotic resistance problem in dairy
production (Guérin-Faublée et al, 2003; Constable and
Morin, 2002). Therefore, it is critical and urgent to identify
and develop an alternative safe and effective medication to
replace antibiotics in the treatment of cow mastitis, which is
a growing area of interest in veterinary research.

Metformin (1, 1-dimethylbiguanide hydrochloride), an
oral anti-diabetic medication derived from natural
constituents present in plant Galega officinalis, often known
as French lilac or goat’s rue, and has been used for treating
type 2 diabetes for decades (Saisho, 2015). Metformin has
many biological functions that have been studied, including
anti-inflammatory and anti-carcinogenic properties (Hyun
et al, 2013; Liu et al, 2020). Alternatives promising
antibiotics have been suggested as an effective strategic
means to circumvent drug resistance and counteract the
negative effects of pathogenic bacterial infection during
inflammation (Liu ef al., 2020). Many studies have been
done on the animal model in different conditions. A study
in Colitic mice reported that metformin is an important
candidate for suppressing gut pathological inflammation (di
Fusco et al., 2018). Moreover, Metformin injection in the
Parkinson’s animal model reduced inflammatory markers
such as IL-1pB, iNOS, and TNF-a, and reduced the number
of microglia cells, therefore suppressed the inflammatory
response (Ashabi et al., 2015). Moreover, metformin has
been found to enhance p-ERK1/2 expression and reduce cell
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proliferation in human immortalized keratinocytes; this
process may be connected to the activation of the MAPK
signaling system (Li et al., 2014). Recently, we discovered
that metformin treatment assists in the decrease of
inflammatory process in LPS-challenged bMECs via
AMPK/NF-kB signaling (Xu et al, 2021b). In addition,
metformin inhibits inflammation and oxidative stress by
modulating the AMPK/Nrf2/NF-«xB signaling pathway in
LTA-stimulated pbMECs, highlighting the importance of
AMPK as a potential therapeutic approach for the treatment
of bovine mastitis (Arbab et al., 2021). However, the actual
mechanisms underlying metformin’s anti-inflammatory
action on LTA-stimulated ppMECs have not been widely
researched. The main objective of this work was to
prove that metformin was beneficial in suppressing
proinflammatory response induced by LTA through
modulation of mitogen-activated protein kinase (MAPK)
and nuclear factor kappa B (NF-kB) signaling pathways and
activation of peroxisome proliferator-activated receptor-y
(PPARY) in pbMECs.

Materials and Methods

Materials

Metformin (Met) with a purity of higher than 97 percent was
bought from Sigma (D150959, Sigma-Aldrich, St. Louis,
USA). Sigma sold the LTA (derived from Staphylococcus
aureus) used in this research (L2515, Sigma-Aldrich, St.
Louis, USA).

Ethics statement

All experimental procedures were certified by Yangzhou
University’s Animal Experiment Committee (YZUDWLL-
202003-209) in accordance with the Regulations concerning
the Administration of Affairs Concerning Experimental
Animals (The State Science and Technology Commission of
China, 1988), which were published in 2004 by the Ministry
of Science and Technology of China.

Primary bovine mammary epithelial cells isolation and culture
Biopsy mammary gland was performed on three dairy cows at
peak lactation (Chen et al., 2019a). Fat and connective tissue
was removed after PBS washing. After subculturing, bovine
mammary epithelial cells were isolated using the tissue
block technique, purified by differential digestion, and
cryopreserved. Dulbecco’s modified Eagle’s medium/F12
(DMEM/F12) supplemented with 10% (vol/vol) fetal
bovine serum, 5 g/mL bovine insulin, and 10 Ku/L
cyan/streptomycin was used to culture the cells. The
resuscitated mammary epithelial cells were grown in an
incubator at 37°C, 5% CO,, and appropriate humidity. The
medium was changed every 48 h. The ppMECs were digested
with 0.25% trypsin for passaging, and the growth of cells was
observed using an inverted microscope (Chen ef al., 2020b).
As previously reported, the culturing of pbMECs was
carried out (Chen ef al, 2019a; Ma et al, 2019). Cell
isolation and purification were performed on mammary
tissue collected from three dairy cattle with no historical
clinical symptoms. The basal media used to grow the
pbMECs included DMEM/F12 (Catalogue No. 11320082,
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American Thermo Fisher, Waltham, MA, USA) and 10% fetal
bovine serum, and various cytokines (e.g., 5 pug/mL bovine
insulin, 10 kU/L cyan/streptomycin) (Catalog No. 7120-30,
Invitrogen, Carls-bad, CA, USA). The resuscitated ppMECs
were cultured in a humidifier at 37°C, 5% CO,. When the
cell confluence attained 80%, after infection with small RNA
chemical synthesis reagents, cells were harvested 48 h later
for the following analyses. Each treatment was performed in
triplicate. All experiments were performed on cells at
passages 4 to 6. Cells (2 x 10> cells/well) were seeded in 6-
well plates and incubated overnight in complete medium
(90% RPMI 1640, 8119417 Gibco, CA, 10% fetal bovine
serum and antibiotics (penicillin 100 IU/mL; streptomycin
100 pg/mL). All supplemented mediums were from Gibco
(Thermo Fisher Scientific, CA). The cells were preserved in
a humidified incubator at 37°C and 5% CO, until they
reached confluence.

Experimental design
This study evaluated and optimized the inflammation model
regarding LTA and metformin concentrations. To find an
appropriate metformin treatment for the subsequent
experimental work, we used the EdU assay to identify
metformin dose-dependent effect on cell viability for the
pbMECs pretreated with metformin for 12 hours at graded
concentrations of (0, 3, and 10 mM) (Fig. 1). The qRT-PCR
analysis was used to measure LTA dose-dependent in
pbMECs stimulated by LTA at (0, 50, and 100 ug/mL) for
6 h (Figs. 2A-2C).

LTA was used to stimulate the mastitis setting in vitro.
To make a 1 pg/mL stock solution, a total of 5 pg of LTA
was dissolved in 5 mL of RPMI 1640 (CCM). As study
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design, four experimental trials set as follow: a control
group (Control) cells supplied only with PBS; LTA
treatment refers (LTA) cells administrated with LTA at a
concentration of 100 pug /mL for 6 h; combined metformin
with LTA group (MET + LTA) for cells pretreated with
metformin and subsequently primed with LTA and
metformin group (MET) for cells only pretreated with
metformin at a dose of 3 mM according to the dose-
dependent assay for 12 h (Fig. 6). In addition, to clarify that
metformin’s effect on the inflammatory process is PPARy
activation-dependent, GW9662 (1 mM), a PPARy inhibitor,
was used at a dosage of 1 mM.

5-Ethynyl-2’-deoxyuridine (EAU) detection

The BeyoClick EdU cell proliferation kit with Alexa Fluor 555
(Beyotime, Shanghai, China) was used in accordance with the
manufacturer’s protocols to measure the ability of ppMECs to
proliferate in response to different treatments. Cells were
incubated with 1X EdU (10 pM) solution for 2 h,
subsequently fixed with 4% paraformaldehyde at room
temperature (RT) for 20 min and permeabilized with 0.3%
Triton X-100 in PBS for 15 min at RT. For nuclear staining,
cells were incubated with 1X Hoechst for 10 min at RT in
the absence of light. Finally, cells were imaged at 200x
magnification using a DMi8 Microsystems GmbH (Leica,
Wetzlar, Germany) fluorescence microscope.

RNA isolation, ¢DNA and gene expression by using
quantitative real-time PCR analysis

After discarding the cell culture, PBS was used to wash the
cells two times before using the TRIzol reagent (Catalog No.
9108, Takara, Dalian, China) to isolate the Total RNA in

Overlap

FIGURE 1. EdU assay for determination
of cell proliferation. Cells were
pretreated with or without metformin
at doses of 3 mM and 10 mM for 12 h,
followed by the induction of 100 pg/ml
LTA for 6 h.
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cells and a RNA concentration was measured using a
NanoDrop ND-1000 spectrophotometer  (NanoDrop
Technologies). The purity of RNA (A260/A280) for all
samples was above 1.9. RNA quality was assessed using a
2100 Bioanalyzer (Agilent Technologies). Samples had a
median RNA integrity value of 6.7 + 1.2. 1 ug Total RNA
was added to the reaction system and reverse transcribed
into cDNA using a Prime Script RT Master Mix Kit
(Catalog No. RRO036A, Takara), as described in the
manufacturer. Premier 6.0 software (Premier Biosoft
International, Palo Alto, CA, USA) was used to create
related primers, and the primer sequences are shown in
Table 1. Before using primers, their efficacy was evaluated.
Each ¢cDNA sample was amplified through qRT-PCR using
the SYBR Premix Ex Taq Kit (Catalog No. DRR420A,
Takara) on an ABI 7300 Fast Real-time PCR system
(Applied Biosystems, Foster City, CA, USA). In our
research, we used Glyceraldehyde phosphate dehydrogenase
(GAPDH), RPS9, and UXT as internal controls for RNA
expression in our experiments. Fold changes of the related
mRNAs were quantified by the 27**" method (Pfaffl, 2001).

The reverse transcription—-generated ¢cDNA encoding,
Mitogen-activated protein kinase 14 (MAPK14), interleukin-
1B (IL-1P), interleukin 6 (IL-6), GAPDH (glyceraldehyde-3
phosphate dehydrogenase), UXT (Ubiquitously-expressed
transcript), RPS9 (Ribosomal Protein S9) were amplified by
RT-PCR using primers. F, forward primer (5'-3'); and R,
reverse primer (3'-5').

Western blot analysis

Western blot was carried out in accordance with the previously
published procedures (Chen et al, 2019a). In brief, ppMECs
were lysed in RIPA lysis buffer (Beyotime Biotechnology,

ABDELAZIZ ADAM IDRISS ARBAB et al.

S0uL/ml
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FIGURE 2. Dose-dependent effect of
LTA in PBMECs. Effect of LTA on
MAPK14, IL-6 and IL-13 gene
expressions measured in ppMECs by
qRT-PCR (A-C). Glyceraldehyde-3
phosphate dehydrogenase (GAPDH)
is used as a reference control.
Values were represented as means +
SEM. LTA, lipoteichoic acid, NC,
control. Different uppercase (A and
B) letters on the top of bars indicate
significant differences (P < 0.05).

Shanghai, China), then electrophoresed in 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS
—PAGE) gels and then were transferred onto nitrocellulose
membranes (Bio Trace, Pall Corp, Port Washington, NY,
USA). After blocking for 2 h at room temperature with 7%
skim milk or 5% bovine serum albumin (BSA) (used for
phosphorylated protein) in Tris-buffered saline with Tween
(TBST), the nitrocellulose membranes were incubated
overnight at 4°C with different anti-p65 (#AF1234), p-
IKBa (#AF1870) IL-1p (#A108133611), IL-6, IL-8
(#AH09037217), MAPK Family Antibody (JNK (#AF1048),
p-JNK (#AF1767), ERK1/2 (# AF1051), p-ERK1/2 (#AF1891)
and p-p38 (#AF5884), PPARy (#AF7797) Family Antibody

TABLE 1

Primer sequences used in this study

Gene Sequence (5'-3)
MAPK14 F:AAGAACCTACAGAGAACTGCGGTTA
R:GTCACCAGGTACACATCATTGAATTC
IL-1 F:ATTCTCTCCAGCCAACCTTCATT
RTTCTCGTCACTGTAGTAAGCCATCA
IL-6 F:CCAGAGAAAACCGAAGCTCTCAT
R:CCTTGCTGCTTTCACACTCATC
GAPDH F:-TTGTCTCCTGCGACTTCAACA
R'TCGTACCAGGAAATGAGCTTGAC
UXT F: TGTGGCCCTTGGATATGGTT
R: GGTTGTCGCTGAGCTCTGTG
RPS9 F: CCTCGACCAAGAGCTGAAG

R: CCTCCAGACCTCACGTTTGTT
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overnight, and GAPDH (#AF1186)), Rabbit antibodies were
purchased from Beyotime; IL-8 (#AH09037217), and IL-1P
were obtained from Bioss ANTIBODIES (AL08133511/bs-
6319R). P-p65 (#3033) was derived from Cell Signaling
Technology (Danvers, MA). After washing with TBST, 6
times 5 min each time, the blots were incubated at room
temperature for 2 h with a diluted 1:5,000 goat anti-rabbit
secondary antibody obtained from Abcam (ab6712). After
being washed with TBST 6 times 5 min each and
chemiluminescence, bands were detected and analyzed with
Bio-Rad Gel Doc 2000 system analysis software (Bio-Rad,
Hercules, CA). GAPDH was used as a reference in our
present study. A quantitative analysis of protein expression
was performed using Image J software.

Immunofluorescence analysis

Ten thousand (2 x 10* cells/well) ppMECs were seed per well
in 12-well plates. The cells were cultured overnight before
being treated according to the experimental protocol. For
the immunofluorescence technique, PBS (200 L/well) was
used to rinse the coverslips bounded by cells triple before
adding 4 percent paraformaldehyde (500 L/well) to fix the
cells structure for 15 minutes. Cells were washed three times
with PBS before perforating with 0.3% Triton X-100 (T9284,
Sigma-Aldrich) at room temperature for 15 minutes to
increase permeability. After three times washed with PBS,
the cells’ surfaces were blocked using 1 x PBS/5% BSA/0.3%
Triton-100 blocking buffer at room temperature for 1 h.
The resultant cells were then incubated against p38, p65, IL-
6, and PPARy primary antibodies (same as those used in
the Western blot analysis) in antibody buffer (1 x PBS/1%
BSA/0.3% Triton X-100) at 4°C overnight, followed by
washing triple with PBS, the cells were then stained for 1 h
in the dark at 37°C with the FITC-conjugated goat anti-
rabbit antibody (A0562, Beyotime). PBS was used to wash
the cells three times gently. The cell nucleus was stained by
DAPI (1 pg/mL) (D8417, Sigma-Aldrich) for 5 min before
being rinsed triple with PBS. Using a DMi8 Microsystems
GmbH (Leica, Wetzlar, Germany), the expression of p38,
p65, IL-6, and PPARy was visualized.

Statistical analysis

The means + standard error (mean + SEM) was used to report
the data. Significant differences between treatments groups
were determined by one-way ANOVA with Duncan’s
multiple range-tests by IBM SPSS 20.0 Statistics for
Windows (IBM Inc., New York, NY, United States). P-
values less than 0.05 were considered statistically significant.
Experiments were conducted in triplicate.

Results

Determination of the metformin effect on ppbMECs proliferation
Metformin concentration was carried out using Flow
Cytometry, western blot analysis and CCK-8 assay, and
determined the dose of metformin 3 mM was suitable in
accordance with our previous published work (Arbab et al.,
2021; Xu et al, 2021b). This study used EdU assay to
confirm the proper dose of metformin and investigate
pbMECs proliferation following metformin treatment.

2447

Compared to the control group, metformin at dose 10 mM
affected the cell proliferation due to the inhibited EdU
staining. Cells pretreated with metformin at a concentration
of 3 mM blocked the effect of LTA-mediated suppression of
cells proliferation (Fig. 1). This metformin (3 mM) dose was
considered suitable and used in this experiment as no
cytotoxic effect was observed.

Optimizing LTA concentration by using qRT-PCR technique in
PpbMECs

In our previous study, the qRT-PCR technique was used to
measure LTA dose-dependency (Arbab et al., 2021). In this
experiment, the mRNA expressions of Mitogen-Activated
Protein Kinase 14 (MAPKI14), interleukin 6 (IL-6), and
interleukin-1B (IL-1B) in LTA-induced pbMECs by was
measured at doses (0, 50, and 100 pg/mL) doses for 6 h, as
shown in Fig. 2. The results revealed that ppMECs stimulated
with LTA at dosages of 0, 50, and 100 ug/mL for 6 h; the
MAPKI14 gene expression showed difference between the
control and 100 pg/mL groups (P > 0.05) (Fig. 2A).
Compared to the control group, the IL-6 gene expression was
different at 50 and 100 pg/mL of LTA groups (P < 0.05)
(Fig. 2B). Compared to the control group, the mRNA levels
of IL-1P increased in LTA treatments at 50 and 100 pg/mL
(P < 0.05) (Fig. 2C). Therefore, we determined from these
results that LTA at a concentration of 100 pg/mL was
suitable for the next experiments of this study.

Metformin inhibits the LTA-induced activation of the MAPK
pathway in ppbMECs

In response to bacterial toxins, MAPKs play a key role in
activating the gene expression encoding a wide range of
cytokines and chemokines. To investigate the inhibitory
effect of metformin supplementation on the key proteins of
the MAPK signaling pathways in ppMECs that LTA indeed
activated. Our Western blotting results revealed that the
levels of phosphorylated (p-ERK1/2, p-p38 and p-JNK) were
increased following LTA stimulation in the context of
pbMECs mastitis model. While, metformin decreased the
expression of MAPK kinase components (p-ERK1/2, p-p38,
and p-JNK) in pbMECs treated with metformin 3 mM dose
for 12 h followed by incubation with 100 ul/ml LTA for 6 h
(Figs. 3A and 3B). These data indicate that metformin
inhibits MAPK signaling, suggesting that metformin can
exert an anti-inflammatory effect by preventing the MAPK
signaling pathway from being activated.

Furthermore, we used immunofluorescence to validate p-
p38 activation in the current study. Metformin enhanced
staining of phosphorylated p-p38, as seen in Fig. 3C. In
comparison, the LTA treatment resulted in a light staining
level. Thus, the LTA challenge does not affect the staining
level of p-p38 phosphorylation in metformin-treated cells.

Metformin inhibits LTA-induced activation of NF-xB pathway
in ppbMECs

To understand whether metformin functioned in suppressing
the NF-«xB pathway and alleviated the inflammation induced
by LTA in pbMECs. The effects of metformin on the
inactivation of NF-kB and IxBa in LTA-stimulated pbMECs
were examined using western blotting. Compared to the
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FIGURE 3. Inhibitory effect of metformin on the MAPKs protein levels in LTA-induced pbMECs. Cells were stlmulated by LTA (100 pg/mL)
for 6 h in the presence of metformin (3 mM). Western blotting was used to identify the protein expression of MAPK subfamilies (p-ERK1/2, p-
p38 and p-JNK). Representative examples of western blots are shown on the left (A), and results from densitometry analysis of the western
blots are shown in the middle panel (B). GAPDH was used as a reference control. Relative protein expression levels of p-p38/p38, p-ERK/ERK
and p-JNK/JNK were quantified by Image J software. While, the p-p38 protein immunofluorescence (FITC) was performed, and the nuclear
was stained with dye DAPI (blue) (C). These values are presented as the means + SEM of three independent experiments with similar results.
Different uppercase letters (A, B and C) on the top of the bars consider significant differences at (P < 0.05).

control group, the protein level of phosphorylated NF-«xB (p-
p65) and IxkBa were upregulated in LTA-stimulated pbMECs
(P < 0.05). However, compared to the LTA group, a
suppression of p-p65 and IkBa was observed in pbMECs
pretreated with metformin (P < 0.05), as shown in Fig. 4.

Moreover, metformin reduced the protein expression
levels of inflammatory cytokines (IL-8 and IL-6) besides IL-
1B proteins expression in pbMECs challenged with LTA,
respectively (Fig. 4B). As shown by Western blotting,
metformin pretreatment decreased the protein expression
levels of inflammatory cytokines in pbMECs. Thus, our
findings suggest that metformin can suppress the
production of inflammatory cytokines, thereby alleviating
the LTA-induced inflammatory response in ppMECs.

This study also used immunofluorescence to demonstrate
the p-p65 translocation and subsequently the induction of IL-6
in nuclei after LTA-induced inflammatory response in ppMECs
or pretreatment with metformin to reverse the process by
visualizing the fluorescence signal using immunofluorescence
microscopy. NF-kB and IL-6 were visualized using FITC
fluorescence (green), and the nuclei were visualized using DAPI
(blue). When pbMECs were stimulated with LTA, the strongest
signal was p-p65, and the green fluorescence was predominantly
located in the nuclei. However, there was less p-p65 signal in
cells pretreated with 3 mM metformin, and it was metformin
mainly in the cytoplasm. These results indicated that metformin
acted as an anti-inflammatory agent by preventing p-p65
translocation into the nucleus, and consequently showed a
decrease in IL-6 expression level (Fig. 4C).

Metformin activated PPARy signaling pathway in LTA-
induced ppMECs

Metformin was used to alleviate the inflammatory response of
LTA-induced pbMECs. The activity of PPARy was detected
with western blotting to investigate the possible molecular
mechanism of metformin’s action against the LTA-induced
inflammatory response on pbMECs. In comparison to the
control group, metformin pretreatment and the combined
(metformin plus LTA) group activated PPARy phosphorylation,
as metformin up-regulated the expression of PPARy in LTA-
stimulated pbMECs (P < 0.05, Fig. 5A). To further investigate
metformin’s anti-inflammatory effect, ppMECs were treated
with the PPARy antagonist GW9662, which resulted in
increased IL-6 expression. Conversely, GW9662 and metformin
combination treatments significantly reduced the expression of
IL-6 inflammatory factors (P < 0.05, Fig. 5B).

The activity of PPARy in ppMECs was determined using
immunofluorescence. The PPARy (green) was seen using
FITC fluorescence, while DAPI was used to show the nuclei
(blue) (Fig. 5C). These findings suggest that metformin
supplementation exerts anti-inflammatory effects during
LTA-induced inflammatory response on pbMECs.

Discussion

The main purpose of this study was to investigate if the
activation of PPARy via metformin could help in inhibiting
inflammatory responses in an LTA-induced mastitis model
using isolated ppMECs. The current study demonstrated a
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FIGURE 4. Inhibitory effect of metformin on LTA-induced NF-kB pathway activation in pbMECs. The cells were pre-incubated with
metformin (3 uM) for 12 h and then treated with 100 pg/ml LTA for 6 h. Analysis of NF-kB, IkBa and the downstream (IL-8, IL-6 and
IL-1p) protein expressions in pbMECs was determined using western blotting. Representative examples of western blots are shown on the
left in (A), and results from densitometry analysis of the western blots are shown in the middle in (B). While the immunofluorescence was
used to detect p-p65 (FITC) and IL-6 (FITC) activity and nuclear was stained with DAPI dyne (blue) (C). These values are presented as the
means + SEM of three independent experiments. Different uppercase letters (A, B, C, and D) on the top of the bars considered significant

differences at (P < 0.05).

protective action of metformin on LT A-induced inflammation
bovine mastitis by notably activating anti-inflammatory
PPARy signaling and inhibition of MAPK and NF-«B
signaling pathways, which play a central role during the

inflammatory ~ process.  Uncovering the functional
relationship between (MAPK and NF-«B) inflammatory axis
and PPARy pathways is significant because it reveals a
promising anti-inflammatory mechanism for inflammation
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inhibitory activity, GW9662 was used. These values are presented as the means + SEM of three independent experiments, and different
uppercase letters (A, B and C) on the top of the bars considered significant differences at (P < 0.05).

Inhibition l’ ------ ——Activation

Stimuli (S. aureus LTA)

[LTA |

Stimuli (S. aureus LTA)

[Metformin|

FIGURE 6. Possible Schematic representation
underlying the protective effects of metformin

(NE-xB) against S. aureus LTA-induced cellular
Eytoplasm inflammatory responses in pbMECs. S aureus
e T Nucleus P =~ e . -LTA interaction leads to the rapid and

. — . . .
- = e 40 coordinated activation of NF-kB and MAPK
e —

/\_/ :ﬁ/ signaling pathways. Metformin activated the

anti-inflammatory PPARy and reduced LTA-

induced inflammatory damage to ppMECs by
(L-1B) (\IL-8> (iL—G) inhibiting the MAPK and NF-xB signaling
pathways.

suppression (Fig. 6). This discovery may greatly contribute to
the development of new therapeutic approaches for
inflammatory illnesses like mastitis.

Mastitis is a frequent, inflammatory bovine mammary
disease; this condition is one of the major causes of
economic losses in dairy industries worldwide (Halasa et al,
2007; Gomes and Henriques, 2016). Another option to

antibiotics have been suggested as one of the best solutions
to reduce the emergence of drug resistance and mitigate the
impact of inflammation caused by bacterial invasion (Liu ef
al., 2020). Therefore, veterinary science is becoming
increasingly interested in the safe and effective treatment of
bovine mastitis. Metformin, a commonly used anti-diabetic
medication, has been shown to have various biological
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activities such as anti-inflammatory and benefits animals
suffering from inflammatory diseases such as mastitis. The
current study aimed to investigate metformin’s anti-
inflammatory properties and the action mechanism against
LTA-induced inflammation in ppMECs.

To comprehend the critical role of metformin as an anti-
inflammatory drug in such situations, as well as the cross
association between PPARY activation and suppression of
MAPK and NF-«B signaling axis; the ppMECs were exposed
to metformin (3 mM) for 12 h followed by the addition of
100 pg/mL LTA for 6 h. We used qRT-PCR to determine
the mRNA expression. We used Western blot analysis and
immunofluorescence to evaluate the target proteins in
inflammatory and anti-inflammatory responses metformin
and LTA.

Metformin has been shown in previous in vitro and in
vivo studies to inhibit the growth of human prostate cancer
(Sahara et al., 2008). Another research reported that
pretreatment with metformin increased the intensity of (-
hydroxybutyric acid-inhibited cell staining in the EAU assay
in bovine hepatocytes (Xu et al., 2021a). The metformin (3
mM) pretreated pbMECs blocked the effect of LTA-
mediated cell proliferation suppression. Pretreatment with
metformin increased the intensity of LTA-inhibited cells
staining in the EdU test. Our data indicated that metformin
(3 mM) had potential activity as it has a similar effect on
pbMECs proliferation in vitro compared to the control
group. This dose of metformin was consistent with what
was reported in our previous study (Arbab et al, 2021);
therefore, it might be used as a novel therapeutic agent.

MAPKSs are families of closely related kinases of those
three major subfamilies: ERK, JNK, and p38. MAPK and
PPAR pathways were highly linked to the inflammatory
response. MAPK pathway plays an important in the onset
and development of inflammation. As it is known that, the
NF-xB and MAPK signalling pathways are shown to
contribute to control cytokines and chemokine production,
which are essential immune mediators during inflammation
(Calzado et al., 2007). Furthermore, the TLR2-S. aureus
reaction involves the rapid and coordinated activation of
various intracellular signaling pathways, including NF-xB
and MAPK (Hines et al., 2013).

Many studies have demonstrated that different inducers
other than metformin can inhibit the inflammation process in
bMECs by blocking NF-kB and MAPK signaling pathways.
For example, Selenium inhibited the gene expressions of
inflammatory mediators TNF-a, IL-1p and IL-6 in S.
aureus-stimulated ppMECs via TLR2, NF-kB and MAPK
signaling pathway, implying an anti-inflammatory effect of
Se (Wang et al, 2018). Morin also showed the ability to
suppress NF-kB and MAPK signaling pathways in ppMECs
induced inflammatory response by LPS, suggesting that it
could be used as an anti-inflammatory therapy for mastitis
(Wang et al, 2016). Moreover, in the lipopolysaccharide
(LPS)-induced mastitis model using isolated bMECs, tea tree
oil decreased cellular death along with downregulated
protein concentrations of NF-kB, MAPK4, and caspase-3
(Chen et al., 2020b).

To the best of our understanding, the promising
metformin mode of action as an anti-inflammatory agent
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against LTA induced mastitis models in ppMECs, as well as
the precise role and connection of activating PPAR and
inhibiting the MAPK and NF-«kB pathways on inflammatory
suppression, has not been clearly reported; hence, from a
mechanism perspective, this results indicated that MAPK
and NF-kB axis is considered to be involved in the
metformin-mediated suppression of inflammatory process
in this settings. Herein, we tested the effects of metformin
on MAPK activation, which plays a central role during the
inflammatory response (Herlaar and Brown, 1999). The
levels of p38, NK, and ERK MAPKs were identified using
Western blot to determine whether the MAPK pathway is
implicated in metformin’s anti-inflammatory actions. The
results demonstrated that the expression of phosphorylated
ERK1/2 (p-ERK1/2), phosphorylated p38 (p-p38) and
phosphorylated JNK (p-JNK) proteins were increased upon
LTA stimulation in ppMECs; while metformin pretreatment
obviously reduced the phosphorylated proteins of p-p38, p-
JNK, and p-ERK1/2. According to this evidence, this study
suggested that metformin functions as an anti-inflammatory
agent in mastitis.

LTA, an endotoxin of S. aureus, is released during the
cellular proliferation process and after death and has been
shown to stimulate inflammatory responses (Bougarn et al,
2010). Interestingly, S. aureus and its related endotoxins
internalization into pbMECs were critical factors connected
with the NF-xB activation and induction of inflammatory
reaction in cows’ mammary glands, which affected lactation
(Oviedo-Boyso et al., 2008; Mount et al., 2009; Wu et al., 2020).

NF-kB, a pivotal transcription factor, is a key regulator of
inflammation, and immunological responses (Lawrence, 2009)
is normally localized in the cytoplasm as a complex with IKB
in normal cells, in the presence of inducer, IxBa if degraded
and NF-xB is phosphorylated and translocate into the nucleus
and promote the transcription of inflammation cytokines
(Mardirossian et al., 2018). TNF-a, IL-1p and IL-6 cytokines
are released in response to endotoxins and mastitis pathogens
(Blum et al, 2017; Nakajima et al, 1997). Thus, the
downregulation of proteins IL-8, IL6 and ILIB in response to
metformin after LTA stimulation indicate metformin’s anti-
inflammatory action in bovine cells. Metformin inhibited NF-
kB activation and proinflammatory cytokine secretion (Lei
et al, 2017). Recent research found that metformin
pretreatment reduced NF-kB, COX2, and TNF-a levels in
pbMECs stimulated by LTA, all of which are considered
essential proteins implicated in the inflammation process.
Metformin inhibited p-p65 expression in the pbMECs
exposed to LTA. Metformin’s anti-inflammatory effect was
also reported; interestingly, it has significantly reduced the
expression of NF-kB downstream protein expressions COX2,
IL-1B, and TNF-a, which were upregulated in response to
LTA stimulation (Arbab ef al, 2021). In the current study, we
further characterize the nature of the metformin mechanism;
we assumed that IL-8, IL-6, IL-1p cytokines and NF-«kB and
IKBa kinases are possibly involved in the anti-inflammatory
effect of metformin supplementation on pbMECs. This study’s
findings were in part replicated in the current study because
compared to control cells, LTA (100 pg/ml) activated NF-«xB
signaling by upregulating the expression of phosphorylated
NF-«B and (IL-8, IL-6 and IL-1P) pro-inflammatory cytokines
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in the ppbMECs, respectively (P < 0.05). However, by adding
metformin, the protein expression of these inflaimmatory
cytokines was reduced. These results might point to the
remarkable protective role of metformin in the regulation of
the NF-xB pathway as a potential therapeutic method for
treating bovine inflammation.

The peroxisome proliferator-activated receptor-y
(PPARy) is a ligand-inducible transcription factor involved
in adipogenesis, glucose metabolism, angiogenesis and
inflammation (Sarafidis and Bakris, 2006). Several studies
have proven that some herbal products have anti-
inflammatory properties via PPARY activation (Lim et al,
2012). Emodin activates PPARYy, thereby attenuating LPS-
induced inflammatory response in mouse mammary
epithelial cells (Yang et al., 2014). Moreover, accumulating
data have shown that PPARy might negatively modulate
LPS-induced inflammatory responses. On the other hand,
DHA has attenuated LPS-stimulated inflammatory response
in ppMECs by suppressing NF-«xB activation via a partially
reliant mechanism on PPARYy activation (He et al., 2017).

Moreover, CLA can reduce inflammation caused by E.
coli in ppMECs, and this process is mediated via the TLR4-
NF-kB pathway and PPARy participation. These results
showed that the cells that were pretreated with CLA
expressed significantly lower p-p65, p-IkB, TLR4 and a
higher level of PPARYy after the E. coli challenge at the gene
and protein levels (Ma et al., 2019). Research with various
cell types has clarified that PPARY signaling is important
for anti-inflammatory function (Ul Hasan ef al, 2019).
However, the mechanisms underlying metformin protective
effects on the pro-inflammatory reactions in bMEC have
not been clearly understood. This study investigated the
effects of metformin on PPARYy activation. Compared to the
control group, the metformin pretreatment and the
combined (metformin plus LTA) group activated PPARy
phosphorylation, as metformin up-regulated the expression
of PPARy in LTA-stimulated pbMECs. Thereby metformin
could be used as an anti-inflammatory compound to
attenuate LTA-induced inflammatory response in ppMECs.

Conclusion

In summary, these results demonstrated that metformin could
suppress proinflammatory cytokine production in LTA-
stimulated pbMECs, by suppressing MAPK and NF-«B
activation, and this mechanism is probably dependent on
PPARy activation (Fig. 6). Therefore, these results suggested
that metformin could be an anti-inflammatory medication
for mastitis in future studies.
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