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Abstract: Streptococcus uberis mastitis in cattle infects mammary epithelial cells. Although oxidative
responses often remove intracellular microbes, S. uberis survives, but the mechanisms are not well
understood. Herein, we aimed to elucidate antioxidative mechanisms during pathogenesis of S.
uberis after isolation from clinical bovine mastitis milk samples. S. uberis’s in vitro pathomorphology,
oxidative stress biological activities, transcription of antioxidative factors, inflammatory response
cytokines, autophagosome and autophagy functions were evaluated, and in vivo S. uberis was
injected into the fourth mammary gland nipple of each mouse to assess the infectiousness of S.
uberis potential molecular mechanisms. The results showed that infection with S. uberis induced early
oxidative stress and increased reactive oxygen species (ROS). However, over time, ROS concentrations
decreased due to increased antioxidative activity, including total superoxide dismutase (T-SOD) and
malondialdehyde (MDA) enzymes, plus transcription of antioxidative factors (Sirt1, Keap1, Nrf2, HO-
1). Treatment with a ROS scavenger (N-acetyl cysteine, NAC) before infection with S. uberis reduced
antioxidative responses and the inflammatory response, including the cytokines IL-6 and TNF-α,
and the formation of the Atg5-LC3II/LC3I autophagosome. Synthesis of antioxidants determined
autophagy functions, with Sirt1/Nrf2 activating autophagy in the presence of S. uberis. This study
demonstrated the evasive mechanisms of S. uberis in mastitis, including suppressing inflammatory
and ROS defenses by stimulating antioxidative pathways.

Keywords: bovine mastitis; Streptococcus uberis; antioxidative pathway; inflammation; autophagy;
murine mammary glands; mMECs

1. Introduction

Mastitis is an inflammatory syndrome that can irreversibly damage the mammary
glands of dairy cattle [1], causing substantial financial losses due to reductions in milk
production and quality, plus premature culling [2,3]. Bovine mastitis is often caused by
various environmental and bacterial agents, including Streptococcus uberis [4], the most
frequently isolated pathogen causing subclinical mastitis in the United Kingdom, Ireland,
Australia and New Zealand [5]. The damaging consequences of S. uberis infection include
inflammatory and autophagy responses [6] regulated by antioxidative factors [7]. Au-
tophagy is a defensive catabolic mechanism to remove damaged organelles and control
bacterial infections [8]. “Autophagy flux” refers to the entirety of autophagosome produc-
tion, its maturation, fusion with lysosomes and subsequent breakdown, with release of
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macromolecules into the cytosol. Autolysosomes and degradation are key functions of
autophagy [9].

Production of reactive oxygen species (ROS) significantly increases during infection,
aids pathogen removal and contributes to inflammatory signaling cascades [10]. Production
of ROS is regulated by antioxidative factors, including silent information regulator 1
(Sirt1), which reduces oxidative stress by modulating superoxide dismutase (SOD) [11]
and decreases malondialdehyde (MDA), an oxidative stress marker [12]. Sirt1 also affects
signaling pathways associated with inflammation and autophagy [13]. Other antioxidant
effectors are Kelch-like ECH-associated protein 1 (Keap1) and Nuclear factor erythroid
2-related factor 2 (Nrf2) [14]. Under physiological conditions, Keap1 regulates Nrf2 activity
in the cytoplasm and is a principal protective sensor for oxidative stress [15]. However,
under oxidative stress, Nrf2 separates from Keap1 protein, moves into the nucleus and joins
with antioxidant response elements to promote the production of heme oxygenase-1 (HO-1)
and SOD [16,17]. Expression of inflammatory markers (namely TNF-α/IL-6) and oxidative
damage are reduced by activation of the Nrf2/HO-1 signaling pathway [18,19]. Therefore,
Nrf2/HO-1 is an antioxidant signal that aims to reduce inflammation provoked by infection
and oxidative stress [20]. Dissociation of Nrf2 from Keap1 activates autophagy by coupling
the stress-inducible p62/SQSTM1 protein complex [21]. This multifunctional protein core
has multiple domains, including a Keap1-interacting region (KIR) and an LC3-interacting
region (LIR) [22]. The lipidation of microtubule-associated protein 1A/1B-light chain 3
to generate LC3II is critical in promoting autophagy [23]. The protein P62 interacts with
LC3 in the autophagy–lysosome pathway and targets ubiquitinated substrate cargoes for
destruction [24]. Furthermore, Atg5 promotes autophagosome elongation and requires
conversion of LC3I to LC3II [25].

Microbial pathogens that infect host cells can be subjected to autophagy. In this process,
LC3, which is widely distributed in the cytoplasm, connects to targeted substrates [26].
Furthermore, Atg4 cuts the C-terminal portion of LC3 into LC3-I that is then activated by
Atg7 (an E1-like enzyme), passed to Atg3 (an E2-like enzyme) and changed into membrane-
bound LC3II. Invading pathogens with polyubiquitination are typically identified by the
autophagy receptor P62 that delivers the targeted substrate to LC3II-bound membranes and
facilitates autophagosome formation. Attracting autophagy-related proteins to phagocytic
vesicle assembly sites, e.g., Atg5, is important in phagophore synthesis, and requires a
signal for autophagy [27]. The usual outcome is containment of intracellular infections or
recycling of cytosolic substances [28].

We identified autophagy as a crucial component of epithelial cell defense against
mastitis pathogens, with the involvement of HIF-1α, AMPKα/ULK1 and the PTEN/PI3K-
Akt-mTOR pathway [29–31]. Furthermore, we also reported that S. uberis infection induced
autophagy by decreasing synthesis of pro-inflammatory cytokines [32]. However, the mech-
anisms that connect the antioxidative pathway and autophagy during S. uberis infection
remain unclear. Hence, we tested the hypothesis that silencing/activation of antioxidative
pathway factors will bring changes in autophagy mechanism.

Our objective was to characterize pathogenesis of S. uberis mastitis and the role of the
antioxidative pathway in the modulation of autophagy, using murine in vitro and in vivo
models of mammary epithelial cells (mMECs) and mammary glands, respectively. Specif-
ically, we addressed antioxidative factors (Sirt1, Keap1 and Nrf2), inflammatory factors
(IL-6 and TNF-α) and autophagy marker proteins (Atg5 and LC3II/LC3I). We concluded
that Sirt1 and Keap1-Nrf2 were involved in the activation of autophagy by reducing T-SOD
and MDA activity along with significant reductions in inflammatory responses.

2. Materials and Methods
2.1. Statement of Ethics

This study was reviewed and approved by the Ethical Committee of the College
of Veterinary Medicine, China Agricultural University (CAU), Beijing, China (Protocol
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SYXK, 2016-0008). Furthermore, it was conducted according to standard ethical guidelines
implemented at CAU.

2.2. S. uberis Isolation

Milk samples from dairy cows with clinical mastitis were obtained from dairy farms
in northern Beijing, China, and S. uberis was isolated from those samples [32]. Isolates
were identified on Todd–Hewitt Agar (THA), a solid medium containing 5% sheep blood,
and cultured for 24 h at 37 ◦C prior to infecting mouse mammary glands and mMECs.
Selection of S. uberis was based on colony characteristics on THA medium, followed by
Gram staining, API 20 Strep system (bioMérieux, Lyon, France), Lancefield grouping, and
validation by PCR sequencing (Sangon Biotech, Shanghai, China). Isolates were multiplied
in Todd–Hewitt broth (THB) liquid medium for 14 h at 37 ◦C on an orbital shaker at
120 rpm, and stored in 25% glycerol stock solutions at −70 ◦C. For each challenge, a single
loop inoculum of stock solution was added to liquid THB medium containing 2% fetal
bovine serum (FBS; Hyclone, Logan, UT, USA) to generate an exponential growth phase
(OD600 = 0.5 to 0.7) at 37 ◦C for infections [32].

2.3. Cell Culture and S. uberis Infection

Murine mammary epithelial HC11 cell line (mMECs) (Shanghai Cell Bioscience Inc.,
Shanghai, China) was used as an in vitro model for infectious mastitis. Cells were cultured
in Dulbecco modified Eagle medium (DMEM) supplemented with 10% FBS plus penicillin
and streptomycin (100 U/mL each) in T-25/T-75 cell culture flasks. Cells were incubated
with 5% CO2 at 37 ◦C and at 80% confluence were harvested by the addition of 2 mL
trypsin until 70% cell movement was achieved. Then, cells were collected, centrifuged
for 5 min at 1000× g and stock solutions prepared in 5% DMSO (dimethyl sulfoxide; Life
Tein, LLC, South Plainfield, NJ, USA) for cryopreservation (~1 × 108 cells per cryovial) in
liquid nitrogen [32]. Each batch of cells were used from 2–5 passages in a T-25 cell culture
flask. For transfection and infection experiments, cells were transferred into 6-well plates
(~1 × 103 cells per well) and incubated until the desired confluence. The mMECs were
challenged with S. uberis at multiplicity of infection (MOI) 5:1, followed by incubation in
5% CO2 at 37 ◦C and subsequently collected for various analyses.

2.4. Murine S. uberis Mastitis Model

Mice were housed at the Experimental Animal Center of China Agricultural University
with ad libitum access to feed and drinking water and a 12 h light/dark photocycle. Studies
were conducted with 20 female albino mice (20 to 23 gm body weight) at 1 wk post
parturition and 1 h after separation from their pups. These mice were randomly allocated
into five groups (n = 4 mice per group): Sham (Control group); S. uberis (S. uberis group); S.
uberis + NAC (S. uberis + NAC group); S. uberis + Cambinol (S. uberis + siSirt1); and S. uberis
+ NK-252 (S. uberis + Nrf2 activator). In the S. uberis + NAC group, mice were pretreated
with an intramammary injection of 300 mg/kg NAC at 3 h prior to S. uberis challenge.
In S. uberis + siSirt1 and Nrf2 activator groups, 50 mg/kg Cambinol and 10 mg/kg NK-
252, respectively, were injected 6 h prior to challenge. For S. uberis challenge, mice were
anesthetized (Zoletil® 50, 0.05 mg/kg IM) and S. uberis (1 × 105 CFU/mL diluted in sterile
saline, final volume of 100 µL) was injected intramammarily. All intramammary injections
were performed with a micro-syringe and 26-gauge needle (using a stereomicroscope to
visualize openings) into the 4th nipple (counting forward) of each mouse, after disinfection
with 75% alcohol. At 6 h post-inoculation, all mice were euthanized and mammary gland
tissues excised.

2.5. Determination of ROS Production

An assay kit for ROS (Beyotime Biotechnology, Shanghai, China) was used to measure
intracellular ROS concentrations in mMECs seeded in a 6-well plate and challenged with
S. uberis (MOI 5:1) at 80% confluence. Cells were washed thrice with PBS and incubated
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in 5% CO2 at 37 ◦C for 30 min in the dark with 10 µM of DCFH-DA fluorescent probe in
serum-free DMEM. Then, cells were washed three times with serum-free culture medium,
followed by DAPI staining (5 min). Fluorescent signals of stimulated cells were observed
with a laser scanning confocal microscope at wavelengths of 405 and 488 nm.

2.6. Transmission Electron Microscopy

The mMECs were grown in 6-well plates up to 80% confluence and then challenged
by S. uberis (MOI 5:1). At 6, 9 and 12 h post infection, cells were digested (500 µL trypsin
per well), centrifuged at 1000× g for 5 min, washed thrice with PBS and fixed with 2.5%
glutaraldehyde for 2 h at room temperature. Cells were stained with 1% osmium tetroxide
for 2 h at 4 ◦C, dried in an ethanol gradient series, and embedded in epoxy resin–acetone
mixtures for 2 h. Samples were immersed in resin solution overnight at 37 ◦C and cut in
ultrathin sections (100 nm), and visualized with a light microscope to ensure only a single
slice was loaded on a copper grid. Samples were stained with 2% saturated uranyl acetate
and treated with 50% ethanol and 3% lead citrate. Copper grid with samples were examined
with a transmission electron microscope (TEM; H7650, Tokyo, Japan) at an accelerating
voltage of 80 kV.

2.7. Western Blot Analysis

The mMECs were cultured in 6-well plates until 80% cell confluence and challenged by
S. uberis (MOI 5:1). Various pretreatments were used. For example, mMECs were pretreated
(1–6 h prior to S. uberis infection) with NAC (30 µM) to scavenge intracellular production
of ROS, 40 µM Cambinol for Sirt1 inhibition, 10 µM NK-252 for Nrf2 activation or 10 µM
ML385 for Nrf2 inhibition.

The mMECs were harvested using a cell scraper on an ice block, rinsed thrice with
cold PBS and lysed with RIPA lysis buffer (Beyotime Biotechnology). Supernatants were
obtained by centrifugation at 12,000 rpm for 15 min at 4 ◦C and total protein concentrations
determined with a Bicinchoninic acid (BCA) kit (Beyotime Biotechnology).

Protein was loaded into gels (equal amounts in each lane) and β-actin was used
as a loading control. After being separated by SDS-PAGE, proteins were transferred
to a polyvinylidene difluoride (PVDF) membrane that was washed thrice and blocked
with 5% skim milk in tris-buffered saline +0.1% Tween® 20 Detergent (TBST) for 2 h at
room temperature. Membranes were incubated overnight at 4 ◦C with the following
primary antibodies: Sirt1 (Cell Signaling, #3931S; Danvers, MA, USA); Keap1 (Abcam,
#ab227828; Cambridge, UK); Nrf2 (Proteintech, #16396-1-AP; Rosemont, IL, USA); HO-1
(Proteintech, #27282-1-AP; Rosemont, IL, USA); IL-6 (Invitrogen, #700480; Carlsbad, CA,
USA); TNF-α (Proteintech, #17590-1-AP; Rosemont, IL, USA); Atg5 (Proteintech, #10181-2-
AP; Rosemont, IL, USA); LC3 (Proteintech, #14600-1-AP; Rosemont, IL, USA); and β-actin
(Proteintech #66009-1-Ig; Rosemont, IL, USA). Samples were incubated with secondary
antibodies against rabbit or mouse IgG for 2 h at room temperature and signals developed
by chemiluminescence using ECL reagents. ImageJ 1.49v software (http://imagej.nih.
gov/ij, accessed on 18 December 2023, NIH, Bethesda, MD, USA) was used to assess
band density.

2.8. T-SOD and MDA Activity

The mMECs were cultured overnight in 6-well plates and treated with NAC 1 h prior
to S. uberis challenge (MOI 5:1). Total superoxide dismutase (T-SOD) and malondialdehyde
(MDA) activity were measured at 6, 12 and 24 h post challenge. The T-SOD activity
was measured using a T-SOD assay kit in a microplate reader (Beyotime Biotechnology),
whereas MDA activity was evaluated with an MDA ELISA kit (Abcam, Shanghai, China).
The same kits were used to determine the activities of T-SOD and MDA in murine mammary
glands. Herein, tissues were collected, washed with PBS and stored at −20 ◦C. Then, tissues
were transferred into a mortar with liquid nitrogen, ground to a powder, homogenized with
0.5% Triton X-100 and centrifuged at 14,000× g for 5 min at 4 ◦C to collect supernatants.

http://imagej.nih.gov/ij
http://imagej.nih.gov/ij
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2.9. Labeling and Tracking Lysosomes

Lysosomes or mature autophagosomes were detected with Lyso-Tracker Red fluores-
cent probe (Beyotime Biotechnology). Lyso-Tracker Red penetrates mMECs and detects
lysosomes or mature autophagosomes in an acidified environment [33]. In these experi-
ments, mMECs were seeded in 6-well plates with coverslips and challenged with S. uberis
at 80% confluence. Cells were washed thrice with ultra-sterilized PBS and incubated in 5%
CO2 at 37 ◦C for 30 min with 50 nM Lyso-Tracker Red in cell culture medium for lysosome
red staining. The Lyso-Tracker Red was removed by three washes with PBS and nuclei
stained with DAPI for 5 min. Fluorescent signals were observed under a laser scanning
confocal microscope at wavelengths of 405, 488 and 561 nm.

2.10. Cell Transfection and Confocal Microscopy

Autophagy was monitored using Ad-GFP-LC3 and Ad-mCherry-GFP-LC3B (Bey-
otime Biotechnology), adenoviruses that express GFP-LC3 and mCherry-GFP-LC3B fusion
proteins, respectively [34]. For transfection, mMECs were cultured in 6-well plates with
coverslips and incubated for 12 h with 5% CO2 at 37 ◦C. Then, Ad-GFP-LC3B and Ad-
mCherry-GFP-LC3B were transfected into cells at 40% confluence in DMEM with 10% FBS,
followed by a 24 h incubation. The mMECs were pretreated with Cambinol for Sirt1 inhibi-
tion and challenged with S. uberis (MOI 5:1) for 12 h. Cells were washed thrice with PBS
and cell nuclei were stained with DAPI (10–20 µL per coverslip) for 5 min. After washes
with ultra-sterilized PBS, anti-fluorescence quenching sealing solution (8 µL) was added to
a clear glass slide. Then, coverslips were inverted on the glass slides and examined with
a laser scanning confocal microscope. In an autophagy state, mMECs transfected with
Ad-mCherry-GFP-LC3B overexpressed mRFP/mCherry-GFP tandem. Wavelengths of 405,
488 and 561 nm were used for imaging.

2.11. Immunofluorescence

The mMECs were cultured in 6-well plates with glass coverslips and incubated
overnight at 37 ◦C with 5% CO2 and pretreated (6 h) with a Nrf2 activator or inhibitor
before being challenged with S. uberis (MOI 5:1) for 6 h. Cells were thrice washed with
PBS and fixed with 4% paraformaldehyde for 20 min, followed by permeabilization with
0.25% Triton X-100 in PBS for 15 min. Cells were treated with 3% bovine serum at room
temperature for 30 min and incubated with Nrf2 primary antibody overnight at 4 ◦C. After
three PBS washes, cells were incubated with goat anti-rabbit IgG (H + L) tagged with Alexa
Fluor 488 for 1 h at room temperature. Cell nuclei were stained with DAPI for 5 min and
washed 3 times with PBS. Glass coverslips were inverted on clean glass slides and observed
with a laser scanning confocal microscope (Olympus-FV3000, Olympus, Tokyo, Japan) at
wavelengths of 405 and 488 nm, with images captured and analyzed with ImageJ software.

2.12. Hematoxylin and Eosin Staining of Murine Mammary Gland Tissues

Post S. uberis challenge and treatments, mammary gland tissues were excised, dehy-
drated and fixed in 4% paraformaldehyde for 20 min. Tissues were embedded in paraffin,
sectioned (5 µm), treated with xylene for 5 min, and then exposed to 70, 80, 90 and 100%
ethanol (10 s in each concentration). Slides were stained with hematoxylin (Beyotime
Biotechnology) for 5 min, cleared with tap water for 10 min, rinsed with distilled water
and stained with eosin (Beyotime Biotechnology) for 2 min. Slides were washed twice with
70% ethanol. Imaging was performed in a set of randomly chosen fields with an optical
microscope (Olympus, Tokyo, Japan) at 100× magnification.

2.13. Statistical Analyses

The results of three independent experiments are presented as means ± standard
deviation (SD). Data were analyzed by Student’s t-test or one-way ANOVA, with Bonferroni
correction for multiple comparisons using IBM SPSS statistics 29.0.10 software (https:

https://www.ibm.com
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//www.ibm.com; Armonk, NY, USA). p < 0.05 and p < 0.01 were considered significant
and highly significant, respectively.

3. Results
3.1. S. uberis Enhanced ROS Production and Autophagy Induction in mMECs

Oxidative stress in S. uberis-infected mMECs was gauged by intracellular ROS con-
centrations until 24 h post S. uberis challenge. Dichlorofluorescein diacetate (DCFH-DA)
relative fluorescence emissions (as a measure of ROS concentrations) were higher at 3
to 9 h, but decreased by 12 and 24 h post S. uberis (Figure 1A). Infection with S. uberis
induced autophagy and autolysosome formation in mMECs, as observed by transmission
electron microscopy (TEM) (Figure 1B). Moreover, infected mMECs had mitochondrial
vacuolization, autophagosome and lysosome formation and fusion at 12 h post challenge,
whereas S. uberis were located intracellularly at 6 and 9 h post challenge.
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measuring the intensity of green fluorescence generated by DCFH-DA and captured with a confocal
laser scanning microscope. (B) Autophagy induction was confirmed based on morphological and
subcellular (TEM) images. Note the nuclei (N), mitochondria (M), autophagosomes (A), lysosomes
(L), autolysosome (AL) and S. uberis (black arrowheads). Scale bar = 1.0 µm. Magnified figure It
comes from the yellow box.

3.2. S. uberis Induced Antioxidative, Inflammatory and Autophagy Markers

Expressions of antioxidative Sirt1, Keap1 and Nrf2 were upregulated (p < 0.01) in
mMECs at 3 to 9 h after S. uberis challenge (Figure 2A). Expressions of inflammatory cy-
tokines IL-6 and TNF-α were decreased (p < 0.01) at 3 to 9 h, whereas autophagy LC3II/LC3I
markers were increased (p < 0.01) at 6 to 12 h (Figure 2B). Expression levels of inflammatory
cytokines had declined at 3 to 9 hpi (autophagy progression; Supplementary Figure S1).
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Figure 2. Infecting mMECs with S. uberis induced antioxidant and autophagy marker proteins
and reduced inflammatory cytokines. (A) Western blot analyses of antioxidative Sirt1, Keap1 and
Nrf2 isolated from S. uberis-challenged mMECs. Proteins were collected up to 24 h post challenge.
(B) Inflammatory IL-6 and TNF-α, and autophagy of LC3II/LC3I, were also analyzed following
S. uberis challenge. Mean and standard deviation (three independent experiments) of proteins
(quantified with ImageJ 1.49v, http://imagej.nih.gov/ij, accessed on 18 December 2023). * p < 0.05,
** p < 0.01 (compared to the Sham).

3.3. NAC Pretreatment Mitigated Antioxidative Pathway Elements in S. uberis-Challenged
mMECs

Antioxidative factors Sirt1, Nrf2 and HO-1 increased at 3 and 12 h post S. uberis
challenge, but were reduced in NAC-pretreated cells (Figure 3A). Specifically, Sirt1 and
Nrf2 expression increased (p < 0.01) at 3 h post challenge but it was comparatively lower at
12 h, whereas HO-1 was higher (p < 0.01) at 12 versus 3 h post challenge (Supplementary
Figure S2). Expressions of Sirt1 were upregulated (not significantly), whereas Keap1 and
Nrf2 were upregulated (p < 0.01) in S. uberis-challenged mMECs at 3 h post challenge;
however, these responses were abrogated by Sirt1 inhibition in either transfected cells or
those pretreated with Cambinol (Figure 3B). Cambinol/siSirt1 also decreased Keap1 and
Nrf2 expression in either the presence or absence of S. uberis (Figure 9A).

http://imagej.nih.gov/ij
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3.4. NAC Treatment Attenuated Inflammation and Cellular Damage in S. uberis-Challenged
mMECs/Murine Mammary Glands via Reduced Oxidative Stress

S. uberis-challenged mMECs pretreated with NAC showed reduced oxidative stress.
Although Nrf2, HO-1, IL-6 and TNF-α expression increased (p < 0.01) at 12 and 24 h post
S. uberis challenge (Figure 4A), these levels were lesser in mMECs pretreated with NAC
(Supplementary Figure S3). Activity of T-SOD in the S. uberis-challenged group was lower
at 12 h (p < 0.01) and 24 h (p < 0.05) than at 6 h post S. uberis challenge (Figure 4B). Total
SOD increased (p < 0.05) in the NAC + S. uberis group compared to the S. uberis group, but
MDA activity was higher (p < 0.05) at 6 h post S. uberis compared to 12 or 24 h (Figure 4).
In cells pretreated with NAC + S. uberis, MDA activity was progressively reduced at 6, 12
and 24 h.

3.5. NAC Treatment Attenuated Autophagy Mechanism in S. uberis-Challenged mMECs

Pretreatment with NAC in the presence of S. uberis impaired autophagy and antiox-
idative Keap1 at 12 and 24 h post challenge. Levels of Keap1, Atg5 and LC3II/LC3I were
upregulated (p < 0.01) in S. uberis-challenged groups (Figure 5A); these levels peaked at 12 h
compared to 24 h post S. uberis in cells pretreated with NAC (Supplementary Figure S4).
Increased Lyso-Tracker red fluorescence (p < 0.01), indicative of autophagy, was observed
in S. uberis-challenged mMECs (Figure 5B). Red fluorescence intensity increased from 0 to 6
and 12 h post challenge, but had subsequently decreased by 24 h.
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Figure 4. Pretreatment with NAC attenuated inflammatory and cellular damage in S. uberis-
challenged mMECs and mammary glands by reducing oxidative stress. (A) Antioxidative Nrf2
and HO-1 and inflammatory IL-6 and TNF-α were determined in mMECs pretreated with NAC
(30 µM) and 1 h later challenged with S. uberis. (B) Levels of total SOD and MDA activities at 6, 12
and 24 h post S. uberis challenge and pretreatment with NAC. Data represent mean ± SD of three
independent experiments. * p < 0.05 and ** p < 0.01 (compared to the Sham); # p < 0.05 and ## p < 0.01
(compared to the S. uberis group).

3.6. Inhibition of Antioxidative Sirt1 Impaired Autophagy in mMECs by Inducing Inflammation

Concentrations of HO-1, IL-6, TNF-α and Atg5 were upregulated (p < 0.05) in mMECs
challenged by S. uberis, but concentrations were reduced in mMECs pretreated with Sirt1
inhibitor (Cambinol) before S. uberis challenge (Figure 6A). In response to siSirt1 treatment,
expressions of IL-6 increased numerically along with increases (p < 0.05) in TNF-α markers
(Supplementary Figure S5). Autophagy dynamics changed in response to Cambinol.
Vector Ad-mCherry-GFP-LC3B co-localized in autophagosomes in S. uberis-challenged cells
(Figure 6B), but in Cambinol + S. uberis cells, the red fluorescence turned into yellow puncta
(p < 0.01) due to a green GFP-LC3B co-localization in a non-acidic environment, indicative
of autophagy inhibition.
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Figure 5. NAC treatment alleviated autophagy in S. uberis-challenged mMECs. (A) Protein concen-
trations of Keap1, Atg5 and LC3II/LC3I in mMECs pretreated with NAC (30 µM) 1 h prior to S.
uberis challenge. (B) Formation of acidified lysosomes was quantified by measuring red fluorescence
intensity. In total, 30 cells were selected for each group and 10 cells per sample with three repeats were
quantified for statistical analyses. Data are representative means of three independent experiments.
* p < 0.05 and ** p < 0.01 (compared to the Sham); # p < 0.05 and ## p < 0.01 (compared to the S. uberis
group). Magnified figure It comes from the yellow box.

3.7. Antioxidative Nrf2 Activation Induced Autophagy by Alleviating Inflammatory Responses

At 12 and 24 hpi, concentrations of antioxidants Nrf2, HO-1, inflammatory IL-6, TNF-α
and autophagy LC3II/LC3I markers were evaluated in the presence of NK-252 (Nrf2 acti-
vator) to identify the effects of the antioxidative pathway on inflammation and autophagy
mechanisms. The mMECs infected with S. uberis expressed increased (p < 0.01) concen-
trations of Nrf2, HO-1, IL-6, and TNF-α and increased LC3II/LC3I markers compared to
the Sham (Figure 7A). However, IL-6 and TNF-α had decreased (p < 0.01) at 12 hpi with
NK-252 + infection compared to infection of S. uberis (Supplementary Figure S6). Addition-
ally, green fluorescence in the S. uberis + NK-252 group had stronger intensity (p < 0.01)



Antioxidants 2024, 13, 171 11 of 19

than mMECs infected with S. uberis or non-infected mMECs (Sham) (Figure 7B), indicating
Nrf2 activation at 6 hpi.
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Figure 6. Silencing of Sirt1 in mMECs inhibited autophagy by inducing inflammation. (A) Protein
expressions of HO-1, IL-6, TNF-α and Atg5 in mMECs pretreated with Cambinol (siSirt1) (40 µM) 6 h
prior to S. uberis challenge. (B) Transfection of mMECs with Ad-mCherry-GFP-LC3B to determine
autophagy inhibition in Cambinol treatment. Quantification of red, green and yellow fluorescence
conducted by ImageJ 1.49v software with JaCoP plugin. Statistical data analyses were conducted
on 10 cells per sample. Data represent mean ± SD of three independent experiments. * p < 0.05
and ** p < 0.01 (compared to the Sham); # p < 0.05 and ## p < 0.01 (compared to the S. uberis group).
Magnified figure It comes from the yellow box.
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3.8. Deactivation of Antioxidative Nrf2 Inhibited Autophagy by Increasing Inflammatory 
Responses 

Infection with S. uberis induced (p < 0.01) Nrf2, HO-1, IL-6, TNF-α and Atg5 (Figure 
8A). However, pretreatment with ML385 (Nrf2 inhibitor) followed by S. uberis challenge 
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Figure 7. Activation of Nrf2 triggered autophagy by attenuating IL-6 and TNF-α. (A) Expression
of Nrf2, HO-1, IL-6, TNF-α and LC3II/LC3I in mMECs pretreated with 10 µM of NK-252 (Nrf2
activator) 6 h prior to S. uberis challenge. (B) Nrf2 protein expressions in S. uberis-challenged mMECs
analyzed by immunofluorescence assay. Nrf2 green fluorescence intensity was quantified using
ImageJ software with JaCoP plugin. For statistical analyses, 10 cells were selected for each sample.
The given data are representative of the mean of three independent experiments. * p < 0.05 and
** p < 0.01 (compared to the Sham); # p < 0.05 and ## p < 0.01 (compared to the S. uberis group).
Magnified figure It comes from the yellow box.

3.8. Deactivation of Antioxidative Nrf2 Inhibited Autophagy by Increasing Inflammatory
Responses

Infection with S. uberis induced (p < 0.01) Nrf2, HO-1, IL-6, TNF-α and Atg5 (Figure 8A).
However, pretreatment with ML385 (Nrf2 inhibitor) followed by S. uberis challenge nu-
merically decreased Nrf2, whereas HO-1 and Atg5 were reduced (p < 0.01) (Supplemen-
tary Figure S7). Concentrations of IL-6 increased (p > 0.05) and TNF-α was upregulated
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(p < 0.01) after Nrf2 inhibition, whereas HO-1 and autophagy Atg5 marker were downreg-
ulated (p < 0.01). Deactivation of Nrf2 in the presence of S. uberis was evident based on
lower green fluorescence intensity (p < 0.01) in the ML385 + S. uberis group versus the S.
uberis group (Figure 8B).
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Figure 8. Suppression of antioxidative Nrf2 inhibited autophagy mechanism by increasing inflam-
mation. (A) Nrf2 marker proteins were silenced by using 10 µM of ML385 in mMECs and Nrf2,
HO-1, IL-6, TNF-α and Atg5 protein expression was analyzed at 12 and 24 h post S. uberis challenge.
(B) Immunofluorescence confocal assay of Nrf2 in S. uberis-challenged mMECs. Quantitative image
analysis of green Nrf2 intensity was conducted by ImageJ with JaCoP plugin in 10 cells/sample.
Represented data are mean ± SD of three independent trials. * p < 0.05 and ** p < 0.01 (compared to
the Sham); # p < 0.05 and ## p < 0.01 (compared to the S. uberis group). Magnified figure It comes
from the yellow box.
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3.9. Antioxidant Factors Were Increased in S. uberis-Challenged mMECs and Mammary Glands

Expression of Sirt1, Keap1, Nrf2, HO-1 and Atg5 was upregulated (p < 0.01) in S.
uberis-challenged mMECs (Figure 9A). However, silencing of Sirt1 with Cambinol down-
regulated (p < 0.05) Sirt1, Keap1, Nrf2, HO-1 and Atg5 at 3 h, whereas inhibition of Nrf2
downregulated (p < 0.05) Nrf2, HO-1 and Atg5 at 6 h (Supplementary Figure S8). Therefore,
Sirt1 and Keap1 preceded Nrf2 and HO-1 in the antioxidative pathway. In the murine
model of mastitis, Sham mammary glands did not have sloughed mammary epithelial cells
(Figure 9B). In contrast, mammary glands infected with S. uberis had damaged mammary
epithelial cells, irrespective of Cambinol treatment. Compared to the S. uberis and Cambinol
+ S. uberis group, histopathological inflammatory changes were lower in the NAC + S.
uberis and NK-252 + S. uberis groups.

Antioxidants 2024, 13, x FOR PEER REVIEW 15 of 21 
 

3.9. Antioxidant Factors Were Increased in S. uberis-Challenged mMECs and Mammary Glands 
Expression of Sirt1, Keap1, Nrf2, HO-1 and Atg5 was upregulated (p < 0.01) in S. 

uberis-challenged mMECs (Figure 9A). However, silencing of Sirt1 with Cambinol down-
regulated (p < 0.05) Sirt1, Keap1, Nrf2, HO-1 and Atg5 at 3 h, whereas inhibition of Nrf2 
downregulated (p < 0.05) Nrf2, HO-1 and Atg5 at 6 h (Supplementary Figure S8). There-
fore, Sirt1 and Keap1 preceded Nrf2 and HO-1 in the antioxidative pathway. In the murine 
model of mastitis, Sham mammary glands did not have sloughed mammary epithelial 
cells (Figure 9B). In contrast, mammary glands infected with S. uberis had damaged mam-
mary epithelial cells, irrespective of Cambinol treatment. Compared to the S. uberis and 
Cambinol + S. uberis group, histopathological inflammatory changes were lower in the 
NAC + S. uberis and NK-252 + S. uberis groups. 

 
Figure 9. Mammary glands and mMECs activated antioxidative factors in response to oxidative 
stress provoked by S. uberis. (A) Expression of antioxidants Sirt1, Keap1, Nrf2, HO-1 and Atg5 in 
mMECs silenced in Sirt1 and Nrf2 previous to S. uberis at 3 h and 6 h challenge. (B) Mammary gland 
morphology after S. uberis challenge for 6 h in mice pretreated with NAC, Cambinol or NK-252. * p 
< 0.05 and ** p < 0.01 (compared to the Sham); # p < 0.05 and ## p < 0.01 (compared to the S. uberis 
group). 

4. Discussion 
As an important mediator of inflammation, Streptococcus uberis has been widely used 

to establish mastitis models in mice [35]. The mouse mastitis model established by injec-
tion of S. uberis was consistent with the clinical symptoms of cow mastitis [36]. The in-

Figure 9. Mammary glands and mMECs activated antioxidative factors in response to oxidative
stress provoked by S. uberis. (A) Expression of antioxidants Sirt1, Keap1, Nrf2, HO-1 and Atg5 in
mMECs silenced in Sirt1 and Nrf2 previous to S. uberis at 3 h and 6 h challenge. (B) Mammary gland
morphology after S. uberis challenge for 6 h in mice pretreated with NAC, Cambinol or NK-252.
* p < 0.05 and ** p < 0.01 (compared to the Sham); # p < 0.05 and ## p < 0.01 (compared to the S.
uberis group).

4. Discussion

As an important mediator of inflammation, Streptococcus uberis has been widely used
to establish mastitis models in mice [35]. The mouse mastitis model established by in-
jection of S. uberis was consistent with the clinical symptoms of cow mastitis [36]. The
inflammatory factors TNF-α, IL-6 and IL-1β are closely associated with the response to
bacterial S. uberis infection. S. uberis can stimulate inflammation cytokines, including IL-1β,
TNF-α, IL-6 and IL-8, in bovine neutrophils, mammary epithelial cell and somatic milk cells
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models [37,38]. S. uberis is an important promoter in the NF-κB and MAPK inflammatory
signaling pathways, which triggers inflammation in mammary epithelial cells [35]. Both
TLR2 and TLR4 are involved in sensing S. uberis invasion. TLR2 is a principal receptor. The
ability to stimulate TLR2 expression on the cell surface resulted in significant upregulation
of both NF-κB and MAPK signaling pathways downstream [39]. In this study, murine
mastitis models and mMECs were infected with S. uberis and the antioxidative, inflam-
matory and autophagy pathway elements were evaluated. We tested the hypothesis that
silencing/activation of antioxidative pathway factors will bring changes in the autophagy
mechanism. Whereas inflammatory changes and autophagy mechanisms were inversely
correlated in our recent study [32], highlighting the role of Nrf2 in alleviating inflam-
mation [40], this study examined the involvement of antioxidative pathways regulating
autophagy. Key antioxidative elements, including Sirt1, Keap1, Nrf2 and HO-1 positively
modulated the autophagy markers Atg5 and LC3II/LC3I and concurrently downregulated
inflammatory IL-6 and TNF-α. Antioxidant SOD concentrations decreased, along with a
reduction in MDA activity [41]. Thus, lower T-SOD and MDA activities reduced cellular
damage due to oxidative stress in S. uberis-infected mammary glands, particularly epithelial
cells. Furthermore, treatment with NAC attenuated morphological damage and reduced
expressions of inflammatory markers but not autophagy, implying that oxidative stress
and activation of the antioxidative pathway are key for inducing autophagy.

In response to oxidative stress at early stages of S. uberis infection, the antioxidative
pathway was activated with increased key antioxidative regulatory factors (Sirt1, Keap1,
Nrf2 and HO-1) [14,42]. Expression of inflammatory and autophagy markers also fluctuated
with S. uberis infection. Therefore, the antioxidative pathway seemed to induce autophagy
by modulating inflammatory responses. As inflammation and oxidative stress are directly
associated, and excessive ROS activates numerous inflammatory mechanisms [43], we eval-
uated pathways associated with oxidative stress and mastitis. Inhibition of ROS with NAC
prior to S. uberis infection reduced the need for antioxidative factors in mammary glands
and mMECs. Furthermore, lower T-SOD and MDA activities also reduced oxidative stress
damage. Thus, inflammatory IL-6 and TNF-α were downregulated, whereas autophagy
Atg5 and LC3II/LC3I and the antioxidative Sirt1, Keap1, Nrf2 and HO-1 were increased.

In the present study, the antioxidative pathway was induced by S. uberis and coun-
teracted oxidative stress in both mMECs and mastitis models. Sirt1 is the key element, as
it reduced oxidative stress, whereas increases in Keap1, Nrf2 and HO-1 were dependent
on Sirt1 marker proteins (indicating enhanced antioxidative activity) and suppressing
inflammation. Nrf2 is a crucial regulator of cellular redox reactions [44] and a sensitive
signal for scavenging ROS. Some pathogenic microbes enhance oxidative stress associated
with expressions of the Nrf2/HO-1 pathway [45]. Similar outcomes following treatment
with ML385 (Nrf2 inhibitor) and Cambinol (siSirt1) after S. uberis challenge implied that
both Sirt1 and Nrf2 are antioxidative markers. Lack of suppression of Sirt1 and Keap1
with ML385 (Nrf2 inhibitor) indicated that Nrf2 and HO-1 are later components and led
by Sirt1 and Keap1 antioxidative elements. Increases in the cytoprotective gene HO-1
after activation of Nrf2 would protect mMECs against oxidative damage [46], degrading
heme to generate anti-inflammatory carbon monoxide (a vasodilatory gas) [47]. Moreover,
downregulation of IL-6 and TNF-α with increased HO-1 due to activation of Nrf2 would
promote autophagy.

Activation of the antioxidative pathway would stimulate autophagy by decreasing
inflammation. IL-6 and TNF-α were downregulated during autophagy [32], along with
increased expressions of antioxidative Sirt1, Keap1, Nrf2 and HO-1. Thus, inhibition of
Nrf2 not only reduced antioxidant activity but also upregulated inflammatory IL-6 and
TNF-α markers. Additionally, the antioxidative pathway had a positive and direct impact
on autophagy. In fact, silencing Sirt1 impaired autophagy in the Ad-mCherry-GFP-LC3B
transfection assay, with both GFP green and mCherry red fluorescence becoming yellow
puncta [48].
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We illustrated that S. uberis challenge indirectly induces autophagy in mMECs by
targeting antioxidative Sirt1, Keap1, Nrf2 and Ho-1. Oxidative stress was increased, which
also increased Sirt1 along with Keap1, Nrf2 and HO-1 as antioxidative mechanisms. Ox-
idative stress also dissociates Nrf2 from Keap1 protein, transfers Nrf2 to the nucleus, and
induced expressions of HO-1. The increased antioxidative factors increase autophagous
Atg5 and LC3II/LC3I by reducing inflammatory IL-6 and TNF-α. The inhibitory treatment
of Sirt1 and Nrf2 have negative effects on autophagy induction, while Nrf2 activation
enhanced autophagy activity. HO-1 increased the levels of total SOD and MDA contents
against oxidative stress. Thus, autophagy inhibits oxidative stress and cellular damage in
mastitis.

5. Conclusions

In conclusion, S. uberis infection induced oxidative stress in mouse mammary epithelial
cells, which activated an antioxidative pathway that mitigated inflammatory responses
and reduced cellular damage (Figure 10). Inflammation could thus be attenuated by the
antioxidative pathway and autophagy mechanism.
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infected mMECs induced antioxidant and autophagy marker proteins and reduced inflammatory
cytokines; Figure S2: Original WB of NAC pretreatment in S. uberis-challenged mMECs mitigated
antioxidative responses; Figure S3: Original WB of pretreatment with NAC attenuated inflammatory
and cellular damage in S. uberis-challenged mMECs and mammary glands by reducing oxidative
stress; Figure S4: Original WB of NAC treatment alleviated autophagy in S. uberis-challenged mMECs;
Figure S5: Original WB of silencing of Sirt1 in mMECs inhibited autophagy by inducing inflam-
mation; Figure S6: Original WB of activation of Nrf2 triggered autophagy by attenuating IL-6 and
TNF-α; Figure S7: Original WB of suppression of antioxidative Nrf2 inhibited autophagy mechanism
by increasing inflammation; Figure S8: Original WB of mammary glands and mMECs activated
antioxidative factors in response to oxidative stress provoked by S. uberis.
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