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Sulforaphane prevents LPS-induced sl

inflammation by regulating the Nrf2-mediated
autophagy pathway in goat mammary epithelial
cells and a mouse model of mastitis
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Abstract

Background Mastitis not only deteriorates the composition or quality of milk, but also damages the health and pro-
ductivity of dairy goats. Sulforaphane (SFN) is a phytochemical isothiocyanate compound with various pharmacologi-
cal effects such as anti-oxidant and anti-inflammatory. However, the effect of SFN on mastitis has yet to be elucidated.
This study aimed to explore the anti-oxidant and anti-inflammatory effects and potential molecular mechanisms

of SFN in lipopolysaccharide (LPS)-induced primary goat mammary epithelial cells (GMECs) and a mouse model of
mastitis.

Results In vitro, SFN downregulated the mRNA expression of inflammatory factors (tumor necrosis factor-a (TNF-a),
interleukin (/L)-18 and /L-6), inhibited the protein expression of inflammatory mediators (cyclooxygenase-2 (COX2),
and inducible nitric oxide synthase (iNOS)) while suppressing nuclear factor kappa-B (NF-kB) activation in LPS-induced
GMECs. Additionally, SFN exhibited an antioxidant effect by increasing Nrf2 expression and nuclear translocation,
up-regulating antioxidant enzymes expression, and decreasing LPS-induced reactive oxygen species (ROS) produc-
tion in GMECs. Furthermore, SFN pretreatment promoted the autophagy pathway, which was dependent on the
increased Nrf2 level, and contributed significantly to the improved LPS-induced oxidative stress and inflammatory
response. In vivo, SFN effectively alleviated histopathological lesions, suppressed the expression of inflammatory
factors, enhanced immunohistochemistry staining of Nrf2, and amplified of LC3 puncta LPS-induced mastitis in mice.
Mechanically, the in vitro and in vivo study showed that the anti-inflammatory and anti-oxidative stress effects of SFN
were mediated by the Nrf2-mediated autophagy pathway in GMECs and a mouse model of mastitis.

Conclusions These results indicate that the natural compound SFN has a preventive effect on LPS-induced inflam-
mation through by regulating the Nrf2-mediated autophagy pathway in primary goat mammary epithelial cells and a
mouse model of mastitis, which may improve prevention strategies for mastitis in dairy goats.
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Introduction

Mastitis, an infection, and inflammation of the mam-
mary gland, is one of the most prevalent diseases of dairy
animals during the lactation period [1]. Not only does it
affect the nutritional value or composition of milk, but
it also affects animal health and hygienic quality, caus-
ing huge economic losses associated with dairy products
[2]. Emerging evidence has indicated that inflammatory
diseases are accompanied by oxidative stress initiated by
the accumulation of reactive oxygen species (ROS) [3, 4].
Considering this, it is reasonable to suggest that combined
regulation of inflammatory response and oxidative stress,
rather than a specific therapy targeting one of these sys-
tems [5], would be more successful in controlling the pro-
gression of mastitis. Therefore, it is highly necessary to
develop a safe agent for preventing mastitis with retained
anti-inflammatory and anti-oxidative stress functions.

Nrf2 is a key transcription factor that regulates the expres-
sion of the antioxidant proteins such as heme oxygenase-1
(HO-1), NADPH quinone oxidoreductase 1 (NQO1),
glutamate-cysteine ligase catalytic (GCLC), and glutamate
cysteine ligase modifier subunit (GCLM), by binding to the
antioxidant response element (ARE) [6, 7]. This pathway is
essential to the cellular antioxidant and anti-inflammatory
defense systems [8—10]. Indeed, the upregulation of Nrf2
increases the expression of antioxidant protein for ROS
scavenging [11, 12]. Additionally, Nrf2 can compete with
NF-kBp65 for interacting with p300/CREB binding pro-
tein (CBP), thereby reducing NF-kB-driven gene expres-
sion [13, 14]. Previous studies have demonstrated that Nrf2
participates in mediating lipopolysaccharide (LPS)-induced
mice mastitis [12, 15, 16]. Consequently, Nrf2 is a potential
marker associated with mastitis resistance.

Autophagy is an evolutionarily conserved self-renewal
process, which delivers cytoplasmic constituents, such
as misfolded proteins, damaged organelles, and invading
pathogens, into autophagosomes and subsequently trans-
ports them to the lysosomes for degradation [17, 18]. This
process is critical for maintaining cellular homeostasis and
regulating the host’s response to infection by managing
oxidative stress and inflammation [19-21]. For instance,
transcription factor EB (TFEB)-mediated autophagy
alleviates oxidative damage in bovine mammary epithe-
lial cells [22]. Moreover, increasing evidence indicates
that autophagy participates in mediating LPS-induced
inflammation [15, 16, 23]. It has been proposed that Nrf2
enhances the expression of several autophagy-related
genes and promotes the autophagic process through
binding to its ARE site [24, 25]. Therefore, it is clear that
autophagy and the Nrf2 pathway are intrinsically inter-
twined, suggesting that the activation of Nrf2-mediated
autophagy might be a novel and feasible approach for the
treatment of inflammation research [26, 27].
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Many natural compounds in food may be considered
the oldest medicines due to their bioactive ingredients,
commonly known as nutraceuticals, which possess vari-
ous physiological and pharmacological properties with
limited side effects [28—30]. Sulforaphane (SEN), a natu-
ral electrophilic compound, isolated from cruciferous
vegetables such as broccoli and cabbage [31], is one such
compound. Numerous studies have reported that SFN
has a potential role in the treatment of diseases induced
by oxidative stress and inflammatory response, as it
promotes promoting the nuclear accumulation of Nrf2
[32-34]. Despite being well characterized for its role in
regulating mastitis, little is known about its potential
mechanisms. Therefore, the present study aimed to inves-
tigate the anti-oxidant and anti-inflammatory effects and
potential molecular mechanisms of SEN in LPS-induced
primary GMECs and a mouse model of mastitis.

Materials and methods

Regents

Sulforaphane (purity>99%, HY-13755) and chloroquine
(CQ, HY-17589A) were obtained from MedChemExpress
(Shanghai, China). LPS (L2880) was bought from Sigma
Aldrich (Shanghai, China). Bafilomycin Al (Baf-Al,
$1413) was purchased from Selleck Chemicals (Houston,
TX, USA).

Ethics statement

All animal experiments for the study were approved by
the Institutional Animal Care and Use Committee of
Northwest A&F University (N0.2021032610).

Mice and treatments

BALB/c mice (8-9 weeks old, 20-25 g weight) were
purchased from the Laboratory Animal Center of
Shaanxi Normal University (Xian, China) and were
maintained under a standard environment (12 h light/
dark cycle, 22-23 ‘C) with ad libitum access to food
and water. Two females and one male were distrib-
uted in a small cage. After pregnancy, each female
mouse was housed individually and subjected to dif-
ferent treatments. A total of forty lactating mice were
randomly divided into four groups (n=10 per group):
Control, LPS (0.2 mg/mL, 50 pL), SEN (50 mg/kg/d),
and LPS+ SEN (50 mg/kg/d). The dosages of SEN and
LPS in the animal models were based on the literature
[33, 35]. Mice were administered intraperitoneally with
SEN for 7 d before LPS treatment from days 4 to 10 of
lactation. On day 9 of lactation, LPS was injected into
the fourth mammary duct of the mice using a microsy-
ringe. Twenty-four hours after the LPS injection, all
animals were sacrificed, and mammary gland samples
were collected.
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GMEC isolation and culture

Goat mammary epithelial cells were isolated from three
healthy lactating dairy goats using the tissue explant
culture method as previously described [36]. Briefly, the
mammary tissue blocks were washed 5-6 times with
phosphate-buffered solution (PBS) and cut into Imm?
pieces, the pieces were then transferred to 24-well plates
and incubated in a humidified atmosphere containing
5% CO, at 37 °C. After 12 h, Dulbecco Modified Eagle
Medium/nutrient mixture Ham F-12 (DMEM/F12,
12500, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher Scientific, 10270106), 100 U/mL penicillin, and
100 pg/mL streptomycin (Solarbio, Beijing, P1400) was
added into the culture plates. The medium was replaced
with fresh medium every 48 h until the cells crawled
out of the tissue. After about 10 d, the cells distributed
across the bottom of the plates were digested with 0.25%
trypsin~EDTA to remove fibroblasts. Following three
passages of purification, the isolated GMECs were used
for subsequent experiments within seven passages.

Cell toxicity assay

The cytotoxicity of primary GMECs in response to SEN
was evaluated using Cell Counting Kit-8 (CCK-8, AbMole
Bioscience Inc., Houston, TX, USA). Briefly, GMECs were
seeded in 96-well plates at a density of 8 x 10* cells/well and
cultured with various concentrations of SFN for 24 h. Then,
10 uL of CCK-8 reagent and 90 pL of culture medium were
added to each well and incubated for 2 h at 37 °C. Subse-
quently, the absorbance of the samples at 450 nm was
measured.

Quantitative real-time PCR analysis

Total RNA was isolated using AG RNAex Pro Reagent
(Accurate Biology, Changsha, China) and transcribed
into cDNA using the Evo M-MLV Kit (Accurate Biol-
ogy, Changsha, China). Quantitative real-time PCR
(QRT-PCR) analysis was carried out using SYBR®
Green Pro Taq HS (Accurate Biology, Changsha, China)
under the following conditions: 95 °C for 30 s; 40 cycles
of 95 °C for 5 s and 60 °C for 30 s, with final melting-
curve analysis. The primer sequences used are listed
in Table 1. Relative gene expression was calculated by
normalizing the housekeeping gene fS-actin in mouse
mammary gland tissue or GAPDH in primary GMECs
using the comparative 22" method.

Western blot analysis

Western blot was performed as previously described [37].
Briefly, total protein was extracted from GMECs in ice-
cold RIPA buffer (Solarbio, Beijing, China) with a pro-
tease and phosphatase inhibitor cocktail (Solarbio, Beijing,
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Table 1 Primers sequences for gRT-PCR

Gene Sequence (5’ — 3) Length, bp

Goat Nrf2 F: CCAACTACTCCCAGGTAGCCC 227
R: AGCAGTGGCAACCTGAACG

Goat HO-1 F: CAAGCGCTATGTTCAGCGAC 206
R: GCTTGAACTTGGTGGCACTG

Goat NQOT F: ACTGTGTCGGACCTGTATGC 363
R: CAGAGAGTACATGGAGCCGC

Goat GCLM F: AATCTTGCCTCCTGCTGTGTGATG 138
R: GATGCTCTCCTGAAGTGCTTCTTGG

Goat GCLC F: CATTTGCAAAGGTGGCAACGC 301
R: CTGCTTGTAGTCGGGATGCT

Goat GAPDH F: ACCTGCCAAGTATGATGAG 118
R: AGTGTCGCTGTTGAAGTC

Mouse TNF-a F: ACGGCATGGATCTCAAAGAC 116
R: GTGGGTGAGGAGCACGTAGT

Mouse /L-18 F: GCTGCTTCCAAACCTTTGAC 121
R: AGCTTCTCCACAGCCACAAT

Mouse IL-6 F: CCGGAGAGGAGACTTCACAG 134
R: CAGAATTGCCATTGCACAAC

Mouse B-actin F: GTCAGGTCATCACTATCGGCAAT 147

R: AGAGGTCTTTACGGATGTCAACGT

China). Protein concentration was measured using a bicin-
chonic acid (BCA, YuanYe, Shanghai, China) protein assay
kit (Epizyme, Shanghai, China). Equal amounts of protein
were separated by sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis (SDS-PAGE) and then transferred
onto polyvinylidene fluoride membranes (Millipore, Bed-
ford, MA, USA). Primary antibodies were incubated over-
night at 4 °C followed by a 2-h incubation with secondary
antibodies at room temperature. Band intensities were vis-
ualized and determined using a chemiluminescence detec-
tion system (Bio-Rad Laboratories, Hercules, CA, USA).
The intensity of each band was analyzed using Image J.
Primary antibodies used were: IxBa (1:1,000, #4814, Cell
Signaling Technology, Boston, MA, USA), p-IkBa (1:1,000,
#2859, Cell Signaling Technology), NF-xB p65 (1:1,000,
10745-1-AP, Proteintech, Wuhan, China), p-NF-xB p65
(1:1,000, #3033, Cell Signaling Technology), Nrf2 (1:2,000,
ab137550, Abcam, Cambridge, USA), HO-1 (1:2,000,
10701-1-AP, Proteintech), NQO1 (1:2,000, 11451-1-AP,
Proteintech), GCLC (1:2,000, 12601-1-AP, Proteintech),
GCLM (1:2,000, 14241-1-AP, Proteintech), LC3 (1:1,000,
14600-1-AP, Proteintech), Beclinl (1:1,000, 11306—1-AP,
Proteintech), Atg7 (1:1,000, 10088—2-AP, Proteintech),
ULK1 (1:1,000, 20986—1-AP, Proteintech), p-ULK1S556
(1:2,000, 80218-1-RR, Proteintech), p-ULK1S757 (1:1,000,
#14202, Cell Signaling Technology), AMPK (1:1,000,
#5831, Cell Signaling Technology), p-AMPK (1:1,000,
#2535, Cell Signaling Technology), mTOR (1:1,000, #2983,
Cell Signaling Technology), p-mTOR (1:1,000, #5536, Cell
Signaling Technology), S6 (1:1,000, #2217, Cell Signaling
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Technology), and p-S6 (1:2,000, #4858, Cell Signaling
Technology).

ROS analysis

The ROS levels were then measured using DCFH-DA
fluorescent dye (Beyotime Institute of Biotechnol-
ogy, Shanghai, China). Briefly, GMECs were cultured
in 24-well plates and subjected to indicated treatments.
Then cells were incubated with DCFH-DA (10 pumol/L)
for 20 min at 37 °C in the dark. The cells were washed
with PBS and the fluorescence was imaged using a fluo-
rescence microscope (Olympus, Tokyo, Japan). The fluo-
rescence intensity was quantified using Image J software
(1.53a/Java 1.8.0_112, NIH, USA).

RNA interference (RNAI) of Nrf2

The small interfering RNA (siRNA, GenePharma, Shang-
hai, China) targeting Nrf2 and negative control RNA (NC
siRNA) were designed and synthesized by GenePharma
(Shanghai, China). At 70%-80% confluence, GMECs
were transfected with siRNA (50 nmol/L) using Lipo-
fectamine 3000 (Invitrogen, Carlsbad, CA, USA). After
48 h, transfected cells were used for subsequent experi-
ments were performed. The Oligos for siRNA are listed
in Table 2.

Hematoxylin-eosin staining

Mammary gland histology was performed as follows.
In brief, the tissue was fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned to a thickness of
5-pm. Mammary sections were then stained with hema-
toxylin—eosin to evaluate pathological changes.

Immunohistochemistry

Immunohistochemistry (IHC) was performed on paraf-
fin-embedded udder tissue sections using a previously
described protocol [33]. An anti-Nrf2 primary antibody
was used (1:400; ab137550, Abcam, Cambridge, USA).

Table 2 Oligos for siRNA

Gene Sequence (5’ — 3)

si-NC UUCUCCGAACGUGUCACGUTT
ACGUGACACGUUCGGAGAATT

si-Nrf2-1 GAGGCCAGAUAUUAAGAAATT
UUUCUUAAUAUCUGGCCUCTT

si-Nrf2-2 CCGGUUGACAGUGAAUUCATT
UGAAUUCACUGUCAACCGGTT

si-Nrf2-3 GGUAGCCACUGCUGAUUUATT

UAAAUCAGCAGUGGCUACCTT
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Immunofluorescent staining

GMECs were grown on glass coverslips and then fixed
with 4% paraformaldehyde for Nrf2 and NF-xB p65
staining or —20 °C methanol for LC3 staining. Fol-
lowing this, cells were permeabilized with 0.1% Tri-
ton X-100 and then blocked with 10% FBS in PBS for
1 h. Cells were then incubated overnight with differ-
ent primary antibodies at 4 °C. The primary antibodies
used in this study included anti-NFE2L2/Nrf2 (1:400,
ab137550, Abcam, Cambridge, USA), anti-NF-kB p65
(1:200, 10745-1-AP, Proteintech, Wuhan, China) and
LC3 (1:300, 14600—1-AP, Proteintech). Cells were then
washed five times with PBS and incubated with second-
ary antibodies conjugated to Alexa Fluor 594 (A-11012,
Thermo Fisher Scientific, Waltham, MA, USA) or 488
(A-11008, Thermo Fisher Scientific) for 1 h in a dark
room at room temperature. After three washes with
PBS, coverslips were mounted on slides with Anti-
fade Mounting Medium (Beyotime), and images were
acquired using a confocal microscope (Nikon A1Rsi,
Nikon, Tokyo, Japan).

For tissue immunofluorescence, paraffin-embedded
mouse breast sections were deparaffinized for subse-
quent antigen retrieval. Subsequently, udder sections
were blocked with goat serum and incubated with a
primary antibody against LC3 (1:300; 14600—1-AP, Pro-
teintech) at 4 °C overnight, followed by staining with
fluorescein isothiocyanate (FITC)-conjugated donkey
anti-rabbit secondary antibody (1:200; GB22403, Ser-
vicebio, Wuhan, China). Slides were counterstained with
DAPI, and images were captured using a fluorescence
microscope (Nikon, Tokyo, Japan).

Transmission electron microscopy

Cells were harvested and prefixed in 2.5% glutaraldehyde
followed by postfixation in 1% osmium tetroxide. After
dehydration, embedding, and ultrathin sectioning, the
samples were stained with uranyl acetate and lead citrate
and then imaged using a JEM-1400-FLASH transmission
electron microscope (Tokyo, Japan).

Statistical analysis

The values are expressed as mean=+ SEM. Statistical
analysis was performed using GraphPad Prism 8.0.1 soft-
ware (GraphPad, San Diego, CA, USA). Student’s ¢-test
was performed for comparisons between the two groups
and one- or two-way analysis of variance (ANOVA) fol-
lowed by Tukey or Dunnett’s post-hoc tests were used to
compare more than two groups. Statistical significance
was denoted by asterisks (‘P<0.05, "P<0.01, " P<0.001,
"P<0.0001).



Shao et al. Journal of Animal Science and Biotechnology (2023) 14:61

Results

SFN inhibits inflammatory factors, inflammatory mediators
expression, and NF-kB (p65) activation in LPS-induced
primary GMECs

As detected by the cytotoxicity assay, SFN within
10 pmol/L did not affect the cell viability of GMEC
(P>0.05). As depicted in Fig. 1B-D, the TNF-a, IL-1p,
and /L-6 mRNA levels were up-regulated in LPS-induced
GMECs compared to the control group (2<0.0001), and
this effect was dose-dependently suppressed with SFN
pretreatment (P<0.05). Similarly, SEN inhibited LPS-
induced protein expression of inflammatory mediators
(COX2 and iNOS) (Fig. 1E-G, P<0.05). Given that NF-«kB
is a major factor in regulating the expression of inflamma-
tory cytokines, the effect of SEN on LPS-induced NF-«xB
pathway activation was further explored in primary
GMECs. Western blot showed that SEFN down-regulated
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LPS-induced phosphorylation levels of IkBa and NF-«B
p65 proteins (Fig. 1H, P<0.05). Furthermore, immuno-
fluorescence analysis revealed that SEN pretreatment
reduced the amount of p65 in the nucleus of LPS-induced
GMEC:s (Fig. 1K). These data suggest the anti-inflamma-
tion effects of SEN on LPS-induced GMECs.

SFN suppresses ROS production, up-regulates antioxidant
enzymes expression, and activates Nrf2 signaling

in LPS-induced GMECs

LPS has been shown to induce the accumulation of ROS
in RAW264.7 cells [5], and ROS plays a crucial role in the
inflammatory signaling pathway. Therefore, the impact of
SEN on ROS generation was examined in LPS-induced
GMECs by DCFH-DA assay. As depicted in Fig. 2A and B,
ROS production significantly increased after LPS exposure
compared to the control group (P<0.0001). However, SEN
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Fig. 1 SFN inhibited expression of inflammatory factors and mediators and NF-kB (p65) activation in LPS-induced primary GMECs. Cells were
pretreated with different concentrations of SFN (1.25, 2.5 and 5 umol/L) for 12 h in the absence or presence of LPS (10 pg/mL) for 6 h. A GMECs
were treated SFN for 24 h and the cytotoxicity of SFN was detected using CCK-8 assay (n =4). B-D gRT-PCR analysis of relative mRNA levels of
inflammatory factors (n = 3). E-G Western blot analysis of COX2 and iNOS levels (n = 3). H-J Western blot analysis of p-IkBa, IkBa, p-p65 and p65
(n=3). KImmunofluorescent analysis of NF-kBp65 and nuclear staining with DAPI (blue) in GMECs pretreated with SFN (5 umol/L) for 12 h in the
absence or presence of LPS (10 ug/mL) for 6 h (Bar= 10 pm). One-way ANOVA, Dunnett’s post-hoc test. Data are presented as the mean = SEM.

P

"P<0.05,“P<0.01,P<0.001 and ""P<0.0001
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Fig. 2 SFN suppressed ROS production, up-regulated expression of antioxidant enzymes and activated Nrf2 signaling in LPS-induced GMECs. Cells
were pretreated with different concentrations of SFN (1.25, 2.5 and 5 umol/L) for 12 h in the absence or presence of LPS (10 pg/mL) for 6 h. A ROS
production were detected by DCFH-DA (Bar = 100 um). B Quantification of ROS levels. One-way ANOVA, Dunnett’s post-hoc test (n=6). C qRT-PCR
analysis of Nrf2 mRNA (n = 3). One-way ANOVA, Dunnett’s post-hoc test. D and E Western blot analysis of Nrf2 protein (n = 3). One-way ANOVA,
Dunnett’s post-hoc test. F gRT-PCR analysis of Nrf2-targeted genes HO-1, NQO1, GCLC and GCLM mRNA expression (n = 3). Two-way ANOVA,
Dunnett’s post-hoc test. G and H Western blot analysis of Nrf2 downstream proteins HO-1, NQO1, GCLC and GCLM (n = 3) levels. Two-way ANOVA,
Dunnett’s post-hoc test. I Immunofluorescent analysis of Nrf2 and nuclear staining with DAPI (blue) in GMECs pretreated with SFN (5 pmol/L) for

12 hin the absence or presence of LPS (10 ug/mL) for 6 h (Bar= 10 um). Data are presented as the mean &= SEM. "P<0.05,"P<001,

"P<0.0001

pretreatment notably restrained LPS-induced ROS accumu-
lation in a dose-dependent manner (P<0.01). Nrf2 can acti-
vate the transcription of several antioxidant genes and has
been proposed to be relevant to anti-inflammatory function
in bovine MECs [15]. Therefore, we evaluated the effects
of SEN on the expression of Nrf2 in LPS-induced GMECs.
qRT-PCR and Western blot analysis revealed that SEN up-
regulated Nrf2 gene and protein expression in the presence
of LPS (Fig. 2C-E, P<0.05). Furthermore, immunofluores-
cence staining showed that SEN increased nuclear accumu-
lation of Nrf2 in LPS-induced GMEC:s (Fig. 2I). At the same
time, the expression of phase II detoxifying enzymes includ-
ing HO-1, NQO1, GCLC, and GCLM, which are known to
alleviate oxidative stress and inflammatory response [38],
was potentiated by SEN upon LPS treatment (Fig. 2F-H,
P<0.05). These results verify that the SFN-induced suppres-
sion of oxidative stress is related to Nrf2 activation and the
expression of antioxidant enzymes.

ok

P<0.001 and

SFN-induced autophagy plays an important role

in LPS-induced primary GMECs

To examine the optimal times of SFN coordinates
autophagy, primary GMECs were incubated with SFN
(5 pmol/L) at different times. Autophagy was assessed using
a kit-based assay, which revealed that SEN activated the
typical autophagic response characterized by bright blue dot
staining of autophagic vacuoles. The effect is noticeable after
4-12 h of treatment, with peak activity at 12 h (Fig. 3A and
B, P<0.0001). Furthermore, transmission electron micros-
copy images showed predominant autophagosome for-
mation in SEN-treated GMECs (5 pmol/L, 12 h) (Fig. 3C).
In support of this, Western blot analysis showed that SEN
(5 pmol/L, 12 h) treatment up-regulated autophagy mark-
ers such as LC3-II, Beclinl, and Atg7 expression in GMECs
(Fig. 3D-G, P<0.05). To examine whether SFN promotes
autophagic flux, CQ, a later-phase autophagy inhibitor, was
used to treat GMECs combination with SEN. The results
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Fig. 3 SFN promoted autophagy in primary GMECs. A GMECs were treated with SFN (5 umol/L) for the indicated times and the autophagosome
was detected using the autophagy assay kit (Bar= 100 um). B Fluorescence intensity analysis of autophagy shown in A, n=30 randomly selected
cells. One-way ANOVA, Dunnett’s post-hoc test. C Autophagosome detection by transmission electron microscopy in GMECs treated with SFN

(5 umol/L) for 12 h. Arrows indicate the autophagosome. D-G Western blot analysis of LC3, Beclin1, Atg7 protein from 5 umol/L SFN-treated
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pretreated with or without CQ (5 umol/L) for 4 h in advance and then were incubated with SFN (1.25, 2.5 and 5 umol/L) for 12 h. One-way ANOVA,
Tukey's post-hoc test. J-O Western blot analysis of the autophagy-related signaling molecules from 5 pmol/L SFN-treated GMECs for the indicated
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showed that SEN (5 umol/L, 12 h) further increased LC3-II
expression in GMECs after CQ treatment (Fig. 3H and I,
P<0.05). Additionally, the related pathways of autophagy
were detected. It was observed that the phosphorylation
level of AMPK, a major regulatory pathway of autophagy,
was significantly elevated (Fig. 3] and M, P<0.05), whereas
the activity of mTOR and its downstream signaling mol-
ecule phos-S6 were not changed after SEN (5 pmol/L, 12 h)
treatment (Fig. 3], N and O, P>0.05). Notably, SEN treat-
ment also elevated the phosphorylation level of ULK1 at
Ser556 (Fig. 3] and K, P<0.05), but not Ser757 (Fig. 3] and
L, P>0.05). Taken together, these results demonstrate that
SEN (5 pmol/L, 12 h) induces autophagy and promotes
autophagosome formation, which is possibly dependent on
AMPK-regulated ULK1 phosphorylation at Ser556.

The effect of SEN on autophagy in LPS-induced
GMECs was further determined. As shown in Fig. 4A
and B, pretreatment with SFN before the LPS challenge
further increased bright blue dot staining of autophagic
vacuoles compared to treatment with SEN or LPS alone
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(P<0.5). Transmission electron microscopy revealed that
autophagosome was observed in SEN-treated GMECs,
which was further potentiated in LPS-induced GMECs
after SEN pretreatment (Fig. 4C). Similarly, the upregu-
lation of LC3-II expression was enhanced with SFN
pretreatment under LPS stimulation (Fig. 4D and E,
P<0.001). To verify whether SEN promotes autophagic
flux upon LPS-induced inflammation, GMECs were
treated with Baf-Al, a late-stage autophagy inhibitor
that potently blocks autophagosome-lysosome fusion.
The results showed that combined treatment of Baf-Al
further enhanced the amplitude of LC3 puncta (Fig. 4F).
These findings highlight that SFN-activated autophagy
plays a vital role in LPS-induced GMECs.

Nrf2 knockdown inhibits autophagy and attenuates
antioxidant and anti-inflammatory activities of SFN

in LPS-induced primary GMECs

Given the role of Nrf2 in regulating autophagy, oxidative
stress, and inflammatory response [39], Nrf2-targeted
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Fig. 4 Autophagy activation by SFN was critical in LPS-induced primary GMECs. Cells were pretreated with SFN (5 umol/L) for 12 h in the absence
or presence of LPS (10 ug/mL) for 6 h. A Autophagy assay kit was used to detect autophagosome (Bar=50 pm). B Fluorescence intensity analysis
of autophagy shown in A, n=30 randomly selected cells. C Autophagosome detection by transmission electron microscopy. Arrows indicate the
autophagosome. D and E Western blot analysis of LC3 protein (n=3). F Immunofluorescent analysis of LC3 puncta (green) and nuclear staining
with DAPI (blue) in GMECs pretreated with Baf-A1 (10 pmol/L) for 1 h in advance and then treated with SFN (5 umol/L) for 12 h in the absence or
presence of LPS (10 pug/mL) for 6 h (Bar =20 um, n = 3). One-way ANOVA, Dunnett’s post-hoc test. Data are presented as the mean = SEM. P < 0.05,
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strategies are important for the prevention of mastitis.
Thus, we first used Nrf2-silenced GMECs to confirm the
potential impact of SEN-activated Nrf2 signaling on the
autophagy pathway. As shown in Fig. 5A, transfection
with siRNA targeting Nrf2 decreased the protein level
of Nrf2 in GMECs compared to the control group, with

1.2
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the most significant effect of si-Nrf2-3 (P<0.01). We thus
choose si-Nrf2-3 for subsequent experiments. Immu-
nofluorescence staining showed that SFN enhanced
the amplitude of LC3 puncta in LPS-induced GMECs,
which however was decreased by knockdown of Nrf2
(Fig. 5B). To be of antioxidant and anti-inflammatory
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functional relevance, Nrf2 knockdown reverted SEN-
mediated the decrease of ROS production and its inhibi-
tion of proinflammatory cytokine levels in LPS-induced
GMECs (Fig. 5C-F, P<0.0001). Consistently, using a
siRNA targeting Nrf2 reverted SEN-induced reduction of
NEF-kBp65 nuclear translocation in LPS-induced GMECs
(Fig. 5G). These results demonstrate that SFN-induced
autophagy is dependent on the elevated Nrf2 level, which
substantially contributes to improving the activities of
antioxidant and anti-inflammation.

SFN suppresses LPS-induced expression of inflammatory
factors Nrf2 and LC3 in mouse mammary glands

The results shown above were further evaluated in an
in vivo study to assess the potential effect of SEN on alle-
viating mastitis in the LPS-induced mice mastitis model.
H&E staining was performed to examine histopatho-
logical changes in the mammary gland and the results
showed that LPS stimulation resulted in a large number
of neutrophils infiltrating the mammary acinar cavity,
whereas SEN significantly inhibited this effect (Fig. 6A).
Additionally, SEN decreased LPS-induced pro-inflamma-
tory factors (TNF-a, IL-1f3, and IL-6) mRNA expression
in the mammary gland (Fig. 6B-D, P<0.0001). As shown
in Fig. 6E and F, SFN enhanced immunohistochemis-
try staining of Nrf2 and amplitude of LC3 puncta in the
LPS-induced mammary gland. These results highlight
that SEN pretreatment activates Nrf2 and autophagy and
thereby prevents LPS-induced mastitis in mice.

Discussion

Gram-negative bacteria, especially Escherichia coli (E.
coli), are common pathogens of mastitis in ruminants
[40-42]. LPS released from the bacterial cell wall causes a
series of cellular immune responses, activating of inflam-
matory signaling, and producing of cytokines, and ROS
[43]. Excessive ROS can further exacerbate the inflam-
matory response, which further increases the intensity
of oxidative stress, leading to a vicious cycle of oxidative
stress and inflammatory response [44]. Therefore, agents
with anti-oxidative and anti-inflammatory activities may
be beneficial in combating mastitis. In this study, primary
dairy goat mammary epithelial cells and a mouse model
of mastitis were used to evaluate the effect of SEN on

(See figure on next page.)
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LPS-induced inflammation. Results indicated that SFN
inhibited inflammatory factors (TNF-a, IL-1f3, and IL-
6), inflammatory mediators (COX2 and iNOS) expres-
sion and NF-«B activation in LPS-induced GMECs. SEN
exerted an antioxidant effect by activating Nrf2, up-regu-
lating the expression of antioxidant enzymes, and reduc-
ing LPS-induced ROS generation in GMECs. Moreover,
SEN effectively suppressed LPS-induced mastitis in mice.
Mechanistically, these effects were largely attributed to
Nrf2-mediated autophagy.

Mammary epithelial cells are the first line of defense
against microbial invasion of the mammary gland [45].
Following an LPS challenge, the inflammatory factors
are released from cells via activating the NF-kB path-
ways to regulate further infection [46]. Therefore, the
anti-inflammatory activity of SFN was evaluated in
LPS-induced primary GMECs. SEN pretreatment inhib-
ited LPS-induced expression of inflammatory factors
(TNF-a, IL-1f3, and IL-6) mRNA levels and the inflam-
matory mediators (COX2 and iNOS) protein expres-
sion, which are closely involved in NF-kB. NF-«B plays a
crucial role in the inflammatory response, governing the
release of cytokines [47]. Previous studies revealed that
NE-kB activation is regulated by IkBa phosphorylation
and degradation [48]. Similarly, SEN reduced the levels
of phosphor-IkBa and phosphor-NF-kBp65, as well as
the nuclear translocation of NF-kBp65. Inflammatory
response and its constant companion oxidative stress are
key features and major mediators of mastitis initiation
and progression. Excessive ROS accumulation is linked to
oxidative stress and inflammation exaggeration. Accord-
ingly, inhibiting the overproduction of ROS is a general
approach to suppress inflammatory disease such as mas-
titis. Nrf2 has been identified as one of the key regula-
tors of antioxidant responses, activating the transcription
of several antioxidant genes that serve to counteract the
effects of ROS. Wang et al. [49] demonstrated that aucu-
bin can provide a neuroprotective effect against oxidative
stress and inflammation by activating the Nrf2 pathway
in traumatic brain injury. Zhang et al. [50] further sug-
gested that rutaecarpine attenuates dextran sulfate
sodium-induced colitis through the activation of Nrf2
signaling. In this study, the activation of Nrf2 was shown
to up-regulate the expression of downstream antioxidant

Fig. 6 SFN suppressed the expression of inflammatory factors Nrf2 and LC3 in mouse mammary glands following LPS treatment. BALB/c mice were
administered vehicle (saline) or SFN (50 mg/kg, i.p.) on days 4 to 10 of lactation. On day 9 of lactation, mice were infused with 100 L LPS (0.2 mg/
mL) into the fourth mammary glands through the mammary ducts. After 24 h, mammary glands were collected from 10 mice for each group. A
Representative images of mammary gland stained with H&E in mice (Bar =50 um). B-D gRT-PCR analysis of mammary glands specimen from 10
mice for each group to determine expression of inflammatory factors (n=10). E Immunohistochemistry staining of Nrf2 is shown (Bar =50 pm).

F Immunofluorescence staining of LC3 puncta (Bar= 50 um). One-way ANOVA, Dunnett’s post-hoc test. Data are presented as the mean = SEM.

'P<0.05,"P<0.01,""P<0.001 and "P<0.0001
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enzymes (HO-1, NQO1, GCLC, and GCLM) in LPS-
induced GMECs, thereby scavenging ROS and enhanc-
ing the antioxidant capacity of SEN in LPS-induced
GMEC:s. Altogether, the results suggest that the potential
anti-inflammatory and anti-oxidative stress activities of
SEN may be linked to Nrf2 activation in response to LPS
stimulation.

To explore the potential mechanism of SEN in mitigat-
ing LPS-induced inflammation, additional experiments
were conducted. Several studies have widely reported
the involvement of autophagy in infection, immunity,
and inflammation [18-20]. Cao et al. [51] found that
autophagy was capable of mediating the inflammatory
effects of punicalagin. Rong et al. [52] demonstrated that
citrus peel flavonoid nobiletin enhanced autophagy to
attenuate LPS-induced inflammation. Wang et al. [53]
revealed that taurine alleviates Streptococcus uberis-
induced inflammation by activating autophagy in mam-
mary epithelial cells. Therefore, it was hypothesized that
SEN alleviates LPS-induced inflammation by regulating
autophagy. Correspondingly, the pretreatment of SEN in
the presence of LPS further promoted autophagy com-
pared to treatment with SFN or LPS treatment alone,
which was more pronounced in the presence of the
Baf-Al treatment. In the autophagy pathway, ULK1 has
been proposed to be phosphorylated by AMPK at S556
(autophagy activation) or by mTOR at S757 (autophagy
inhibition) to regulate autophagy in mammalian cells
[54-56]. Zhang et al. [57] revealed that the AMPK-
ULK1-autophagy axis can be activated by negative
pressure to promote osteoblast differentiation of rat mes-
enchymal stem cells and bone regeneration. Consistently,
SEN treatment activated autophagy through the AMPK-
ULK]1 pathway, but not the mTOR signaling. Collectively,
these results indicate that autophagy plays an important
role in attenuating LPS-induced inflammation in SFN-
treated GMECs.

In addition to coordinating oxidative responses,
immunity, and inflammation, the Nrf2 transcrip-
tion factor also plays a prominent role in regulat-
ing autophagy. Pajares et al. [58] found that Nrf2
regulates chaperone-mediated autophagy by regu-
lating LAMP2A. A recent study demonstrated that
the enhancement of the autophagy pathway is largely
dependent on Nrf2, which contributes to improv-
ing anti-bacterial innate immunity and inflammation
[39]. Therefore, targeted regulation of Nrf2 to mediate
autophagy may affect therapeutic strategies for mas-
titis. In the study using a siRNA targeting Nrf2, the
attenuated amplitude of LC3 puncta suggested that
Nrf2 plays a significant role in promoting autophagy
when treated with SFN under LPS stimulation.
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Moreover, SEN-mediated repression of ROS genera-
tion and inflammatory factor levels induced by LPS
was abolished in Nrf2-silenced GMECs, suggesting
that SEN exerts antioxidant and anti-inflammatory
effects through Nrf2 signaling. To provide additional
support, SEN was found to effectively alleviate LPS-
induced mastitis in mice. This was accompanied by an
enhancement of IHC staining of Nrf2 and amplitude of
LC3 puncta in the mammary gland, also a result con-
sistent with our findings in GMECs. Similar to previ-
ous studies [39, 59], our data confirm that SFN exerts
antioxidant and anti-inflammatory functions by pro-
moting Nrf2-mediated autophagy, which may improve
prevention strategies for mastitis in dairy goats.

Conclusions

In conclusion, our findings demonstrate that SFN ame-
liorated LPS-induced inflammation via inhibiting LPS-
induced oxidative stress and inflammatory responses in
primary GMECs and alleviating LPS-induced mastitis
in mice. The mechanisms were associated with the acti-
vation of the Nrf2-mediated autophagic pathway. These
results provide insights into mastitis development and
suggest that SFN may be a potential prevention strategy
for mastitis in dairy goats. Nevertheless, further studies
are needed to elucidate the clinical application of SEN in
dairy animals.
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