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PURPOSE. This exploratory study aimed to investigate the morphological and pathological
alterations of the meibomian gland (MG) with the Staphylococcus aureus crude extracts
(SACEs) treatment.

METHODS. Mouse MG explants were cultured and differentiated with or without SACEs
for 48 hours. Explant’s viability and cell death were determined by thiazolyl blue tetra-
zolium bromide (MTT) assay and TUNEL assay. MG morphology was observed by Hema-
toxylin and Eosin staining. Lipid droplet production was detected by Nile Red staining
and LipidTox immunostaining. The pro-inflammatory cytokines were detected by ELISA.
The relative gene and protein expression in MG explants was determined via quantita-
tive RT-PCR, immunostaining, and immunoblotting. The components of the SACEs were
analyzed by immunoblotting and silver staining.

RESULTS. Our findings demonstrated that the SACEs treatment induced overexpression
of keratin 1 (Krt1) in the ducts and acini of MG explants, accompanied by a decrease
in viability and an increase in cell death in explants. Furthermore, the SACEs treat-
ment dose-dependently increased the levels of TNF-α, IL-1β, and IL-6 in MG explants.
The SACEs treatment induced activation of the nuclear factor kappa B (NF-κB) and
AIM2 (absent in melanoma 2)/ASC (apoptosis-associated speck-like protein containing
a caspase recruitment domain) inflammasome signaling pathway in explants. Further
investigation showed expression of the key adipogenesis-related molecule peroxisome
proliferator-activated receptor γ was decreased after SACEs treatment. However, no
change was found in the lipid synthesis of MG explants after treatment with the SACEs.
Staphylococcal enterotoxins B (SEB) was detected in the SACEs. SEB induced the over-
expression of Krt1 and IL-1β in ducts and acini of MG explants.

CONCLUSIONS. Our findings confirm that Staphylococcus aureus induced hyperkeratiniza-
tion and pro-inflammatory cytokines expression in MG explants ducts and acini. These
effects might be mediated by SEB. Activation of the NF-κB and AIM2/ASC signaling path-
way is involved in this process.
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As a particular holocrine sebaceous gland unit of the
human body, meibomian gland (MG) are embedded

in the tarsal plates of both upper and lower eyelids.1 MG
secretes lipids to the tear film, preventing tear evaporation
and forming an optically smooth ocular surface, thus main-
taining excellent visual acuity.2 Meibomian gland dysfunc-
tion (MGD), a causative factor in evaporative dry eye disease,
results in lacrimal film destabilization and increases tear film
evaporation and osmolarity.3–5

MGD also promotes bacterial growth on the eyelid
margin and inflammation of the conjunctiva (e.g., blepharo-
keratoconjunctivitis, anterior blepharitis, keratitis, posterior
blepharitis).3 Compared with normal subjects, patients with
MGD had a higher bacteria culture-positive rate.6 The abun-
dance of aerobes and anaerobes from both conjunctiva cul-

de-sac and lid margin in MGD patients were both higher
than in normal individuals.6–9 It is particularly noteworthy
that under 16S rDNA gene sequencing, the positive rate of
Staphylococcus aureus isolated from the conjunctival sac
and MG was significantly higher in MGD patients than in
healthy people.10 Furthermore, S. aureus was found to be
the major microbiome in patients with MGD.10

S. aureus secretes many exotoxins and enzymes or forms
biofilms that cause skin and tissue infections.11 Some previ-
ous studies showed that the degree of MG loss in these
severe MGD patients was positively correlated with the
abundance of S. aureus.12 Several clinical studies have also
reported that bacterial lipase and toxin could lead to changes
in meibum composition.13,14 However, there are only a few
studies evaluating the effect of S. aureus on the MGs. We
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hypothesize that S. aureus could directly affect MGmorphol-
ogy and physiology. The main goal of this study was to test
that hypothesis.

MATERIALS AND METHODS

Materials

Ki67 (ab16667); keratin 1 (Krt1; ab185628); Alexa Fluor 594,
Donkey Anti-Rabbit IgG H&L (ab150076); Alexa Fluor 488,
Donkey Anti-Rabbit IgG H&L (ab150105); and lysosomal-
associated membrane protein 1 (LAMP-1; ab24170) antibod-
ies were obtained from Abcam (Cambridge, UK). Peroxi-
some proliferator-activated receptor γ (PPAR-γ ) antibody
(ARG55241) was obtained from Arigo (Hamburg, Germany).
IL-1β antibody (A1112) was obtained from ABclonal
(Wuhan, China). Apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC, 67824),
phosphorylated nuclear factor kappa B (phospho-NF-κB)
p65 (3033), β-actin (4970S), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (8884), IL-1β (31202S), pro-IL-1β
(63124S), caspase-1 (24232), pro-caspase-1 (24232), absent
in melanoma 2 (AIM2; 63660), anti-mouse IgG, horseradish
peroxidase (HRP)-linked antibody (7076), and anti-rabbit
IgG, HRP-linked antibody (7074) were obtained from Cell
Signaling Technology (Danvers, MA, USA). Anti-SEB anti-
body (ITI026624) was obtained from ITI BioChem (Ashland
VA, USA), and 4′,6-diamidino-2-phenylindole (DAPI) (28718-
90-3) was obtained from Roche Diagnostics (Basel, Switzer-
land).

Animals

C57BL/6 male mice (4-6 weeks old) were purchased from
the Laboratory Animal Center of Tongji Medical College of
Huazhong University of Science and Technology (Wuhan,
China). All animal procedures were in accordance with the
ARVO’s Statement for the Use of Animals in Ophthalmic and
Vision Research.

Staphylococcal Crude Extract Preparation

S. aureus ATCC29213 was obtained from BeNa Culture
Collection (Beijing, China). The S. aureus was inoculated
in tryptic soy broth (BeNa Culture Collection) and vigor-
ously shaken at 37°C overnight (12–18 hours). For growth
curves, pre-warmed tryptic soy broth was inoculated with an
overnight culture at an initial optical density of 0.05 or 0.1
at an optical density (OD) of 578 nm (BioTech Instruments,
Winooski, VT, USA) and then grown at 37°C with shaking.
Bacterium suspensions were taken at regular intervals to
detect their OD of 578 nm at 0, 3, 5, 7, and 24 hours. Prepa-
ration of the Staphylococcus aureus crude extracts (SACEs)
method was based on a previous protocol15 with some minor
changes. Briefly, bacteria were collected by centrifugation
and rinsed in ice-cold 20-mM Tris-HCl and 100-mM NaCl
(pH 8.0) and resuspended in 2 mL of PBS buffer with 1
× 105 U lysozyme (ST206; Beyotime Biotechnology, Shang-
hai, China) and 1-mm grinding beads (G0101-200G; Service-
bio, Wuhan, China). After vortexing and ultrasonic crush-
ing, SACEs were obtained by centrifugation at 10,000 revo-
lutions per minute for 10 minutes at 4°C followed by filtra-
tion with a 0.22 μm filtration membrane (723-2520; Thermo
Fisher Scientific, Waltham, MA, USA). Protein concentration
was measured using a bicinchoninic acid (BCA) assay kit

(23225; Thermo Fisher Scientific). Freshly prepared SACEs
were kept at –80°C.

Mouse Meibomian Gland Explants Culture

The culture of MG explants was based on a previous proto-
col16 with some minor changes. Briefly, MG explants were
placed on 24-well plates with the conjunctival side up
and cultured in Defined keratinocyte serum-free medium
(DKSFM; 10744019; Thermo Fisher Scientific) without using
any antibiotics. For western blotting analysis, hair follicles
of MG explants were removed by insulin needles. The MG
explants were treated with SACEs (0.5, 1, or 2 μg/mL),
staphylococcal enterotoxins B (SEB; BT202, 0.5 μg/mL,
according to a study on skin explants17; Toxin Technology,
Sarasota, FL, USA), or PBS (as vehicle control) for 48 hours.
All explants were cultured in a water-saturated atmosphere
of 5% CO2 at 37°C.

Thiazolyl Blue Tetrazolium Bromide Assay

Thiazolyl blue tetrazolium bromide (MTT) assays evalu-
ated the viability of the explants as previously described.16

Briefly, MTT solution was prepared by dissolving 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(88417; Sigma-Aldrich, St. Louis, MO, USA) in fresh DKSFM
medium at 1 mg/mL. Following various concentrations of
treatment, the explants were incubated in 500 μL MTT solu-
tion for 4 hours. The MTT solution was then removed, and
MTT formazan was dissolved in 500 μL dimethyl sulfox-
ide (D2650; Sigma-Aldrich) for 10 minutes. Eluate of each
sample (100 μL) was transferred to 96-well plates (n = 3
replicates), and OD readings were taken at 490 nm (BioTech
Instruments).

Histology

The MG explants were fixed with 4% paraformaldehyde
(P0099; Beyotime Biotechnology) for 1 hour at 37°C. For
paraffin sections, explants were dehydrated through graded
alcohols and embedded in paraffin wax until sectioning
(8 μm). Hematoxylin and eosin (H&E) staining was
performed on the paraffin sections for morphological
observation on a DFC550 microscope (Leica Microsys-
tems, Wetzlar, Germany). For frozen sections, explants were
embedded in optimal cutting temperature compound, cut
into sections (10 μm), and then stored at –80°C. TUNEL
assays, immunofluorescence staining, Nile Red (19123;
Sigma-Aldrich) staining, and LipidTOX (H34475; Thermo
Fisher Scientific) staining were performed on the frozen
sections.

Nile Red Staining and LipidTOX Staining

Frozen microtomes were stained with freshly prepared Nile
Red or LipidTOX solution for 30 minutes at room tempera-
ture. After washing with PBS for 15 minutes, the sections
were counterstained with DAPI for 15 minutes, followed
by washing with PBS for 15 minutes. Images were then
acquired with a laser scanning confocal microscope (A1
HD25/A1R HD25; Nikon, Tokyo, Japan). The mean inten-
sity of staining in sections was measured by image analysis
software (NIS-Elements Viewer 4.50; Nikon).



Influence of S. aureus on Meibomian Glands IOVS | October 2021 | Vol. 62 | No. 13 | Article 11 | 3

TUNEL Assay

TUNEL staining was performed on 10-μm cryosections and
detected using the In Situ Cell Death Detection Kit, Fluores-
cein (11684795910; Roche Diagnostics). Briefly, the explant
sections were stained in 50 μL of TUNEL reaction mixture
for 1 hour at 37°C in the dark. The specimens were washed
three times with PBS for 5 minutes, and nuclei were revealed
by DAPI staining. Images were acquired with the A1 HD25/
A1R HD25 laser scanning confocal microscope.

Immunohistochemical Staining

Frozen explant sections were rehydrated and blocked in 10%
donkey serum for 1 hour, followed by incubation with rabbit
polyclonal antibodies against Ki67 (1:300), Krt1 (1:300),
PPAR-γ (1:100), IL-1β (1:200), ASC (1:200), and phospho-NF-
κB p65 (1:200) overnight at 4°C. The next day, after a PBS
wash for 15 minutes, frozen explant sections were incubated
with Alexa Fluor 594, Donkey Anti-Rabbit IgG H&L (1:500)
or Alexa Fluor 488, Donkey Anti-Rabbit IgG H&L (1:500)
at 37°C for 60 minutes and then counterstained with DAPI.
Images were obtained with the A1 HD25/ A1R HD25 laser
scanning confocal microscope.

ELISA

The MG explants were cultured in 24-well plates and incu-
bated with SACEs at 0.5, 1, or 2 μg/mL or treated with PBS
(as vehicle control) for 48 hours. Finally, the supernatants
were collected, and the mouse ELISA kit was used to detect
the levels of TNF-α (430907; BioLegend, San Diego, USA)
and IL-6 (431307; BioLegend).

RNA Extraction and Quantitative Reverse
Transcription PCR

Total RNA of MG explants was extracted using TRIzol
reagent (9108; TAKARA, Otsu, Shiga, Japan) according to
the manufacturer’s protocol, and an equal amount of RNA
was reverse transcribed to cDNA using the PrimeScript
RT Reagent Kit (RR047A; TAKARA). Subsequently, quantita-
tive reverse transcription PCR (qRT-PCR) was performed on
the StepOnePlus Real-Time PCR System (Life Technologies,
Carlsbad; USA) and with a SYBR Premix Ex Taq kit (RR420A;
TAKARA) according to the manufacturer’s instructions. β-
actin was used as the internal control, and the 2–��Ct method
was used to evaluate the relative expression of mRNA. The
sequences of primers used in this study were as follows:

Ki67, forward 5′-CTCACCTGGTCACCATCAAG -3′

Ki67, reverse 5′-TGTCACATTCAATACTCCTTCCA -3′

β-actin, forward 5′- TGCTGTCCCTGTATGCCTCTG -3′

β-actin, reverse 5′- TGATGTCACGCACGATTTCC-3′

Western Blot Analysis

MG explants were lysed in RIPA Lysis and Extraction Buffer
(78440; Thermo Fisher Scientific) with 1% PMSF Protease
Inhibitor (36978; Thermo Fisher Scientific). Protein concen-
tration was measured using a BCA assay kit (23225; Thermo
Fisher Scientific). Eight explants were used in each group.
Equal amounts of protein extracts (25 μg), SEB protein
(20 μg), and SACEs (30 μg) were separated by electrophore-
sis in sodium dodecyl sulfate–polyacrylamide gel elec-

trophoresis (SDS-PAGE) gels and transferred to Immobilon-
E polyvinylidene difluoride membrane (IEVH00005; Milli-
poreSigma, Burlington, MA, USA). Membranes were blocked
with 5% milk or 5% BSA for 1 hour at room tempera-
ture. Membranes were then incubated with primary anti-
bodies to β-actin (1:5000), GAPDH (1:5000), Ki67 (1:1000),
Krt1 (1:1000), PPAR-γ (1:1000), LAMP-1 (1:1000), IL-1β
(1:1000 31202S), pro-IL-1β (1:1000), caspase-1 (1:1000),
pro-caspase-1 (1:1000), ASC (1:1000), anti-SEB antibody
(1:1000), AIM2 (1:1000), and phospho-NF-κB p65 (1:1000)
overnight at 4°C. After three washes with Tris-buffered
saline containing 0.05% Tween 20 for 10 minutes, the
membranes were incubated with HRP-conjugated goat anti-
mouse or anti-rabbit IgG secondary antibodies for 1 hour at
room temperature. Finally, the protein bands were detected
by chemiluminescence using an electrochemiluminescence
reagent (A38555; Thermo Fisher Scientific). SACEs (30 μg)
were separated by electrophoresis in SDS-PAGE gel with
the Pierce Silver Stain Kit (24612; Thermo Fisher Scientific).
Staining intensities were quantified with ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Statistical Analysis

SPSS Statistics 22.0.0 software (IBM, Armonk, NY, USA)
was used for one-way ANOVA, post hoc Dunnett’s t-test or
Bonferroni’s test was used for multiple groups, and t-tests
were used for two groups. In this study, P < 0.05 was consid-
ered statistically significant. Data from at least three indepen-
dent experiments are expressed as the mean ± SD.

RESULTS

Influence of SACEs on the Mouse MG Explants

Previously, we established a MG organotypic culture in
which the viability, morphology, and MG function were
retained up to 72 hours.16 Therefore, we chose to culture
the explants in vitro for 48 hours in the current study. To
determine the effect of SACEs on MG explants viability, we
performed dose–response studies.

Tissue viability was detected by MTT assay, which
showed that the relative OD values for the 1-μg/mL and
2-μg/mL SACEs treatments were 0.68 ± 0.03 and 0.59 ±
0.01, respectively, which were significantly lower than that
for the control group (P < 0.05; n = 6 in each group)
(Fig. 1A). Thus, the viability of mouse MG explants showed
a dose-dependent decrease. H&E staining indicated that the
ductal and acinar cells displayed vacuole degeneration at the
concentration of 2 μg/mL SACEs (Fig. 1B). Taken together,
the results suggest that SACEs suppressed the tissue viability
of mouse MG explants in a dose-dependent manner.

Impact of SACEs Treatment on Keratinization and
Pathological Change of Mouse MG Explants

Previous studies have shown a close correlation between
MG loss and S. aureus abundance in patients with MGD.12

We examined the effects of SACEs on mouse MG explants
cell death and proliferation. The Ki67 gene, a biomarker of
high clonality and proliferation ability epithelial cells,18 was
apparently decreased in the SACEs-treated group compared
with the control group,which was confirmed by western blot
(Fig. 2A) and qRT-PCR analyses (Fig. 2C). Ki67 expression in
the 2-μg/mL SACEs group showed a decrease of 66.45% in
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FIGURE 1. Viability of mouse MG explants for different concentrations of SACEs treatment. (A) MTT assay comparison of tissue viability
in MG explants with different concentrations of SACEs (n = 6 in each group). The relative OD values of MG explants (each performed in
triplicate) for SACEs treatments of 0, 0.5, 1, or 2 μg/mL as assessed by MTT assay are shown. (B) Morphology of MG explants at 0 μg/mL
(a), 0.5 μg/mL (b), 1 μg/mL (c), and 2 μg/mL (d) by H&E staining. Scale bars: 50 μm. *Significantly different from the control group
(P < 0.05).

protein level and 74.78% in mRNA level compared with the
control group (P < 0.05; n = 3 in each group) (Figs. 2B, 2C).

Hyperkeratinization of the ductal orifice is the main
pathological change for obstructive MGD.19 As a biomarker
for epithelial keratinization,20 the expression of Krt1 was
examined. Mouse MG explants were treated with 0.5, 1,
or 2 μg/mL SACEs or vehicle for 48 hours. As illustrated
in Figure 2D, Krt1 staining intensity was reinforced in the
acinus and ducts when treated with high concentrations of
SACEs (2 μg/mL). Compared with vehicle, 2-μg/mL SACEs
treatment led to a 4.83-fold increase in the expression of
Krt1 for the whole explants (P < 0.05; n = 3 in each group)
(Figs. 2E, 2F).

Quantification of TUNEL-positive explants cells demon-
strated increased cell death in the 1-μg/mL and the 2-μg/mL
SACE-treated explants compared with the control group (P<

0.05, n = 3 in each group) (Figs. 2G, 2H). These results indi-
cated that SACEs induced cell death in mouse MGs explants
in a dose-dependent manner.

Impact of SACEs Treatment on Lipid Droplet
Formation in Mouse MG Explants

To determine whether SACEs are associated with lipid
synthesis in MG, we treated mouse MG explants with 0.5,
1, or 2 μg/mL SACEs or vehicle for 48 hours and conducted
LipidTOX assays and Nile Red staining. LipidTOX results
showed that there was no change in lipid accumulation in
mouse MG under treatment (P > 0.05; n = 3 in each group)
(Figs. 3A, 3B). The relative Nile Red staining results were

consistent with the LipidTOX results (P > 0.05; n = 3 in
each group) (Figs. 3C, 3D).

Influence of SACEs on the Expression of Protein
Biomarkers of Differentiation in MG Explants

The terminal differentiation of meibocytes in the MG is
preserved by PPAR-γ , which acts as a regulator of lipid
synthesis.21,22 Immunofluorescence staining indicated that
nuclear and cytoplasmic staining of PPAR-γ in SACEs-
treated explants was decreased (Fig. 4A). Consistent with
our immunofluorescence results, PPAR-γ expression in the
2-μg/mL SACEs group was decreased by 47.04% compared
with the control group (P < 0.05; n = 3 in each group)
(Figs. 4B, 4C). LAMP-1 is a biomarker for lysosomes.23 To
test whether SACEs could influence differentiation of mouse
MG explants, we treated explants with 0.5, 1, or 2 μg/mL
SACEs or vehicle as a control for 48 hours and analyzed the
explants for LAMP-1 expression. As shown in Figures 4D
and 4E, with increasing concentrations of SACEs the expres-
sion of LAMP-1 showed no significant change (P > 0.05;
n = 3 in each group).

Cytokine Expression and Caspase-1 Activation
Were Dose Dependent in MG Explants

Previous studies have shown that the MG cells secrete TNF-
α, IL-1β, and IL-6 under 13-cis retinoic acid or hyperlipi-
demia stimulation.24,25 We determined the levels of TNF-α,
IL-1β, and IL-6 in mouse MG explants to determine whether
SACEs affect the production of these proinflammatory
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FIGURE 2. Reduced proliferation, hyperkeratinization, and increased cell death in mouse MG explants with SACEs treatment. Western blot
(A, B) and qRT-PCR analysis (C) indicated that the gene expression of Ki67 was apparently decreased in the SACEs treatment group
compared with the control group. Images show that Krt1-positive cells increased in acinar and ductal cells of mouse MG explants with
increasing concentrations of SACEs (D, arrow head). Scale bars: 100 μm. Western blot analysis indicated that Krt1 was also upregulated
(E, F). Increased TUNEL assay staining (H) and cell counts (G) suggest increased cell deaths in the SACEs treatment groups—0.5 μg/mL
(Hb); 1 μg/mL (Hc); and 2 μg/mL (Hd)—compared with those of the control group: 0 μg/mL (Ha). Scale bars: 50 μm. Bar graphs show the
statistical analysis of three independent experiments (*P < 0.05). Krt1, green; DAPI, blue; TUNEL, green.
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FIGURE 3. Influence of SACEs treatment on neutral lipid accumulation in mouse MG explants. Nile Red staining and LipidTox assays were
performed after 48 hours of SACEs treatment. Lipid droplets were stained with LipidTox (A) and Nile Red staining (D), and the results of
the LipidTox assay and Nile Red staining are summarized (B, C). Data are represented as the mean ± SD (*P < 0.05). Scale bars: 50 μm.
LipidTox, green; Nile Red, red; DAPI, blue.
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FIGURE 4. Influence of SACEs treatment on the expression of PPAR-γ and LAMP-1 in mouse MG explants. Immunofluorescence of PPAR-γ
(A) and western blot analysis (B, C) showed a decrease in the SACEs treatment group compared with the control group. Western blot analysis
(D, E) indicated that the expression of LAMP-1 showed no significant change with increasing concentrations of SACEs. Data are represented
as the mean ± SD of three independent experiments (*P < 0.05). Scale bars: 50 μm. PPAR-γ , red; DAPI, blue; LipidTox, green.
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FIGURE 5. SACEs induced caspase-1 activation and cytokine secretion in mouse MG explants. (A) Immunofluorescence staining analysis of
IL-1β in explants for SACEs treatments of 0, 0.5, 1, or 2 μg/mL. (B, E, F) Immunoblotting analysis of pro-caspase-1, caspase-1, pro-IL-1β,
and IL-1β in explants for SACEs treatments of 0, 0.5, 1, or 2 μg/mL. (C, D) The production of IL-6 and TNF-α was measured by ELISA.
*Significantly different from the control group (P < 0.05). Scale bars: 100 μm. IL-1β, red; DAPI, blue; LipidTox, green.
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FIGURE 6. SACEs upregulated the protein expression of ASC and phospho-NF-κB p65. Immunofluorescence staining analysis of ASC (A) and
phospho-NF-κB p65 (E, arrowhead) in explants for SACEs treatments of 0, 0.5, 1, or 2 μg/mL. Protein levels of AIM2, ASC, and phospho-NF-
κB p65 indicated significant upregulation in mouse MG explants with SACEs treatment compared with the control group (B–D). Scale bars:
50 μm. *Significantly different from the control group (P < 0.05). ASC and phospho-NF-κB p65, green; DAPI, blue.
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FIGURE 7. Keratinization and IL-1β expression of SACEs by mouse MG explants depended on SEB. (A) Growth curve of S. aureus ATCC
29213. (B) The components of the SACEs were analyzed by immunoblotting and silver staining. (C) Western blotting results showed that
the SACEs contained SEB. Immunofluorescence of Krt1 (D) and western blot analysis (F, G) indicated increases in the SEB treatment group
compared with the control group. Immunofluorescence of IL-1β (E) and western blot analysis (H, I) showed increases in the SEB treatment
group compared with the control group. Scale bars: 100 μm. *Significantly different from the control group (P < 0.05). Krt1, green; IL-1β,
red; DAPI, blue.
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cytokines. Immunofluorescence staining of frozen MG
explants showed that IL-1β production increased follow-
ing treatment with SACEs (Fig. 5A). Consistent with
our immunofluorescence results, IL-1β expression in the
2-μg/mL SACEs group was increased by 1.93-fold compared
with the control group (P < 0.05; n = 3 in each group)
(Figs. 5B, 5E). ELISA results showed that the levels of IL-6
and TNF-α for high concentrations of SACEs (2 μg/mL) were
significantly higher than in the control group (Figs. 5C, 5D).

Caspase-1 is a cysteine protease that induces the conver-
sion of immature IL-1β (Pro-IL-1β) into mature IL-1β.26 To
investigate the role of caspase-1 cleavage on IL-1β secretion
in SACEs-treated explants, we treated mouse MG explants
with 0.5, 1, and 2 μg/mL SACEs or vehicle for 48h and then
examined the cleavage of caspase-1 by western blot. We
found that SACEs led to the cleavages of pro-IL-1β to IL-1β
and of pro-caspase-1 to caspase-1, with increasing concen-
trations of SACEs (Figs. 5E, 5F). These results suggested
that SACEs induced IL-1β expression and it depends on
caspase-1 activation in mouse MG explants.

Impact of SACEs on the AIM2/ASC Signaling
Pathway and NF-κB Pathway

The inflammasome is a multiprotein complex composed of
sensor-receptor protein, apoptosis-related ASC, and cysteine
protease caspase-1.27 After activation, it can promote the
release of mature IL-1β, which plays a crucial role in
the innate immune response against invading microorgan-
isms.27–29 The fluorescence intensities of ASC (Fig. 6A) and
phospho-NF-κB p65 (Fig. 6E) in the 2-μg/mL SACEs group
were enhanced sharply compared with the control group.
Immunoblotting also revealed that the SACEs induced upreg-
ulation of AIM2, ASC, and phospho-NF-κB p65 on mouse MG
explants (Fig. 6B). ASC and phospho-NF-κB p65 expression
in the 2-μg/mL SACEs group was increased by 2.02-fold and
2.17-fold, respectively, compared with the control group (P
< 0.05; n = 3 in each group) (Figs. 6C, 6D). These results
indicate that SACEs induced caspase-1 activation, to some
extent, through an enhancement of the AIM2/ASC pathway
in the mouse MG. Secretion of the pro-inflammatory factors
might also be correlated with the NF-κB pathway.

Keratinization and IL-1β Expression of SACEs by
Mouse MG Explants Depends on SEB

Exotoxins are produced by S. aureus in a growth-phase–
dependent manner, primarily during the post-exponential
phase of growth30 in which bacteria were collected. The
growth curve of S. aureus ATCC 29213 is shown in Figure
7A. To investigate the role of SACEs, we performed western
blotting and silver staining on SACEs. Silver staining revealed
multiple bands ranging from 15 to 35 kDa (Fig. 7B). Western
blotting showed that the SACEs contained SEB (Fig. 7C). We
further studied the effect of SEB on MG keratinization and
the production of proinflammatory cytokines. We treated
mouse MG explants with 0.5 μg/mL SEB or vehicle for 48
hours. The fluorescence intensities of Krt1 (Fig. 7D) and IL-
1β (Fig. 7E) in the 0.5-μg/mL SEB group were enhanced
sharply compared with the control group. Compared with
vehicle, SEB led to 3.56-fold and 1.93-fold increases in the
expression of Krt1 and IL-1β, respectively, of the whole
explants (P < 0.05, n = 3 in each group) (Figs. 7F–7I). Thus,

SEB released by S. aureusmay play an essential role in secre-
tion of IL-1β and keratinization in MG explants.

DISCUSSION

Our results demonstrate that mouse MG explants exposure
to SACEs causes a dose-dependent increase in cell death and
hyperkeratinization of the acini and ducts. SACEs reduced
the expression of PPAR-γ proteins. In contrast, SACEs had
no influence on lipid synthesis in MG explants. SACEs
also induced inflammation and significantly increased the
expression of pro-inflammatory cytokines, including TNF-
α, IL-1β, and IL-6, as well as the activated AIM2/ASC path-
way and NF-κB pathway. Furthermore, inflammation and
hyperkeratinization might be somewhat mediated by SEB.
Overall, these results support our hypothesis that S. aureus
affects MG explant morphology, survival, and proliferative
capacity.

S. aureus secreted various toxins, many of which report-
edly trigger cell death. Another important observation was
the positive correlation between S. aureus abundance and
MG loss in patients with MGD.12 In the present study, SACEs
treatment resulted in vacuole degeneration in explants
cells, consistent with results reported in MGD patients.31

Ki67 expression supported the decreased proliferation of
explants cells. TUNEL staining indicated an elevated number
of acinar and ductal cell deaths.

The main pathological changes of obstructive MGD were
keratinization of ducts and acinus, which can lead to
degraded gland expansion and atrophy.3,32–34 In our study,
SACEs upregulated Krt1 expression in ductal and acinar
cells. As a terminally keratinized epithelium marker, Krt1 is
only found in the excretory duct, which lined by an ingrowth
of the cornified epidermis from the lid margin.3,20 These
results indicate that SACEs might induce ductal and acinar
hyperkeratinization, leading to obstructive MGD.

It is generally accepted that lipase secreted by bacte-
ria may be one of the factors affecting the composition of
meibum.14 Meibum alteration often results in increased lipid
viscosity and decreased fluidity and obstruction of the ductal
orifice and becomes useful for the excessive growth of inher-
ent microorganisms in catheters.10,35 Several studies have
reported a substantial increase in overall neutral lipid accu-
mulation of immortalized human meibomian gland epithe-
lial cells (IHMGECs) when treated with azithromycin36,37

and recombinant insulin-like growth factor-I38 for approx-
imately 7 days.39 Lipid accumulation in IHMGECs appeared
to occur in lysosomes.40 LAMP-1 is a biomarker for lyso-
somes23; however, in our study, SACEs had no influence on
the levels of LAMP-1 or lipid droplets. Possible reasons may
include different culture times. This is a limitation of our
research that requires further investigation.

We found that the decrease of PPAR-γ played an impor-
tant role in lipid synthesis of the sebaceous gland.41–43

Indeed, PPAR-γ –dependent signaling plays an essential role
in the control of inflammation.44 In part, the downregulation
of PPAR-γ may be connected with the inflammatory nature
of the explants. Furthermore, lipoproteins of S. aureus are
known to induce IL-1β and IL-6 production in epithelial
cells.45,46 In our study, SACEs significantly increased the
expression of various inflammatory mediators, including IL-
1β, IL-6, and TNF-α, in mouse MG explants, all of which have
been related to the pathophysiology of dry eye disease.47–49

IL-1β is the primary proinflammatory cytokine that regulates
inflammation at local and systemic levels.50,51 Our previous
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research reported that IL-1β induced a significant hyperker-
atinization of ducts.16 In addition, as an inflammatory medi-
ator of the ocular surface, IL-1β was also involved in cell
death regulation.52 Thus, SACEs may promote MG epithelial
cell death and hyperkeratinization, at least in part, via IL-1β.
NF-κB has a vital function in regulating innate immunity and
inflammation.53,54 When the NF-κB pathway is activated, the
p65 unit separates from IκB-α,55 which inhibits the signal-
ing factor; NF-κB then transfers from the cytoplasm to the
nucleus, where it may trigger TNF-α, IL-1β, and IL-6. Taken
together, results of our study indicate that the NF-κB signal-
ing pathway was activated in the explants.

We investigated the effect of SACEs in inflammasome
stimulation in mouse MGs. S. aureus virulence factors have
been reported to induce multiple inflammasomes.56 The
cleavage of pro-caspase-1 to caspase-1 and of pro-IL-1β to
IL-1β is considered a hallmark of inflammasome activation.57

Our results indicated that a higher concentration (2 μg/mL)
of SACEs increased the expression of the adapter protein
AIM2 and ASC, accompanied by expression of caspase-1
and IL-1β. This pro-inflammatory effect of ASC inflamma-
some activation may directly affect the maturation of IL-1β
in mouse MG explants with SACEs treatment.

Previous studies have reported that S. aureus ocular clin-
ical strains were found to be significantly enriched for a set
of enterotoxins, and genomic analysis revealed that these
enterotoxins were located on mobile pathogenicity islands;
thus, horizontal gene transfer may promote the acquisition
of enterotoxins, potentially amplifying S. aureus virulence
in ocular tissues.58 Although there are more than 20 distinct
staphylococcal enterotoxins, the most common staphylococ-
cal enterotoxins are staphylococcal enterotoxins A and SEB.
Ocular surface exposure to SEB can occur during extraocu-
lar staphylococcal infections such as keratitis, conjunctivitis,
blepharitis, or atopic keratoconjunctivitis, albeit in smaller
amounts.58 SEB have been shown to be toxic to corneal
epithelial cells and to induce changes in cytokine expression
in an in vitro cell culture model.59 In our study, SEB induced
keratinization and the expression of IL-1β. However, silver
staining on the SACEs showed that most of the proteins had
molecular weights between 15 ∼ 35 kDa. The major exotox-
ins secreted by S. aureus include α-toxin (33 kDa), entero-
toxins, and toxic shock syndrome toxin 1 (20∼30 kDa).
These toxins may work at the same time. The composition of
SACEs and their influence on explants require further inves-
tigation.

In conclusion, our findings demonstrate that S. aureus
induced MG hyperkeratinization, abnormal MG ductal and
acinar cell differentiation, cell death, and increased expres-
sion of inflammatory factor. These findings facilitate an
understanding of the role of S. aureus in MGD.
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