
Cornea

Melatonin Attenuates LPS-Induced Proinflammatory
Cytokine Response and Lipogenesis in Human Meibomian
Gland Epithelial Cells via MAPK/NF-κB Pathway

Ren Liu, Jing Li, Yue Xu, Ziyan Chen, Huijing Ye, Jinhui Tang, Lai Wei, and Lingyi Liang
State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University, Guangdong Provincial Key
Laboratory of Ophthalmology and Visual Science, Guangzhou, China

Correspondence: Lingyi Liang,
Zhongshan Ophthalmic Center, 54S
Xianlie Nan Road, Guangzhou
510060, China;
lianglingyi@gzzoc.com.

Received: January 18, 2022
Accepted: April 16, 2022
Published: May 4, 2022

Citation: Liu R, Li J, Xu Y, et al.
Melatonin attenuates LPS-induced
proinflammatory cytokine response
and lipogenesis in human
meibomian gland epithelial cells via
MAPK/NF-κB pathway. Invest
Ophthalmol Vis Sci. 2022;63(5):6.
https://doi.org/10.1167/iovs.63.5.6

PURPOSE. Inflammation contributes to the development of meibomian gland dysfunction
(MGD) under specific disease conditions, but the underlying mechanisms remain elusive.
We examined whether lipopolysaccharide (LPS) induced a proinflammatory cytokine
response and lipogenesis in human meibomian gland epithelial cells (HMGECs) and
whether melatonin (MLT), a powerful anti-inflammatory regent in the eyes, could protect
against LPS-induced disorders.

METHODS.Human meibomian gland (MG) tissues and immortalized HMGECs were stained
to identify Toll-like receptor (TLR) 4 and MLT receptors (MT1 and MT2). HMGECs were
pretreated with or without MLT and then stimulated with LPS. Then, TLR4 activation,
cytokine levels, lipid synthesis, apoptosis, autophagy, and MAPK/NF-κB factor phospho-
rylation in HMGECs were analyzed.

RESULTS. TLR4, MT1, and MT2 were expressed in human MG acini and HMGECs. Pretreat-
ment with MLT inhibited the TLR4/MyD88 signaling and attenuated proinflammatory
cytokine response and lipogenesis in LPS-stimulated HMGECs, which manifested as
decreased production of cytokines (IL-1β, IL-6, IL-8, and TNF-α), reduced lipid droplet
formation, and downregulated expression of meibum lipogenic proteins (ADFP, ELOVL4,
and SREBP-1). Phospho-histone H2A.X foci, lysosome accumulation, and cytoplasmic
cleaved caspase 3/LC3B-II staining were increased in LPS-stimulated HMGECs, indicating
enhanced cell death mediated by apoptosis and autophagy during LPS-induced lipoge-
nesis. MLT downregulated cleaved caspase 3 levels and the Bax/Bcl-2 ratio to alleviate
apoptosis and ameliorated the expression of Beclin 1 and LC3B-II to inhibit autophagy.
The protective mechanisms of MLT include the inhibition of MAPK and NF-κB phospho-
rylation.

CONCLUSIONS. MLT attenuated lipogenesis, apoptosis, and autophagy in HMGECs induced
by proinflammatory stimuli, indicating the protective potential of MLT in MGD.

Keywords: melatonin, meibomian gland, TLR4, proinflammatory cytokine response,
lipogenesis

Themeibomian gland (MG) is the largest sebaceous gland
(SG) in humans and is composed of three types of

epithelial cells: progenitor, differentiated, and ductal cells.1

The MG produces meibum through holocrine secretion.
Briefly, differentiated meibocytes pack lipids into the ductal
system in the presence of DNA degradation and cytoplasmic
rupture; then, the meibum is subsequently released to the
ocular surface, and the meibocytes eventually die.2 Human
meibomian gland epithelial cells (HMGECs) can differentiate
into meibocytes and produce lipids in vitro.3 The qualitative
or quantitative changes in the lipid profiles of the meibum
induce MG ductal obstruction or glandular dropout, which
is also called meibomian gland dysfunction (MGD).1 MGD
destroys tear film structure and increases tearing osmolarity,
contributing to evaporative dry eye disease.4 The worldwide
prevalence of MGD is as high as 36.8%,5 and it has become
a widespread eye disease affecting quality of life,6 but the
pathologic mechanisms of MGD remain unclear.

According to the classical consensus of MGD patho-
physiology, inflammation is not considered a characteristic
component of MGD development.1,7 However, recent studies
have provided evidence that inflammation could contribute
to MGD under specific disease conditions.8–11 A significant
correlation between neutrophil influx and MG occlusion
was found in patients with chronic blepharitis, chalazion,
and trichiasis.9 In addition, prominent inflammatory cell
infiltration and proinflammatory cytokine responses were
detected in the MG microenvironment in a rodent MGD
model induced by hyperlipidemia and hyperglycemia.10,11

Abnormal accumulation of intraductal lipids from meibo-
cytes and hyperkeratinization of MG ductal cells are impor-
tant features of MGD.8,12 Studies have reported that the
pathology of ductal hyperkeratinization involves the over-
expression of keratin 1 in MG ductal cells induced by proin-
flammatory stimulation.13,14 In the SG, extracellular admin-
istration of Propionibacterium acnes and palmitic acid can
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trigger a proinflammatory cytokine response and lipogene-
sis in sebocytes.15,16 However, relevant knowledge of human
meibocytes is still insufficient.

Melatonin (MLT), a neurohormone that was first iden-
tified in the pineal gland,17 is an indoleamine involved in
various physiologic processes, among which most are asso-
ciated with the control of circadian rhythms.18 MLT acti-
vates specific receptors to mediate downstream actions. Two
MLT receptors, MLT receptor 1 (MT1) and MLT receptor 2
(MT2), have been identified and cloned in humans, both
of which belong to the seven-transmembrane G protein–
coupled receptor family19,20 and are widely distributed in
ocular tissues.21,22 The ability to synthesize and release
MLT is not unique to the pineal gland. MLT has been
detected in several eye areas, including the retina,23 lens,24

iris/ciliary body,25 and lacrimal gland,26 and there are effec-
tive concentrations within tears and aqueous humor.27,28

MLT has exerted strong anti-inflammatory effects on the
eyes, and pretreatment has significantly prevented bacte-
rial lipopolysaccharide (LPS)–induced experimental uveitis
and optic neuritis.29,30 Notably, MLT also exhibits potent
lipid regulatory effects on a variety of lipogenic cells,31,32

further indicating that MLT may have regulatory effects on
the MG. Therefore, identifying MLT receptors in human MG
and further exploring the protective effects of MLT on MG
are necessary.

Herein, we first identified MLT receptors in human meibo-
cytes. We tested our hypothesis by investigating the effects
of MLT on the proinflammatory cytokine response and lipo-
genesis induced by LPS in HMGECs. Information garnered
from this study may provide insight into the pathology
of MGD and has implications for understanding the anti-
inflammatory role of MLT on the ocular surface.

MATERIALS AND METHODS

Human Tissues

Human MG tissues were obtained within 2 hours after trau-
matic cicatricial ectropion/entropion surgeries: a 26-year-
old man, a 51-year-old woman, and a 50-year-old woman.
Patients with any previous other eye diseases except mild
myopia in both eyes had been excluded. The use of human
tissues conformed to the provisions of the Declaration of
Helsinki and was approved by the Institutional Review
Board of the Sun Yat-Sen University Zhongshan Ophthalmic
Center (No. 2021KYPJ165). All surgical participants received
a complete explanation of the study, and written informed
consent was obtained.

Immunohistochemical Staining

Human MG tissues were fixed with 4% paraformaldehyde
and subsequently embedded in paraffin after a series of
sucrose gradients (10%, 20%, 30%). Tissue sections (6 μm)
were briefly deparaffinized in xylene solution and rehy-
drated in a decreased alcohol series. For antigen retrieval
of immunostaining, tissue slides were incubated in 10 mM
sodium citrate buffer at 80°C for 10 minutes and cooled until
room temperature, and slides were then treated with 3%
hydrogen peroxide to block endogenous peroxidase activity.
Tissue slides were blocked with phosphate-buffered saline
plus 0.1% Tween-20 (PBST) containing 10% donkey serum
and then incubated overnight with primary rabbit antibod-
ies: Toll-like receptor (TLR) 4 (1:150; #29072; Signalway

Antibody, Nanjing, China), MT1 (1:100, ab203038; Abcam,
Cambridge, MA, USA), and MT2 (1:100, ab203346; Abcam).
Tissue slides were washed with PBS, followed incubation
with horseradish peroxidase–conjugated secondary anti-
body (1:1000, ab6802; Abcam). All tissue samples were
captured by Tissue FAXS Q+ (TissueGnostics, Vienna,
Austria).

Cell Culture

Authenticated immortalized HMGECs (a generous gift from
David Sullivan, Schepens Eye Research Institute, Boston,
MA, USA) were cultured in keratinocyte serum-free medium
(KSFM; Invitrogen-Gibco, Grand Island, NY, USA) supple-
mented with epidermal growth factor (EGF, 5 ng/mL;
Invitrogen-Gibco) and bovine pituitary extract (50 μg/mL;
Absin, Shanghai, China) as previously described.3 At 80%
confluency, the cell medium was changed by Dulbecco’s
modified Eagle’s medium and Ham’s F12 (DMEM-F12;
Invitrogen-Gibco) supplemented with EGF (10 ng/mL) and
10% fetal bovine serum (Invitrogen-Gibco) for cellular differ-
entiation. The HMGECs pretreated with MLT (Sigma-Aldrich,
St. Louis, MO, USA) or isochoric dimethyl sulfoxide (DMSO;
Sigma-Aldrich) for 48 hours were characterized as the MLT
group and the control group, respectively, while those that
subsequently received 10 μg/mL LPS (Escherichia coli, strain
0127:B8, Sigma-Aldrich) were defined as LPS + MLT group
and LPS group, respectively. The dose of LPS was used as
previously described.33

Cell Viability Assay and Growth Curve

Cell viability and growth curve were both performed via
the Cell Counting Kit-8 assay (CCK8; Dojindo, Kumamoto,
Japan). HMGECs were seeded in 96-well plates at a density
of 5 × 103 cells/well for 12 hours at KFSM. For assessing cell
viability, cells were further treated with MLT ranging from
10 μM to 2 mM for 48 hours. For evaluating cell growth, day
0 was defined as 12 hours after cell seeding, and then cells
were treated with MLT for another 24 and 48 hours, a column
with the cell-free medium was set as background control.
Then, 10 μL CCK8 solution per well was added and incu-
bated at 37°C for another 4 hours. The optical density (OD)
value was measured at 450 nm using a microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA).

ELISA Assay

ELISA was performed according to the manufacturer’s
instructions (RayBiotech, Norcross, GA, USA). Briefly, the
HMGECs were seeded in 6-well plates at a density of 1 ×
105/well until 80% confluency and then received indicated
treatments. Cell supernatants were collected to analyze the
level of proinflammatory cytokines (IL-1β, IL-6, IL-8, and
TNF-α). The OD value was measured at 450 nm by the
microplate reader.

Lipid and Lysosome Analysis

HMGECs were seeded in 24-well plates at a density of
2 × 104 cells/well until 80% confluency, and differentia-
tion was then induced by MLT and LPS. For lipid anal-
ysis, cell slides were first fixed with 4% paraformalde-
hyde for 25 minutes at 4°C and then exposed to the
neutral lipid droplet with HCS LipidTox solution (1:500;
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Invitrogen-Gibco) for 30 minutes. For lysosome stain-
ing, cells were further stained in a medium containing
LysoTracker Deep Red (1:20,000; Invitrogen-Gibco) for
30 minutes. Slides were counterstained with 4′,6-diamidino-
2-phenylindole (DAPI, 1 μg/mL; Biofroxx, Einhausen,
Germany) for 15 minutes to allow nuclei visualization.
Cell slides were observed and captured under the confo-
cal laser scanning microscope (LSM 980; Zeiss, Oberkochen,
Germany), and fluorescence intensities were quantified with
ImageJ (National Institutes of Health, Bethesda, MD, USA).

Immunofluorescence Staining

HMGECs for staining were seeded in 24-well plates at
a density of 2 × 104 cells/well. Cell slides were fixed
with 4% paraformaldehyde and permeabilized using 0.2%
Triton X-100. Cell slides were further blocked with PBS
containing 3% BSA (Sigma-Aldrich) and then incubated
with the primary antibodies, including TLR4 (1:150, #29072;
Signalway Antibody), MT1 (1:150, SC-390328; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), MT2 (1:150, ab203346;
Abcam), phospho-histone H2A.X (1:400, #9718; Cell Signal-
ing Technology, Boston, MA, USA), and cleaved caspase 3
(1:400, #9661; Cell Signaling Technology, Boston, MA, USA)
overnight. The samples were subsequently incubated with
fluorescein-conjugated secondary antibody: Alexa Fluor
488– or Alexa Fluor 555–labeled donkey anti-rabbit IgG
antibody (1:1000, 488-ab150073, 555-ab155062; Abcam) and
Alexa Fluor 555–labeled donkey anti-mouse IgG antibody
(1:1000, ab150110; Abcam). All staining was further incu-
bated with DAPI and captured under a confocal laser scan-
ning microscope (LSM 980; Zeiss).

Quantitative Real-Time Polymerase Chain
Reaction

HMGECs for mRNA extraction were seeded in 12-well plates
at a density of 5 × 104 cells/well. mRNA expression of
TLR4, IL-1β, IL-6, IL-8, TNF-α, IL-12, IFN-γ , MMP-3, and
MMP-9 (Table) was evaluated through quantitative RT-PCR
(qRT-PCR). RNA was isolated using the FastPure Cell Total
RNA Isolation Kit V2 (Vazyme, Nanjing, China) and qualified
and quantified with Nanodrop (Thermo Scientific, Waltham,
MA, USA). Then, 500 ng RNA was reverse transcribed with
oligo dT and random primers as provided in the HiScript
II Transcription Kit (Vazyme). qRT-PCR was performed with
the SYBR green mix via the Lightcycler 96 system (LC96;
Roche, Mannheim, Germany). The relative quantities of
gene expressions were analyzed by using the comparative

2−��Ct method, and glyceraldehyde-3-phosphate dehydro-
genase was characterized as the normalizing housekeeper
gene.

Protein Extraction and Western Blot

HMGECs for protein extraction were seeded in 6-well plates
at a density of 1 × 105 cells/well. After indicated treatment,
HMGECs were harvested for protein extraction by RIPA
lysis buffer containing phenylmethylsulfonyl fluoride and
phosphatase inhibitor cocktail (all purchased from Sigma-
Aldrich). Cellular protein was quantified by a protein quan-
tification kit (Solarbio, Beijing, China) via spectrophotome-
ter at 562 nm, and then a reducing buffer containing β-
mercaptoethanol was added to boil protein. In total, 25 μg
protein was loaded into a 10% to 12% SDS-PAGE gel and
electrophoretically transferred to a nitrocellulose membrane
through the electroblotting system (all bought from Bio-
Rad, Hercules, CA, USA). Primary antibodies were diluted
in tris-buffered saline with tween-20 (TBST) with 3% BSA
to incubate the membrane at 4°C overnight (Supplementary
Table S1). Following additional washing, the membrane was
further incubated with horseradish peroxidase–conjugated
secondary antibody (1:5000, ab6802, ab6378; Abcam). Each
target protein of the antibodies was visualized using
enhanced chemiluminescence reagents and recorded by the
Bio-Rad Gel Doc XR Gel Documentation System. All results
were analyzed through Image Lab 5.1 software (Bio-Rad).

Statistical Analysis

Unpaired two-tailed Student’s t-tests and one-way ANOVA
were used to determine statistical significance for all exper-
imental data via SPSS software (version 19.0; SPSS, Inc.,
Chicago, IL, USA). Data are presented as mean ± SEM at the
confidence level of P < 0.05. All experiments were repeated
at least three times to ensure credibility.

RESULTS

LPS Triggered a TLR4-Mediated Proinflammatory
Cytokine Response in HMGECs

We first carried out immunostaining to identify the expres-
sion of the LPS sensor TLR4 in human MG and HMGECs.
As shown in Figure 1A, TLR4 was distributed in the
acini of human MG and was nearly undetectable in the
negative control. Immunofluorescence staining also showed
that TLR4 was diffusely distributed in the cytoplasm of

TABLE. Primers Used for qRT-PCR in This Study

Gene Forward (5′-3′) Reverse (3′-5′) Product Length, bp

GAPDH TCCAAAATCAAGTGGGGCGA TGATGACCCTTTTGGCTCCC 115
TLR4 TGCGTGGAGGTGGTTCCTAA GCCTAAATGCCTCAGGGGAT 126
IL-1β CAGAAGTACCTGAGCTCGCC AGATTCGTAGCTGGATGCCG 153
IL-6 CCAGTACCCCCAGGAGAAGA TGTTTTCTGCCAGTGCCTCT 181
IL-8 ACTCCAAACCTTTCCACCCC ATGAATTCTCAGCCCTCTTCAA 180
TNF-α GCCCATGTTGTAGCAAACCC GAGGTACAGGCCCTCTGATG 132
IL-12 TTTTCTGGCATCTCCCCTCG GCCAGAGCCTAAGACCTCAC 175
IFN-γ ACCAGAGCATCCAAAAGAGTGT TTAGCTGCTGGCGACAGTTC 187
MMP-3 TGGGCCAGGGATTAATGGAG GGAACCGAGTCAGGTCTGTG 188
MMP-9 TTTGAGTCCGGTGGACGATG GCTCCTCAAAGACCGAGTCC 197

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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FIGURE 1. Effects of LPS on TLR4-mediated proinflammatory cytokine response in differentiated HMGECs. (A) Expression of TLR4 in
human MG specimens detected by immunohistochemical staining. Scale bar: 100 μm. (B) Expression of TLR4 in HMGECs depicted by
immunofluorescence staining. Scale bar: 20 μm. The HMGECs were treated with differentiated medium for 48 hours followed by LPS
(10 μg/mL) for 8 hours. (C) Representative protein bands of TLR4 and MyD88. (D, E) Quantitative intensity of TLR4 and MyD88.
(F) Transcriptional levels of TLR4 and cytokines. (G) Secreted levels of cytokines. n = 3. *Significantly different from control, *P < 0.05,
**P < 0.01, ***P < 0.001. MyD88, myeloid differentiation factor.
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FIGURE 2. Effects of LPS on lipogenesis in differentiated HMGECs. The HMGECs were exposed to differentiated medium for 48 hours
followed by LPS for 24 hours. (A) Images of lipid droplets in HMGECs detected by LipidTox staining. Scale bar: 50 μm. (B) Densitometric
analysis and quantification of lipid droplets. (C) Representative protein bands of ADFP, ELOVL4, and SREBP-1. (D–F) Relative intensity of
ADFP (D), ELOVL4 (E), and SREBP-1 (F). n = 3. ***Significantly different from control, P < 0.001.

HMGECs (Fig. 1B). Treatment of HMGECs with 10 μg/mL LPS
significantly activated TLR4 signaling by upregulating the
protein expression of TLR4 and MyD88 compared with
those in the control (Figs. 1C–E). Compared with the control
group, LPS markedly promoted the transcription of TLR4
(2.0-fold) and upregulated the mRNA levels of proinflamma-
tory cytokine IL-1β (1.6-fold), IL-6 (3.7-fold), IL-8 (4.9-fold),
and TNF-α (3.6-fold) and the matrix-degrading cytokines
MMP-3 (1.7-fold) and MMP-9 (1.8-fold) in HMGECs (all P
< 0.05, Fig. 1F). Similarly, the secretion of proinflamma-
tory cytokines was upregulated after LPS stimulation, as
determined by ELISA measurements (all P < 0.05, Fig. 1G).
However, LPS showed no effects on the mRNA levels of IL-12
and IFN-γ .

Proinflammatory Stimuli Induced Lipogenesis in
HMGECs

The results of LipidTox staining depicted that the number
of lipid droplets was prominently increased in the
LPS-stimulated group compared with the control group

(Figs. 2A, 2B, P < 0.001). Adipose differentiation-related
protein (ADFP) expression in the LPS group was upreg-
ulated by 1.9-fold compared with that in the control
group, indicating the stimulation of HMGEC differentia-
tion (Figs. 2C, 2D). In addition, meibum lipogenic proteins,
including elongation of very long-chain fatty acid protein
4 (ELOVL4) and sterol regulatory element-binding protein
1 (SREBP-1), were significantly upregulated after treatment
with LPS by 1.8- and 1.6-fold, respectively (Figs. 2E, 2F).
These results suggest that the LPS-evoked proinflammatory
cytokine response may enhance lipogenesis in HMGECs.

MLT Receptor Identification and Concentration
Selection

To address the possible role of MLT signaling in the MG, we
first performed immunohistochemical analysis to examine
the presence of MLT receptors in human eyelid samples. As
shown in Figure 3A, both MT1 and MT2 were identified in
the central acini of the MG. Immunofluorescence analysis of
HMGECs also showed that MT1 was mainly expressed in the
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FIGURE 3. MLT receptors in human meibocytes and MLT concentration selection. (A) Expression of MT1 and MT2 in human MG specimens
detected by immunohistochemical staining. Scale bar: 100 μm. (B) Expression of MT1 and MT2 in HMGECs depicted by immunofluorescence
staining. Scale bar: 20 μm. (C) The HMGECs received MLT in a concentration-dependent manner for 48 hours to evaluate cell viability.
(D) The HMGECs incubated with 100 μM MLT to 48 hours to assess cell growth rate (n = 3). ***Significantly different from control,
P < 0.001.

cellular membrane, while MT2 was widely expressed in the
entire cell (Fig. 3B). We then selected the optimal concentra-
tion of MLT from 10 μM to 2 mM via CCK8 assays. High-dose
MLT treatment for 48 hours decreased cellular viability in
a dose-dependent manner (≥250 μM), but low doses (10–
100 μM) did not affect HMGECs (Fig. 3C). MLT (100
μM) also failed to affect cell growth at 24 and 48 hours
(Fig. 3D) and approached the physiologic concentration
in tears27; therefore, 100 μM was used for the subsequent
experiments.

Pretreatment With MLT Suppressed LPS-Induced
Proinflammatory Cytokine Response and
Lipogenesis

Pretreatment with MLT exerted notable anti-inflammatory
effects on several inflammatory ocular diseases29,30; there-

fore, in the present study, we examined whether MLT could
attenuate inflammatory cascades in LPS-stimulated HMGECs.
As shown in Figures 4A–C, the protein levels of TLR4 (fold
change: 2.2 vs. 1.5, P < 0.001) and MyD88 (fold change: 1.6
vs. 1.1, P < 0.001) were inhibited in MLT-treated HMGECs.
MLT significantly suppressed LPS-induced transcriptional
activation of TLR4 and downregulated the mRNA levels of
IL-1β, IL-6, IL-8, TNF-α, MMP-3, and MMP-9 (Fig. 4D). Simi-
larly, MLT significantly inhibited IL-1β, IL-6, IL-8, and TNF-α
secretion (Fig. 4E).

We then performed LipidTox staining to evaluate the
effects of MLT on LPS-induced lipogenesis. As expected, MLT
significantly inhibited the LPS-induced accumulation of lipid
droplets but did not induce extra lipogenesis in HMGECs
(Figs. 5A, 5B, P < 0.01). MLT abrogated the LPS-induced
upregulation of ADFP, ELOVL4, and SREBP-1 expression
but exhibited no significant effect on basal expression
(Figs. 5C–F).
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FIGURE 4. MLT inhibited TLR4-mediated proinflammatory cytokine response in LPS-stimulated HMGECs. The HMGECs were treated with
MLT (100 μM) for 48 hours followed by LPS for 8 hours. (A) Representative protein bands of TLR4 and MyD88. (B, C) Quantitative intensity
of TLR4 and MyD88 (n = 4). (D) Transcriptional levels of TLR4 and cytokines (n = 3). (E) Secreted levels of cytokines (n = 3). *Significantly
different from control, *P < 0.05, **P < 0.01, ***P < 0.001. #Significantly different from LPS group, #P < 0.05, ##P < 0.01, ###P < 0.001.

Pretreatment With MLT Suppressed
Lipogenesis-Related DNA Damage and Apoptosis
in HMGECs

Programmed cell death contributes to the terminal differen-
tiation of holocrine gland cells.34 The immunofluorescence
showed that phospho-histone H2A.X foci were observed
in the differentiating HMGECs and were especially promi-
nent in LPS-stimulated HMGECs compared with undifferen-
tiated cells (Fig. 6A), indicating active strand breaks during
HMGEC lipogenesis. In addition, there was a clear decrease
in the labeling rate and protein expression (fold change: 2.3
vs. 1.5, P < 0.001) of phospho-histone H2A.X after pretreat-
ment with MLT (Figs. 6A–C), suggesting a protective effect
of MLT on LPS-induced DNA damage.

We then examined apoptosis in HMGECs. Immunofluo-
rescence analysis of cleaved caspase 3 showed that cells
in the LPS group exhibited more lipid droplets accompa-

nied by prominent staining of cytoplasmic cleaved caspase
3 compared with that in the control (Figs. 6D–E, P <

0.01). Pretreatment with MLT significantly attenuated LPS-
induced staining of cytoplasmic cleaved caspase 3. West-
ern blotting showed consistent results: MLT inhibited LPS-
induced caspase 3 cleavage (fold change: 2.5 vs. 1.6, P <

0.001, Figs. 6F, 6G) and significantly decreased the Bax/Bcl-
2 ratio (fold change: 3.4 vs. 2.2, P < 0.001, Fig. 6H).
These results suggest that MLT may inhibit LPS-induced
lipogenesis-related DNA damage and apoptosis in HMGECs.

Pretreatment With MLT Suppressed LPS-Induced
Lysosome Accumulation and Autophagy

During autophagy, toxic cytoplasmic contents trigger lyso-
some recruitment, which then facilitates the formation
of autophagosomes.35 In this study, we observed that
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FIGURE 5. MLT attenuated lipogenesis in LPS-stimulated HMGECs. The HMGECs were treated with MLT for 48 hours followed by LPS for
24 hours. (A) Images of lipid droplets in HMGECs detected by LipidTox staining. Scale bar: 50 μm. (B) Densitometric analysis and quan-
tification of lipid droplets (n = 3). (C) Representative protein bands of ADFP, ELOVL4, and SREBP-1. (D–F) Relative intensity of ADFP (D),
ELOVL4 (E), and SREBP-1 (F) (n = 4). *Significantly different from control, *P < 0.05, **P < 0.01, ***P < 0.001. #Significantly different from
LPS group, #P < 0.05, ###P < 0.001.

cytoplasmic lipid droplets colocalized with lysosomes, and
their numbers were notably increased in LPS-stimulated
HMGECs (Figs. 7A, 7B). In addition, incubation of HMGECs
with LPS resulted in a significant increase in the number of
LC3-labeled autophagosomes, indicating autophagy activa-
tion during LPS-stimulated lipogenesis (Figs. 7C, 7D). MLT
supplementation yielded fewer cytoplasmic lysosomes and
reduced LC3B-II staining (both P < 0.01). Additionally, MLT
ameliorated the expression of Beclin 1 (fold change: 1.6 vs.
1.2, P < 0.01, Figs. 7E, 7F) and LC3B-II (fold change: 2.2 vs.
1.6, P < 0.001, Fig. 7G) in LPS-induced HMGECs, suggesting
that MLT attenuated autophagy activation in LPS-stimulated
HMGECs.

Pretreatment With MLT Inhibited Both the MAPK
and NF-κB Pathways

To determine whether the MAPK/NF-κB pathway, which is
the principal downstream target of TLR4/MyD88 signaling,36

is involved in the protective effects of MLT on LPS-stimulated
HMGECs, we further examined the expression of MAPK/NF-
κB components by Western blotting. LPS significantly upreg-
ulated all of these pathway constituents, and the ratios of
phosphorylated ERK, JNK, p38 MAPK, and p65 NF-κB to
total ERK, JNK, p38 MAPK, and p65 NF-κB were increased
in HMGECs after stimulation with LPS. Pretreatment with
MLT markedly decreased the phosphorylation of ERK, JNK,
p38 MAPK, and p65 NF-κB, whereas the total protein levels
were not influenced by MLT (Fig. 8, all P < 0.05).

DISCUSSION

In the present study, we investigated the inhibitory effect of
MLT on the proinflammatory cytokine response and lipoge-
nesis in LPS-stimulated HMGECs and explored the molec-
ular mechanism. We described the expression pattern of
TLR4 and MLT receptors in human MG acini and HMGECs.
Our results demonstrated that pretreatment with MLT signif-
icantly inhibited TLR4/MyD88 signaling, the levels of proin-
flammatory (IL-1β, IL-6, IL-8, TNF-α) and matrix-degrading
cytokines (MMP-3 and MMP-9), and lipogenesis in LPS-
stimulated HMGECs. Furthermore, apoptosis and autophagy,
as well as the MAPK/NF-κB pathway, were significantly acti-
vated during lipogenesis in LPS-stimulated HMGECs. MLT
supplementation significantly attenuated LPS-induced apop-
tosis and autophagy by suppressing ERK, JNK, p38 MAPK,
and p65 NF-κB phosphorylation.

TLRs are transmembrane proteins that have been widely
identified in the mucosal system of the ocular surface,
such as the cornea, limbus, and conjunctiva.37 TLR recog-
nizes oxidants and microbial proteins to initiate the innate
immune response activating multiple steps in inflammatory
reactions in the ocular surface.38,39 Although Chen et al.40

reported that LPS upregulated gene ontologies in the TLR
signaling pathway in HMGECs, the expression pattern of
TLR in MG tissue is less well understood. In our study, we
found that TLR4 exhibited a similar expression pattern in
MG as in SG41,42 and was strongly expressed in human MG
acini and distributed diffusely in the cytoplasm of HMGECs,
suggesting the immunologic activity of human MG.
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FIGURE 6. MLT attenuated apoptosis in LPS-stimulated HMGECs. The HMGECs were treated with MLT for 48 hours followed by LPS for
24 hours. The undifferentiated group was not treated with the differentiated medium. (A) Images of phospho-histone H2A.X foci in HMGECs
depicted by immunofluorescence staining. Scale bar: 20 μm. (B) Representative protein bands of phospho-histone H2A.X. (C) Quantitative
intensity of phospho-histone H2A.X (n = 4). (D) Images of cleaved caspase 3 in HMGECs obtained by immunofluorescence staining.
(E) Fluorescence intensity quantitation of cleaved caspase 3 (n = 3). Scale bar: 20 μm. (F) Representative protein bands of cleaved caspase
3, Bax, and Bcl-2. (G, H) Quantitative intensity of cleaved caspase 3 (G) and Bax/Bcl-2 (H) (n = 4). ***Significantly different from control,
***P < 0.001. ##Significantly different from LPS group, ##P < 0.01, ###P < 0.001.
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FIGURE 7. MLT attenuated autophagy in LPS-stimulated HMGECs. The HMGECs were treated with MLT for 48 hours followed by LPS for 24
hours. (A) Images of lysosome in HMGECs obtained by LysoTracker staining. Scale bar: 20 μm. (B) Fluorescence intensity quantitation of
lysosome (n = 3). (C) Images of LC3B-II in HMGECs obtained by immunofluorescence staining. Scale bar: 20 μm. (D) Fluorescence intensity
quantitation of LC3B-II (n = 3). (E) Representative protein bands of Beclin 1 and LC3B-II. (F, G) Quantitative intensity of Beclin 1 (F)
and LC3B-II (G) (n = 4). *Significantly different from control, *P < 0.05, **P < 0.01, ***P < 0.001. ##Significantly different from LPS group,
##P < 0.01, ###P < 0.001.
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FIGURE 8. MLT suppressed the activation of MAPK and NF-κB pathway in LPS-stimulated HMGECs. The HMGECs were treated with MLT for
48 hours followed by LPS for 1 hour. (A) Representative protein bands of p-ERK, ERK, p-JNK, JNK p-p38 MAPK, p38 MAPK, p-p65 NF-κB,
and p65 NF-κB. (B–E) Quantitative intensity of p-ERK/ERK (B), p-JNK/JNK (C), p-p38/p38 MAPK (D), and p-p65/p65 NF-κB (E). n = 4.
*Significantly different from control, **P < 0.01, ***P < 0.001. #Significantly different from LPS group, #P < 0.05, ##P < 0.01, ###P < 0.001.

Considering that patients with MGD showed an imbal-
ance in the ocular surface microbiome, the culture-positive
rate of bacteria in MG secretions from MGD patients was
much higher than that in healthy individuals, indicating
the pathogenicity of the bacterial toxins on MGD needs to
be considered.43 Additionally, for the first time, our results
revealed that the MLT receptors MT1 and MT2 were both
strongly expressed in human MG acini and HMGECs, indi-
cating the regulatory potential of MLT on MG. Notably, the
two MLT receptors have different expression patterns in
HMGECs; MT1 is mostly expressed in the cell membrane,
while MT2 is mainly expressed in the cell cytoplasm.

Elevated levels of proinflammatory cytokines (IL-1β, IL-
6, IL-8, and TNF-α) and matrix-degrading cytokines (MMP-
3 and MMP-9) within the MG may be involved in the
development of MGD.11–14,44 Stimulation with proinflam-
matory cytokine IL-1β induced hyperkeratinization in MG
ducts.13 In mice with inflammatory MGD, there was obvi-
ous inflammatory cell accumulation in the microenviron-
ment surrounding the MG, and the expression of IL-1β,
IL-6, TNF-α, MMP-3, and MMP-9 in the MG was signifi-
cantly upregulated.11 Our results also showed that LPS acti-
vated TLR4/MyD88 signaling to upregulate the levels of
cytokines in HMGECs, including IL-1β, IL-6, IL-8, TNF-α,
MMP-3, and MMP-9. Mahajan et al.9 recently reported that
neutrophil infiltration in the MG lumen could contribute

to inflammatory obstruction in MGD, suggesting that MG
occlusion requires the influx of neutrophils. Considering
that IL-1β, IL-6, IL-8, TNF-α, and MMP-3/9 are important
neutrophil chemoattractants that orchestrate migration and
infiltration,45–49 the proinflammatory cytokine response of
meibocytes may facilitate neutrophil chemoattraction and
activation to induce MG obstruction.

Previous studies have demonstrated that proinflamma-
tory stimuli induce differentiation and lipogenesis disorders
in lipogenic cells in several diseases such as obesity and
acne.15,50 Herein, we also observed that the TLR4-mediated
proinflammatory cytokine responses play an essential role in
the imbalance in lipogenesis and differentiation in HMGECs,
which may explain the abnormalities of meibum lipids of
MGD.11 TLR4-mediated proinflammatory responses induced
lipogenesis in HMGECs, whereas prophylactic supplemen-
tation with MLT showed a considerable anti-inflammatory
effect that markedly inhibited the proinflammatory cytokine
responses and downregulated the protein levels of ADFP,
SREBP-1, and ELOVL4, as well as attenuated lipogenesis
and differentiation in LPS-stimulated HMGECs. ADFP is
expressed early in adipocytes and acts as a marker of meibo-
cyte differentiation.51 SREBP-1 and ELOVL4 are responsi-
ble for the synthesis and metabolism of very long-chain
fatty acids and cholesterol in meibum lipids, respectively.52,53

Considering that these proteins play roles in the metabolism
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of meibum lipids, the inhibitory effects of MLT on LPS-
induced inflammatory lipogenesis could have clinical impli-
cations in the treatment of MGD.

Our data demonstrated that the level of phospho-histone
H2A.X increased with HMGEC differentiation, indicating
active DNA damage and repair, which was consistent with
the theory that the terminal differentiation of MG cells
involves programmed cell death.1 The terminal differentia-
tion of MG cells requires the apoptosis-induced DNA strand
break in the nucleus and autophagy-mediated degradation
of the nucleus and cytoplasmic organelles to disintegrate
and release cellular contents.1,35 We found that proinflam-
matory stress could facilitate lipogenesis and accelerate the
terminal fate of HMGECs related to the overactivation of
apoptosis and autophagy, which may play a pathologic role
in lipid abnormalities and acini dropout in MGD. Consis-
tent with our findings, Guo et al.10 recently reported that
there was a prominent proinflammatory cytokine response,
lipid accumulation, glandular dropout, and cell death in
rats with MGD induced by hyperglycemia. Kim et al.54

also suggested that autophagy was initiated and mediated
for cellular disintegration during the late differentiation of
HMGECs. MLT supplementation could regulate the differ-
entiation of several cell types by mediating apoptosis and
autophagy.55,56 Consistently, we observed the therapeutic
effects of MLT, which alleviated the mitochondria-dependent
apoptotic pathway characterized by perturbations in the
Bax/Bcl-2 rheostat and inhibition of the executioner caspase
3. In addition, MLT also suppressed the expression of Beclin
1 and LC3B-II to inhibit autophagy during lipogenesis in
LPS-stimulated HMGECs.

We found that MLT significantly suppressed the phospho-
rylation of MAPK/NF-κB components during LPS-induced
lipogenesis in HMGECs. The MAPK/NF-κB pathway can
induce apoptosis and autophagy in several adipogenic cells
in response to extracellular proinflammatory stimuli.15,16,57

In mice fed a high-fat diet, the activation of MAPK/NF-
κB regulates the Bax/Bcl-2 proportions to change the
mitochondrial membrane potential, leading to the activa-
tion of caspase 3 and the induction of apoptosis and
hepatic steatosis.58 In response to stress signals of advanced
glycation end products, MAPK/NF-κB also induces the
dissociation of Beclin 1 and activates LC3 to mediate
lipogenesis-related autophagy in HepG2 cells.57 Based on
these findings, we surmise that MLT may regulate the proin-
flammatory cytokine response, lipogenesis, and related cell
death by modulating the MAPK/NF-κB pathway in HMGECs.

Inconsistent with previous studies, we found that MLT
showed no influence on lipid synthesis or differentia-
tion in HMGECs, which could be explained by the diver-
sity of cell types and MLT concentrations used in differ-
ent studies. González et al.31 showed that MLT induced
the differentiation and adipogenesis of 3T3-L1 adipocytes
by activating the PPARγ pathway, while Basoli et al.32

revealed that MLT inhibited obesity in adipose-derived
stem cells by suppressing the expression of adipogen-
esis orchestrating genes. Noticeably, the concentrations
of MLT used in these studies were both over 1 mM,
which was much higher than the effective concentration
that has been shown to play an anti-inflammatory role
and the levels in human tears (<100 μM).27,59 In addi-
tion, in our study, a higher concentration of MLT signif-
icantly decreased the viability of HMGECs in vitro. In
summary, MLT in tears may mainly exert anti-inflammatory
effects on the MG to prevent lipogenesis disorders, and

MLT pretreatment may be a suitable strategy to prevent
MGD.

There are some limitations in this study. First, our MG
samples were collected from eyelid surgery, and few ductal
parts were obtained; therefore, the immunohistochemical
staining results mainly depicted the related characteristics
of MG acini. Second, although MT1 and MT2 were both
expressed in the MG, they showed different structures, affini-
ties, and therapeutic potentials,60 so determining which
receptor mediates the protective effects of MLT on the MG
requires further study.

In summary, this study identified the immunologic activ-
ity and MLT receptors in human meibocytes. Our data
provide a supplement to the pathologic mechanism of MGD
and show that proinflammatory stimuli can increase lipo-
genesis, apoptosis, and autophagy in meibocytes, which
may explain the lipid abnormalities and glandular dropout
in inflammatory MGD. The physiologic concentration of
MLT could prevent a series of pathologic reactions in
meibocytes caused by proinflammatory stimuli. Prophylac-
tic supplementation with MLT markedly attenuated lipoge-
nesis, apoptosis, and autophagy in LPS-stimulated HMGECs
by suppressing the TLR4-mediated MAPK/NF-κB pathway,
suggesting that MLT could be a promising therapy for MGD.
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