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The artemisinin analog SM934 alleviates dry eye disease in
rodent models by regulating TLR4/NF-κB/NLRP3 signaling
Fang-ming Yang1,2, Di Fan1,2, Xiao-qian Yang2, Feng-hua Zhu2, Mei-juan Shao1,2, Qian Li2, Yu-ting Liu2,3, Ze-min Lin2, Shi-qi Cao2,3,
Wei Tang2,3, Shi-jun He2,3 and Jian-ping Zuo1,2,3

Dry eye disease (DED) is a multifactorial disorder of the tears and ocular surface characterized by manifestations of dryness and
irritation. Although the pathogenesis is not fully illuminated, it is recognized that inflammation has a prominent role in the
development and deterioration of DED. β-aminoarteether maleate (SM934) is a water-soluble artemisinin derivative with anti-
inflammatory and immunosuppressive activities. In this study, we established scopolamine hydrobromide (SCOP)-induced rodent
model as well as benzalkonium chloride (BAC)-induced rat model to investigate the therapeutic potential of SM934 for DED. We
showed that topical application of SM934 (0.1%, 0.5%) significantly increased tear secretion, maintained the number of conjunctival
goblet cells, reduced corneal damage, and decreased the levels of inflammatory mediators (TNF-α, IL-6, IL-10, or IL-1β) in
conjunctiva in SCOP-induced and BAC-induced DED models. Moreover, SM934 treatment reduced the accumulation of TLR4-
expressing macrophages in conjunctiva, and suppressed the expression of inflammasome components, i.e., myeloid differentiation
factor88 (MyD88), Nod-like receptor protein 3 (NLRP3), apoptosis-associated speck-like protein containing CARD (ASC), and cleaved
caspase 1. In LPS-treated RAW 264.7 cells, we demonstrated that pretreatment with SM934 (10 μM) impeded the upregulation of
TLR4 and downstream NF-κB/NLRP3 signaling proteins. Collectively, artemisinin analog SM934 exerts therapeutic benefits on DED
by simultaneously reserving the structural integrity of ocular surface and preventing the corneal and conjunctival inflammation,
suggested a further application of SM934 in ophthalmic therapy, especially for DED.
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INTRODUCTION
Dry eye disease (DED) is a growing public health concern that
causes ocular discomfort and visual disturbance, which interferes
with quality of life [1]. The prevalence of DED ranges from 5% to
50%, with a higher morbidity for women than men, according to
global epidemiological studies [2]. High osmotic pressure, corneal
inflammation and injury, and neurosensory abnormalities can all
contribute to the occurrence of DED [3], among which evaporative
water loss is considered to be the central mechanism of DED
pathogenesis. Although the etiology of DED is complex, either
aqueous deficiency or excessive evaporation could induce a self-
perpetuating cycle that leads to tear film impairment and ocular
surface inflammation, resulting in a loss of the goblet cells that
secrete gel-forming mucins and in the death of corneal epithelial
cells [4]. Therefore, current treatment strategies for DED mainly
include increasing tear fluid and anti-inflammatory treatment.
The Toll-like receptor (TLR) family is a highly conserved family of

glycoprotein receptors that is a part of the body’s natural immune
system; the receptors are able to recognize patterns of conserved
molecular motifs associated with microbial pathogens [5, 6]. The
tear film, glycocalyx, and epithelial cells constitute a physical
barrier between the eye and the external environment, preventing

the adhesion of microorganisms and the invasion of toxins to
protect the ocular surface. When the barrier function of the ocular
surface is destroyed, the expression of TLRs increases significantly,
which activates the NF-κB and MAPK cascades through MyD88-
dependent pathways, inducing the secretion of inflammatory
factors such as IL-1β, IL-2, IL-9, and TNF-α to recruit immune cells
and promote their infiltration [7]. In addition, the upregulation of
IL-1 and TNF-α can also enhance the expression of cytokines and
inflammatory factors mediated by TLRs’ recognition of natural
ligands, which could further activate immune cells [8].
SM934 has been identified as an artemisinin derivative

exhibiting prominent anti-inflammatory, immunomodulatory,
and tissue-protective properties in multiple inflammatory and
autoimmune diseases [9–14]. Our previous research demonstrated
that SM934 could prohibit B-cell activation and plasma cell
formation by inhibiting the TLR/MyD88/NF-κB pathway in vivo and
in vitro [15]. Our present study reports for the first time that
topical application of SM934, an artemisinin derivative, exerts
significant therapeutic benefits on DED, which are demonstrated
by the improvement of DED manifestations including increasing
tear secretion and stabilizing tear film, and the prevention of
ocular histopathological progression, such as ocular surface
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integrity impairment and corneal and conjunctival inflammation.
Furthermore, the stability of the SM934 aqueous solution ensures
its formulation as an ophthalmic preparation. These findings cast
new light on the potential clinical application of SM934 as an
ophthalmic medication, which could simultaneously preserve the
structural integrity of the ocular surface and prevent corneal and
conjunctival inflammation.

MATERIALS AND METHODS
Drugs
SM934 (β-aminoarteether maleate, molecular formula: C21H33NO9)
was synthesized from β-hydroxyarteether at Shanghai Institute of
Materia Medica. 1H nuclear magnetic resonance (NMR) spectra, 13C
NMR spectra, and electrospray ionization mass spectrometry were
used to identify the chemical structure [16, 17]. SM934 was dissolved
in phosphate-buffered saline (PBS) as a stock solution (pH= 7.4),
and the solution was filtered with a 0.22-μm filter membrane.
Scopolamine hydrobromide (SCOP), benzalkonium chloride (BAC),
and lipopolysaccharide (LPS) were all purchased from Sigma-Aldrich
(St. Louis, MO, US). 0.1% sodium hyaluronate (SH) was purchased
from Santen Pharmaceutical Co., Ltd (Suzhou, China).

Animals
SD rats and C57/BL6 mice, which were specific pathogen free
grade, were purchased from Shanghai Jiesijie Experimental Animal
Co., Ltd and Shanghai Lingchang Biological Technology Co., Ltd,
respectively. The animals were maintained on standard chow in an
air conditioned room under a 12-h dark/light cycle. All experi-
ments and animals were performed according to the guidelines of
the Association for Assessment and Accreditation of Laboratory
Animals Care International. All procedures were carried out strictly
in accordance with animal care and use protocols (2018-03-ZJP-71,
2018-11-ZJP-86, and 2019-09-ZJP-101) approved by the Institu-
tional Animal Care and Use Committee at Shanghai Institute of
Materia Medica. Animal care was conducted in accordance with
the Association for Research in Vision and Ophthalmology
statement for the use of animals in ophthalmic and vision
research and was provided under the supervision of a health
authority-accredited staff member for animal care and manage-
ment. The ocular surface of all animals was assessed before
grouping to exclude individuals with ocular abnormalities.

SCOP-induced dry eye models
Sixty SD female rats (120–150 g) were randomly divided into the
normal group, model group, 0.1% SH group, 0.5% SM934 group,
0.1% SM934 group and solvent group, and there were ten rats in
each group. Except for the normal group, SCOP (12.5 mg/d) was
injected subcutaneously four times a day (9 a.m., 12 a.m., 3 p.m.,
and 6 p.m.) for 7 days. All drugs were administered topically on the
ocular surface at the same time of modeling, with 20 μL
administered per eye, four times a day.
Fifty-two C57/BL6 female mice (8–12 weeks) were randomly

divided into the normal group, model group, 0.1% SH group, 0.5%
SM934 group, 0.1% SM934 group, and solvent group. Except for
the normal group, SCOP (0.5 mg/0.2 mL) was injected subcuta-
neously four times a day (9 a.m., 12 a.m., 3 p.m., and 6 p.m.) and
then the sites were left exposed for 10 days. All drugs were
administered topically on the ocular surface at the same time of
modeling, with 20 μL administered per eye, four times a day.

Measurement of tear production
Tear production was measured using phenol red cotton threads
(Tianjin Jingming New Technology Development Co., Ltd., Tianjin,
China), and readings were consistently collected at the same time
point (9:30 a.m.). The thread was placed on the lower conjunctival
fornix at approximately one-third of the lower eyelid distance
from the lateral canthus, and it was left there for 15 s. The length

of the wet red thread was measured with calipers. Averages were
produced from measurements collected from both eyes.

Detection of goblet cells
Sections cut from paraffin-embedded globes were stained with
periodic acid-Schiff (PAS) reagent (Servicebio, Wuhan, China).
Three different portions of each specimen were randomly selected
for counting, and the average was calculated (cells/high-power
visual field, 400×) [18].

Corneal fluorescein staining
Sodium fluorescein (Guangzhou Baiyunshan Mingxing Pharma-
ceutical Co., Ltd, Guangzhou, China) was introduced into the
inferior conjunctival sac with a micropipette. Five to seven
minutes after three blinks, the test was performed using a slit-
lamp biomicroscope (SL-17, KOWA, Aichi, Japan) under cobalt blue
light, and a photo was captured and scored. Each cornea was
divided into four quadrants that were scored individually. The
intensity of corneal fluorescein staining was calculated using a 4-
point scale: 0, absent; 1, superficial stippling micropunctate
staining with <30 spots; 2, punctate staining with >30 spots, but
no diffuse staining; 3, severe diffuse staining, but no positive
plaque/patch; and 4, positive fluorescein plaque/patch. The score
of the four areas was summed to generate a final grade, which
ranged from 0 to 16.

BAC-induced dry eye model
Forty SD male rats (200 g) were randomly divided into a normal
group and a BAC group (0.5% BAC-physiological saline solution),
and BAC was administered topically twice daily (9 a.m. and 9 p.m.).
After 5 days, they were further divided into the model group, 0.5%
SM934 group, 0.1% SM934 group, and solvent group according to
the ocular surface corresponding index (neovascularization,
opacity, conjunctival irritation, rose bengal staining) score. Twenty
minutes after establishment of the model, drugs were adminis-
tered topically on the ocular surface at 3 h intervals; treatment was
20 μL per eye, and it was administered four times a day for
10 days. The experiment lasted 15 days.

Measurement of corneal neovascularization
Corneal neovascularization was examined under general anesthe-
sia and scored with a slit lamp following previously reported
methods [19]. Briefly, the cornea was divided into four quadrants,
which were scored separately. The neovascularization area was
scored as follows: 0, no vessels growing into the clear cornea; 1,
vessel growth in one quarter (or less) of the cornea but not zero; 2,
vessel growth in one quarter to one half of the cornea; 3, vessel
growth in one half to three quarters of the cornea; and 4, vessel
growth in three quarters to the entire surface of the cornea. The
final score of corneal neovascularization was calculated by
summing the scores of the four quadrants (total, 16 points).

Measurement of corneal opacity
The level of corneal opacity was analyzed using the slit lamp
according to a previously described method [19] and was scored
as follows: 1, scattered or diffuse area with details of the iris visible;
2, easily discernible translucent areas with details of the iris slightly
obscured; 3, opalescent areas with no details of the iris visible and
the size of pupil barely discernible; and 4, opaque with the iris not
visible. The area of opacity was scored as follows: 1, one quarter
(or less) of the area opaque but not zero; 2, greater than one
quarter of the area opaque but less than one half; 3, greater than
one half of the area opaque but less than three quarters; and 4,
greater than three quarters and up to the entire area opaque.

Conjunctival irritation score
Conjunctival hyperemia, chemosis, and ocular discharges were
observed under a slit lamp [20]. Conjunctival hyperemia was
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scored as follows: 0 points: normal blood vessels; 1 point: vascular
congestion is bright red; 2 points: vascular congestion is dark red,
and blood vessels are difficult to distinguish; and 3 points: diffuse
hyperemia is purple-red. Conjunctival edema was scored as
follows: 0 points: no edema; 1 point: slight edema; 2 points:
obvious edema with partial eyelid eversion; 3 points: edema until
the eyelid is almost half closed; and 4 points: edema until the
eyelid is more than half closed. Conjunctival secretion was scored
as follows: 0 points: no secretions; 1: a small amount of secretions;
2: secretions make the eyelids and eyelashes wet or sticky; and 3:
secretions make the entire eye area wet or sticky.

Rose bengal staining
Rat eyes were topically treated with 5 μL of 1% rose bengal dye
solution (Sigma, 330000, St. Louis, MO, US) [21]. Rats were
anesthetized via isoflurane inhalation using a small animal
inhalation anesthesia device. After ~1 min, excess dye was
manually removed by blinking to observe and score the result
under a slit lamp. Rose bengal dye was used to stain the eroded
and denuded areas of the corneal and conjunctival epithelium.
Staining evaluation was performed according to the following
protocol. First, the ocular surface was divided into three areas: the
nasal bulbar conjunctiva, cornea, and temporal bulbar conjunctiva.
Each compartment was graded as 0 (no damage), 1 (partial
damage), 2 (damage in more than half the area), or 3 (damage in
the entire area), with a maximum possible score of 9 points.

Cell culture
RAW 264.7 cells, a murine macrophage cell line, were purchased
from the American Type Culture Collection (Manassas, VA, US). The
cells were cultured in DMEM (Gibco, NY, US) containing 10% fetal
bovine serum (HyClone, Logan, UT, US), 100 U/mL penicillin, and
100 μg/mL streptomycin. The cells were cultured in a humidified
incubator with 5% CO2 at 37 °C.

Quantitative real-time polymerase chain reaction (PCR) analysis
The conjunctiva tissue was first separated; then, two conjunctiva
were combined to serve as one sample, and there were two
samples per group. Total RNA was extracted using the
RNAsimple Total RNA Kit (TIANGEN, Beijing, China), followed
by reverse transcription of total RNA to generate cDNA with a
ReverTra® Ace qPCR RT Master Mix kit from Toyobo (Osaka,
Japan). Subsequently, cDNA was subjected to quantitative real-
time PCR experiments with an ABI 7900H real-time PCR system
(Life Technologies, NY, US) using a SYBR® Green Real-time PCR
Master Mix Kit from Toyobo (Osaka, Japan). A melting curve
analysis was performed after amplification to verify the accuracy
of the amplicon. The primer sequences used were described in
Table 1.

ELISA analysis
Conjunctiva tissue was homogenized with PBS buffer according at
a buffer to tissue weight ratio of 9:1, and the supernatant was
separated to detect the expression level of cytokines. The levels of

TNF-α, IL-6, and monocyte chemoattractant protein-1 (MCP-1) in
conjunctiva supernatant were assessed. RAW 264.7 cells were
seeded at a concentration of 1 × 106 cells/mL in 24-well culture
plates overnight and then were supplemented with LPS (10 μg/
mL) and different concentrations of SM934. After incubation for
48 h, the levels of TNF-α, IL-6, and IL-1β in cell culture supernatants
were quantified by ELISA kits (BD Biosciences, NJ, US) according to
the manufacturer’s protocols.

Immunofluorescence analysis
Immunohistochemistry was performed on paraffin-embedded
cornea and conjunctiva sections. The procedure was the same
as that used for immunohistochemistry. Cy3-labeled goat anti-
rabbit IgG was incubated with the sections at 37 °C for 30 min.
Finally, DAPI was used to stain the nuclei (blue), and the sections
were analyzed by confocal laser scanning microscopy (FV10i,
Olympus, Tokyo, Japan). Antibody information is as follows: anti-
rabbit MMP-9 pAb (Servicebio, GB11132, Wuhan, China); anti-
rabbit CD68 pAb (Servicebio, GB11067); anti-rabbit TLR4 pAb
(Abcam, ab217274, Cambs, UK); and goat anti-rabbit IgG H&L
(Cy3®) preadsorbed (Abcam, ab6939).

Immunohistochemistry and quantification
Immunohistochemistry was performed on paraffin-embedded
cornea and conjunctiva sections. After deparaffinization and
dehydration, antigen retrieval was performed for 10min using a
microwave before peroxidase quenching for 15 min with 3% H2O2

in PBS. Subsequently, the sections were blocked with 5% bovine
serum albumin for 30 min and then were incubated with a primary
antibody diluted in PBS overnight at 4 °C. Sections were scanned
with a slide scanner (SCN400, Leica, Germany). The size of the
positively stained area was determined with ImageJ. Antibody
information was as follows: anti-rabbit ZO-1 pAb (Abcam,
ab96587); anti-rabbit MPO pAb (Servicebio, GB11224); anti-rabbit
TLR4 pAb (Abcam, ab217274); anti-rabbit MyD88 pAb (Servicebio,
GB11269); and anti-rabbit Nod-like receptor protein 3 (NLRP3) pAb
(Novus, NBP2-12446SS, CO, US).

Western blot analysis
Two or three conjunctiva served as one sample, and there were two
samples per group; these groups and samples of cells were lysed in
SDS buffer containing a protease inhibitor cocktail, which was
followed by homogenization in ice-cold water. RAW 264.7 cells were
seeded at a concentration of 1.5 × 106 cells/mL in 6-well culture
plates overnight. Cells were then stimulated with LPS (100 ng/mL)
and were collected at indicated time points (0, 0.5, 1, 3, and 6 h).
Either RAW 264.7 cells were pretreated with SM934 (10 μM) for 24 h
and then stimulated with LPS (100 ng/mL) for 1 or 6 h to detect
specific proteins. Total protein (5–25 μg) was resolved by SDS-PAGE
followed by Western blot analysis with the following primary
antibodies: anti-rabbit TLR4 pAb (Abcam, ab217274); anti-rabbit
TLR4 mAb (CST, 14358S, MA, US); anti-rabbit MyD88 mAb (CST,
4283S); anti-rabbit NF-κB mAb (CST, 4764S); anti-rabbit p-NF-κB mAb
(CST, 3033L); anti-rabbit NLRP3 pAb (Novus, NBP2-12446SS); anti-

Table 1. Sequences of primers used for quantitative real-time PCR

Gene Forward (5′–3′) Reverse (5′–3′)

rat TNF-α CAGCCAGGAGGGAGAAC GTATGAGAGGGACGGAACC

rat NLRP3 CCTGGTCTGCTGGATTGTGTGC AGTCGTGGTCTTGGAGGTCTGG

rat Caspase 1 CGCATTTCCTGGACCGAGTGG GAGGGCAAGACGTGTACGAGTG

rat IL-1β TGACAGGCAACCACTTACC CCCATACACACGGACAACT

rat GAPDH TCCTGCACCACCAACTGCTTAG AGTGGCAGTGATGGCATGGACT

TNF-α tumor necrosis factor α, NLRP3 Nod-like receptor protein 3, IL-1β interleukin 1β, GAPDH glyceraldehyde-3-phosphate dehydrogenase
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rabbit NLRP3 mAb (CST, 15101S); anti- mouse ASC mAb (Santa Cruz
Biotechnology, sc-514414); anti-rabbit cleaved caspase 1 mAb (CST,
89332); anti-mouse β-actin mAb (Abcam, ab49900); goat anti-mouse
HRP (Thermo Scientific, 31430, MA, US); and goat anti-rabbit HRP
(Bio-Rad, 1705046, CA, US).

Statistical analysis
The data from this research study were analyzed using GraphPad
Prism 7.0 software. Statistical analysis was performed using one-
way ANOVA, and data are presented as the mean ± SD. P < 0.05
was considered statistically significant.

RESULTS
SM934 increases tear secretion and maintains goblet cells in
SCOP-induced DED models
SCOP functions as a pharmacologic inhibitor of cholinergic
receptors in the lacrimal gland and therefore decreases aqueous
production to establish aqueous-deficient dry eye animal models.
We observed a sharp decrease in tear secretion in both rats and
mice 3 days after SCOP injection. Application of 0.5% SM934
and 0.1% SM934 significantly increased tear secretion in
SCOP-injected rats (Fig. 1a), but only 0.5% SM934 treatment

significantly improved tear secretion in SCOP-injected mice
compared with the model group (Fig. 1b). Water loss, reduced
expression of glycocalyx mucins, and loss of goblet cells secreting
gel-forming mucins are hallmarks of DED [22]. This decreased
goblet cell density is proportional to the disease severity.
Conjunctival PAS staining and statistical results showed that
0.1% SH, 0.5% SM934, and 0.1% SM934 treatment restored the
number of goblet cells in the conjunctival epithelium of SCOP-
injected rats (Fig. 1c, d). Similar improvements in goblet cell
density were observed in SCOP-injected mice (Fig. 1e, f).

SM934 protects the ocular surface barrier in SCOP-induced DED
models
Areas in which the epithelial cells of the corneal surface are loose
or desquamated can be stained with fluorescein dye. As shown in
Fig. 2a, b, SCOP-injected rats developed severe corneal defects
starting on the third day after injection, and ocular surface
epithelium damage was highlighted by corneal fluorescein
staining. A much lower fluorescence intensity of the ocular
surface was observed in 0.5% SM934- and 0.1% SM934-treated
rats. Meanwhile, the expression of the tight junction protein ZO-1
in the corneal epithelium following SM934 treatment was in
accordance with the results of corneal fluorescein staining (Fig. 2c,

Fig. 1 SM934 increases tear secretion and maintains goblet cells in SCOP-induced DED models. After simultaneous modeling and drug
administration, rat tear secretion was detected on days 3, 5, and 7, n= 10 (a); mouse tear secretion was detected on days 3, 5, 7 and 10, n=
6–7 (b); at the end of day 7, PAS staining was performed, and rat conjunctival goblet cells (c) and rat goblet cells were counted, n= 10 (d); at
the end of day 10, PAS staining was performed, and mouse conjunctival goblet cells (e) and mouse goblet cells were counted, n= 3–4 (f). Data
are presented as the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. model control group on the same day. The results are from one of
three independent experiments with similar results.
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d), indicating that SM934 has a protective effect against ocular
surface integrity impairment.
Corneal epithelial cells produce MMPs in response to

desiccating stress, and they promote corneal extracellular
matrix degradation and epithelial cell loss [23]. Topical
application of SM934, especially 0.5% SM934, significantly
decreased the elevated MMP-9 levels in the corneal
epithelium of SCOP-induced DED in both rats (Fig. 2e, f) and
mice (Fig. 2g, h).

SM934 suppresses corneal and conjunctival inflammation in
SCOP-induced DED models
Accumulated evidence suggests that inflammation frequently
accompanies DED in rodents [24] and humans [25, 26]. Rashid
et al. reported that corneal and conjunctival expression of
inflammatory cytokines, including IL-1 and TNF-α, was increased
in SCOP-induced rodent DED; however, only the conjunctiva
showed increased expression of IL-6 and IL-10, and IL-10 was
especially elevated, with a 97.6-fold increase in transcripts relative

Fig. 2 SM934 protects the ocular surface barrier in SCOP-induced DED models. After simultaneous modeling and administration of
treatment in rats, fluorescein sodium staining of the cornea was performed on the 3rd, 5th, and 7th days (a) and data were analyzed, n= 10
(b); immunohistochemical staining of ZO-1 in the corneal epithelium of rats, ×400 (c) and positive staining area analysis, n= 5–6 (d);
immunofluorescence staining of MMP-9 in the corneal epithelium of rats, ×400 (e) and fluorescence intensity analysis, n= 3 (f);
immunofluorescence staining of MMP-9 in the corneal epithelium of mice, ×400 (g) and fluorescence intensity analysis, n= 3 (h). Data are
presented as the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. model control group.
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levels in the normal eye [27]. We demonstrated that treatment
with 0.5% SM934 for 7 days significantly reduced the expression of
NLRP3 and caspase 1 and decreased the levels of TNF-α, IL-1β, IL-6,
and IL-10 in the conjunctiva of SCOP-injected rats (Fig. 3a, b).
Moreover, as shown in Fig. 3b, 0.5% SM934 application also

suppressed the upregulated monocyte chemoattractant protein-1
(MCP-1) and diminished the accumulation of monocytes, as
visualized by MPO staining of the conjunctiva (Fig. 3c).

SM934 ameliorates ocular disruption and alleviates conjunctival
inflammation in BAC-induced DED rats
BAC is commonly used as a preservative in ophthalmic prepara-
tions, and BAC accumulation can induce instability of tear film and
excessive evaporation, which are characteristic features of DED
[18, 28]. Typically, application of BAC results in corneal opacity and
neovascularization, conjunctival irritation (edema, congestive, and
secretions), and inflammatory responses in animal DED models.
Rats were topically administered 0.5% BAC and subsequently

treated with 0.1% SM934, 0.5% SM934 or solvent for 10
consecutive days starting on day 5 after the first application of
BAC. As shown in Fig. 4a, topical treatment with SM934, especially
0.5% SM934, ameliorated the severe corneal opacity and
neovascularization induced by BAC in DED rats. Furthermore,
the changes were evaluated by scoring methods, which revealed
significant improvement of BAC-induced corneal opacity (Fig. 4b)

and corneal neovascularization following SM934 treatment
(Fig. 4c).
Serious conjunctival damage, including conjunctival hyperemia,

edema, and secretion, occurred in BAC-irritated rats, and both
0.1% and 0.5% SM934 application significantly alleviated these
symptoms 4 days after treatment, as demonstrated by slit-lamp
observation (Fig. 4d) and a comprehensive scoring method for
evaluating the extent of conjunctival irritation (Fig. 4e).
Further, we used rose bengal dye, which enables easy

visualization of the conjunctiva and cornea as a rose pink-
colored stain, to examine the extent of ocular disruption.
Diffuse red staining was observed in the cornea and con-
junctiva of BAC-irritated rats. Both solvent and SM934 applica-
tion could mitigate the erosion of ocular surfaces, but only 0.1%
and 0.5% SM934-treated rats exhibited sustained remission
from day 4 after treatment until the end of the experiment
(Fig. 4f, g).
As displayed in Fig. 4h, a strong inflammatory response to BAC

was observed in the conjunctiva of model rats, and similar to the
effects on SCOP-induced DED animals, SM934 application
significantly decreased the cytokine levels of TNF-α, IL-6, and IL-
10 and the expression of MCP-1 in conjunctival tissues.
Our results demonstrated beneficial effects of topical applica-

tion of SM934 in treating ocular signs and reversing the
inflammatory changes in DED.

Fig. 3 SM934 suppresses corneal and conjunctival inflammation in SCOP-induced DED model animals. TNF-α, NLRP3, Caspase 1, and IL-1β
mRNA levels in conjunctiva, n= 4–8 (a); conjunctiva homogenate supernatant cytokines TNF-α, IL-6, and IL-10 and monocyte chemokine MCP-
1 were analyzed by ELISA, n= 6–8 (b); immunohistochemical staining to detect conjunctiva MPO expression, ×200 (c) and positive staining
area analysis, n= 2–3 (d). Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. model control group.
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SM934 decreases TLR4 expression and abates inflammatory
signaling in the conjunctiva of DED rats
DED is an immunoinflammatory disorder of the ocular surface in
which tear film instability and hyperosmolarity induce pathogenic
responses in the cornea and conjunctiva. Damage-associated
molecules and excessive inflammatory cytokines released during
tissue injury subsequently activate resident antigen presenting
cells (APCs) and promote further immune cell infiltration [29].
It has also been suggested that TLR4 is a receptor for

endogenous ligands associated with noninfectious diseases
[30, 31]. Lee et al. [32] reported that homogenized DED corneal
tissue could activate APCs, and this activation could be abolished
by the selective inhibition of TLR4. Regarding the prominent

suppressive effects of SM934 on ocular surface conjunctiva
inflammation and the protective benefits on corneal epithelial
cells, we speculated that TLR4 might play an essential role in the
therapeutic effects of SM934 in DED.
Immunofluorescent staining showed that injection with SCOP

increased the cell surface expression of TLR4 by CD68-positive
macrophages in the conjunctival epithelium of rats, and the
accumulation of TLR4-expressing macrophages diminished after
treatment with 0.5% SM934 (Fig. 5a). TLR4 ligation triggers the
activation of nuclear factor-kappa B (NF-κB) through the assembly
of a complex composed of myeloid differentiation primary
response 88 (MyD88). TLR4/MyD88/NF-κB signaling in turn
upregulates the transcription of proinflammatory factors such as

Fig. 4 SM934 ameliorates ocular disruption and alleviates conjunctival inflammation in BAC-induced DED rats. Corneal opacity and
neovascularization (a); data analysis is shown for corneal opacity scores on the 4th, 7th, and 10th days after drug intervention (b) and for
corneal neovascularization scores (c); data analysis is shown for conjunctival irritation (d) and conjunctival irritation, including hyperemia,
edema, total secretion scores (e); corneal rose bengal staining (f) and rose bengal staining score data analysis (g), n= 8; conjunctival
homogenate supernatant cytokines TNF-α, IL-6, IL-10, and monocyte chemokine MCP-1 analysis, as shown by ELISA, n= 5–8 (h). Data are
presented as the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. model control group.
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TNF-α and NLRP3, which are components of the inflammasome
[33]. Therefore, we sought to evaluate the impact of SM934
treatment on the activation of TLR4 signaling in conjunctival
tissue. As shown in Fig. 5b, c, in accordance with the enhanced
expression of TLR4, both Myd88 and NLRP3 protein accumulated
in the basal layer of conjunctival epithelium in DED rats, and the
expression of these proteins was significantly decreased after
topical application of SM934. Further, conjunctival tissue homo-
genates subjected to Western blotting demonstrated that SM934

treatment suppressed the increase in TLR4/Myd88/NF-κB signaling
and the subsequent activation of the inflammasome, which
consisted of NLRP3, ASC, and cleaved caspase 1 (Fig. 5d, e).

SM934 impedes the upregulation of TLR4 and downstream signal
transduction in LPS-elicited RAW 264.7 cells
Previous studies [34, 35] found that exposure to desiccating stress
conditions skewed corneal and conjunctival resident macrophage
polarization toward an inflammatory phenotype. Regarding the

Fig. 5 SM934 decreases TLR4 expression and abates inflammatory signaling in the conjunctiva of DED rats. Immunofluorescence
costaining of CD68 and TLR4 in conjunctiva, ×600 (a); immunohistochemical staining of conjunctiva TLR4, MyD88, and NLRP3, ×400 (b) and
analysis of the positively stained area, n= 3-5 (c); Western blot assay of indicated proteins in the conjunctival homogenates (d) and
densitometry analyses of the Western blotting results, n= 2–4 (e). Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001
vs. the model control group.
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observation of remarkable accumulation of TLR4-expressing
macrophages and increased levels of TNF-α and IL-6 in
conjunctiva of the DED model, which were significantly attenu-
ated by SM934 treatment, we hypothesized that topical applica-
tion of SM934 could constrain focal inflammation by inhibiting
TLR4 signaling in macrophages.
To gain experimental evidence regarding the therapeutic

benefits of SM934 on DED, we conducted cell culture studies
using the murine macrophage cell line RAW 264.7; we challenged
the cells with LPS, a typical TLR4 agonist. In line with the results
from conjunctival tissue in both SCOP- and BAC-induced DED rats,
cells incubated with SM934 produced lower levels of the
inflammatory cytokines IL-6, TNF-α, and IL-1β following 48 h of

LPS stimulation compared with cells conditioned with LPS only
(Fig. 6a).
Furthermore, as shown in Fig. 6b, c, macrophages exhibited an

upregulation of TLR4 expression 0.5–1 h after LPS exposure, which
was followed by a pronounced phosphorylation of NF-κB from
0.5 to 6 h after stimulation. A dramatic NLRP3 priming signal could
be monitored 2.5 h after NF-κB activation, indicating subsequent
inflammasome activation. In light of the dose-dependent inhibi-
tory effects of SM934 on inflammatory mediator production, we
pretreated RAW 264.7 cells with 10 μM SM934 for 24 h before LPS
stimulation and found that SM934 significantly prevented the
upregulation of TLR4 expression and impeded NF-κB and NLRP3
activation (Fig. 6d, e).

Fig. 6 SM934 impedes the upregulation of TLR4 and downstream signal transduction in LPS-elicited RAW 264.7 cells. The levels of TNF-α,
IL-6, and IL-1β in the supernatant of LPS (10 μg/mL)-induced RAW 264.7 cells were analyzed by ELISA to assess the inflammatory response after
48 h (a); Western blot assay of the indicated proteins in LPS (100 ng/mL)-stimulated RAW 264.7 cells at different time points (b) and densitometry
analyses of the immunoblotting results (c); Western blot assay of the indicated proteins in SM934 pretreated RAW 264.7 cells followed by LPS
(100 ng/mL) stimulation for 1 h (TLR4, MyD88, NF-κB, and p-NF-κB) and 6 h (NLRP3, ASC, and cleaved caspase 1) (d) and the densitometry
analyses of the immunoblotting results (e). Data are presented as the mean ± SD. ##P < 0.01, ###P < 0.001 vs. the 0-h time point;
*P < 0.05, **P < 0.01, and ***P < 0.001 vs. the LPS-treated group. The results are derived from at least three independent experiments.
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DISCUSSION
DED is a common and multifactorial disease with a high
prevalence worldwide. Water loss, reduced expression of glyco-
calyx mucins, and loss of goblet cells secreting gel-forming mucins
are hallmarks of DED [22].
Scopolamine hydrobromide is an M-type cholinergic receptor

blocker that can inhibit tear secretion by inhibiting acetylcholine-
mediated tear gland stimulation [36]. BAC is a cationic surfactant
that is commonly used as a preservative in ophthalmic prepara-
tions [37]. It can promote corneal epithelial cell death by lysing cell
membranes, which disrupt corneal epithelial cell connections
[38, 39]. Thus, both SCOP and BAC can be applied to establish a
DED model [40, 41]. Our results demonstrated that SM934
increased tear secretion, maintained the number of conjunctival
goblet cells, and improved corneal and conjunctival damage in
DED rat and mouse models induced by SCOP. Moreover, SM934
treatment resulted in the desired improvement in neovasculariza-
tion, corneal opacity, conjunctival irritation, and corneal damage
in DED rats induced by BAC.
The tear film covers the ocular surface and is exposed to the

external environment, and mucus gel is the first defense barrier at
the ocular surface. The mucins and aqueous layers together form
the mucoaqueous layer, with a mucin gradient increasing toward
the lipid layer of the ocular surface [42]. A common feature of all
forms of DED is the decrease of goblet cell density, which is
accompanied by a decline of the gel-forming mucin and is related
to deterioration of the disease. Once mucin production has been
disrupted, subsequent exposure of ocular surface epithelial cells to
tear hyperosmolarity activates a stress-associated signaling path-
way that initiates the production of proinflammatory cytokines,
chemokines, and MMPs. In our study, topical administration of
SM934 on the ocular surface significantly preserved the number of
goblet cells in the conjunctiva, maintained the secretion of tear,
and promoted the integrity of tear film in DED induced by SCOP or
BAC. Moreover, SM934 treatment reduced the expression of MMP-
9 in the corneal epithelium of DED rats; MMP-9 is a critical
metalloproteinase produced by corneal epithelial cells in response
to hyperosmolar stress, so reducing its levels ameliorated corneal
extracellular matrix degradation and epithelial cell loss.
The proinflammatory milieu in DED facilitates the activation and

maturation of APCs, and the matured APCs migrate through the
afferent lymphatics and efferent blood vessels to the ocular
surface. Microscopy revealed that in the corneas of mice with DED,
there is evidence of an influx of CD11b+ APCs, including dendritic
cells and macrophages [43, 44]. In our study, we observed a
pronounced accumulation of CD68+ macrophages in the con-
junctiva of DED rats, and they exhibited increased expression of
TLR4 on their cell surface. As reported by Lee et al. [32], the altered
expression pattern of TLR4 and the excessive production of
endogenous TLR4 ligands, such as extracellular matrix degrada-
tion products, might contribute to the subsequent activation and
migration of APCs in corneal tissue in DED. We hypothesized that
SM934 suppressed the elevation of TLR4 expression and
prevented MMP-9-mediated tissue degradation of the ocular
surface, hence alleviating corneal injury and conjunctival inflam-
mation in DED models.
Upon binding to its ligands, TLR4 signaling triggers the

assembly of a complex containing MyD88, stimulates the release
of NF-κB from its repressor IκB, and initiates the transcription of
proinflammatory factors, such as TNF-α, and inflammasome
components, such as pro-IL-1β and NLRP3. Inflammasome
activation involves assembly of NLRP3 with ASC and pro-caspase 1.
This complex triggers pro-caspase 1 self-cleavage into active
caspase 1, which then cleaves pro-IL-1β to generate biologically
active cytokine IL-1β [33]. Intriguingly, we found in LPS-elicited
macrophages that SM934 treatment not only could downregulate
TLR4 expression induced by LPS stimulation but also could
prohibit the downstream activation of inflammasomes and the

production of proinflammatory cytokines TNF-α, IL-1β, and IL-6.
These findings provide fundamental support for the mechanism of
the anti-inflammatory and tissue-protective effects of SM934
on DED.
SM934 is a novel water-soluble artemisinin analog that

possesses desirable anti-inflammatory and immunomodulatory
activities. In addition to its pharmacological effects, the stability
and solubility of SM934 in aqueous solution further ensure its
applicable potential as an ophthalmic remedy for DED.

CONCLUSION
In summary, our research demonstrated for the first time that
topical administration of SM934 significantly ameliorated SCOP
and BAC-induced DED in rodent models. The mechanism of
therapeutic benefits might be related to its direct inhibitory effect
on the TLR4/NF-κB/NLRP3 inflammatory pathway in macrophages,
as well as the comprehensive modulation of aberrant TLR4
expression and the generation of endogenous TLR4 ligands in
ocular tissues during DED.
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