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Abstract
Mulberry leaves are widely used in traditional Chinese medicine for their antioxidant, anti-in�ammatory,
antibacterial, antiobesity, antidiabetic, antiatherosclerotic, and anticancer properties. The current study
aimed to investigate the effect of mulberry leaf extract (MLE) on Staphylococcus aureus (S. aureus)-
induced conjunctivitis (5 × 109 CFU, 0.5 mL/eye) in a rabbit model. Rabbits were treated with MLE (5
mL/kg·d-1 and 10 mL/kg·d-1), 0.9% saline, or pearl bright eye drops (PBE) for 5 days. The results showed
that MLE treatment signi�cantly reduced the clinical sign scores of conjunctivitis, alleviated clinical signs,
and decreased bacterial load and histological damage in a time- and dose-dependent manner compared
to that in the conjunctivitis control group. The antibacterial and anti-in�ammatory activities of MLE (10
mL/kg·d-1) were equal to or greater than those of the positive control drug PBE. In addition, MLE
signi�cantly decreased the levels of pro-in�ammatory cytokines, downregulated the NOD-like receptor
leucine-rich pyrin domain-containing protein 3 (NLRP3) in�ammasome, and upregulated the nuclear
factor erythroid 2-related factor 2 (Nrf2) system. Overall, MLE is effective in alleviating S. aureus-induced
conjunctivitis in rabbits and this mechanism is associated with the inhibition of the NLRP3
in�ammasome and activation of the Nrf2 system to regulate pro-in�ammatory signaling.

1. Introduction
Conjunctivitis is a common medical condition characterized by red eyes, congestion, exudation, and
edema. Speci�cally, bacterial conjunctivitis is one of the most diagnosed eye diseases by general
practitioners and is characterized by mucopurulent discharge and conjunctival hyperemia.
Staphylococcus aureus (S. aureus) is one of the most common pathogens to cause bacterial
conjunctivitis and is capable of infecting the eyelid, conjunctiva, and cornea [1–3]. The conventional
treatments for bacterial conjunctivitis include anti-bacterial- and/or immunosuppressive/steroid
eyedrops. However, some studies have reported resistance to these treatments [4, 5]. Therefore, there is an
urgent need for more reliable and effective drugs.

Episodes of infection with acute bacterial conjunctivitis can lead to in�ammation [6, 7]. Thus, the effect
of MLE on conjunctivitis may involve the suppression of in�ammatory mediators in rabbits. The NOD-like
receptor leucine-rich pyrin domain-containing protein 3 (NLRP3) in�ammasome, as the �rst line of
defense against external threats, is activated when it identi�es certain stress factors, such as pathogens
(Artlett, 2013). The oxidative insult contributes to the development of responses of allergic conjunctivitis
[8]. Meanwhile, the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway, as the major regulator of
oxidative stress, is also believed to play an important role in the pathogenesis of common in�ammation
[9]. Previous study has provided that oxidative stress and in�ammation coexisted in the conjunctiva of
patients with Atopic Keratoconjunctivitis [10]. Multiple lines of evidence suggest that there is a crosstalk
between the Nrf2 and in�ammasome pathways at different levels, which are associated with many
in�ammatory processes, including acute and chronic in�ammation, reactive oxygen species, and
autophagy [11–13]. Yet, the contribution of NLRP3 in�ammasome and Nrf2 pathway to bacterial ocular
infection remains unclear.
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Mulberry leaves consist of the dried leaves of Morus alba L., a plant belonging to the Moraceae family.
They are approved by the Ministry of Health of the People’s Republic of China as medicine and food
homology. According to traditional Chinese medicine records, mulberry leaves are prescribed with
chrysanthemum, Scutellaria, and cassia seeds to purge toxins from the liver, improve vision, and treat eye
diseases [14]. A few experimental studies have also reported the effectiveness of mulberry leaves in
treating eye conditions resulting from diabetes mellitus [15–17]. A previous study found that mulberry
leaf extract (MLE) could ameliorate the pathological alterations of retinal neurons and neurotransmitters
of cubs of either diabetic and/or hypercholesterolemic rats [15]. Furthermore, polyphenol-rich MLE could
attenuate early retinopathy in diabetic maternal rats and cubs through its antioxidant, anti-in�ammatory,
anti-apoptotic, and anti-angiogenic effects [17]. Another study [16] also showed that aqueous MLE could
protect diabetic rats against the degeneration of retinal neuronal cells, which might be attributed to its
potential antioxidant activity. However, to date, little is known about the effects and mechanism of MLE
on bacterial conjunctivitis.

Pearl bright eye drops (PBE) is an over-the-count eye drop in Chinese patent medicine [14]. Pearl
hydrolysate and borneol are the main components of PBE formulation, and its pharmaceutical excipients
including: sodium chloride, ethylparaben, alcohol, and sodium hyaluronate et al. [18, 19]. The PBE
properties of calming the nerves and tranquilizing the mind [20], clearing heat, improving eyesight, and
relieving pain [21, 22] have a certain therapeutic potential for bacterial or allergic conjunctivitis, dry eye
disease, and asthenopia [14].

Based on previous evidence, we hypothesized that as mulberry leaves have anti-in�ammatory,
antioxidant, and antibacterial activities and have been successfully used in eye diseases, they may
protect against conjunctivitis. Therefore, to study the e�cacy of mulberry leaves in the treatment of
bacterial conjunctivitis, we used mulberry leaf aqueous extract to treat rabbits with conjunctivitis caused
by S. aureus with PBE as a positive control. Meanwhile, to further explore the underlying mechanisms, we
characterized the roles of NLRP3 in�ammasome and Nrf2 pathway in the protection of MLE and PBE to
bacterial conjunctivitis.

2. Material And Methods

2.1. Chemicals
Mulberry leaves (batch no. 06060101) were purchased from Hubei Jingui Industrial Development Co., Ltd.
(Hubei, China). MLE and MLE eye drops were prepared as follows: roasted mulberry leaves (200 g) were
decocted in 1 L of sterile water at 100°C for 2 h. Next, the water extract was cooled and �ltered through
Whatman No. 1 �lter paper to generate MLE. The pH of MLE was adjusted to 7.0 using boric acid buffer
(12.4 g/L) and borax buffer (19.1 g/L). Sodium chloride was added to the resulting solution (0.9% wt/vol)
and the solution was �ltered using a 0.22 µm membrane to produce MLE eye drops (0.1 L). All the
solutions mentioned above were stored at 4°C before the experiment. Pearl bright eye drops (its main
components are pearl hydrolysate and borneol, PBE, batch no. 20190726) were obtained and produced
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by Suzhou Industrial Park Tianlong Pharmaceutical Co., Ltd. (Suzhou, China). S. aureus
([CMCC(B)26003]) was obtained from the Research Center for Biological of Zhuhai Campus, Zunyi
Medical University. S. aureus solution was incubated at 37°C for 18 h, centrifuged at 3000 r/min for 10
min, and diluted to a concentration of 5 × 109 colony-forming units (CFU)/mL with normal saline in sterile
tubes.

2.2. Animal experiments
New Zealand rabbits of both sexes (2.50 ~ 3.00 kg) were obtained from the Animal Laboratory Center of
Zhuhai Campus, Zunyi Medical University. Animals were housed one per cage, provided a laboratory diet
(Animal Center of Zhuhai campus, Zunyi Medical University, Zhuhai, China) and water ad libitum. All
experiments procedures and animal welfare were carried out in accordance with the “Guidelines for the
Management and Use of Laboratory Animals”(Ministry of Science and Technology of China, 2006) and
approved by the Zhuhai Campus Zunyi Medical University Institutional Animal Ethics and Utilization
Committee. After one week of adaptation in laboratory conditions (24 ± 2°C, 60 ± 5% relative humidity, and
12-h light/dark cycle), healthy rabbits (without eye disease) were assigned randomly to 5 groups (with 5
animals in each group and utilized both eyes of each animal) as follows: control group (normal saline),
model group (normal saline), low-dose MLE group (5 mL/kg·d− 1, LMLE), high-dose MLE group (10
mL/kg·d− 1, HMLE), and positive control group (pearl bright eye drops, PBE). S. aureus conjunctivitis was
induced according to previously described methods [23–25] with a slight modi�cation. Brie�y, the
conjunctivas of each white rabbit (excluding the control group) were scratched with a No. 9 sterile needle
and S. aureus (0.5 mL/eye) was topically injected onto the conjunctiva and retained for 30 s to ensure the
uniform spearing of the bacteria (Day 0). Treatment was initiated on the second day after S. aureus
inoculation (Day 1). The MLE eye drops, PBE, or sterile normal saline was applied dropwise onto the
superior palpebral and bulbar conjunctiva of the right and left eyes of rabbits (0.1 mL/eye three times
daily), and LMLE, HMLE or normal saline (10 mL/kg·d− 1) was administered by oral gavage once a day for
5 days respectively. The eyes of rabbits in the “positive control group” were given PBE, after the same
volume of normal saline was orally administered as above-metioned.

2.3. Animal Scari�ce
At the end of the experiment, rabbits were euthanized by intravenous injection with excessive sodium
pentobarbital. The palpebral conjunctiva of right eyes of three rabbits in each group were randomly
sclected and taken by sterile scalpel for histopathologic analysis. The remaining samples were removed
immediately after euthanasia, frozen by liguid nitrogen and stroed at -80oC for further analysis.

2.4. Scoring criteria of the pathological changes in the
conjunctiva
A double-blind trial was performed to evaluate the pathological changes in the conjunctiva. Congestival
redness, discharge and lid edema were assessed daily by three independent blinded investigators using a
0–3 scale according to previously described criteria [26, 27], in which a 0 score indicates no signs; 1, mild
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signs; 2, moderate signs; and 3, severe signs. The effect of MLE was scored from 0 to 9, with 0 2 for cure,
2 5 for signi�cant effect, 5 8 for improvement, 8 ~ 9 for ineffectiveness.

2.5. Bacterial examination of the eyelid conjunctiva
To assess bacterial growth inhibition, samples were collected from both the right and left eyes of rabbits
with a sterile cotton swab without the administration of any topical anesthetic agents on Days 0, 1, and 5.
The corneal and mucosal surfaces of the conjunctival fornix were swabbed without touching the
preocular skin or hair. After sampling, blood agar medium plates were immediately coated with each
sample and incubated at 37°C for 28 h to obtain bacterial cultures at mid-log growth phase. After
incubation, the colony formation of bacteria in every sample was monitored by counting number of
bacterial colonies formed.

2.6. Histological examination of the conjunctiva
The conjunctiva tissues were �xed with 4% paraformaldehyde for 18 h, followed by embedding in
para�n. Consecutive 4-µm para�n sections were cut and stained with hematoxylin-eosin to visualize
tissue morphology and cellular in�ltrates.

2.7. Quantitative real-time reverse transcription PCR (qPCR)
The expression of the following genes in the conjunctiva was studied using qPCR: Caspase-1 (CASP-1),
ASC, NLRP3, Interleukin-18 (IL-18), Interleukin-6 (IL-6), and Interleukin-1 beta (IL-1β). Primer pairs (Sangon,
Shanghai, China) are listed in Table 1. Taken isolated palpebral conjunctiva, and RNA isolation (Total
RNA Extractor, Sangon, Shanghai, China), cDNA synthesis (TaKaRa PrimeScript™ RT reagent Kit,
Baosheng, Dalian, China), and ampli�cation (TaKaRa Ex Taq PCR Kit, Baosheng, Dalian, China) were
performed according to the manufacturer’s instructions. The reaction mixture was preheated for 1 min at
95°C to activate the Taq DNA polymerase, followed by 45 cycles of 3 s at 95°C and 34 s at 60°C.
Throughout the qPCR analysis, product identities were con�rmed using a 60–95°C melting curve
analysis. All samples were run in duplicate using an Mx3005P Real-Time PCR system (Agilent, Santa
Clara, CA, USA). The changes in mRNA expression for the internal standard (GAPDH) were calculated
according to the 2−△△CT method (CT, cycle threshold).

2.8. Western blot
Conjunctival protein was extracted using a Protease Inhibitor Cocktail kit (Beyotime, China) and
quanti�ed using the BCA Protein Assay kit (Beyotime). The equivalent proteins of each group were
separated using polyacrylamide gel electrophoresis and transferred to PVDF membranes (Bio-Rad,
Hercules, CA, USA). The membranes were blocked with 5% nonfat milk and then incubated with the
primary antibody (1:1000, CST, Danvers, MA, USA) and secondary antibodies conjugated to horseradish
peroxidase (1:2500, Abcam, Cambridge, UK) at 4°C overnight. Band detection was thereafter revealed by
enhanced chemiluminescence using electrochemiluminescence western blot detection reagents. Protein
quanti�cation was performed using densitometry and Quantity One software. β-actin was used as an
internal control.
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2.8. Statistical analysis
The statistical software SPSS v.18.0 (IBM SPSS, Inc., Chicago, IL, http://www.ibm.com) was used to
analyze the data and experimental results are presented as mean ± SEM. Statistical differences were
analyzed using independent sample t-tests, and the differences were considered to be signi�cant when P 
≤ 0.05.

3. Results

3.1. Clinical signs of bacterial conjunctivitis in rabbits
Rabbit eyes were observed before and after S. aureus infection to determine whether the conjunctival
infection model had been successfully established. Chemosis, exudate, eyelid gluing, diffuse conjunctival
hyperemia, and eyelid edema were generally increased in infected rabbits after Day 1 (Fig. 1b-e); and
there were no signi�cant differences among the infected groups. The major in�ammatory signs in S.
aureus-infected eyes were tearing, redness, lid edema, chemosis, mucopurulent discharge, and iris
erythema. The results showed that the model of acute infectious conjunctivitis was successfully
established with obvious in�ammatory reactions. To assess the effect of the drugs, rabbit eyes treated
with LMLE, HMLE, and PBE were reevaluated on Day 5 (Fig. 1h, i, j), and clinical signs of conjunctivitis
were apparently alleviated in all treated groups compared to the model group. HMLE decreased
congestion, secretion, and edema in levels comparable to the positive control drug PBE. These results
indicate that MLE had a good therapeutic effect on bacterial conjunctivitis in rabbits, especially at high
doses.

3.2. Effect of MLE on conjunctivitis clinical sign scores in
rabbits
In order to evaluate the therapeutic effect of MLE, the pathological in�ammatory changes in the
conjunctiva were evaluated according to the scoring criteria (Table 2), with PBE used as a positive
control. The clinical sign scores were concordant with the clinical signs (Fig. 2) and were signi�cantly
increased on Day 0 in all infected groups compared to the control group. However, in the three treated
groups, the increase was signi�cantly reduced on Day 2 compared to the model group (P < 0.01). On Day
5, the in�ammatory signs (congestion, secretion, and edema) persisted in the model group but had
generally disappeared in the HMLE and PBE groups (P < 0.01). The results showed that HMLE exhibited
equal anti-in�ammatory activity than that of the positive control drug PBE in a time-dependent manner (P 
< 0.01).

3.3. Effect of MLE on bacterial growth inhibition in the
conjunctiva
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Bacterial colony formation assay was performed to determine the anti-bacterial effect of MLE and PBE.
All infected groups showed lawn of bacterial growth on Day 0, while the control group did not (Fig. 3A).
On Day 5, while the model group still showed considerable bacterial growth, signi�cant inhibition of
colony formation was observed in the three treated groups. The HMLE and PBE group cultures had an
appearance comparable to that of the control group and showed almost 100% inhibition of colony
formation and bacterial growth, while the LMLE group showed 80% inhibition (Fig. 3B). The bacterial
negative conversion rate in eyes of each rabbit was also counted on Days 0, 1, and 5 by observing
number of bacterial colonies formed. As shown in Fig. 3C, on Day 1, it was 10%, 20%, and 20% in the
LMLE, HMLE, and PBE groups, respectively; however, on Day 5, it was 70%, 90%, and 90%, respectively.
These results revealed that MLE appeared to contain components with signi�cant bacterial growth-
inhibition effect.

3.4. Effect of MLE on histological features of infectious
conjunctivitis
The attenuating effects of MLE on the clinical scores of bacterial conjunctivitis led us to further
investigate the histology of the conjunctiva. Hematoxylin-eosin staining (Fig. 4) demonstrated that severe
telangiectasia, capillary congestion, edema, and lymphocyte in�ltration were present in model group.
After 5 days of treatment, in�ammation was alleviated to different degrees in all treated groups and the
prominent inhibitory effects of HMLE and PBE were comparable to that of the model group. These
�ndings suggested that MLE was e�cacious in the treatment of S. aureus-induced conjunctival
in�ammation in a dose-dependent manner.

3.5. Effect of MLE on NLRP3 in�ammasome and
in�ammation-related gene expression in the conjunctiva
Owing to the central regulating role of the NLRP3 in�ammasome in the pathogenesis of in�ammation,
the ability of each of the drugs to reduce its gene expression levels (Caspase-1 (Fig. 5a), ASC (Fig. 5b),
and NLRP3 (Fig. 5c)) was analyzed using qPCR in the conjunctivitis rabbit model on Day 5, as was their
ability to decrease the mRNA expression levels of downstream pro-in�ammatory cytokines, IL-18
(Fig. 5d), IL-6 (Fig. 5e), and IL-1β (Fig. 5f). As displayed in Fig. 5, the NLRP3 in�ammasome and its
downstream pro-in�ammatory cytokine mRNA expression levels were signi�cantly enhanced in the model
group when compared to those obtained in the control group (P < 0.05). Figure 5 also shows that the gene
expression levels of NLRP3 in�ammasome and pro-in�ammatory cytokines had returned to normal on
Day 5 in the groups of animals treated with HMLE and PBE. These results showed that the NLRP3
in�ammasome and its downstream pro-in�ammatory cytokine mRNA levels expressed by MLE-treated
conjunctiva in bacterial conjunctivitis rabbit models signi�cantly decreased in a dose-dependent manner.

3.6. Effect of MLE on the activation of NLRP3
in�ammasome and downstream in�ammatory factors in
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conjunctivitis
In view of the suppressive effects of the drugs on the NLRP3 in�ammasome and in�ammation-related
gene expression, their effects on protein synthesis of the NLRP3 in�ammasome and in�ammatory
factors in the conjunctiva were evaluated after 5 days of treatment using western blotting (Fig. 6a-b) and
statistical analysis of the blots (Fig. 6c-i). The results obtained were in accordance with the foregoing
observations, where the expression levels of NLRP3 in�ammasome proteins [Caspase-1 (Fig. 6c), NLRP3
(Fig. 6d), and ASC (Fig. 6e)] and in�ammatory-related proteins [TNF-α (Fig. 6f), IL-1β (Fig. 6g) ,IL-6
(Fig. 6h), and IL-18 (Fig. 6i)] were signi�cantly increased in the model group compared to those in the
control group but was reversed in the three treated groups. In addition, HMLE had stronger effects on
NLRP3 in�ammasome and in�ammatory-related protein synthesis than LMLE, which were not
signi�cantly different (P > 0.05) from those of the positive control drug, PBE.

3.7. Effect of MLE on the activation of Nrf2 in conjunctivitis
In our study, western blotting showed that MLE treatment (5 and 10 mL/kg·d− 1) downregulated the
expression of Keap1 (Fig. 7b) and upregulated the expression of Nrf2 (Fig. 7c) in conjunctiva tissue (P < 
0.05), suggesting that MLE treatment could signi�cantly activate the Nrf2 signaling pathway. At the same
time, PBE administration, used as a positive control, signi�cantly elevated Nrf2 expression (P < 0.05) but
did not affect Keap1 expression (P > 0.05).

4. Discussion
Mulberry leaves have been used for thousands of years in traditional Chinese medicine for several
conditions, including diabetes, hyperlipidemia, atherosclerosis, obesity, and in�ammation as well as
urinary and nervous system diseases [28–32]. Approximately 100 bioactive phytochemicals have been
isolated from mulberry leaves, including organic acids, phenolic acids, �avonoids, chalcones, coumarins,
polyhydroxyalkaloids, catechins, terpenoids, and stilbenoids [33]. Results form clinical and experimental
studies have clearly revealed that extracts or compounds of mulberry leaves possess signi�cant anti-
in�ammatory, antioxidant, and antibacterial effects [33, 34]. The effectiveness of mulberry leaves for
major eye diseases has been documented according to experimental data and records of traditional
Chinese medicine [14–17]. Nonetheless, evidence demonstrating the bene�cial effects of mulberry leaves
against bacterial conjunctivitis and the related molecular mechanisms remain scarce. This is the �rst
study to demonstrate that MLE effectively inhibited the NRLP3 in�ammasome pathway and activated the
Nrf2 pathway, leading to reduced conjunctiva in�ammation in a rabbit model of bacterial conjunctivitis
induced by S. aureus.

S. aureus-induced conjunctivitis in a rabbit model exhibited clinical signs similar to those of acute
bacterial conjunctivitis in humans, such as lid edema, conjunctival erythema, tearing, chemosis, and
mucopurulent discharge [35]. Treatment with MLE noticeably reduced clinical sign scores, alleviated
clinical signs, and decreased bacterial colonies formation and histological damage in a time- and dose-
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dependent manner, indicating its protective effect against bacterial conjunctivitis. Based on the theory of
traditional Chinese medicine, conjunctivitis is mainly caused by toxic-heat and damp-heat accumulated in
the eyes during the �rst or acute attack. Therefore, as mulberry leaves have detumescence, pain-relieving,
liver-clearing, and vision-improving activities [14], they have signi�cant therapeutic effects in acute
conjunctivitis.

As we stated above, our results also showed that the positive control drug, PBE, exhibited equal healing
effect against bacterial conjunctivitis than that of HMLE. A recent study has proven that the major
antimicrobial activity of PBE was produced by its bacteriostatic agents: ethylparaben (0.5 mg/mL, 0.05%)
and alcohol[36, 37]. Other studies have found that ethylparaben, as an antimicrobial preservative, could
inhibit different types of bacteria and fungi [38, 39]. Therefore, those data support that PBE may exert its
effect through the two bacteriostatis agents, ethylparaben and alcohol, to inhibit S. aureus growth, and
thus inhibiting bacterial conjunctivitis. Concerning the side effects of mulberry leaves, acute toxicity and
30-day subacute toxicity tests of MLE have proved that no pathological changes were observed in
experimental animals even at high doses [30]. As MLE eye drops did not contain any preservatives, they
are likely safer than many conventional drugs for conjunctivitis and are less prone to drug resistance as a
short-term treatment for acute conjunctivitis.

The NLRP3 in�ammasome, a multimeric protein complex, is the most fully characterized of the
in�ammasomes and consists of an upstream sensor protein (NLRP3), an adapter protein (apoptosis-
associated speck-like protein containing a caspase recruitment domain, ASC), and a proin�ammatory
caspase (caspase-1) (Schroder et al., 2010). Furthermore, our results indicated that the NLRP3
in�ammasome pathway was signi�cantly activated in the infected-conjunctiva. An earlier study
demonstrated an increase in the expression of NLRP3 in the conjunctiva of children with non-chlamydial
bacterial infection [40], which supports our �ndings. Treatment with MLE and PBE markedly reduced the
augmented expression of the NLRP3 in�ammasome compared to the conjunctivitis model group. In
contrast, a previous study found that combined mulberry leaf and fruit extract supplementation for 12
weeks could accelerate wound healing through activation of the NLRP3 in�ammasome in high-fat diet-
induced obese mice [41]. It has been reported that mulberry fruits, which are rich in p-coumaric acid, rutin,
and quercetin, have strong immunomodulatory effects on splenocytes by decreasing two types of CD4 + 
T-helper lymphocytes (Th1/Th2) and pro-/anti-in�ammatory cytokine secretion ratios [42]. Therefore, we
postulated that the regulatory effect of mulberry leaves on the NLRP3 in�ammasome might also be
attributed to their immunomodulatory potential.

Several related studies have revealed that conjunctivitis can cause systemic in�ammatory responses
involving the induction of numerous in�ammatory cytokines, including IL-1β, TNF-α, and IL-6, which are
also involved in an autocrine loop of in�ammatory mediators [27, 43–45]. The production of cytokines by
tissue macrophages and other immune cells is frequently induced by pathogen-associated molecular
patterns, which act via NOD-like receptors (NLRs) [46]. When the NLRP3 in�ammasome is activated, the
mature and active forms of cytokines, such as IL-1β and IL-18, are secreted and induce in�ammation [47].
In�ammation is induced by in�ammasome activation, and acute in�ammation, which is considered to be
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an attempt of the tissue to cope with the stressor and to restore a stress-free state, might be bene�cial for
the tissue and the whole organism [48]. However, the activation of in�ammation-associated pathways is
harmful at the cell-level, as it causes cell death. The release of IL-1β, IL-18, and other in�ammatory
factors as a result of in�ammasome activation can induce programmed pro-in�ammatory cell death
(pyroptosis) [49]. Consequently, attenuation of pathogen-induced in�ammasome activation can protect
the conjunctiva against in�ammation and cell death. As expected, treatment with MLE (5 mL/kg·d− 1 and
10 mL/kg·d− 1) and PBE signi�cantly reduced the transcription of the NLRP3 in�ammasome (Caspase-1,
ASC, and NLRP3) and pro-in�ammatory cytokines (IL-18, IL-6, and IL-1β).

The Kelch-like ECH-associated protein 1 (Keap1)-Nrf2 system is a key player in cytoprotection and is
activated under stress conditions. Several reports have proposed a protecting role of Nrf2 in infection and
an inverse correlation between infection and a decline in Nrf2 activity [50–52]. Additionally, Nrf2 directly
prevents the transcription of genes encoding the pro-in�ammatory cytokines IL-6, proIL-1β, and proIL-1α
[53, 54]. Our results showed that MLE markedly activated the Keap1-Nrf2 system in a non-concentration
dependent manner, while PBE only signi�cantly elevated Nrf2 expression but did not affect Keap1
expression. Therefore, the protective effect of MLE and PBE against bacterial conjunctivitis maybe
associated with activated the Nrf2 pathway.

Moreover, there are several reports demonstrating the anti-in�ammatory effects of Nrf2-activating
compounds in different disease models associated with NLRP3 in�ammasome inhibition [11]. Our study
also showed that the coordinated regulation of Nrf2 and NLRP3 may play a crucial role in the protective
effect of MLE and PBE in S. aureus-induced conjunctivitis in rabbits. According to a recent review [34] and
to the best of our knowledge, this is the �rst demonstration of promising anti-in�ammatory and
antibacterial activity of MLE in bacterial conjunctivitis and that it is associated with Nrf2 activation and
NLRP3 in�ammasome inhibition; however, further analysis of the active ingredients potentially involved
in this process and its molecular mechanisms is needed.

Conclusions
In summary, our data demonstrated that MLE is effective for the treatment of S. aureus-induced
conjunctivitis in rabbits and its effect may be largely owing to its inhibition of the NLRP3 in�ammasome
and activation of the Nrf2 system to regulate pro-in�ammatory signaling. Therefore, mulberry leaves
might be a new and attractive phytomedicine for infectious conjunctivitis.

Abbreviations
ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain, CFU, colony-
forming units, HMLE, high-dose mulberry leaf extract, Keap1, Kelch-like ECH-associated protein 1, LMLE,
low-dose mulberry leaf extract, MLE, mulberry leaf extract, NLRP3, NOD-like receptor leucine-rich pyrin
domain-containing protein 3, Nrf2, nuclear factor erythroid 2-related factor 2, PED, pearl eye drops, qPCR,
quantitative real-time reverse transcription PCR
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Figure 1

Clinical signs on Day 1 (A) and Day 5 (B). The eye was normal in control group (a, f). In the model group
(b) and three administration groups (c, d, e), the conjunctiva was infected with obvious congestion,
exudation, edema and ectropion of eyelid to nearly closed after S. aureus infected. The conjunctiva had a
great improvement with a small amount of mucus on Day 5 in LMLE group (h). The conjunctiva nearly
recovered on Day 5 in (i) HMLE group, and (j) PBE group.
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Figure 2

Clinical score of in�ammation and anti-in�ammatory effect of MLE in a rabbit conjunctivitis model
induced by S. aureus. The effect of MLE was evaluated by total score from 0 to 9, with 0 2 for cure, 2 5
for signi�cant effect, 5 8 for improvement, 8~9 for ineffectiveness. Data are expressed as mean ± SEM
(n=5) from at least ten independent experiments. #P≤0.05 vs. model, *P≤0.01 vs. model

Figure 3

Compared the Colony of S. aureus on Day 1 (A) or Day 5 (B), and bacterium negative conversion rate of
rabbits on Day 0, Day 1, and Day 5 (C). The model group (b) and three administration groups (c, d, e) on
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Day 0 produced lots of colonies and had typical morphology characteristics which was arranged as
grape-like clusters, with a smooth surface, golden or colorless, opaque. In contrast, there were only a few
colonies can be seen on LMLE group (h), while almost no colony were produced in HMLE group (i) and
PBE group (j) on Day 5.

Figure 4

Representative histopathologic pictures of rabbit conjunctival tissues on Day 5. The control group (a)
showed no diagnostic abnormalities, and the structure of strati�ed columnar epithelial tissue is clear (red
arrow) on Day5. However, serious in�ammatory occurred (b) with dense lymphocytes in�ltrate (black
arrow), telangiectasia, congestion and edema in submucosal connective tissue. LMLE group eyes (c)
began to resolve, but still showed a few in�ammatory cells in�ltration and capillary congestion, while in
HMLE group (d) and PBE group (e) showed effective clinical cure after treated for 5 days. (H&E stain;
original magni�cation × 400 ).

Figure 5
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Effects of MLE on the mRNA expression levels of NLRP3 in�ammasome (Caspase-1(Fig. 5a), ASC (Fig.
5b), NLRP3 (Fig. 5c)) and its downstream pro-in�ammatory cytokines (IL-18 (Fig. 5d), IL-6 (Fig. 5e) and
IL-1β (Fig. 5f)) in a rabbit model of conjunctivitis on Day 5. All genes were normalized with GAPDH. Data
represent as mean ± SEM (n=5) of three independent experiments. #P≤0.05 vs. control, *P≤0.05 vs.
model

Figure 6

Effects of MLE on the protein levels of NLRP3 in�ammasome and downstream pro-in�ammatory factors
in a rabbit model of conjunctivitis on Day 5. (a-b) Western blotting analysis of NLRP3 in�ammasome
(Caspase-1, NLRP3, ASC) and pro-in�ammatory factors (IL-18, TNF-α, IL-6 and IL-1β); (c-i) The
densitonmetric scanning of Caspase-1, NLRP3, ASC, TNF-α, IL-1β, IL-6 and IL-18 after normalization with
β-actin. Data represent as mean ± SEM of three independent experiments. #P≤0.05 vs. control, *P≤0.05
vs. model
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Figure 7

Effects of MLE on the protein levels of Keap1 and Nrf2 in a rabbit model of conjunctivitis on Day 5. a
Western blotting analysis of Keap1 and Nrf2, (b,c) The densitonmetric scanning of Keap1 and Nrf2 after
normalization with β-actin. Data represent as mean ± SEM of three independent experiments. #P≤0.05
vs. control, *P≤0.05 vs. model
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