
Kim et al. Appl Biol Chem           (2020) 63:45  
https://doi.org/10.1186/s13765-020-00529-7

ARTICLE

Effect of persimmon leaves (Diospyros 
kaki) on goblet cell density and inflammation 
in experimental dry eye model
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Abstract 

The efficacy of ethanol extract of Diospyros kaki (EEDK) on dry eye (DE) was determined using an experimental mouse 
model. Experimental groups included three treated with various amounts of EEDK and one treated with omega-3 for 
2 weeks. Damage to the ocular surface was evaluated, and the presence of conjunctival goblet cells was determined. 
Moreover, the inflammatory response was analyzed via RT-PCR analysis and a reporter gene assay. Fluorescein staining 
intensity decreased in the EEDK treatment group, and goblet cell density increased significantly in a dose-dependent 
manner. Pro-inflammatory cytokines were upregulated in human corneal epithelial cells treated with Pam3Cys-Ser-
(Lys)-4. However, pro-inflammatory cytokines were downregulated at the mRNA level upon treatment with EEDK. Fur‑
thermore, EEDK regulated Pam3CSK4-induced gene expression through interferon regulatory factors. EEDK effectively 
improves the conjunctival goblet cell density and reduces the inflammatory response by reducing interferon regula‑
tory factor activation downstream of Toll-like receptors in DE. Therefore, EEDK could be beneficial agents for prevent‑
ing and treating DE.
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Introduction
Dry eye (DE) is one of the common causes of visual 
impairment. It is a disease caused by several factors on 
the surface of the eye and is characterized by loss of 
homeostasis of the tear film [1]. Increased osmotic pres-
sure of the tear film and inflammation of the ocular sur-
face induce DE. Patients with DE have various symptoms 
such as visual discomfort, ocular pain, redness, sensa-
tion of a foreign body, and itching, all of which worsen 
the quality of life of patients [2, 3]. Moreover, DE is a 
major public health concern with a high incidence [4]; 
hence, studies on the prevention or treatment of DE are 
required.

Current treatments for DE primarily depend on artifi-
cial tears and cyclosporine A to ameliorate the symptoms 
and to suppress inflammation [5, 6]. The mechanism of 
development of DE is still unclear, but inflammation 
is known to be a major cause of damage to the ocular 
surface and cellular damage [7]. Indeed, a clinical study 
reported that the levels of interleukin (IL)-1, IL-6, IL-8, 
and tumor necrosis factor-alpha (TNF-α) are higher in 
the tears of DE patient tears than in healthy individuals 
[8]. Thus, a substance capable of regulating inflammatory 
cytokines is a potentially effective therapeutic agent for 
DE.

Moreover, persistent chronic inflammation of the 
eye surface causes loss of goblet [9]. Goblet cells lubri-
cate the surface of the eye during blinking and prevent 
pathogen penetration. Indeed, mucins produced by gob-
let cells, ocular mucosal epithelial cells, and the lacrimal 
gland maintain stabilization of tear film, hydration, and 
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lubrication among epithelial cells in the ocular surface 
[10, 11]. Therefore, an increase in the goblet cell density 
may help reconstitute homeostasis in the ocular surface 
in DE.

Leaves of persimmon (Diospyros kaki), family Eben-
aceae, have been used as an ingredient of herbal bever-
ages for centuries in East Asia including Korea, Japan, 
and China [12, 13]. The leaves of persimmon are ben-
eficial to health and various components of leaves have 
health promoting effects, including anti-oxidative, anti-
inflammatory and anti-hypertensive activities [14–17]. 
Its major compounds are flavonoids such as kaempferol, 
and quercetin [18]. Flavonoids have potent anti-inflam-
matory activity in cellular and animal models of various 
diseases [19–21].

We previously reported that the ethanol extract of D. 
kaki (EEDK) were effective in  vivo in an experimental 
model of dry eye [22]; however, the mechanism of action 
remains unclear. Therefore, this study aimed to inves-
tigate whether goblet cell numbers and inflammatory 
cytokines are altered after EEDK treatment in vitro and 
in vivo.

Materials and methods
Animals
The male BALB/c mice were (6  weeks, 20–25  g) were 
used in all experiments. Mice were obtained from Cen-
tral Lab. Animal Inc. (South Korea). Six male mice were 
housed in individual cage with wood shavings. All mice 
were allowed ad  libitum access to water and a mainte-
nance diet (5L79; ORIENT, Seongnam-si, South Korea) 
and were maintained on a 12:12-h light–dark cycle with 
at 23 ± 0.5 °C and 10% humidity.

Animal experiments were conducted in a specific 
pathogen free (SPF) barrier zone at the Korea Institute of 
Science and Technology (KIST) Gangneung Institute in 
accordance with the Association for Research and Vision 
in Ophthalmology Statement for the Use of Animals in 
Ophthalmic and Vision Research guidelines. All proto-
cols were reviewed by the Animal Care and Use Commit-
tee of KIST (No. 2014–011).

Plant materials
The ethanol extract of persimmon leaves, D. kaki (EEDK) 
were extracted with ethanol in an extraction reactor and 
filtered through filter paper. The combined filtrate was 
concentrated and dried to obtain EEDK.

Experimental procedure
For inducing dry eye, a solution of 0.2% benzalkonium 
chloride (BAC, Sigma-Aldrich, St. Louis, USA) was 
instilled on the left eye of the mice [22]. The equal volume 
of physiological saline was applied to the control group. 

A total of 36 mice were randomly divided into 6 groups 
of 6 animals each: control, DE, 25 mg/kg EEDK-treated, 
50  mg/kg EEDK-treated, 100  mg/kg EEDK-treated, and 
210 mg/kg omega-3-treated groups. Omega-3 and EEDK 
were mixed with 0.5% aqueous carboxymethylcellulose 
(CMC) solution. The control and DE groups were given 
an oral gavage of only 0.5% CMC solution.

Fluorescein staining
The Zoletil (1.6 μg/g tiletamine hydrochloride/zolazepam 
hydrochloride; Virbac Laboratories, USA) and Rompun 
(0.05 μL/g xylazine hydrochloride, Bayer HealthCare, 
UK) were mixed a 1:1 ratio. The mice were anesthetized 
via intraperitoneal administration of a mixture, as previ-
ously reported [22]. Fluorescein staining was performed 
using a cobalt blue slit lamp after treating corneas with 
0.5% fluorescein solution. The eyelids were closed thrice 
manually and excess fluorescein (Alcon Laboratories, 
USA) was wiped from the conjunctival sac.

To measure the fluorescein stained area, fluorescein 
scoring was performed using the 2007 Dry Eye Work 
Shop-recommended grading system [23]. Scores of 0 
to 4 (0 = no fluorescence, 1 = slightly punctuate stain-
ing, 2 = punctate staining, 3 = severe, diffuse stain-
ing, 4 = positive for fluorescein plaque) were assigned 
depending on the observation.

Periodic acid‑Schiff (PAS) staining
All enucleated mouse eyes were embedded in paraffin 
and sectioned using a microtome. Sections were incu-
bated with 0.5% periodic acid solution for 5 min at room 
temperature and then washed with distilled water. The 
sections were immersed in Schiff’s Solution for 15  min 
and then rinsed in hot running tap water. For counter 
staining, the sections were stained with hematoxylin 
and sections were washed again with distilled water. All 
measurements were performed using a light microscope 
(Olympus, Tokyo, Japan).

Cell culture
Human corneal epithelial cells (HCE-T, RIKEN, Japan) 
were cultured in DMEM/F12 supplemented with 5% 
fetal bovine serum (FBS, Gibco, USA), 1X penicillin/
streptomycin, 10 ng/mL human epithelial growth factor 
(EGF, Sigma-Aldrich, USA) and 0.5% dimethyl sulfoxide 
(DMSO, Sigma-Aldrich, USA). THP1, THP1-XBlue and 
THP1-Blue-ISG cells (Invitrogen, USA) were cultured 
in RPMI 1640 medium added with 10% heat-inactivated 
FBS, 1X penicillin/streptomycin.

All cells were cultured with 5% CO2 at 37  °C in a 
humidified CO2 culture incubator. All chemicals were 
dissolved in DMSO (Sigma-Aldrich, USA).
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THP‑1 macrophage differentiation and stimulation
THP-1 cells were seeded at 2.0 × 105 cells per well in 
12-well plates. For differentiation into macrophages, 
the cells were pretreated with 20  ng/ml phorbol 
12-myristate 13-acetate (Sigma-Aldrich, USA) for 48 h. 
After washing with PBS, cells were pre-treated with 
50, 10, and 1 µg/mL EEDK for 1 h, and then stimulated 
with 100 ng/mL Pam3-Cys-Ser-Lys4 (Pam3CSK4, Invit-
rogen, USA) for 6 h.

Quantification of IRF and NF‑κB/AP‑1 activity
THP1-Blue-ISG and THP1-XBlue cells are reporter cells 
that express SEAP under the control of a promoter that 
can be inducible by transcription factors IRF and NF-κB/
AP-1. Both these reporter cells were pre-treated with 
EEDK (1, 10, and 50  µg/mL) for 1  h, and then stimu-
lated with Pam3CSK4 (100  ng/ml) for 18  h. Thereafter, 
the supernatants were mixed with QUANTI-Blue™ rea-
gent (InvivoGen, France) according to the manufacturer’s 
instructions. Absorbance was measured at 630 nm on the 
multi-plate reader (BioTek Inc., USA).

Total RNA isolation and quantitative real‑time RT‑PCR 
analysis
Total RNA was prepared from harvested cells using the 
RNeasy Mini kit (QIAGEN, USA). And cDNA was syn-
thesized from total RNA using SuperScript III Reverse 
Transcriptase (Invitrogen, USA). Then, cDNA was ampli-
fied using TaqMan Gene Expression Assay, TaqMan Fast 
Advanced Master Mix, and the LC480 Detection System 
(Roche, Switzerland). Target gene expression levels were 
normalized to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) levels as the internal control. Data anal-
ysis and calculations were carried out using the 2−ΔΔCT 
comparative method according to the manufacturer’s 
instructions.

The following forward and reverse primers were used 
(5′ to 3′):

TNF-α_F: GGA​GAA​GGG​TGA​CCG​ACT​CA.
TNF-α_R: CTG​CCC​AGA​CTC​GGCAA​
IL-6_F: TGC​AAT​AAC​CAC​CCC​TGA​CC
IL-6_R: TGC​GCA​GAA​TGA​GAT​GAG​TTG​
IL-1β_F: TTT​GAG​TCT​GCC​CAG​TTC​CC
IL-1β_R: TCA​GTT​ATA​TCC​TGG​CCG​CC
CCL-2_F: CCT​TCA​TTC​CCC​AAG​GGC​TC
CCL-2_R: GGT​TTG​CTT​GTC​CAG​GTG​GT
GAPDH_F: CCA​TGT​TCG​TCA​TGG​GTG​TG
GAPDH_R: GGT​GCT​AAG​CAG​TTG​GTG​GTG​

.

Statistical analysis
All data were assessed using one-way analysis of variance 
followed by Dunnett’s multiple comparisons test for post 
hoc analysis (n  =  3 for each experiments). Data obtained 
herein are presented as mean ± standard error of mean 
values. A statistical probability of p < 0.05 was considered 
significant, and statistical analysis was performed using 
GraphPad Prism version 7.00 (Graphpad, USA).

Results
Damage to the ocular surface
To evaluate the damage to the ocular surface, we deter-
mined the intensity of fluorescein staining in BAC-
induced DE in mice (Fig. 1a, b). Before topical treatment 
of BAC, no significant differences were observed in the 
control and vehicle-treated corneas (data not shown). In 
DE groups, corneas were negatively stained with fluores-
cein (Fig. 1a-ii, b) and their staining intensity was signifi-
cantly greater than that of the control group (Fig. 1a-i, b). 
However, treatment of EEDK (100 mg/kg and 50 mg/kg) 
significantly reduced the intensity of negative staining in 
comparison with the DE group (Fig. 1b). Damage to the 
corneal surface dose-dependently decreased in EEDK-
treated groups (Fig. 1a, b).

Similar effects were observed in the omega-3 treated 
group in the positive control (Fig.  1a-iii, b). Moreover, 
treatment of EEDK (100  mg/kg and 50  mg/kg) signifi-
cantly increased the tear break-up time (Additional file 1: 
Fig. S1a) and tear volume (Additional file 1: Fig. S1b) in 
comparison with DE.

These findings suggest that EEDK prevents ocular dam-
age in an experimental DE model.

Assessment of conjunctival goblet cells
Conjunctival goblet cells were observed after PAS stain-
ing (Fig.  2a, b). As shown in Fig.  2b, the number of 
PAS-positive cells in the conjunctival epithelium was 
significantly lesser in the DE group than in the control 
group. Conjunctival goblet cells in the EEDK-treated 
groups increased in a dose-dependent manner in com-
parison with the DE group (Fig.  2a-iv‒vi, b). Compared 
with the DE group, the number of goblet cells increased 
significantly in the 100  mg/kg EEDK- and 50  mg/kg 
EEDK-treated group, similar to that of the positive con-
trol, omega-3 groups (Fig. 2a-iii, b). These results suggest 
that the conjunctival goblet cells are protected by EEDK.

Assessment of inflammatory cytokines
The mRNA expression of inflammatory cytokines in 
transformed human corneal epithelial cells (HCE-T) was 
examined (Fig.  3) in  vitro. HCE-T cells were incubated 
with EEDK prior to induction of Pam3CSK-induced 
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inflammation. Treatment of HCE-T cells with 100  ng/
mL Pam3CSK4 markedly upregulated pro-inflammatory 
cytokines including TNF-α (Fig. 3a), IL-6 (Fig. 3b), IL-1β 
(Fig. 3c), and CCL-2 (Fig. 3d) at the mRNA level. How-
ever, treatment with 50  μg/ml EEDK significantly abro-
gated the upregulation of pro-inflammatory cytokines. 
CCL-2  mRNA was slightly but not significantly down-
regulated upon EEDK treatment. Together, these results 
indicate that EEDK suppresses pro-inflammatory 
cytokines by targeting Toll-like receptor (TLR).

Assessment of NF‑κB and IRF expression
We examined whether reduced pro-inflammatory 
cytokines secretion observed in the presence of EEDK 
was associated with the significantly reduced levels of 
IRF or NF-κB signaling (Fig. 4). THP-1 cells were pre-
treated with EEDK at different concentrations and 
then stimulated with Pam3CSK4. Activation of IRF 
and NF-κB signaling remained unchanged in THP-1 
cells upon treatment with EEDK. As expected, IRF or 
NF-κB was potently activated in Pam3CSK4-treated 
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Fig. 1  Corneal fluorescein staining. a (i) Control (ii) dry eye (DE) (iii) Omega-3 (210 mg/kg) (iv) 100 mg/kg ethanol extract of Diospyros kaki 
(EEDK)-treated (v) 50 mg/kg EEDK-treated, and (vi) 25 mg/kg EEDK-treated mice in all six groups. Omega-3 was used as the positive control. (B) 
Quantification of corneal fluorescein staining. Experimental values are expressed as mean ± standard error of the mean values (n = 6 mice per 
group, *p < 0.05, **p < 0.01, ***p < 0.001)
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cells. However, EEDK effectively reduced IRF activa-
tion downstream of TLRs (Fig.  4a), whereas NF-κB 
signaling activation remained unchanged upon EEDK 
treatment (Fig. 4b). These data suggest that EEDK regu-
lates Pam3CSK4-induced gene expression in THP-cells 
through IRF.

Discussion
DE affects millions of individuals worldwide and causes 
subtle but constant eye irritation to significant inflamma-
tion. Increased inflammatory cytokines in DE have been 
reported to be associated with loss of goblet cells [9]. We 
previously reported the protective effects of EEDK on DE 
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Fig. 2  Periodic Acid-Schiff (PAS) staining of conjunctival tissues. a (i) Control (ii) dry eye (DE) (iii) Omega-3 (210 mg/kg) (iv) 100 mg/kg ethanol 
extract of Diospyros kaki (EEDK)-treated (v) 50 mg/kg EEDK-treated, and (vi) 25 mg/kg EEDK-treated mice in all six groups. b The number of 
goblet cells is presented as a mean ± standard error of the mean value (n = 6 mice per group, *p < 0.05, **p < 0.01, ***p < 0.001). Arrows indicate 
PAS-positive cells (Goblet cells), original magnification (400 ×), and scale bars (50 μm)
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Fig. 3  mRNA levels of pro-inflammatory cytokines. The mRNA level of TNF-α (a), IL-6 (b), IL-1β (c), and CCL-2 (d) induced by Pam3CSK4 in HCE-T 
cells. Quantification of target mRNA levels relative to GAPDH (internal control). Experimental values are expressed as mean ± standard error of the 
mean values from three independent experiments (*p < 0.05, **p < 0.01)
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Fig. 4  IRF and NF-κB activity. SEAP reporter assays with THP1-Blue-ISG and THP1-XBlue cells treated with 100 ng/mL Pam3CSK4 for 18 h. (a) IRF 
and (b) NF-κB activity. Experimental values are expressed as mean ± standard error of the mean values from three independent experiments 
(***p < 0.001)
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in mice [22]; hence, we hypothesized that EEDK would 
be beneficial in preventing inflammation and reducing 
the number of conjunctival goblet cells in the DE mouse 
model. This study is the first to show that EEDK pro-
tected BAC-induced DE by reducing the number of gob-
let cells from decreasing and suppressing inflammatory 
cytokines.

The BAC-induced mouse model of DE has similar char-
acteristics to those of humans including damage of the 
corneal surface, instability of the tear film, inflammation, 
reduction of the conjunctival goblet cells, and epithelial 
cell death [24]. Topical instillation of BAC increased the 
intensity of fluorescein staining, indicating corneal dam-
age and tear film instability [25, 26]. Furthermore, a BAC-
induced mouse model of DE was successfully established 
in this study with increased fluorescein and a reduced 
number of conjunctival goblet cell numbers (Figs. 1 and 
2). Omega-3 fatty acids help reverse DE-associated cor-
neal epithelial damage [27]; hence, in this study, they sig-
nificantly reduced corneal damage and increased goblet 
cell number. The present result show that EEDK signifi-
cantly reduced corneal damage and increased conjunc-
tival goblet cells, similar to the Omega-3 treated effects 
(Figs. 1 and 2).

Conjunctival goblet cells play an important role in the 
formation and stability of tear film [28]. Conjunctival 
goblet cells produce mucins that hydrate and lubricate 
epithelial cells of the eye surface [10, 11]. The relevant 
gene expressed in conjunctival goblet cells is the gel-
forming MUC5AC, which contributes to the viscoelas-
tic properties of mucus for protection against pathogens 
[29]. Moreover, MUC5AC is regulated by inflammatory 
mediators [29]. Our study shows that EEDK treatment 
protects conjunctival goblet cells against BAC-induced 
DE (Fig.  2), suggesting that EEDK treatment potentially 
involves MUC5AC expression to maintain the stability of 
tear film on the eye surface.

The present results indicate that EEDK protects goblet 
cells (Fig. 2) and the ocular surface (Fig. 1) in an experi-
mental mouse model of DE. We previously isolated and 
identified EEDK and isolated flavonoid compounds 
including quercetin-3-O-β-galactoside, quercetin-3-
O-β-glucoside, quercetin-3-O-β-2’’-galloylglucoside, 
kaempferol-3-O-β-galactoside, kaempferol-3-O-β-
glucoside, kaempferol -3-O-β-2’’-galloylglucoside, 
quercetin, and kaempferol [30]. Flavonoids have a struc-
tural backbone of C6-C3-C6 of two aromatic ring (called 
the A- and B-rings) connected by a 3C chain, typically 
organized as an oxygenated heterocyclic ring [31]. Flavo-
noids exert similar effects to those of anti-inflammatory 
drugs [32]. Moreover, these compounds diminish the 
activity of pro-inflammatory cytokines and mediators in 
various studies [33, 34]. We speculated that suppression 

of inflammation by EEDK might help protect goblet cells. 
However, flavonoids have potential effects on mucin 
5AC (MU5AC) expression in airway epithelial cells [35]. 
Therefore, further research is needed to investigate how 
EEDK works on goblet cell protection and mucin in DE.

Pro-inflammatory cytokines reduce conjunctival gob-
let cells, leading to instability of the tear film [36]. TLRs 
expressed on the ocular surface cells bind to various 
microbial components including bacterial lipopeptide 
(a TLR2 ligand), lipopolysaccharide (a TLR4 ligand), 
and CpG-rich DNA (a TLR9 ligand) [37], resulting in a 
TLR2-, TLR4-, and TLR9-mediated signaling cascade 
leading to NF-κB and IRF to cellular nucleus, followed 
by binding to target genes [38–40]. Kumar A et al. have 
shown that TLR2 is activated in the cornea by Gram-
positive bacterial molecules that cause the secretion of 
pro-inflammatory cytokines by corneal epithelial cells 
via NF-κB activation [41, 42]. Since Pam3CSK4 is a syn-
thetic triacylated lipopeptide agonist as a Gram-positive 
molecule mimic with TLR2 signaling activation [43, 44], 
we evaluated the anti-inflammatory effects of EEDK. Fur-
thermore, the synthetic bacterial lipopeptide Pam3CSK4 
is an effective activator of the NF-κB and IRF pathway. 
TLR-induced NF-κB and IRF signaling mediates the 
expression of pro-inflammatory factors including TNF-
α, IL-1β, IL-6, IL-8, C–C motif ligand-5 (CCL-5), and 
monocyte chemoattractant protein-1 (MCP-1) [45–47].

To examine whether EEDK suppresses the secretion 
of pro-inflammatory cytokines evoked by Pam3CSK4, 
we assessed mRNA levels of these genes in HCE-T cells. 
The present results show that Pam3CSK4 significantly 
increases TNF-α, IL-6, IL-1β, and CCL-2 (Fig.  3) at the 
mRNA level. Upon EEDK treatment, mRNA levels of 
them (Fig. 3a–d) were lower in comparison with vehicle 
treatment. Nevertheless, expression of CCL-2 in EEDK 
treatment did not show a significant difference compared 
to the control (Fig. 3d).

In corneal epithelial cells TLR-2 signaling causes the 
activation of NF-κB and IRF [48, 49]. We assessed the 
regulatory effect of EEDK on IRF and NF-κB activation 
using gene reporter assays in THP-1 cells. The present 
results show that EEDK significantly suppressed IRF 
downstream of TLRs, while NF-κB signaling activation 
remained unchanged upon EEDK treatment (Fig.  4). 
Moreover, in human corneal epithelial cells, IRF-1 levels 
increased after a bacterial challenge, for example, Pseu-
domonas aeruginosa, which played an important role in 
MHC class II gene expression in macrophages [50]. How-
ever, interestingly, flavonoids selectively induce IRF-1 
degradation in intestinal epithelial cells [51] in which 
there are many flavonoids in the EEDK. Thus, we specu-
late that the effects of EEDK on suppressing IRF may be 
related to these components.
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In conclusion, this study shows that EEDK treatment 
prevents DE in a mouse model, probably by increas-
ing the goblet cell density and anti-inflammatory effects 
by reducing IRF activation downstream of TLRs. EEDK 
treatment is a potentially attractive strategy for prevent-
ing and treating DE.
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