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ry effects of paeoniflorin from
Paeonia lactiflora Pall. on human corneal epithelial
cells and a mouse model of dry eye disease

Mincong Zhao, †a Li Liu,†b Yating Zheng,a Guangrong Liu,b Biao Che,b Penghui Li,a

Huixiong Chen,ac Changzhi Dong,ad Li Line and Zhiyun Du*a

Dry eye disease (DED) is characterized by increased osmolality of tears due to a lack of production or

increased evaporation of tears. Hyperosmolarity is involved in DED pathogenesis, which damages ocular

surface cells and leads to inflammation of the ocular surface. We investigated the anti-inflammatory

effect of paeoniflorin (PF) from Paeonia lactiflora Pall. on human corneal epithelial (HCE) cells and its

molecular mechanisms, and its therapeutic effects on a mouse model of experimental dry eye (EDE).

HCE cells were treated with PF-1 (PF prepared in vitro; 0.01%, 0.1% and 1.0%). Protein production/activity

was determined by Western blotting, RT-PCR and immunofluorescent staining. Meanwhile, eye drops

containing 0.01%, 0.1% and 1.0% of PF-2 (PF prepared in vivo) were applied to the EDE, and the tear

volume, corneal fluorescein-staining score, detachment of the corneal epithelium, and

immunohistochemical staining were measured after 28 days of treatment. PF reduced expression of

proinflammatory factors such as interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-a in HCE cells,

and significantly improved dry-eye signs, including tear volume, desquamation of the corneal epithelium

and ocular surface inflammation in mice treated with 1.0% PF-2. Further study showed that PF improved

EDE by inhibiting mitogen-activated protein kinase (MAPK), phosphorylated (p)-c-Jun N-terminal kinase

(JNK) and pp-38, and nuclear factor kappa B (NF-kB) signaling pathways. These data suggest that PF can

improve dry-eye symptoms and reduce expression of proinflammatory mediators. Hence, eye drops

containing PF could be used as an adjunctive treatment for DED.
1. Introduction

Dry eye disease (DED) is a common disease of the ocular
surface. It has been described as a disorder of tear lms caused
by the reduced production, poor quality, or excessive evapora-
tion of tears.1 DED has a prevalence of#14.5% and signicantly
affects the quality of life of patients.2 The increasing osmolality
of tears is a central mechanism underlying these alterations.3,4

DED pathogenesis has been investigated thoroughly in recent
decades.5 Hyperosmolarity has been considered to be a key
factor that initiates the apoptosis of cells and inammation on
the ocular surface in patients or mice with dry eyes, as well as in
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in vitro hyperosmotic culture models of human corneal
epithelial (HCE) cells.6

The osmolarity of tears in healthy eyes is approximately 300–
343mOsM.7 However, the hyperosmolarity of tears in individual
patients with dry eyes may reach #360 mOsM.8,9 However, Liu
and colleagues proposed that most in vitro and in vivo studies of
hyperosmolarity in patients with dry eyes require long-term
exposure to higher levels (400–600 mOsM) to demonstrate an
inammatory response of the ocular surface via activation of
the mitogen-activated protein kinase (MAPK) pathway and
cytokine production.10 Phosphorylation of the stress-activated
p38 MAPK, c-Jun N-terminal kinase (JNK) and extracellular-
regulated kinase (ERK) pathways, followed by activation of
transcription factors such as activator protein (AP)-1 and
nuclear factor-kappa B (NF-kB) results in increased levels of
proinammatory cytokines, such as interleukin (IL)-1, tumor
necrosis factor (TNF)-a, IL-8 and IL-6.11–13 The increasing
osmolarity leads to a cycle of inammation, which further
exacerbates dry-eye symptoms.14

Paeoniorin (PF; Fig. 1) is the primary active component
isolated from Paeonia lactiora Pall. root, which has been
a valuable traditional Chinese medicine for more than 1500
years, and can protect against inammation.15 Various animal
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra09060b&domain=pdf&date_stamp=2019-04-27
http://orcid.org/0000-0003-0456-0980
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09060b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009023


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 1

0/
22

/2
02

5 
3:

52
:5

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
studies and clinical trials have suggested that Paeonia lactiora
Pall. can help lower the risk of breast cancer, decrease blood
pressure, as well as improve insulin resistance and endothelial
function.16 PF exhibits anti-inammatory, analgesic and anti-
oxidative properties.17 It has also been used to treat autoim-
mune diseases and shown to be efficacious and safe.18,19

However, little is known about the effects and mechanism of
action PF against DED.

We investigated the anti-inammatory effect of PF on an
experimental dry eye (EDE) model in mice induced by hyper-
osmolar saline. We focused on the change in expression of NF-
kB, the phosphorylation of p38 MAPK, JNK and ERK, as well as
expression of TNF-a, IL-1 and IL-6, induced by PF. Together,
these ndings might provide novel insights into the anti-
inammatory mechanism of PF against DED.

2. Experimental procedures
2.1 Cultures of HCE cells and creation of a hyperosmolarity
model in vitro

PF (CAS: 23180-57-6, 98%) was purchased from Henan Iyle
Wormwood Biological Technology, Henan China. HCE cells
(CRL-11135, ATCC) were purchased from Kanglang Biotech,
Shanghai, China.

Dulbecco's modied Eagle's medium (DMEM)/F-12 medium
(11330-032) was purchased from Invitrogen (Carlsbad, CA,
USA). Fetal bovine serum (FBS) was obtained from Hyclone
(Logan, UT, USA). Cells were cultured at 37 �C in a humidied
incubator containing 5% CO2.20 A hyperosmotic medium (HM)
was established by switching HCE cells from an isosmotic (312
mOsM) environment to a hyperosmolar environment at 450
mOsM, which was achieved by addition of 69 mM sodium
chloride.21 Different concentrations (0.01%, 0.1% and 1%) of
PF-1 (PF prepared in vitro) were prepared: PF powder or sodium
chloride powder was dissolved in phosphate-buffered saline
(PBS) to adjust the pressure in the hyperosmotic medium to 450
mOsM. To study its effects, different concentrations of PF-1
were co-incubated in certain wells. The cells treated for 4 h
were used for RNA extraction. The cells treated for 24 h were
Fig. 1 Chemical structure of PF.

This journal is © The Royal Society of Chemistry 2019
used for the MTT assay, immunostaining and Western
blotting.22

2.2 MTT assay

The effects of PF on the viability of cultured HCE cells were
tested using the MTT assay. Cells were seeded into 96-well
plates at 5 � 103 cells per well. PF was dissolved in PBS and
added to the medium at different concentrations. Aer 24 h,
each well was treated with 20 mL of 2.5 mg mL�1 MTT solution
and the cells were incubated further at 37 �C for 4 h. At the end
of incubation, untransformed MTT was removed, and 100 mL of
dimethylsulfoxide (DMSO) was added. The absorbance at
570 nm was measured using a microplate reader (Bio-Tek,
Winooski, VT, USA).23,24 All experiments were carried out in
triplicate.

2.3 Western blotting

The cells treated in HM for 24 h were used for Western blotting.
Equal amounts of protein measured by a bicinchoninic acid
(BCA) protein assay kit (Beyotime, Jiangsu, China), were mixed
with 6� sodium dodecyl sulfate (SDS) reducing sample buffer
and boiled for 5 min before loading.25,26 The proteins (50 mg per
lane) were separated on an SDS polyacrylamide gel and trans-
ferred by electrophoresis to polyvinylidene diuoride (PVDF)
membranes.27 The latter were blocked with 5% nonfat milk in
TBST (50 mM Tris, pH 7.5, 0.9% NaCl and 0.1% Tween 20) for
1 h at room temperature and incubated with primary antibodies
to IL-6, IL-1, TNF-a, NF-kB, phosphorylated (p)-p38, p-JNK, p-
ERK, p38, JNK, ERK and b-actin (Abcam, Cambridge, MA,
USA) overnight at 4 �C. Aer washing thrice with Tris-buffered
saline with 0.1% Tween 20 for 10 min each, the PVDF
membranes were incubated with goat anti-rabbit immuno-
globulin (Ig)G for 1 h at room temperature. The signals were
detected with an electrochemiluminescence reagent (Millipore,
Bedford, MA, USA) and images were acquired by an imaging
station.28

2.4 Real-time polymerase chain reaction (PCR)

The cells treated in HM for 4 h were used for real-time PCR.
Total RNA was extracted from the cells using TRIzol® reagent
(Sigma-Aldrich, Saint Louis, MO, USA). Reverse transcription
was carried out using lgG of RNA in an RTP remix reverse
transcription system kit (AccuPower, Seoul, Korea), and 0.5 mL
of the reverse-transcription products was amplied with Power
SYBR Green (Applied Biosystems, Foster City, CA, USA). PCR
was undertaken for 30 cycles at 95 �C for 15 s, at 60 �C for 60 s,
and at 72 �C for 40 s.29,30 The results were analyzed using the
comparative threshold cycle method, and normalized using b-
actin as an internal control (Table 1).

2.5 Immunouorescent staining

The cells treated in HM for 24 h were used for immunouo-
rescent staining. HCE cells on six-chamber slides were xed
with 4% paraformaldehyde for 10 min and then permeated with
0.2% Triton X-100 in PBS at room temperature for 10min. Then,
RSC Adv., 2019, 9, 12998–13006 | 12999
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Table 1 Primer sequences for RT-PCR amplification

Sense Antisense

IL-1 50-GGAAGGAACCATCTCACTGT-30 50-CAGTGTGGTCCACTCTCAAC-30

IL-6 50-CAATGAGGAGACTTGCCTGG-30 50-TGGACTGCAGGAACTCCTTA-30

TNF-a 50-TTCTGCCTGCTGCACTTTATG-30 50-TGGGCTACAGGCTTTGTCAT-30

NF-kB 50-CCTGCTGGCTGTGAGGAATAC-30 50-ACTTCTGCTCTGACACCTCCC-30

b-actin 50-CCTGGATACCGCAGCTAGGA-30 50-GCGGCGCAATACGAACCCC-30

Fig. 2 Effects of PF-1 (0.01%, 0.1% and 1%) on the viability of HCE cells.
Results are a percentage relative to the control sample. Data are
summarized from three separate experiments.
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the cells were incubated with primary antibodies against
human IL-1 and IL-6 (Abcam) at 4 �C overnight. The PVDF
membranes were incubated with goat anti-rabbit IgG for 1 h at
room temperature.31 Staining and nuclear counterstaining were
photographed.
2.6 Mouse model of dry eye

The protocol for animal research was approved by the Experi-
mental Animal Centre of Guangdong Province (SCXK/
20170002). All studies were undertaken in accordance with
the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research.

Female BALB/c mice (6–8 weeks) were used. During the
experiments on mouse behavior, intake of food and water was
not restricted. The mice were separated randomly into ve
groups of six, with each group receiving a different topical
treatment. We used the mouse model of dry eye developed by
Lee and colleagues.32 Different concentrations (0.01%, 0.1%
and 1%) of PF eye drops were prepared: different concentrations
of PF powder and sodium chloride powder were used to adjust
the pressure of the hyperosmotic medium to 450 mOsM.

The ve groups were: (1) control (mice received balanced salt
solution (312 mOsM)); (2) HM-treated (mice were treated with
hyperosmotic saline solution (450 mOsM)); (3) 0.01% PF-
pretreated (mice were treated with 0.01% PF-2 (PF prepared in
13000 | RSC Adv., 2019, 9, 12998–13006
vivo)); (4) 0.1% PF-pretreated (mice were treated with 0.1% PF-
2); (5) 1% PF-pretreated (mice were treated with 1% PF-2). Eye
drops (2 mL) were applied topically to both eyes of the mice ve
times per day (8 AM, 11 AM, 2 PM, 5 PM and 8 PM) until they
were euthanized.32

Clinical parameters (tear volume, corneal uorescein-
staining scores, detachment of the corneal epithelium, and
immunohistochemical staining) were measured aer 28 days of
treatment. All experiments and analyses were repeated thrice.

2.7 Measurement of tear volume

Tear-volume measurements were achieved using phenol red-
impregnated cotton threads (Jinming Biological Technology,
Tianjin, China). These cotton threads were applied to the lateral
canthus for 20 s. The tear volume (which was measured 2 h aer
the last injection of scopolamine and 1 h aer the nal treat-
ment in both eyes) was calculated using a standard curve of
response to a stock basic solution (1500 mL of 0.9% saline and
5 mL of 5 N NaOH).33 All experiments and analyses were
repeated thrice.

2.8 Evaluation of corneal-staining scores

Fluorescein staining of the cornea was used to evaluate damage
to the corneal epithelium. A dose of 1 mL of 5% uorescein
(Sigma-Aldrich) was administered into the lateral conjunctival
sac of mice, and 3 min later, their corneas were examined using
a slit-lamp biomicroscope (Kowa, Tokyo, Japan) under cobalt-
blue light. A grading score for uorescein staining of the
cornea (0: none; 1: mild; 2: moderate; 3: severe) was assigned to
four corneal areas.34 A score of nine points indicated severe
keratitis.

2.9 Histology

The orbits of mice were extracted surgically and xed in 10%
formalin. The tissues were embedded in paraffin, and cut to 5
mm with a microtome (RM2245; Leica, Wetzlar, Germany).35 To
evaluate the detached epithelial cells associated with stabiliza-
tion of the ocular surface in DED, the sections were stained with
hematoxylin and eosin (H&E). The sections were photographed
with a “virtual microscope”.

2.10 Immunohistochemistry

The orbits of mice were extracted surgically, xed in 10%
formalin, and embedded in paraffin. Five-micrometer sections
were cut with a microtome (RM2245). Immunohistochemical
analyses of the cornea were done according to the method
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 PF regulates expression of IL-6, IL-1, TNF-a and NF-kB in HM (450 mOsM)-stimulated HCE cells for 24 h, respectively. (A–D) mRNA
expression of IL-6, IL-1, TNF-a andNF-kB evaluated by RT-PCR (4 h); (E) expression of IL-6, IL-1, TNF-a andNF-kB examined byWestern blotting
(24 h). (F) Immunofluorescent staining for expression of IL-6 and IL-1 in HM-stimulated HCE cells without or with 0.01%, 0.1% or 1% PF
pretreatment for 24 h. Data are summarized from three separate experiments. *P < 0.05 compared with the control group. †P < 0.05 compared
with the HM-stimulated group.
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described by Hua and colleagues.36 The primary antibodies for
IL-1, p-p38 and p-JNK were obtained from Abcam. Images of the
sections were photographed with a virtual microscope.
2.11 Statistical analyses

Values are the mean � SEM or SD. One-way ANOVA followed by
the Tukey test was used to evaluate differences betweenmore than
three groups. Differences were considered signicant at P < 0.05.
3. Results and discussion
3.1 Effect of PF upon cell viability

First, we assessed the inuence of PF on HCE cells. Treatment
with PF-1 alone at the indicated concentrations (0.01%, 0.1%
and 1%) did not elicit toxicity against HCE cells compared with
that in the control group. (P > 0.05 for all, Fig. 2). Therefore,
This journal is © The Royal Society of Chemistry 2019
these concentrations were employed for subsequent studies
with cultured HCE cells.
3.2 PF decreased expression of proinammatory mediators
signicantly in HCE cells

Next, we evaluated the effects of PF on expression of the
proinammatory mediators IL-6, IL-1, TNF-a and NF-kB, which
have been identied as key players in the pathogenesis and
course of inammation in DED.37,38 As shown in Fig. 3, the
topical HM (450 mOsM)-treated group increased the mRNA
levels of IL-1 markedly to 13.4-fold compared with that of the
control group. (P < 0.01; Fig. 3A). However, it was reduced
signicantly to 6.7-, 6.6- and 3.4-fold, respectively, when pre-
treated with PF-1 (0.01%, 0.1% and 1%). Meanwhile, the topical
HM-treated group increased the expression of IL-6, TNF-a and
NF-kB by 2.7-, 16.8- and 3.0-fold, respectively, compared with
that of the control group. However, PF pretreatment suppressed
RSC Adv., 2019, 9, 12998–13006 | 13001
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Fig. 4 Mean tear volume in the control, HM, 0.01%, 0.1% and 1% PF-
pretreated groups 28 days after HM stimulation (n ¼ 6 per group). *P <
0.05 compared with the control group. †P < 0.05 compared with the
HM-stimulated group.
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mRNA expression of IL-6, TNF-a and NF-kB compared with that
of the topical HM-stimulated group in a dose-dependent
manner (Fig. 3B–D).

The suppressive effects of PF on expression of proin-
ammatory mediators were evaluated further by Western blot-
ting. As shown in Fig. 3E, PF-pretreatment signicantly
inhibited expression of IL-1, IL-6, TNF-a and NF-kB induced by
HM-stimulated HCE cells in a dose-dependent manner.

Immunouorescent staining was employed to further
conrm the effects of PF on expression of proinammatory
mediators in HM-stimulated HCE cells. As shown in Fig. 3F,
Fig. 5 Staining of 0.01%, 0.1% and 1% PF-pretreated groups after 28 days
treatment (B).*P < 0.01 compared with the control group. †P < 0.01 com

13002 | RSC Adv., 2019, 9, 12998–13006
expression of IL-1 and IL-6 increased dramatically upon expo-
sure to HM aer 24 h. However, application of PF down-
regulated expression of IL-1 and IL-6 effectively. These nd-
ings were consistent with the data from RT-PCR and Western
blotting, suggesting that PF displayed potential anti-
inammatory activity by suppressing expression of the key
proinammatory mediators in HM (450 mOsM)-stimulated
HCE cells.

3.3 PF improved the tear volume in the EDE model

Several studies have suggested using the tear volume to evaluate
damage to the ocular surface in animal models of DED.39

Twenty-eight days aer DED induction in mice, the mean tear
volume was 0.042 mL and 0.020 mL in the control group and
topical HM-treated group, respectively (Fig. 4). Interestingly, the
mean tear volume was 0.028 mL in 0.01% PF-pretreated group,
0.035 mL in the 0.1% PF-pretreated group, and 0.041 mL in the
1% PF-pretreated group. These results revealed that PF could
improve the tear volume in DED effectively.

3.4 PF ameliorated the corneal uorescein-staining score in
the EDE model

HM stimulation led to an increased corneal uorescein-staining
score.20 Aer 28 days of treatment, PF-pretreatment led to
markedly decreased uorescein-staining scores; but the 1% PF-
pretreated group did not differ signicantly from the control
group. The corneal uorescein-staining score of the control
group and HM-treated group was signicantly different (control
group: 1.5 � 0.5; HM-treated group: 10.3 � 0.8, P < 0.01). The
mean corneal uorescein-staining score of the 0.01%, 0.1% and
in HM (A). The mean corneal fluorescein-staining scores after 28 days
pared with the HM-stimulated group.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Effect of PF on the detachment of corneal epithelial cells. The corneas of mice were stained with H&E before induction with HM, 28 days
after treatment with PF eye drops (A). The black arrows indicate detached corneal epithelial cells. Scale bar¼ 50 mm. (B) The number of detached
corneal epithelial cells is expressed as the mean � the SD (n ¼ 4–5 eyes). *P < 0.05 compared with the control group. †P < 0.01 compared with
the HM-stimulated group.
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1% PF-pretreated groups was 9.2 � 0.8, 6.0 � 0.6 and 2.0 � 0.5,
respectively. The 1% PF-pretreated group showed a signicant
decrease in the corneal uorescein-staining score compared
with that in the HM-treated group (P < 0.01; Fig. 5B).
3.5 Effects of PF on desquamation of the corneal epithelium

Topical treatment with HM induced more corneal epithelial
cells to become detached aer 28 days of treatment. PF
pretreatment led to a reduction in the number of detached
Fig. 7 Effects of PF on expression of IL-1, p-JNK and p-p38 on the ocu
control group. †P < 0.01 compared with the HM-stimulated group.

This journal is © The Royal Society of Chemistry 2019
corneal epithelial cells, especially at 0.1% PF and 1% PF (P <
0.05 vs. control group; P < 0.01 vs. HM-treated group). The
quantitative data of detached corneal epithelial cells are indi-
cated as number per 0.1 mm2. Desiccation stress increased the
detachment of corneal epithelial cells gradually up to 2.0 � 0.3/
0.1 mm2 (7.5-fold of control, P < 0.01; Fig. 6B). This detachment
of corneal epithelial cells was reduced signicantly by PF
pretreatment, especially at 1% PF, which displayed similar
levels to that of the control group (Fig. 6B).
lar surface of mice. Scale bar ¼ 100 mm. *P < 0.05 compared with the

RSC Adv., 2019, 9, 12998–13006 | 13003

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09060b


Fig. 8 (A) PF rebalanced expression between p-JNK, p-p38 and p-ERK in HM-stimulated HCE cells for 24 h, respectively. (B–G) The intensity of
Western blots (relative ratio of signal/b-actin) are shown. *P < 0.05 compared with the control group. †P < 0.01 compared with the HM-stim-
ulated group.
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3.6 Effect of PF on immunohistochemical staining of the
ocular surface

Sections of corneal and conjunctival epithelia were immuno-
stained with antibodies to reveal expression of proinammatory
cytokines. Expression of p-JNK, p-p38 and IL-1 was increased
slightly in 450 mOsM-treated mice compared with that in 312
mOsM-treated mice (P < 0.05 compared with the control group;
Fig. 7). However, topical pretreatment with 1% PF-2 eye drops
decreased expression of IL-1, p-JNK and p-p38 signicantly to
69.5%, 65.1% and 70.0% aer 28 days of treatment compared
with the HM-stimulated group (P < 0.01; Fig. 7D–F). Expression
Fig. 9 The proposed mechanism of action of paeoniflorin.

13004 | RSC Adv., 2019, 9, 12998–13006
of IL-1, p-JNK and p-p38 was reduced markedly in mice pre-
treated with 1% PF-2. These ndings clearly indicate that PF
could inhibit secretion of IL-1, p-JNK and p-p38 on the ocular
surface.
3.7 Effects of PF on the MAPK signaling pathway

To assess the molecular mechanisms of PF in a mouse model of
EDE, activation of the MAPK pathway was evaluated by Western
blotting with phospho-specic antibodies against the activated
forms of kinases. Hyperosmolarity caused a signicant increase
in expression of p-JNK, p-p38 and p-ERK in HCE cells (Fig. 8B–
This journal is © The Royal Society of Chemistry 2019
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D). Pretreatment with PF reduced expression of p-p38 MAPK
and p-JNK in a dose-dependent manner compared with that in
the topical HM-treated group (Fig. 8E and F), and had little
effect on p-ERK expression (Fig. 8G).

4. Conclusions

A mouse model of DED induced by hyperosmolar saline has
been used to study DED mechanisms and to test new drugs.12,14

Hyperosmolarity is the major pathologic change in DED and
plays an important part in the development of inammation
and damage to the ocular surface. Tear deciency or slowing of
blinking during a task involving concentration can result in
local or global increases in the hyperosmolarity of the tear lm,
which places stress on the corneal epithelium.

We observed that PF had benecial effects on DED. First, PF
exerted an anti-inammatory effect by preventing alterations to
the ocular surface. Second, eye drops containing different
concentrations of PF-2 were applied to mice, and they could
stabilize the precorneal tear lm, which affected tear produc-
tion and detachment of corneal epithelial cells. Despite
continuous exposure to HM-stimulated treatment, 0.1% and
1% PF-2-pretreated eyes showed increased tear production. In
addition, as shown in decreased a decreased corneal
uorescein-staining score, the 1% PF-2-pretreated group
showed reversal of corneal epithelial damage compared with
that observed in HM-treated eyes.

The pathogenesis of DED is complex with multiple etiolo-
gies.7,9 Several studies have reported that hyperosmotic stress
can elicit an inammatory response through proinammatory
mediators such as TNF-a, IL-1, IL-6 and NF-kB. An increase in
expression of these proinammatory cytokines has been found
in a HCE cell-culture model, in vivo murine dry-eye model, and
in the tear uid of patients with DED.24,29 The present study
showed that PF could suppress proinammatory responses in
HCE cells and in the dry eyes of mice exposed to hyperosmotic
stress, which resulted in an improvement in dry-eye symptoms.

Numerous studies have demonstrated that hyperosmotic
stress activates MAPK and NF-kB signaling pathways in the
ocular-surface epithelia of mice and stimulates production of
proinammatory factors. MAPK activity mediates TNF-a and
NF-kB release. Cross-talk between JNK, ERK and p38 MAPK
mediates selective suppression of production of proin-
ammatory cytokines. In our study, PF reduced expression of p-
JNK and p-p38 effectively.

It has been reported that a hyperosmotic environment can
induce expression of proinammatory cytokines through
various signaling pathways; MAPK and NF-kB pathways have
been linked with this process. In the present study, MAPK and
NF-kB appeared to be involved in the stimulated release of IL-1,
IL-6 and corneal epithelial inammation. PF signicantly
inhibited HM-induced increase in IL-1 expression, and this
effect was associated with activation of p38 MAPK and JNK
pathways, suggesting that p38 MAPK and JNK are upstream of
IL-1 expression. We found that HM exposure increased secre-
tion of IL-1, IL-6 and TNF-a in cultured HCE cells via p38 MAPK,
JNK and NF-B pathways. These results demonstrated that the
This journal is © The Royal Society of Chemistry 2019
protective effects of PF against inammation of the ocular
surface had benecial effects on improvement of various tear-
lm and ocular-surface parameters.

In summary, we showed that PF, a natural component of
Paeonia lactiora Pall., signicantly improved the symptoms of
DED: tear production, desquamation of the corneal epithelium,
and ocular-surface inammation. Although the detailed mech-
anisms have not been claried, we conrmed that PF reduced
expression of proinammatory factors (IL-6, IL-1 and TNF-a)
through MAPK (p-p38, p-JNK) and NF-kB pathways (Fig. 9).
Therefore, PF eye drops could be used to treat DED by stabi-
lizing the ocular surface and inhibiting inammation.
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