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Abstract
·AIM: To examine the cytotoxic effect of pilocarpine, an
anti -glaucoma drug, on human corneal stromal (HCS)
cells and its underlying cytotoxic mechanisms using an

model of non-transfected HCS cells.

· METHODS: After HCS cells were treated with
pilocarpine at a concentration from 0.15625 g/L to 20.0 g/L,
their morphology and viability were detected by light
microscopy and MTT assay. The membrane permeability,
DNA fragmentation and ultrastructure were examined by
acridine orange (AO)/ethidium bromide (EB) double -
staining. DNA electrophoresis and transmission electron
microscopy (TEM), cell cycle, phosphatidylserine (PS)
orientation and mitochondrial transmembrane potential
(MTP) were assayed by flow cytometry (FCM). And the
activation of caspases was checked by ELISA.

· RESULTS: Morphology observations and viability
assay showed that pilocarpine at concentrations above
0.625 g/L induced dose - and time -dependent
morphological abnormality and viability decline of HCS
cells. AO/EB double-staining, DNA electrophoresis and TEM
noted that pilocarpine at concentrations above 0.625 g/L
induced dose - and/or time -dependent membrane
permeability elevation, DNA fragmentation, and apoptotic
body formation of the cells. Moreover, FCM and ELISA
assays revealed that 2.5 g/L pilocarpine also induced S
phase arrest, PS externalization, MTP disruption, and
caspase-8, -9 and -3 activation of the cells.

· CONCLUSION: Pilocarpine at concentrations above
0.625 g/L (1/32 of its clinical therapeutic dosage) has a
dose- and time-dependent cytotoxicity to HCS cells by
inducing apoptosis in these cells, which is most
probably regulated by a death receptor -mediated
mitochondrion-dependent signaling pathway.
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INTRODUCTION

H uman corneal stroma (HCS) is composed of highly
organized extracellular matrix (ECM) and mitotically

quiescent HCS cells [1]. The specialized HCS cells play
important roles in maintaining corneal transparency and
wound healing by synthesizing ECM components [2-4].
Damages to corneal epithelium and/or stroma from trauma
and drugs often induce apoptosis of HCS cells [5], and
excessive loss of HCS cells usually results in serious
complications[6]. Therefore, it will be of great significance to
characterize the cytotoxicity of topical drugs to the cornea
and the underlying cytotoxic mechanisms, especially to HCS.
Pilocarpine, a cholinergic anti-glaucoma drug, is widely and
chronically used in eye clinic for glaucoma treatment [7-9].
Unfortunately, it has been reported that repeated and
prolonged medication of pilocarpine often results in adverse
effects, such as seizures, posterior synechiae, iris cysts, and
so on [10-13]. However, the cytotoxicity of pilocarpine to HCS
remains unkown due to the lack of an model of HCS
cells that can be used for cytotoxicity investigations [14].
Recently, a non-transfected HCS cell line was successfully
established in our laboratory [15], and it makes it possible to
study intensively the cytotoxicity of pilocarpine to HCS cells
and the underlying mechanisms . The present study
was intended to investigate the cytotoxicity of Pilocarpine to
HCS and the underlying cellular and molecular mechanisms
using an model of HCS cells.
MATERIALS AND METHODS
Materials Pilocarpine (C11H16N2O2) was purchased from
Alfa Aesar (Tianjin, China). HCS cells, from the
nontransfected HCS cell line (utHCSC01) established
previously in our laboratory [15], were maintained and
cultured in 10% bovine calf serum (BCS, Invitrogen,
Carlsbad, CA, USA)-containing Dulbecco's modified Eagle
medium: Ham's nutrient mixture F-12 medium
(DMEM/F12, 1:1) (Invitrogen, Carlsbad, CA, USA) at
37℃ in 25 cm2 culture flasks (Nunc, Copenhagen, Denmark)
as described previously.
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Experimental Design After cultured logarithmic HCS cells
were treated with pilocarpine at concentrations from
0.3125 g/L to 20.0 g/L, and the morphology, viability, and
cell cycle were checked by light microscopy, MTT assay ,
and flow cytometry (FCM) using propidium iodide (PI)
staining f or cytotoxicity evaluation. The membrane
permeability , phosphatidylserine (PS) orientation, DNA
integrality, and ultrastructure were examined by acridine
orange (AO)/ ethidium bromide (EB) double-staining, FCM
using Annexin - V/PI staining , DNA electrophoresis, and
transmission electron microscopy (TEM) f or apoptosis
characterization. And the caspase activation and
mitochondrial transmembrane potential (MTP) was assayed
by ELISA and FCM using JC-1 staining f or apoptosis
signaling pathway investigation. HCS cells cultured in the
same medium without any Pilocarpine addition at the same
time point were used as controls in all experiments.
Methods
Morphological observation Cell morphology was observed
by light microscopy. HCS cells were harvested from culture
flasks by trypsin digestion and centrifugation as described
previously [15], and inoculated into a 24-well culture plate
(Nunc) at 6.0伊104 cells/well and grown at 37℃ in a 5% CO2

incubator. When the cells reached to logarithmic phase, their
culture medium was replaced entirely with 0.3125-20.0 g/L
pilocarpine-containing 10% BCS-DMEM/F12 medium. The
morphology and growth status of the cells were monitored
successively with a TS-100 light microscope (Nikon, Tokyo,
Japan) at a 4h interval.
Cell viability assay Cell viability was determined by
3- (4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) assay as described previously [16]. Briefly,
HCS cells were inoculated into a 96-well culture plate
(Nunc) at a density of 1 伊104 cells/100 滋L/well, and were
cultured and treated as described above. At a 4h interval, the
pilocarpine-containing medium was replaced entirely with
100 滋L serum-free DMEM/F12 medium containing 1.0 g/L
MTT (Sigma-Aldrich, St. Louis, MO, USA), and the cells
were incubated at 37℃ in the dark for 4h. After the
MTT-containing medium was discarded with caution, 150 滋L
dimethyl sulfoxide (DMSO; Sigma-Aldrich) was added to
dissolve the produced formazan crystals at 37℃ in the dark
for 15min, and the absorbance at 490 nm was measured with a
MultiskanGOmicroplatereader (ThermoScientific,MA,USA).
Plasma membrane permeability detection Plasma
membrane permeability of HCS cells was measured by
AO/EB double-staining as described previously [16]. In brief,
HCS cells in a 24-well culture plate (Nunc) were cultured,
treated and harvested as described above. After stained with
100 滋g/mL AO/EB (Sigma-Aldrich) (1:1) solution for 1min,
the cell suspension was observed under a Ti-S fluorescent
microscope (Nikon, Tokyo, Japan). HCS cells with red or

orange nuclei were designated as apoptotic cells while those
with green nuclei as non-apoptotic cells, and at least 300
cells from several random fields were counted in each group.
The apoptotic ratio was calculated according to the formula
of "Apoptotic rate (% )=Apoptotic cells/ (Apoptotic cells+
non-apoptotic cells)伊100%".
DNA electrophoresis DNA fragmentation was detected by
agarose gel electrophoresis according to the method reported
previously [17]. Briefly, HCS cells in 25 cm2 flasks (Nunc)
were cultured, treated and harvested as described above. The
DNA from 1.4伊105 cells was isolated with a Quick Tissue/
Culture Cells Genomic DNA Extraction Kit (Dongsheng
Biotech, Guangzhou, Guangdong Province, China). The
DNA extracts from each group was electrophoresed on 1%
agarose gel (15 V, 4h), stained with 0.5 mg/L ethidium
bromide for 10min, and observed with an EC3 imaging
system (UVP, LLC Upland, CA, USA).
Ultrastructural observation Ultrastructure of HCS cells
was checked by transmission electron microscopy (TEM) as
described previously [17]. In brief, HCS cells in 25 cm2 flasks
were cultured, treated with 2.5 g/L pilocarpine and harvested
as described above. After fixed successively with 4%
glutaraldehyde and 10 g/L osmium tetroxide, the cells were
dehydrated and embedded in epoxy resin. Ultrathin sections
were stained with 20 g/L uranyl acetate-lead citrate and
observed with an H700 TEM (Hitachi, Tokyo, Japan).
Flow cytometry analyses The cell cycle status, PS
orientation and MTP were detected and analyzed by FCM as
reported previously [16]. Briefly, HCS cells in 6-well plates
(Nunc) were cultured, treated with 2.5 g/L pilocarpine and
harvested as described above. After washed twice with 1 mL
phosphate-buffered saline (PBS), the cells were fixed with
70% alcohol at 4℃ overnight. Then the cells were stained
with PI (BD Biosciences, San Jose, CA, USA) for cell cycle
assay, stained with Annexin-V/PI using FITC Annexin V
Apoptosis Detection Kit I (BD Biosciences) for PS
externalization assay, and stained with 10 滋g/mL 5,5',6,6'-
tetrachloro-1,1',3,3'- tetraethybenzimida (JC-1; Sigma-Aldrich)
for MTP assay, respectively. The stained cells, 3.6伊105 cells
at a minimum, were detected by a FACScan flow cytometer
and analyzed with CXP analysis software (BD Biosciences).
Caspase activation assay Caspase activation was measured
by enzyme-linked immunosorbent assay (ELISA) as
described previously [16]. Briefly, HCS cells in 6-well plates
(Nunc) were cultured, treated with 2.5 g/L pilocarpine and
harvested as described above. Whole-cell protein extracts
from 5.0伊105 cells were prepared by utilizing a RIPA lysis
kit (Biotime, Beijing, China) according to the manufacturer's
instructions. About 100 滋L supernatant was coated into
high-binding 96-well microtiter plates (Nunc) overnight at
4℃ . After blocked with 5% non-fat milk (BD Biosciences),
the wells were incubated with rabbit anti-human caspase-3,

Mechanisms underlying pilocarpine-induced cytotoxicity to HCS cells

506



陨灶贼 允 韵责澡贼澡葬造皂燥造熏 灾燥造援 9熏 晕燥援 4熏 Apr.18, 圆园16 www. ijo. cn
栽藻造押8629原愿圆圆源缘员苑圆 8629-82210956 耘皂葬蚤造押ijopress岳员远猿援糟燥皂

-8, and -9 (active form) antibodies (1:500) (Biosynthesis
Biotechnology, Beijing, China), and the HRP-conjugated
goat anti-rabbit secondary antibody (1:3000) (cwBiotech,
Nanjing, China), respectively, at 37℃ for 2h. A colorimetric
reaction was induced by 1% tetramethylbenzidine (TMB) for
25min in the dark at room temperature. Color development
was stopped with 50 滋L H2SO4 (0.5 mol/L), and the 490 nm
absorbance of each well was measured using a Multiskan
GO microplate reader (Thermo Scientific).
Statistical Analysis Each experiment was repeated 3 times
independently. Data are shown as mean依standard deviation
(SD). Group comparisons were conducted using one-way
analysis of variance (ANOVA) using SPSS 21.0 software
(Chicago, IL, USA). Differences to controls were considered
statistically significant when <0.05.
RESULTS
Cytotoxic Effect of Pilocarpine on Human Corneal
Stromal Cells To evaluate the cytotoxicity of pilocarpine,
the morphology and viability of HCS cells were examined by
light microscopy and MTT assay, respectively.
Morphological observations showed that HCS cells exposed
to pilocarpine at a concentration from 0.625 to 20 g/L
exhibited dose- and time-dependent proliferation retardation
and morphological abnormality such as cellular shrinkage,
cytoplasmic vacuolation, detachment from culture matrix,
and eventually death , while no obvious difference was
observed between those exposed to pilocarpine below the
concentration of 0.625 g/L and controls (Figure 1A). Results
of MTT assay revealed that the cell viability of HCS cells
decreased with time and concentration after exposing to
pilocarpine above the concentration of 0.625 g/L ( <0.01
or 0.05), while that of HCS cells treated with pilocarpine
below the concentration of 0.625 g/L showed no significant
difference to controls (Figure 1B).
Cell Cycle Arrest of Human Corneal Stromal Cells To

verify the proliferation retarding mechanisms of pilocarpine,
the cell cycle status of HCS cells were examined by FCM
using PI staining. Results showed that the number of 2.5 g/L
pilocarpine-treated HCS cells in S phase increased from
21.6% of control to 25.7% ( <0.05) at 4h, 30.7% ( <0.01) at
8h, and 56.6% ( <0.01) at 12h, respectively, while that in
G1 phase and G2/M phase decreased with time ( <0.01 or
0.05), respectively, when compared with controls (Figure 2).
Plasma Membrane Abnormality of Human Corneal
Stromal Cells To examine whether the cytotoxicity of
pilocarpine was achieved by inducing apoptosis, plasma
membrane permeability and PS orientation of pilocarpine-
treated HCS cells were detected by AO/EB double-staining
and FCM using Annexin V/PI staining, respectively. Our
results of AO/EB double-staining displayed that pilocarpine
at concentrations above 0.625 g/L could elevate the plasma

Figure 1 Dose and time dependent cytotoxicity of pilocarpine to HCS cells Cultured HCS cells were treated with the indicated
concentration and exposure time of pilocarpine. A: Light microscopy. One representative photograph from three independent experiments
was shown. Scale bar=50 滋m. B: MTT assay. The cell viability of pilocarpine-treated HCS cells in each group was expressed as percentage
(mean依SD) of 490 nm absorbance compared to its corresponding control ( =3). a <0.05, b <0.01 versus control.

Figure 2 Pilocarpine induced cell cycle arrest of HCS cells
Cultured HCS cells were treated with the indicated concentration
and exposure time of pilocarpine, and their cell cycle status was
checked by FCM with PI staining. One representative photograph
from three independent experiments was shown.
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Figure 3 Pilocarpine induced plasma membrane abnormality of HCS cells Cultured HCS cells treated with the indicated concentration
and exposure time of pilocarpine. A: AO/EB double staining. The apoptotic ratio was calculated as percentage (mean依SD) of the total
number of cells based on the permeability elevation of plasma membrane of HCS cells ( =3). Data are presented as mean依SD. a <0.05, b <
0.01 versus control. B: FCM using Annexin V/PI staining. The cell number of HCS cells in each group was expressed as percentage of the
total number of cells. One representative photograph from three independent experiments was shown. K1: Necrosis; K2: Late apoptosis; K3:
Normal cell; K4: Early apoptosis. The cells in K2 and K4 phase exhibit PS externalization.

membrane permeability of HCS cells in a dose- and
time-dependent manner ( <0.01 or 0.05), while that of
HCS cells treated with pilocarpine below 0.625 g/L showed
no significant difference to controls (Figure 3A). Results of
FCM using Annexin V/PI staining showed that HCS cells
treated with 2.5 g/L pilocarpine exhibited time-dependent
increase of PS externalization when compared with its
corresponding control (Figure 3B). The number of early and
late apoptotic cells (PS externalized cells) increased from
1.77% of control to 56.38% ( <0.01) at 4h, 95.46% ( <
0.01) at 8h, and 91.87% ( <0.01) at 12h, respectively.
DNA Fragmentation and Ultrastructural Abnormality
of Human Corneal Stromal Cells To verify the apoptosis
inducing effect of pilocarpine, DNA fragmentation and
ultrastructure of pilocarpine-treated HCS cells was
characterized by DNA electrophoresis and TEM,
respectively. Results of DNA electrophoresis indicated that
the genomic DNA extracted from pilocarpine-treated HCS
cells was fragmented into a highly dispersed state, and
typical DNA ladders were found in 0.625-2.5 g/L pilocarpine-
treated cells , while no DNA ladder was found in those of
controls (Figure 4A). Moreover, TEM observations postulated
that 2.5 g/L pilocarpine-treated HCS cells exhibited
ultrastructural disorganizations, including cytoplasmic
vacuolation, mitochondrion swelling, chromatin condensation,
and apoptotic body formation (Figure 4B).
Caspase Activation and Mitochondrial Transmembrane
Potential Disruption of Human Corneal Stromal Cells
To postulate the possible triggering pathways involved in
pilocarpine-induced apoptosis, caspase activation and MTP
disruption was further measured by ELISA using antibodies

to the active form of caspase-3, -8 and -9 and FCM using
JC-1 staining, respectively. Results of ELISA revealed that
2.5 g/L pilocarpine could activate caspase-8, -9, and -3 in
HCS cells successively( <0.01 or 0.05), of which caspase-8
was first activated to its peak value at 2h( <0.01), caspase-9
activated to its peak value at 4h ( <0.01), while caspase-3
was activated continually during the monitoring period ( <
0.01 or 0.05) (Figure 5A). Moreover, FCM using JC-1
staining indicated that 2.5 g/L pilocarpine could induce MTP
disruption in HCS cells, and the number of JC-1 positive
cells (MTP-disrupted cells) increased from 0.97% of control
to 26.30% ( <0.01) at 4h, 51.42% ( <0.01) at 8h, and
82.55% ( <0.01) at 12h, respectively (Figure 5B).
DISCUSSION
Anti-glaucoma drugs, such as latanoprost, have been
reported to have toxic effects on HCS and result in reduction
in central corneal thickness and even keratoconus
progression[18-19]. However, the effect of pilocarpine, a widely
used anti-glaucoma drug in eye clinic, on HCS remains
unclear. To provide cytotoxic references for prospective
therapeutic interventions of anti-glaucoma drugs, the present
study was intended to investigate the cytotoxicity of
pilocarpine to HCS and its possible cellular and molecular
mechanisms using an model of non-transfected HCS
cells[15].
To evaluate the cytotoxicity of pilocarpine, the morphology,
viability and cell cycle status of pilocarpine-treated HCS
cells were examined at first in this study. We found that
pilocarpine at concentrations above 0.625 g/L (1/32 of its
clinical therapeutic dosage) could induce dose- and time-
dependent morphological abnormality, proliferation

Mechanisms underlying pilocarpine-induced cytotoxicity to HCS cells
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Figure 4 Pilocarpine induced DNA fragmentation and ultrastructural abnormality of HCS cells Cultured HCS cells were treated
with the indicated concentration and exposure time of pilocarpine. A: DNA electrophoresis. DNA isolated from HCS cells was
electrophoresed in 1% agarose gel, and dispersed DNA ladders were shown. B: TEM images. One representative photograph from three
independent experiments was shown. N: Nucleus; v: Vacuoles; m: Swollen mitochondrion; a: Apoptotic body.

Figure 5 Pilocarpine induced caspase activation and MTP disruption of HCS cells Cultured HCS cells were treated with the indicated
exposure time of 2.5 g/L pilocarpine. A: ELISA. Caspase activation induced by pilocarpine was assayed using the active form of caspase-3,
-8 and -9 antibodies. The activation ratio of each group was expressed as percentage (mean依SD) compared to its corresponding control
based on 490 nm absorbance ( =3). a <0.05, b <0.01 versus control. B: FCM images of JC-1 staining. JC-1 in mitochondria with MTP
depolarized maintains monomers in green fluorescence, while that in mitochondria with normal MTP incorporates into aggregates in red
fluorescence. One representative photograph from three independent experiments was shown. The cell number of MTP disrupted HCS cells
in each group was expressed as percentage of the total number of cells.

retardation, and viability decline of HCS cells. Moreover,
0.625 g/L pilocarpine could also induce S phase arrest of
HCS cells. Our findings suggest that pilocarpine above 1/32
of its clinical therapeutic dosage has significant cytotoxicity
to HCS cells , and S phase arrest is involved in the
retarded proliferation of HCS cells induced by pilocarpine.
These findings are supported by previously reported
cytotoxicity of ophthalmic drugs and anesthetics to human
corneal cells [16,20-24]. Since cell viability decline and cell cycle
arrest are often related with apoptosis triggered by

chemotherapeutic agents [22-25], it can be deduced that the
cytotoxic effect of pilocarpine on HCS cells might also be
related with apoptosis.
As well postulated previously, plasma membrane
permeability elevation, PS externalization, DNA fragmentation
and apoptotic body formation are the hallmark features of
apoptosis [26-29]. To verify whether the cytotoxicity of
pilocarpine was achieved by inducing cell apoptosis, we then
investigated the plasma membrane permeability, PS
externalization, DNA fragmentation, and apoptotic body
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formation of HCS cells using AO/EB double staining, FCM
using Annexin V/PI staining, DNA electrophoresis, and
TEM, respectively. Our results showed that pilocarpine
above concentrations of 0.625 g/L could induce dose- and
time-dependent membrane permeability elevation of HCS
cells, and 2.5 g/L pilocarpine could also induce PS
externalization, DNA fragmentation and apoptotic body
formation. As well defined, the key difference between
apoptosis and necrosis is the formation of apoptotic bodies
with externalized PS in their plasma membrane, which is a
vital feature for clearing away the apoptotic cells by
phagocytosis [27,29]. Therefore, our findings confirmed that
pilocarpine could induce apoptosis of HCS cells . The
pilocarpine-induced HCS cell apoptosis is consistent with
our previous reports of topical anesthetic- and ophthalmic
drug-induced apoptosis in human corneal cells[16,20-24].
As we know, apoptosis is a normal physiological process
regulated orderly by intricate pathways, such as the death
receptor-mediated extrinsic pathway and the mitochondrion-
dependent intrinsic pathway [30-31], which will result in the
activation of initiator caspases (caspase-2, -8, -10, and -9)
and subsequent activation of executioner caspases (caspase-3,
-6, and -7)[32-33]. Meanwhile, MTP disruption is a prerequisite
for triggering release of mitochondrion sequestered apoptotic
proteins, such as cytochrome c, an indispensable activator of
caspase 9, apoptosis inducing factor, and Smac/Diablo [31,34-36].
To postulate the possible apoptosis-triggering pathways of
pilocarpine, the activation pattern of caspase-3, -8, and -9
and MTP disruption was further studied by ELISA using
antibodies of their active forms and FCM using JC-1
staining, respectively. We found that 2.5 g/L pilocarpine
could activate caspase-8, -9, and -3 successively, and induce
MTP disruption in a time-dependent manner in HCS cells.
Since caspase-8 is an important mediator of tumor necrosis
factor receptor 1 (TNFR1)-mediated extrinsic pathway while
caspase-9 is a key mediator of the mitochondrion-dependent
intrinsic pathway [33,37], our results of the activation of
caspase-8, -9, and -3 in pilocarpine-treated HCS cells,
combined with MTP disruption, suggest that the
pilocarpine-induced HCS cell apoptosis might be triggered
via both a death receptor-mediated pathway and a
mitochondrion-dependent pathway. The involvement of both
an extrinsic and an intrinsic signaling pathway has also been
reported in other chemical induced apoptosis[16,21-22,38-39].
In conclusion, pilocarpine above 1/32 of its clinical
therapeutic concentration has a dose- and time-dependent
cytotoxicity to HCS cells , and its cytotoxicity is
achieved by inducing death receptor-mediated mitochondrion-
dependent apoptosis. By now, this is the first attempt of
investigating the cytotoxicity of pilocarpine to HCS cells and
its toxic mechanisms at cellular and molecular levels .
Even these findings do not allow predicting clinical

inferences directly without further investigations,
they provide new insights into the acute cytotoxicity and
apoptosis-inducing effect of pilocarpine on HCS cells.
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