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Abstract

Background Previously we have shown that acute exposure
to thimerosal (Thi) can induce oxidative stress and DNA
damage in a human conjunctival cell line. However, the
long-term effect of Thi on Chang conjunctival cells is not
clear. Therefore, the aim of this study was to further investi-
gate the fate of the cells after acute exposure to Thi.

Method Cells were first exposed to various concentrations of
Thi (0.00001 %~0.001 %) for 30 min, and then cells were
assessed after a 24-h recovery period. Morphologic changes
were observed under a light microscope and cell viability was
evaluated. Cell apoptosis, cell cycle distribution and mito-
chondrial membrane potential (MMP) (rhodamine 123 assay)
were detected by flow cytometry analysis. Poly (ADP-ribose)
polymerase (PARP), activation of caspase-3 and microtubule-
associated protein light chain 3 (LC-3) were examined by
western blot analysis.

Results DNA strand breaks were significantly increased
in a dose-dependent manner with 30 min exposure to
Thi, although no significant cell death was detected.
However, after 24-h recovery, the ratio of apoptotic cells
was significantly increased to 0.0005 % and 0.001 % in Thi
treated groups (p <0.001 compared to the control group).
Apoptosis was confirmed by the cleavage of PARP and
caspase-3 activation. In addition, G2/M cell cycle arrest and
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decrease of MMP were recorded. Finally, the LC-3 results
indicated the occurrence of autophagy in Thi-treated cells.
Conclusion Acute exposure to Thi can induce DNA damage,
and eventually can lead to cell death, probably through the
caspase-dependent apoptosis pathway, while autophagy might
also be involved.

Keywords Thimerosal - DNA damage response - Apoptosis -
Autophagy - Cell cycle

Introduction

Thimerosal (Thi), an organic mercury-containing antibacterial
and antifungal agent, has been widely used as an antiseptic
and preservative in various formulations including cosmetics,
topical medications, and eye lens cleaners since the 1930s. Its
usual concentration in ocular drugs ranges from 0.001 % to
0.004 %, and at a concentration of 0.0005 %, it functions as a
disinfectant in contact lens solutions. Recently, however, there
is growing concern regarding the safety of Thi in several
formulations.

Several in vitro studies have shown its cytotoxic effects on
the ocular surface. Thi (0.001 %) can cause corneal epithelial
cell retraction, cessation of mitotic activity, and total cell de-
struction [1]. In vivo reports of toxic and immunoallergic effects
on the ocular surface that are induced by Thi include a punctate
coarse keratopathy, pseudodendritic lesions, superior limbic ker-
atoconjunctivitis, and a more diffuse keratoconjunctivitis [2—6].

As a component of Thi, organomercury is known to induce
membrane and DNA damage [7]. Since both prokaryotic and
eukaryotic cells are constantly exposed to exogenous and
endogenous agents that cause DNA damage, cells have
evolved an intricate web of signaling pathways known as the
DNA damage response (DDR) to deal with the many types of
DNA damage. The extent of the DNA damage determines a
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cell’s fate: cell cycle arrest to allow the damaged DNA to be
repaired, or, if the damage cannot be repaired, cell death [8].
Consistent with this, mercurial substances have also been
reported to cause apoptosis in cultured neurons, although the
signaling pathways resulting in cell death have not been well
characterized [9].

The above information points to the possibility that Thi
might be also genotoxic, i.e., can induce DNA damage.
Therefore, we first examined the genotoxic effect of Thi,
and the results showed that indeed Thi was a strong oxidative
agent that could induce ROS production and DNA damage in
conjunctival cells following short-term exposure (30 min) at
micromolar and nanomolar concentrations [10]. However, the
long term effects on cells after the acute exposure of Thi were
not clear, such as whether cell death was induced, and if so,
what type of cell death was involved.

Therefore, in this study, we examined the fate of the cells
which were first exposed to Thi for 30 min, and then were
allowed to recover for 24 h. Apoptosis, cell cycle and mitochon-
drial membrane potential (MMP) were analyzed and key pro-
teins involved in apoptosis and autophagy were also examined.

Materials and Methods
Cell Culture

A human conjunctival cell line (Wong Kilbourne derivative of
Chang conjunctiva, clone 1-5¢-4, CCL-20.2; American Type
Culture Collection [ATCC], Manassas, VA) was cultured un-
der standard conditions (humidified atmosphere of 5 % CO, at
37 °C) in Medium 199 (Gibco, Grand Island, NY) supple-
mented with 10 % fetal bovine serum (Gibco, Grand Island,
NY), 1 % glutamine, 0.1 % ampicillin, and 2 % kanamycin.
Confluent cultures were removed by 0.25 % trypsin (Sigma
Aldrich, St. Louis, MO) incubation.

Cell Incubation

Cells were exposed to various concentrations of Thi
(0.00001 %,0.00005 %,0.0001 %, 0.0005 %, 0.001 %) for
30 min to determine whether DNA repair occurred in cells
after Thi exposure. Cells were also assessed after a 24-h cell
recovery period in normal cell culture. Thi was dissolved in
culture medium; thus, culture medium (0.0 % Thi) was used as
the control. The 0.001 % BAC was used as a positive control
drug in trypan blue staining and apoptosis analysis.

Morphological observations and trypan blue staining
After every treatment, morphological changes of cells were

observed by using a Nikon phase contrast microscope. For
cell counting, 1x10° cells were seeded into 12-well plates
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(Corning Glass, Corning, NY) and grown in 2 ml of media.
After 30 min incubation of Thi at different concentration and a
24 h recovery period later, cells were harvested with 0.25 %
trypsin. The number of trypan blue-excluding cells was deter-
mined using a hemacytometer and the culture viability was
calculated as percentage of total cell density.

Flow Cytometry
Apoptosis analysis

The annexin V fluorescein isothiocyanate (FITC)/propidium
iodide (PI) kit (Becton Dickinson, Franklin Lakes, NJ) was used
to assess modifications of the cell membrane that are associated
with programmed cell death. Experiments were conducted ac-
cording to the manufacturer’s instructions. Cells were collected
and centrifuged, then resuspended to 5x 10> cells in 500 pl of
1 xbinding buffer. Annexin V-FITC (5 pl) and 5 pl PI were
added to each sample. The samples were incubated in the dark at
room temperature for 15 min. Samples were then examined
immediately on the flow cytometer (Cytomics FC 500,
Beckman Coulter Inc., USA) using the CXP software for data
analysis. The percentage of early apoptotic cells was estimated
by counting cells that were Annexin V positive but PI negative
(B4 quadrant), whereas the percentage of late apoptotic plus
necrotic cells was estimated by counting cells that were both
Annexin V and PI positive (B2 quadrant).

Cell Cycle Assay

At the end of a 24-h recovery, approximately 2 x 10° cells were
washed twice with PBS, then fixed in 75 % ethanol for 12 h at
4 °C. After three washes with cold PBS, cells were stained
with 50 pg/ml PI (Sigma, St. Louis, MO) and 10 pg/ml RNase
(Sigma). After incubation at 37 °C for 15 min, cells were
analyzed by flow cytometry using CellQuest 3.1f software
(BD Biosciences, San Jose, CA).

Measurement of mitochondrial membrane potential

MMP were detected by measuring the fluorescent intensity of
rhodamine123 in the mitochondria according to the method
described previously [11]. Rhodaminel23 can be selectively
taken up by mitochondria, and the amount of thodamine123 in
mitochondria is proportional to MMP [12]. Briefly, immedi-
ately after 30 min incubation of Thi and at the end of the 24 hr
recovery period, a total of 1x10° cells were harvested and
incubated with rhodamine 123 (10 pug/ul) at 37 °C for 30 min
in the dark. After washed and suspended in Medium 199 at
37 °C for another 60 min, the cells were resuspended in PBS
and analyzed directly by flow cytometry to monitor the for-
mation of the fluorescence at an emission wavelength of
525 nm and an excitation wavelength of 488 nm. Statistical
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analysis was performed using CXP software. The MMP was
represented as the mean fluorescence intensity (MFI) of rho-
daminel23 in a treated sample/the MFT in the control group.

Western blotting analysis

Expression levels of Caspase-3, and poly (ADP-ribose) poly-
merase (PARP), microtubule-associated protein light chain 3
(LC3) were analyzed by western blotting. In short, at the end
of each treatment, cells were lyzed with an RIPA buffer (1 M
Tris—HCI, 5 M NaCl, 1 % Nonidet P-40, 1 % sodium
deoxycholate, 0.05 % SDS, 1 mM phenylmethyl sulfonyl fluo-
ride). Protein concentrations were determined using the Pierce
bicinchoninic acid (BCA) protein assay (Pierce Biotechnology,
Inc., Rockford, IL, USA). The lysates were subjected to elec-
trophoresis on sodium dodecyl sulfate-polyacrylamide gel
(SDS-PAGE) and then transferred onto polyvinylidene fluoride
membrane (PVDF) membranes (Millipore, USA). The PVDF
membranes were blocked with 5 % BSA in Tris-buffered saline
(TBS) containing 0.1 % Tween-20 (TBST) for 1 h at 37 °C,
followed by incubation with the respective antibodies overnight
at 4 °C, then with the corresponding IRDye-conjugated second-
ary antibodies at room temperature for 1 h.

The primary antibodies used were anti-PARP antibody, anti-
LC3 antibody (1:1000; Cell Signaling Technology, Inc., Bev-
erly, MA, USA), anti-Caspase-3 antibody, {3-actin antibody
(Santa Cruz, CA, USA), as well as IRDye-conjugated anti-
rabbit and anti-mouse secondary antibodies (Bioworld Tech-
nology, St. Louis Park, MN, USA), anti-LC3 antibody detects
endogenous levels of total LC3-I and LC3-II proteins and all
antibodies were diluted by PBS. Membranes were visualized
using the Odyssey Infrared Imaging System and Odyssey v1.2
(LI-COR, NE, USA). The relative densities of the protein bands
were analyzed using Quantity One software (Bio-Rad, CA,
USA). The relative expressions of target proteins were normal-
ized to the corresponding intensities of (3-actin.

Statistical analysis

Statistical analysis was performed with one-way ANOVA
followed by the Dunnett multiple comparison tests (GraphPad
Prism 5 software; GraphPad Software, San Diego, CA). A p
value of <0.05 was considered to be statistically significant.
Results were expressed as the mean+standard deviation from
more than three independent experiments.

Results
Morphological analysis and cell viability assay

Cells were visualized and continuously photographed with a
Nikon phase contrast microscope. After 30 min treatment,

only cells treated with 0.001 % Thi represent a shrunken
alteration of membranes when compared to the control. On
the other hand, after removing Thi and letting cells recover for
24h, it was found that the density of adherent cells was
diminished, and cell shrinkage and detachment were also
observed in the 0.0005 % and 0.001 % Thi treatment groups.
(Fig. 1A-1H) Cell viability at concentrations ranging from
0.00001 % to 0.001 % was measured as 99.7 %=+0.3 %,
99.4 %=+0.45 %, 98.43 %=+1.47 %, 98.37 %=+1.05 % and
94.87 %=+1.67 %, respectively, indicating no decrease of
viability compared to the control group after 30 min incuba-
tion, while the relative cell survival rate of cells treated with
0.001 % BAC was significantly decreased to 76.47 %+
6.02 % (p <0.001). However, after 24-h recovery time the cell
viability was 80.33 %+0.88 %, 51.23 %+5.64 % with a
concomitant decrease in density of adherent cells in the
0.0005 % and 0.001 % Thi treated groups (p <0.01, Fig. 11).

Flow cytometry analysis of cell apoptosis

By staining cells with annexin V-FITC and PI, early apoptotic
cells (annexin V-positive, Pl-negative) can be distinguished
from later apoptosis plus necrotic cells (annexin V positive, PI
positive) and viable cells (annexin V negative, PI negative).
After 30 min incubation with Thi, no significant difference in
the ratio of apoptotic cells was found in every concentration
(p>0.05, compared to the control), while 12.56 %=+0.78 %
early apoptosis and15.9 %+0.46 % late apoptosis plus necro-
sis stage cells were found in 0.001 % BAC treated cells.
However, after the 24 h recovery period, 7.87+1.03 % and
15.65+0.48 % of cells were found in early apoptosis, while
8.89+0.69 % and 23.3+3.03 % of cells were found in later
apoptosis plus necrosis stage for those treated with 0.0005 %
and 0.001 % Thi, respectively, representing a significant in-
crease in cell death (p <0.001, compared to the control group,
Fig. 2B).

Thi blocks cell cycle in G2/M phase

Figure 3 shows the distribution of cell cycle of cells treated
with Thi followed by 24 h recovery, as determined by flow
cytometry. As seen from Fig. 3, although at lower concentra-
tions Thi treatment did not affect cell cycle progression,
0.0005 % and 0.001 % of Thi caused significant changes in
cell cycle distribution, with 36.12 %+1.9 % and 40.02 %=+
7.62 % cells accumulated in the G2/M phase, respectively,
compared to only 14.85 %=+1.77 % in control cells (P <0.01,
Fig. 3).

Effect of Thi on MMP

Rhodamine 123 is a sensitive and specific probe of MMP in
isolated mitochondria. Using this agent, it was shown that
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Fig. 1 Phase contrast
microscopy of Chang
conjunctival cells with Thi
treatment. Magnification, x400 a-
b: cells treated with Thi for

30 min. a, control cells; b,

0.001 % Thi caused alterations of
membranes (arrow); ¢-h: cells
treated with Thi for 30 min, and
then changed to fresh medium
and allowed to recover for24 h. c,
control; d, 0.00001 %; e,
0.00005 %; £, 0.0001 %; g,
0.0005 %; h, 0.001 %, cell
shrinkage and detachment (arrow)
occurred in groups exposed to
0.0005 % and 0.001 %; I: The
cytotoxic effect of Thi and

0.001 % BAC on cell survival.
**p <0.001 ***p<0.001
compared with control group
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Fig. 2 Flow cytometry analysis of the cell apoptosis a Representative
flow cytometry charts of cells treated with 0.001 % BAC, various
concentrations of Thi (0.00001 % to 0.001 %) for 30 min and followed
by 24 h recovery. b. Quantitative analysis of apoptosis of cells treated

even after 30 min exposure to Thi, disruption in MMP could
be observed, the MIF for 0.0005 % and 0.001 % of Thi
treatment groups was 88.8 %+1.33 % and 87.57 %=+0.74 %,
respectively, compared to the control. After a 24 h recovery
time, the MIF in 0.0005 % and 0.001 % Thi-treated groups
was further decreased to 76.78 %=+3.63 % and 66.71 %=+
1.53 %, respectively, significantly lower than the correspond-
ing untreated groups (P <0.001, Fig. 4).

Thi induces Caspase-3 activation in Chang conjunctical cells

Caspase-3 activation was a sensitive marker for apoptosis, and
the Caspase-3-dependent mechanism constitutes one of the
most frequent apoptotic pathways. We examined Caspase-3
activation in cells treated with Thi at concentrations ranging
from 0.00001 % to 0.001 % for 30 min, followed by a 24 h
recovery. As shown in Fig. 5, as the concentration increased,
the amount of pro-Caspase-3 was slightly decreased, while the

with various concentrations of Thi and 0.001 % BAC for 30 min. c.
Quantitative analysis of apoptosis of cells treated with various concen-
trations of Thi for 30 min followed by 24 h recovery. *p <0.05, ***p<
0.001, compared to the control group

active Caspase-3 (17KD and 12KD) were gradually increased.
Significant changes were found in 0.0005 % and 0.001 % Thi-
treated groups.

Thi induces PARP cleavage in Chang conjunctical cells

PARP is a DNA nick sensor that is subjected for cleav-
age by activated Caspase-3. Using 0.001 % Thi treated
cells as an example, we examined the cleavage of PARP
in such cells. It was shown that 30 min exposure did
not lead to the cleavage of PARP, however, as the
recovery time prolonged, degradation of the 116 kDa
parental PARP protein and the subsequent generation of
an 89 kDa immunoreactive cleavage product was ob-
served (Fig. 6). The relative density of the bands was
calculated and significant changes in parental PARP and
cleavage product were found beginning at 8 h after the
30 min exposure (p<0.05).
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Fig. 3 Flow cytometry analysis of the cell cycle distribution of Chang
conjunctival cells treated with various concentrations (0.0001 %-
0.001 %) of Thi for 30 min followed by 24 h recovery a: Representative
flow cytometry images of cell cycle distribution.b: Quantitative analysis
of cell cycle distribution from a. **p <0.01, ***p <0.001, compared to
the control group
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Fig. 4 Flow cytometry analysis of the mitochondrial membrane potential
(MMP) in Chang conjunctival cells. Significant decreased MMP was ob-
served in 0.0005 % and 0.001 % Thi treated groups either after 30 min or 24-
h recovery period. *** P <0.001, compared to the control group
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Thi induces LC3 activation in Chang conjunctical cells

LC3 is a mammalian homolog of yeast Atg8, and it is the only
reliable marker of autophagosomes. It exists in two forms,
LC3-I and LC3-II. LC3-I is an 18-kDa polypeptide normally
found in the cytosol, whereas the product of its proteolytic
maturation (LC3-II, 16 kDa) resides in the autophagosomal
membranes [13]. Thus, monitoring LC3-I and LC3-II by
western blotting is essential for investigating the mechanism
of mammalian autophagy. In our study, LC3-II accumulated in
higher amounts in 0.00005 %~0.001 % Thi-treated groups
compared with controls (p<0.05, Fig. 7), indicating a build
up of autophagosomes and an increase in the autophagic flux.

Discussion

The eyes are one of the most susceptible organs to damage
agents. Preservatives are an indispensable constituent of ocu-
lar formulations; however, the potential cytotoxic effects of
preservatives associated with long-term therapy, especially
when multiple preserved drugs are used, are often under-
recognized. Thi is one of the most commonly used preserva-
tives in ophthalmic drugs and contact lens solutions, and
recently, the antifungal activity of Thi was found to be signif-
icantly superior to that of amphotericin B and natamycin
against ocular pathogenic fungi in vitro, which makes it a
more useful drug than just as a preservative [14]. Still, there
have been reports showing the cytotoxic effects of Thi on the
ocular surface; Thi might cause structural and functional
damage to the endothelium with prolonged direct exposure
[15]. In addition, it has been shown that Thi might be respon-
sible for delayed hypersensitivity, which can cause conjuncti-
val hyperemia and corneal infiltrates [16]. Therefore, there is
also growing concern for the clinical use of Thi. Previously we
have shown that acute exposure to Thi could induce oxidative
stress and DNA damage in a human conjunctival cell line
[10]. In this paper, we found that DNA damage induced by
acute exposure to Thi eventually can lead to cell death, prob-
ably through the caspase-dependent apoptosis pathway, while
autophagy might also be involved.

Besides the cytotoxic effect, genotoxic damage includes
DNA single-strand breaks (SSBs), double-strand breaks
(DSBs), alkali labile sites (ALSs), and DNA cross-linking
occurring in all prokaryote or eukaryote cells with exposure
to exogenous and endogenous agents. DNA damage can be
transmitted to differentiated daughter cells, thereby
compromising tissue integrity and function [17, 18]. It is
unknown whether Thi has genotoxic effects on Chang con-
junctival cells at clinical concentrations. In our previous study,
we used two classic methods, the alkaline comet assay and the
phosphorylated form of the histone variant H2AX (YH2AX)
foci detection, to investigate DNA damage induced by Thi
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Fig. 5 a: Western blotting
analysis showing that the
expression of active Caspase-3
was increased in cells treated with
0.0005 % and 0.001 % Thi

30 min followed by a 24 h
recovery time. b-¢: Densitometry
data of three independent
experiments, standardized by
[3-actin were presented below the
band. *p<0.05, **p<0.01,

**%p <0.001 compared to the
control group
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after 30 min incubation. The results indicated that Thi induced
DNA single-strand and double-strand breaks in Chang con-
junctival cells and that the damage was correlated with Thi
concentrations [10]. In addition, compared to Benzalkonium
chloride (BAC), the most frequently used preservative in
ocular drugs that has been proved to be toxic to ocular cells,
which could cause notably decreased cell viability and cell
apoptosis at 0.001 %, Thi did not induce significant changes
in cell viability nor the ratio of apoptotic cells, suggesting that
Thi was less toxic than BAC.

Any type of DNA lesion can be rapidly sensed, and then
DDR is activated, including the activation of a cell cycle
checkpoint that allows damaged DNA to be repaired before
reengaging the cell cycle and completing mitosis, thus

Fig. 6 Western blotting analysis a

of PARP in Chang conjunctival
cells treated with 0.001 % Thi. a.
Representative western blot
image of PAPR protein
expression. After treated with
0.001 % Thi for 30 min, cells
were harvested at the time points
indicated, PARP was detected
with anti-PARP antibody, 3-actin
was used as control. b-¢:
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maintaining the genomic integrity [19]. In this study, a signif-
icant increase in G2/M phase cells was observed after the 24-h
recovery period (0.0005 % and 0.001 % Thi treatment), indi-
cating that the G2 checkpoint was triggered.

The cell cycle checkpoints include the G1 checkpoint, the S
phase checkpoint and the G2 phase checkpoint. The G1
checkpoint depends on increased expression and activation
of the p53 gene product [20]. Several carcinogenic agents and
chemotherapeutic agents were known to trigger the S phase
response [21], and agents such as ionizing radiation and
oxidative stress can trigger the G2 checkpoint response [22].
Cells that have a defective G2-M checkpoint enter mitosis
before repairing their DNA, leading to death after cell division
[23]. Hydrogen peroxide and tert-butyl hydroperoxide have

After removal
+2h +4h +8h +12h +16h +20h +24h
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| —— | 89kDa

e m—

B-actin — T ————————————

(9]

89kd/actin ratio
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Fig. 7 a: Western blot analysis
showing the expression of LC3-1
and LC3-II proteins representing
a dose-dependent processing
treated with every concentration
of Thi 30 min followed by a 24 h
recovery time. b-¢: Densitometry
data of three independent
experiments, standardized by
[3-actin were presented below the b

band. *p<0.05, **p<0.01, 100
**%p <0.001 compared the to
control group
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been demonstrated to induce a G2 checkpoint response in
eukaryotic cells, and in our previous study we have shown
that Thi could induce ROS overproduction after 30 min ex-
posure. Since ROS was found to induce many types of DNA
damage [24], it is believed that ROS-induced DNA damage
could be responsible for the initiation of G2 checkpoint re-
sponses shown in this study.

The cell cycle checkpoint response can either lead to cell
survival if DNA is properly repaired or, if not, to cell death
[25]. Several studies have indicated that both inorganic and
organic mercurials could induce apoptosis in vitro as well as
in vivo [26, 27]. Using phase contrast microscopy, we found
membrane alterations and cell shrinkage after 30 min of
treatment (0.001 %); detachment occurred after 24 h recovery
(0.0005 %-0.001 %) followed by decreased cell viability . In
addition, a disruption in MMP was observed after 30 min
incubation and 24 h later (0.0005 %-0.001 %), indicating
impairment of normal mitochondrial function starting after
30 min of incubation. Decreased MMP represents the point
ofno return in the cascade of events that ultimately leads to the
cell’s demise [28], which can cause the release of cytochrome
C from mitochondria into cytosol, where it binds to apoptotic
protease activating factor (Apaf-)-1 and activates caspases
[29, 30]. In addition, ROS appears to be mitochondria-
derived and responsible for later mitochondrial events leading
to the full activation of the caspase cascade [31].

The cell death labeled by Annexin-V in the case of high
concentration Thi treatment deserves additional discussion.
PARP is an enzyme involved in a number of cellular processes
involving DNA repair and programmed cell death. It can be
differentially processed in apoptosis and necrosis; therefore,
its activity can potentially be used as a way of distinguishing
these two forms of cell death [32]. In apoptosis, PARP
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undergoes rapid cleavage and inactivation while during ne-
crosis PARP is highly activated. Thus, detection of the cleaved
and inactivated PARP is a diagnostic test for apoptosis in cells.
In our study, we found that as time lengthened (time depen-
dent), the amount of activated PARP protein decreased, while
the cleaved (inactivated form) increased, indicating that the
cells underwent apoptosis but not necrosis. In contrast,
Caspase-3 exists as an inactive (35KD) form in the cytoplasm
[22], while two subunits (17KD and 12KD) dimerize to form
the active enzyme when activated. Sequential activation of
caspases plays a central role in the execution phase of cell
apoptosis, and caspase-3 is responsible for the cleavage of
PARP, which occurs when DNA damage is extensive. It is
suggested that during apoptosis, the DNA-binding domain of
cleaved PARP will attach to a damaged site, thus preventing
other, non-cleaved PARP from accessing the damaged site and
initiating repair.

Autophagy has been proposed as a third mode of cell death
besides apoptosis and necrosis. It is a process in which cells
generate energy and metabolites by digesting a cell’s own
components through the autophagy machinery [23, 24]. In
normal cells, autophagy occurs constitutively at low, basal
levels. However, when under various environmental or cellu-
lar stresses, such as nutrient deprivation, oxidative stress, and
toxic stimuli [25, 26], autophagy can be a tightly regulated
adaptive mechanism in order to help cells survive stress.
However, in recent years, it has been accepted that autophagy
can also lead to cell death in addition to its role in cell survival
[33]. The amount of LC3-II correlates well with the number of
autophagosomes, so immunoblotting of endogenous LC3 can
be used to measure autophagic activity. Increased LC3-II
levels can be associated with either enhanced autophagosome
synthesis or reduced autophagosome turnover. Inhibitors such
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as Bafilomycin A1l can inhibit degradation of autolysosome
content by inhibiting the Na"H" pump at the lysosome, in-
creasing lysomal pH and inhibiting acidic lysosomal prote-
ases, respectively [34]. However, it is important to use such
inhibitors appropriately, since their activity becomes non-
specific and influences protein turnover at the proteasome,
as well as at the autolysosome, when used at too high a
concentration or for extended periods of time [35]. In our
study, we found that the expression of LC3-I and LC3-II both
increased after 24 h without inhibitors and was dose-
dependent, indicating the occurrence of autophagy in Thi-
treated cells.

Although autophagy is considered a nonselective proce-
dure, there is accumulating evidence for selective autophagic
processes in response to ROS. Mitophagy, the selective deg-
radation of mitochondria, can be induced by mitochondria
functional impairment and/or by decreased MMP. Mitophagy
may ensure the removal of damaged and potentially danger-
ous mitochondria, thus acting as a quality control mechanism
[36]. Decrease of MMP induced by oxidative stress can lead
to mitochondrial permeability transition, which triggers
mitophagy, and could act as either a survival or a death
pathway [37, 38]. In our study, cells treated with low concen-
tration of Thi still demonstrated autophagy activation, but cell
death was not detected; thus, it was assumed that autophagy
provides the front line of defense against oxidative stress.
However, programmed death is activated in response to oxi-
dative stress when survival mechanisms fail.

In conclusion, we demonstrated that an additional 24 h of
recovery after short-term Thi treatment was associated with
toxicity that was not seen during the acute exposure. Thi
induced G2-M cell cycle arrest caspase-3-dependent apoptosis
in conjunctival cells, and this apoptosis was associated with
the depolarization of the mitochondrial membrane. In addi-
tion, autophagy also occurred, although its exact physiological
significance needs to be further explored.
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