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A B S T R A C T

Background: We aimed to determine sphingolipid levels and examine apoptotic pathways in human retinal
pigment epithelial cells (ARPE-19) undergoing endoplasmic reticulum (ER) stress.
Methods: Cells were treated with tunicamycin (TM) to induce ER stress and tauroursodeoxycholic acid (TUDCA),
an ER stress inhibitor, was administered to decrease cytotoxicity. Cell viability was measured by MTT assay.
Levels of C16–C24 sphingomyelins (SM) and C16–C24 ceramides (CERs) were determined by LC-MS/MS.
Glucose-regulated protein 78-kd (GRP78) and nuclear factor kappa-b subunit 1 (NFκB1) gene expressions were
evaluated by quantitative PCR analysis, while GRP 78, NF-κB p65, cleaved caspase-3 and caspase-12 protein
levels were assesed by immunofluorescence. Ceramide-1-phosphate (C1P) levels were determined by im-
munoassay, while caspase −3 and −12 activity in cell lysates were measured via a fluorometric method.
Results: Induction of ER stress in TM treated groups were confirmed by significantly increased mRNA and
protein levels of GRP78. TM significantly decreased cell viability compared to controls. Treatment with TUDCA
along with TM significantly increased cell viability compared to the TM group. A significant increase was ob-
served in C22–C24 CERs, C1P, caspase-3, caspase-12, NFκB1 mRNA and NF-κB p65 protein levels in cells treated
with TM compared to controls. Administration of TUDCA lead to a partial decrease in GRP78 expression, NFκB1
mRNA, NF-κB p65 protein, C22–C24 CERs and C1P levels along with a decrease in caspase-3 and -12 activity.
Conclusions: The results of this study reveal the presence of increased long chain CERs, C1P and apoptotic
markers in retinal cells undergoing ER stress.

1. Introduction

Human retinal pigment epithelium (RPE) is a monolayer of cells
found on the outer surface of the neural retina and is vital in preserving
retinal function. Closeness of choroidal capillaries facilitates RPE cells
to supply nutrients to sustain visual function and to participate in
structuring the outer blood-retinal barrier that precludes nonspecific
diffusion and transport of material from the choroid [1]. Ischemic and
hypoxic injuries as well as many retinal diseases affect RPE cells [2].
Age-related modifications of the RPE comprise the decrease of cell
density that can be caused by apoptosis resulting from accumulation of
toxic substances [3]. Oxidative stress [4], hyperglycemia [5], mi-
tochondrial dysfunction [6] and ER stress [7] are amongst the nu-
merous investigated proapoptotic factors in RPE cell lines. Endoplasmic
reticulum and apoptosis is a recently revealed mechanism of cell death
observed in RPE cells [8] and is an important feature of age-related

macular degeneration, the most common cause of irreversible vision
loss especially in the elderly population over 65 years of age [9].

Basic and clinical research have presented data that ER stress and
apoptotic cell death is an important feature in the pathogenesis of age-
related macular degeneration (AMD) and other retinal degenerative
diseases [10]. However, the mechanism of increased ER stress induced
apoptosis in retinal pigment epithelial cells in retinal degeneration re-
main largely unknown. Understanding the possible mechanisms of
dysregulated apoptosis is important because it may initiate novel ap-
proaches for the prevention and treatment of retinal degenerative dis-
eases.

Protein-folding, -maturation, -trafficking, lipid synthesis and in-
tracellular calcium homeostasis are several of the key functions of the
ER [11]. Endoplasmic reticulum stress results in buildup of unfolded
proteins in the ER lumen leading to unstable protein homeostasis. Cells
turn on an adaptive system known as the unfolded protein response
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(UPR) to eradicate toxic protein components which alleviates ER stress
and re-establishes protein homeostasis [12]. However, extended per-
iods of ER stress results in failed UPR response and activates the
apoptotic cascade [12]. Fundamental mechanisms resulting in the
switch of UPR from a prosurvival to a proapoptic stimulus are still not
clearly understood.

Alterations in sphingolipid metabolism and buildup of ceramide
have been demonstrated to induce ER stress and apoptosis in retinal
pigment epithelium subjected to UV and hydrogen peroxide [13].
Ceramide can be generated through de novo synthesis, hydrolysis of
sphingomyelin by sphingomyelinase (SMase) and breakdown of gly-
cosphingolipids [14]. Among the different types of SMase enzymes that
are present, acid and neutral SMase (N-SMase) have been investigated
extensively in response to cellular stress. Endoplasmic reticulum stress
response in insulinoma cells was shown to be associated with both in-
creased message and protein levels of N-SMase [15], while on the
contrary, ER stress was demonstrated to inhibit N-SMase activity in RPE
cells [7].

Localization of ceramide in sphingolipid rich membrane fractions in
the mitochondria constitutes the basis for the functional interaction
between ceramide and apoptosis [16]. Increased ceramide activates
protein phosphatase 2A (PP2A) which in turn leads to depho-
sphorylation of B-cell lymphoma/leukemia-2 (Bcl-2) protein that causes
inactivation of Bcl2's anti-apoptotic function. Ceramide is the principal
core for sphingolipid metabolism; its decomposition or alteration leads
to the production of several sphingolipids such as C1P that, like cer-
amide itself, can possiblely serve as both structural and/or cell signaling
molecule [17]. Here, we used a cell model to test the hypothesis that ER
stress changes sphingolipid levels and induces apoptotic pathways in
retinal pigment epithelial cells.

2. Materials and methods

2.1. Cell culture and treatment conditions

The ARPE-19 cell line is a human -RPE-cell line and was obtained
from American Type Culture Collection (Manassas, VA, USA). Cells
were cultured in Dulbecco's Modified Eagle's Medium (DMEM): Ham's
Nutrient Mixture (F-12), 1:1 (Gibco, Life Technologies Limited, Paisley,
UK) supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS) (Sigma-Aldrich, St. Louis, MO, USA), 1% penicillin–streptomycin
(Gibco, Life Technologies, Grand Island, NY, USA). Cultures were
maintained at 37 °C in a humidified atmosphere of 95% air and 5%
CO2. After the cell culture reached 80% confluency, the cells were

passaged by trypsinization (0.05% Trypsin- EDTA; Gibco, Life
Technologies, Paisley, United Kingdom). Cells from passages ten to
fifteen were used in the studies.

Tunicamycin (Sigma-Aldrich, St. Louis, MO, USA) was prepared in
dimethyl sulfoxide (DMSO; Calbiochem, EMD Bioscience Inc. La Jolla,
CA, USA) at a stock concentration of 10 mg/ml. The ER stress inhibitor
TUDCA (EMD Millipore Corp. Billerica, MA USA) was dissolved in
saline at a stock concentration of 10 mM.

In most of the experiments cells were treated with 10 μg/ml TM for
24 h to induce ER stress. The dose and duration of TM used to treat cells
were based on the results of earlier studies [7]. TUDCA was adminis-
tered as an ER stress inhibitor. In most of the experiments cells were
treated with 0.5 mM of TUDCA, administered for 24 h.

2.2. Cell viability assay

Cell viability was measured using the colorimetric 3-(4,5)di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit
(Millipore Corporation, Billerica, MA, USA). Living cells reduced MTT
to formazan which was quantified by measuring absorbance at 570 nm
(MicroQuant Plate Reader, Bio-Tek Instruments Inc. Vermont, USA).
Cells were grown to confluence in 96-well plates and incubated with
1 μl/ml DMSO, 1–10 μg/ml TM, 0.1–5 mM TUDCA or 10 μg/ml TM +
0.1–5 mM TUDCA for 18–48 h. Control cells were prepared in plates
containing only medium. At the end of the incubation period, MTT was
added to each well and incubation was carried out for 4 h at 37 °C.
Formazan production was expressed as a percentage of the values ob-
tained from control cells.

2.3. Measurement of sphingomyelins and ceramides

An optimized multiple reaction monitoring (MRM) method was
developed using ultrafast-liquid chromatography (UFLC) coupled with
MS/MS as previously described [18]. Standards for N-palmitoyl-D-er-
ythro-sphingosylphosphorylcholine (C16 SM), N-stearoyl-D-erythro
sphingosylphosphorylcholine (C18 SM), N-lignoceroyl-D-erythro
sphingosylphosphorylcholine (C24 SM), N-palmitoyl-D-erythro-sphin-
gosine (C16 CER), N-stearoyl-D-erythro-sphingosine (C18 CER), N-
arachidoyl-D-erythro-sphingosine (C20 CER), N-behenoyl-D-erythro-
sphingosine (C22 CER) and N-lignoceroyl-D-erythro-sphingosine (C24
CER) were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Labeled C16 CER d18:1/16:0 (Palmitoyl-U-13C16) internal standard
was obtained from Cambridge Isotope Laboratories (Andover, MA,
USA). Solutions of each sphingolipid standard was prepared in
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methanol (Sigma-Aldrich, St. Louis, MO, USA) at 40 °C with sonication.
A UFLC system (LC-20 AD UFLC XR, Shimadzu Corporation, Japan) was
coupled to a LCMS-8040 triple quadrupole mass spectrometer (Shi-
madzu Corporation, Japan). Chromatographic separations were carried
out using an HPLC column (XTerra C18, 2.1 mm× 50 mm, Waters, MA,
USA) maintained at 60 °C. Sphingolipids were separated using a gra-
dient elution with a flow rate of 0.45 ml/min. Mobile phase solvent A
was water–acetonitrile–2-propanol (8:1:1, v/v/v) with 10 mM ammo-
nium formate and solvent B was acetonitrile–2-propanol (9:1, v/v).
Gradient program was solvent B, 65% (0–2 min), 90% (2.01–13 min),
100% (13.01–20 min) and 65% (20.1–23 min). MRM transitions and
responses were automatically optimized for individual compounds in
positive electrospray ionization (ESI). In the positive ESI-MS mode the
precursor and product m/z values for all analyzed sphingolipids were as
follows: C16 SM, precursor m/z: 703.30, product m/z: 184.20; C18 SM,
precursor m/z: 731.40, product m/z: 184.20; C24 SM, precursor m/z:
815.50, product m/z: 184.20; C16 CER, precursor m/z: 538.50, product
m/z: 264.40; C16 CER *IS, precursor m/z: 554.30, product m/z: 264.30;
C18 CER, precursor m/z: 566.30, product m/z: 264.40; C20 CER, pre-
cursor m/z: 594.60, product m/z: 264.50; C22 CER, precursor m/z:
622.60, product m/z: 264.40; C24 Ceramide, precursor m/z: 650.40,
product m/z: 264.30. Responses to analyzed sphingolipids were opti-
mized to a linear calibration range from 39 to 625 ng/ml and a sample
analysis time of 30 min.

2.4. Preparation of samples for mass spectrometric analysis

Sphingolipid extraction was done as previously described [19]. Two
μl of 5 μg/ml internal standard solution was added to 500 μl of cell
lysate. Samples were briefly vortexed and 375 μl of chloroform/me-
thanol (1:2, v/v) was added. The samples were sonicated for 30 sn and
100 μl of water was added. The mixtures were vortexed for 5 min and
stood at room temperature for 30 min. After centrifugation at 2000g for
5 min, the supernatant was taken and 125 μl of chloroform and 125 μl
of water was added. The samples were vortexed and stood for 30 min
for phase separation. The upper organic layer was transferred to glass
tubes and evaporated at room temperature under a constant stream of
nitrogen with height adjustable gas distribution unit (VLM, Bielefeld,
Germany). The dried residue was dissolved in 100 μl of methanol and
10 μl was injected into the column.

2.5. Measurement of sphingomyelinase activity

Neutral-SMase activity was measured in cell extracts via a sphin-
gomyelinase assay kit (Abcam, Catalog # ab138876, Cambridge, UK).
This assay utilizes sphingomyelin as substrate to specifically monitor
SMase activity. First, SMase hydrolyses sphingomyelin to yield cer-
amide and phosphocholine. The absorbance of the colorimetric probe at
655 nm is proportional to the formation of phosphocholine, therefore to
the SMase activity. A standard curve of absorbance values of known

amounts of sphingomyelinase standards was generated.
Sphingomyelinase activity in the samples (mU/ml) were calculated
from their corresponding absorbance values via the standard curve.

2.6. Measurement of ceramide-1-phosphate levels

Ceramide-1-phosphate levels were measured in cell extracts via an
ELISA kit (Shanghai YL Biotech Co., Ltd. Catalog # YLA3764HU
Shanghai, China). Cellular C1P captured by a solid phase monoclonal
antibody was detected with a biotin-labeled polyclonal antibody. A
streptavidin-peroxidase conjugate was then added to bind the biotiny-
lated antibody. A TMB substrate was added and the yellow product was
measured at 450 nm. A standard curve of absorbance values of known
C1P standards was plotted as a function of C1P standard concentrations
using the GraphPad Prism Software program for windows version 5.03.
(GraphPad Software Inc.). The amount of C1P in the samples were
calculated from their corresponding absorbance values via the standard
curve.

2.7. RNA extraction

Total RNA was purified from cells using AxyPrep Multisource Total
RNA Miniprep Kit (Axygen Biosciences, CA, USA) according to manu-
facturer instructions. Purified RNA concentration was determined
spectrophotometrically at 260 nm. RNA was dissolved with 70 μl TE
buffer [10 mM Tris-HCl, 0.1 mM EDTA (pH 7.5)]. 10 μl dissolved RNA
was added to 490 μl distilled water (1:50 dilution). Diluted RNA sample
was measured at an absorbance of 260 and 280 nm. One absorbance
unit at 260 nm was equal to 40 μg/ml of RNA. Prior to quantitative real-
time PCR (Q-RT-PCR) analysis, total RNA samples were diluted with
RNase-free water to a final concentration of 66 ng/μl.

2.8. Primer and probe design and optimization

Online Mendelian Inheritance in Man (OMIM) database was used as
a source for all mRNA sequences. The primers and probes were de-
signed using the Oligoware 1.0 software as previously [20] and were
synthesized by Metabion International AG (Steinkirchen, Germany).
The primers and probes used in the study are shown in Table 1. Real
time PCR was performed using one-run RT PCR kit (SNP Biyoteknoloji,
Ankara, Turkey). Primer concentrations were optimized by varing
concentrations of both forward and reverse primers in order to de-
termine the minimum primer concentration which would generate the
maximum ΔRn (difference between baseline and maximal fluorescence
of sample). Optimum probe concentration was determined by running
reactions under the optimum primer concentrations and varying the
probe concentration. The probe concentration that generated the lowest
Ct (threshold cycle defined as the fractional cycle number at which the
amount of the amplified target reaches a fixed threshold) was used as
the optimum probe concentration. The optimized buffer composition

Table 1
Primers and probes used for real-time-PCR analysis.

Gene Accession

ACTB Forward Primer 5′-CCC AGC ACA ATG AAG ATC AAG ATC-3′ OMIM -102630
Reverse Primer 5′-GGGTGTAACGCAACTAAGTCATAGTC-3′
Probe 5′-AGATCATTGCTCCTCCTGAGCGCAAG-3′

GRP78 Forward Primer 5′-ACAATCAAGGTCTATGAAGGTGAAAGAC-3′ OMIM -138120
Reverse Primer 5′-CTCGAAGAATACCATTCACATCTATCTC-3′
Probe 5′-ACTTCAATC TGTGGGACCCCACGAG -3′

NFκB1 Forward Primer 5′-CCTCCACAAGGCAGCAAATAGACG -3′ OMIM -164011
Reverse Primer 5′-AGAGTTAGCAGTGAGGCACCACT -3′
Probe 5′-AGACAGTGA CAGTGTCTGCGACAGC-3′

OMIM, Online Mendelian Inheritance in Man; ACTB, actin beta; GRP78, glucose-regulated protein 78-kd.
NFκB1, nuclear factor kappa-b subunit 1.
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was as follows: 18.3 μl one run miks, 1.1 μl primer mix (10 pmol), 1.1 μl
probe (5 pmol) and 0.3 μl RT/hotstart Taq mix. Total RNA was added at
5 μl of volume for measurement of target mRNA in each tissue. The RT-
PCR assay was performed using Mx3000p Multiplex Quantitative PCR
system (Stratagene, CA, USA). Cycling conditions were: Step 1. 30 min
at 50 °C; Step 2. 10 min at 95 °C and then 40 cycles of Step 3. 15 s at
95 °C and then 1 min at 60 °C. Control reactions confirmed that no
amplification occurred when “no template” control reactions were

performed.

2.9. Quantitative PCR analysis

Using the MxPro QPCR Software for Mx3000P detection system, the
log-linear phase of amplification was monitored to obtain Ct values for
each RNA sample. All reactions were run in triplicate and the mRNA
levels of each gene normalized to beta actin were expressed as fold

Fig. 1. legend: Cell viability analysis. A) Cell
viability assessed by MTT assay. DMSO, cells
treated with dimethyl sulfoxide (1 μl/ml); TM1,
cells treated with 1 μg/ml tunicamycin; TM10,
cells treated with 10 μg/ml tunicamycin.
TM + TD, cells treated with 10 μg/ml TM and
TUDCA at indicated doses. Data shown are re-
presentative of 6 separate experiments and va-
lues are given as mean ± SD. Statistical ana-
lysis was performed by one way analysis of
variance with all pairwise multiple comparison
procedures done by Tukey test. *, p < 0.001 vs.
18h control. **, p < 0.001 vs. 18h control, 18h
DMSO, 18 h TM1, 18 h TM + TD 0.5 mM and
18 h TM + TD 0,75 mM #, p < 0.001 vs. 24h
control, 24 h DMSO and 24 h TM + TD 0.5 mM
##, p < 0.001 vs. 24h control, 24h DMSO,
24 h TM1, 24 h TM + TD 0.5 mM and
24 h TM + TD 0,75 mM+, p < 0.001 vs.48h
control. B) Dose-dependent effect of TUDCA on
cell viability at 24 h time-course. C, control.
Data shown are representative of 3 separate
experiments and values are given as
mean ± SD. No significant difference was ob-
served in cell viability among the different dose
groups. C) Morphological changes of ARPE-
19 cells observed under an inverted light mi-
croscope (20× magnification). Cells were
treated with 1 μl/ml DMSO; 0.5 mM taur-
ohyodeoxycholic acid (TUDCA); 10 μg/ml tuni-
camycin (TM) and 10 μg/ml TM + 0.5 mM
TUDCA for 24 h. Cells treated with 10 μg/ml TM
showed morphological changes such as cell
shrinkage, detachment and rounding. A decrease
in cell population was also noted in the TM
group.
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change, 2-(ΔΔct) as previously described [21]. The relative change in the
mRNA levels of the genes studied were calculated with respect to
control operated group by the following equation:

Fold change = 2-(ΔΔct)

ΔCt= (Ct target-Ct actin beta)

ΔΔ Ct = ΔCt treatment group-ΔCt control

2.10. Caspase activity

Caspase−3 (Catalog #K102-100; BioVision Milpitas, CA, USA) and-
12 (Catalog #K139-100; BioVision Milpitas, CA, USA) activity in cell
lysates was measured via fluorometric assay kits. ARPE-19 cells were
incubated with either 1 μl/ml DMSO; 0.5 mM TUDCA; 10 μg/ml TM
and 10 μg/ml TM + 0.5 mM TUDCA for 24 h. Control cells were in-
cubated with only medium. At the end of the incubation period, cells
were washed with PBS, 1–5 x106 cells were resuspended in lysis buffer
and incubated on ice for 10 min. Caspase-3 and -12 activity were de-
termined by using 50 and 100 μg cell lysate protein, respectively.
Caspase activity was measured based on fluorometric detection of the
fluorophore 7-amino-4-trifluoromethyl coumarin (AFC) after cleavage
from the peptide substrates. Comparison of the fluorescence of AFC in
sample groups with control group allowed the determination of fold
change in caspase activity.

2.11. Immunofluorescent staining

For immunofluorescence cell-imaging studies, cells were plated at a
density of 100,000 cells/chamber in an 8-chamber slide (Merck
Millipore, Cork, Ireland) one day prior to staining in order to achieve
70% confluency. Cells were fixed in 4% freshly prepared formaldehyde
for 5 min and permeabilized in PBS with %0.1 Triton X-100 for 5 min at
room temperature. Cells were then incubated for 1 h in blocking solu-
tion (3% bovine serum albumin/0,08% glycine in PBS) and treated with
either anti-GRP 78 (1:100, #ab21685 Abcam, Cambridge, MA, USA);
anti–NF–κB p65 (1:100, #ab16502, Abcam, Cambridge, MA, USA);
anti-cleaved caspase-3 (1:100, #9664, Cell Signaling Technology,
Danvers, MA, USA); anti-caspase 12 (1:100, #ab62463 Abcam,
Cambridge, MA, USA); overnight. The secondary antibody, Alexa Fluor-
488 conjugated goat anti-rabbit (1:300, # A11008 life Technologies,
USA), was applied for 1 h at room temperature and nuclei were coun-
terstained with DAPI (Vector Laboratories Inc.,Burlingame, CA, USA) in
all experiments. Slides were viewed under a fluorescence microscope
(Olympus BX61 fully automated, Tokyo, Japan) and fluorescence in-
tensity was quantified using NIH ImageJ 1.44p software.

2.12. Protein measurements

Protein concentrations were measured at 595 nm by a modified

Bradford assay using Coomassie Plus reagent with bovine serum al-
bumin as a standard (Pierce Chemical Company, Rockford, IL).

2.13. Statistical analysis

Statistical analysis was performed using SigmaStat statistical soft-
ware version 3.5 (Sigma, St. Louis, MO, USA). Statistical analysis for
each measurement is described in figure and table legends. To compare
the groups via the SigmaStat statistical sofware, we first performed a
normality test. A test that passed indicated that the data matched the
pattern expected if the data was drawn from a population with a normal
distribution. If the sample data were not normally distributed, the
normality test failed. In such case the software performed a nonpara-
metric test. The experimental groups were compared by either One Way
ANOVA (analysis of variance) or by Kruskal-Wallis One Way ANOVA on
Ranks. When there was a statistically significant difference, we used
multiple comparison procedures also known as post-hoc tests to de-
termine exactly which groups were different.

3. Results

3.1. Analysis of cell viability

Incubation of human RPE cells with 1 μl/ml DMSO and 1 μg/ml TM
showed no cytotoxicity at 18–48h, while 10 μg/ml TM was significantly
cytotoxic (Fig. 1A). Incubation of ARPE-19 cells with 10 μg/ml TM, for
24 and 48 h significantly decreased cell viability when compared to
control groups (Fig. 1A). Treatment of cells with 0,1–0.25 mM or
1–5 mM TUDCA together with 10 μg/ml TM did not increase cell via-
bility during a 48 h time-course study. Cells treated with 0.5 mM
TUDCA for 24 h showed a pronounced increase in cell viability in the
presence of 10 μg/ml TM, which was significantly greater than 10 μg/
ml TM treatment alone (Fig. 1A). Fig. 1B shows dose-dependent effect
of 0.1–5 mM TUDCA on cell viability at 24 h time-course. No significant
difference was observed in cell viability compared to non-treated con-
trols. Fig. 1C shows morphological changes that occurred in ARPE-
19 cells treated with 1 μl/ml DMSO; 0.5 mM TUDCA; 10 μg/ml TM and
10 μg/ml TM + 0.5 mM TUDCA for 24 h. Cells treated with 10 μg/ml
TM showed morphological changes such as cell shrinkage, detachment
and rounding. A decrease in cell population was also noted in the TM
group.

3.2. Sphingomyelin and ceramide levels

Levels of endogenous sphingolipids measured in ARPE-19 cells are
given in Table 2. No significant change was observed in measured
sphingomyelins and C16–C20 CERs among the experimental groups. A
significant increase was found in C22 and C24 CER levels in ARPE-
19 cells treated with 10 μg/ml TM compared to all experimental groups.

Table 2
Levels of sphingolipids in ARPE-19 cells.

Sphingolipids (ng/mg protein) Control DMSO TUDCA TM TM + TUDCA

16:0 SM (d18:1/16:0) 847,63 ± 66,99 751,87 ± 24,19 733,76 ± 39,49 739,98 ± 56,56 768,16 ± 40,94
18:0 SM (d18:1/18:0) 299,77 ± 29,59 327,45 ± 29,32 297,56 ± 35,94 302,22 ± 28,29 334,33 ± 55,17
24:0 SM (d18:1/24:0) 130,63 ± 12,41 133,58 ± 8,52 121,65 ± 14,00 137,61 ± 8,80 127,46 ± 9,00
C16 Ceramide (d18:1/16:0) 116,86 ± 8,22 101,35 ± 2,90 103,90 ± 14,12 117,10 ± 5,20 93,64 ± 8,41
C18 Ceramide (d18:1/18:0) 37,72 ± 4,06 34,69 ± 1,74 36,83 ± 5,22 33,43 ± 2,87 33,12 ± 4,70
C20 Ceramide (d18:1/20:0) 24,74 ± 4,21 27,16 ± 3,45 21,40 ± 2,63 23,79 ± 1,56 20,68 ± 2,45
C22 Ceramide (d18:1/22:0) 47,06 ± 4,70 50,92 ± 3,52 38,39 ± 2,91 130,21 ± 6,61* 97,88 ± 1,54**
C24 Ceramide (d18:1/24:0) 267,55 ± 5,82 241,14 ± 10,30 257,30 ± 7,63 402,06 ± 9,01* 302,03 ± 9,23**

All values are mean ± SD and n = 3 in each experimental group. SM; sphingomyelin. Cells were treated with 1 μl/ml dimethyl sulfoxide (DMSO); 0.5 mM
taurohyodeoxycholic acid (TUDCA); 10 μg/ml tunicamycin (TM) and 10 μg/ml TM + 0.5 mM TUDCA for 24 h. Statistical analysis was performed by one way
analysis of variance with all pairwise multiple comparison procedures were done by Tukey test. *, p < 0,001 vs. Control, DMSO, TUDCA and TM + TUDCA. **,
p < 0,001 vs. Control, DMSO and TUDCA.
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0.5 mM TUDCA treatment caused a significant decrease in long chain
CER levels in cells treated with 10 μg/ml TM compared to TM treatment
alone. However, levels of C22 and C24 CERs were still significantly
higher in cells treated with 10 μg/ml TM + 0.5 mM TUDCA compared
to control, DMSO and TUDCA groups.

3.3. Neutral sphingomyelinase activity

Endoplasmic reticulum stress induced by 24 h treatment with
10 μg/ml TM caused a significant reduction in SMase activity
(80,52 ± 5,39 mU/g protein) when compared to control
(126,21 ± 2,06 mU/g protein) or DMSO treated cells (124,25 ± 3,36
mU/g protein). This effect was similar with 0.5 mM TUDCA treatment
(88,22 ± 3,48 mU/g protein) (Fig. 2A). Cells treated with 10 μg/ml
TM + 0.5 mM TUDCA showed a further significant decrease in SMase
activity (48,33 ± 2,60 mU/g protein) when compared to 10 μg/ml TM
or 0.5 mM TUDCA alone.

3.4. Ceramide-1-phosphate levels

Treatment of ARPE-19 cells with 10 μg/ml TM for 24 h caused a
significant increase in C1P levels (mean ± SD) compared to control,
DMSO and TUDCA treated groups. Measured C1P levels in control,
DMSO, TUDCA, TM and TM + TUDCA groups were 9,17 ± 1,45;
11,18 ± 1,03; 9,96 ± 1,24; 16,20 ± 1,19 and 12,93 ± 0,95 ng/mg
protein, respectively (Fig. 2B). Treatment with 0.5 mM TUDCA slightly
increased C1P levels in TM treated cells and no significant difference
was found between C1P levels between control, DMSO and TUDCA
treated groups.

3.5. GRP78 mRNA and GRP78 protein levels

Treatment of ARPE-19 cells with 10 μg/ml TM for 24 h caused a
significant increase in ER stress as shown by increased levels of GRP78
mRNA in TM and TM + TUDCA treated cells compared to DMSO and
TUDCA groups (Fig. 3A). Treatment with 0.5 mM TUDCA decreased
GRP78 mRNA levels in TM treated cells and a significant difference was
found between GRP78 mRNA levels between TM and TM + TUDCA
treated groups (Fig. 3A). Increased immunostaining of GRP78 was also
observed in TM treated cells (Fig. 3C). The immunostaining scores,
obtained according to both the percentage and intensity of positive
stained cells were statistically increased in TM treated ARPE-19 cells
(Fig. 3E).

3.6. NF-κB1 mRNA and NF-κB p65 protein levels

Treatment of ARPE-19 cells with 10 μg/ml TM for 24 h caused a
significant increase in NF-κB1 mRNA levels in TM treated cells com-
pared to DMSO, TUDCA and TM + TUDCA treated groups (Fig. 3B).
Treatment with 0.5 mM TUDCA slightly increased NF-κB1 mRNA levels
in TM treated cells and no significant difference was found between NF-
κB1 mRNA levels between DMSO and TUDCA treated groups (Fig. 3B).
Increased immunostaining of NF-κB p65 protein was also observed in
TM treated cells (Fig. 3D). The immunostaining scores, obtained ac-
cording to both the percentage and intensity of positive stained cells
were statistically increased in TM treated ARPE-19 cells (Fig. 3F).

3.7. Caspase activity

Incubation of ARPE-19 cells with TM for 24 h significantly increased
caspase-3 and-12 activity compared to control, DMSO and TUDCA
groups (Fig. 4A and B). Treatment with 0.5 mM TUDCA had no effect
on caspase-3 activity in TM treated cells (Fig. 4A) but decreased cas-
pase-12 activity in TM treated cells and a significant difference was
found between caspase-12 activity between TM and TM + TUDCA
treated groups (Fig. 4B). Increased immunostaining of cleaved caspase-
3 and caspase 12 protein was also observed in TM treated cells (Fig. 4C
and D, respectively). The immunostaining scores, obtained according to
both the percentage and intensity of positive stained cells were statis-
tically increased in TM treated ARPE-19 cells (Fig. 4E and F).

4. Discussion

This study gives rise to the novel observation that TM treatment in
RPE cells leads to increased ceramide levels that can be regulated by an
ER stress inhibitor, TUDCA. Information is also presented identifying
down regulation of apoptotic response via TUDCA inhibition through a
mechanism that involves caspase-12 activity.

Incubation of ARPE-19 cells with 10 μg/ml TM significantly de-
creased cell viability as previously reported [7]. The results of this
study demonstrated that TM directly damaged RPE in cell cultures.
These findings are consistint with previous reports showing retinal
toxicity of TM both in vivo and in vitro [22,23]. Tunicamycin acts by
triggering ER stress through the inhibition of protein glycosylation [24]
and the dose of TM administered to RPE cells in this study was de-
termined with reference to previous studies designed to investigate the
effects of ER stress on ARPE-19 cell cultures [7]. The generation of

Fig. 2. legend: A) Neutral sphingomyelinase (SMase) activity B) Ceramide-1-phosphate (C1P) levels. ARPE-19 cells treated with 1 μl/ml dimethyl sulfoxide (DMSO);
0.5 mM taurohyodeoxycholic acid (TUDCA); 10 μg/ml tunicamycin (TM) and 10 μg/ml TM + 0.5 mM TUDCA for 24 h. All values are mean ± SD. Data shown are
representative of 8 separate experiments. Statistical analysis for SMase measurements were by One Way Analysis of Variance and all pairwise multiple comparison
procedures were done by Tukey test.*, p < 0,001 vs. control and DMSO. #, p < 0,001 vs. TUDCA and TM. Statistical analysis for C1P measurements were by
Kruskal-Wallis One Way Analysis of Variance and all pairwise multiple comparison procedures were done by Tukey test. ##, p < 0,05 vs. control, DMSO and
TUDCA.
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cytotoxicity in our experimental cell model could be related to cell
death signaling by ER stress response since cells treated with 0.5 mM
TUDCA, an ER stress inhibitor, showed a pronounced increase in cell
viability in the presence of TM (Fig. 1). TUDCA acts as an effective
chemical chaperone in the treatment of ER stress-associated diseases by
inhibiting the UPR [25]. TUDCA restrains the initiation of the early
signaling steps in the three branches of UPR, preventing the formation
and binding of activated transcription factors to the GRP78 promoter
for transcriptional activation [25]. The capability of ER stress to induce
apoptosis and cytotoxicity in RPE cells have been documented in recent
studies [26–28].

A significant increase was observed in cellular levels of C22–C24
CERs in RPE cells treated with TM compared to controls (Table 2). Our

results support a previous study that has shown that buildup of cer-
amide during ER stress induces apoptosis in retinal pigment epithelium
subjected to UV and oxidative stress [13]. To our knowledge, this is the
first study to report increased levels of long chain fatty acid containing
ceramides in ARPE-19 cells treated with TM. It was previously shown
that exogenous ceramide led to the inhibition of sarcoplasmic/en-
doplasmic reticulum Ca2+- ATPase (SERCA) resulting in the induction
of [Ca2+] depletion in the ER [29]. This effect of ceramide is similar to
thapsigargin, a classic inducer of ER stress [30]. Thapsigargin selec-
tively inhibits SERCA, resulting in Ca2+ depletion from the ER lumen
and activation of ER stress. The subsequent increase of Ca2+ con-
centration in the cytosol and mitochondrial matrix play an important
role in exogenous ceramide-induced apoptosis [31]. TUDCA treatment

Fig. 3. legend: A-B) GRP78 and NF-κB1 mRNA levels. ARPE-19 cells were treated with 1 μl/ml dimethyl sulfoxide (DMSO); 0.5 mM taurohyodeoxycholic acid
(TUDCA); 10 μg/ml tunicamycin (TM) and 10 μg/ml TM + 0.5 mM TUDCA for 24 h. Fold change (2−ΔΔCt) in mRNA levels of NFκB1 and GRP78. Values are
mean ± SD, n = 3. Statistical analysis was performed by one way analysis of variance with all pairwise multiple comparison procedures done by Holm-Sidak
method. *, p < 0.05 vs. DMSO, TUDCA and TM + TUDCA. #, p < 0.05 vs. DMSO and TUDCA. C-D) Representative Immunofluorescent staining of GRP78 and
NFκB in ARPE-19 cells, respectively. E-F) Quantitation of fluorescence staining was estimated by ImageJ software. Data shown are representative of 3 separate
experiments and values are given as mean ± SD. Statistical analysis was performed by One Way Analysis of Variance and all pairwise multiple comparison
procedures done by Tukey test. *, p < 0,001 vs. Control, DMSO, TUDCA and TM + TUDCA. #, p < 0,001 vs. Control, DMSO, TUDCA.
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caused a significant decrease in long chain CER levels in cells treated
with TM compared to TM treatment alone. The observed decrease in
C22–C24 CERs following TUDCA treatment may present a novel me-
chanism by which TUDCA alleviates ER stress. We have also observed
that incubation with TM for 24 h significantly increased C1P levels in
RPE cells. To our knowledge, this is the first study to report increased
levels of C1P in RPE cells treated with TM. Ceramide-1-phosphate, like
ceramide itself, can likely perform as both structural and/or cell sig-
naling molecule [32]. Retinal pigment epithelial cells can generate C1P
which acts as an antagonist of ceramide to support cell proliferation and
defend cells from diverse injury [32]. Ceramide-1-phosphate promotes
photoreceptor survival and differentiation [33]. The growing role for
this sphingolipid in the alteration of vital processes in retina cell types
and its function in retinal degenerations makes them potential targets

for treating these diseases. Endoplasmic reticulum stress was reported
to increase the production of C1P in keratinocytes stimulated with a
pharmacological ER stressor, thapsigargin (Tg) [34]. Our results sup-
port these findings in RPE cells and further shows that inhibition of ER
stress via TUDCA treatment can decrease levels of C1P. Latest con-
siderable advance in knowledge of biologically active sphingolipid
synthesis, particularly within ceramide and C1P-mediated pathways,
has identified central roles for these molecules in cell survival. Cer-
amide, a chief molecule in sphingolipid metabolism, operationally
triggers antiproliferative and apoptotic reactions, while C1P induces
responses that make this molecule a cell proliferating lipid [33]. The
finding of increased C22–C24 CERs and C1P in our cell model suggests
that synthesis of both lipid species are activated in ER stress.

The catalytic role of SMase is to convert sphingomyelin to

Fig. 4. legend: A) Caspase-3 and B) Caspase-12 activity in ARPE-19 cells. Cells were treated with 1 μl/ml dimethyl sulfoxide (DMSO); 0.5 mM taurohyodeoxycholic
acid (TUDCA); 10 μg/ml tunicamycin (TM) and 10 μg/ml TM + 0.5 mM TUDCA for 24 h. All values are mean ± SD. Data shown are representative of 7–8 separate
experiments. Statistical analysis was by One Way Analysis of Variance and all pairwise multiple comparison procedures were done by Tukey test. *, p < 0,001 vs.
control, DMSO and TUDCA. #p < 0,001 vs. TM. C-D) Representative Immunofluorescent staining of cleaved caspase −3 and caspase −12 in ARPE-19 cells,
respectively. E-F) Quantitation of fluorescence staining was estimated by ImageJ software. Data shown are representative of 3 separate experiments and values are
given as mean ± SD. Statistical analysis was performed by One Way Analysis of Variance and all pairwise multiple comparison procedures done by Tukey test. *,
p < 0,001 vs. Control, DMSO, TUDCA and TM + TUDCA. #, p < 0,001 vs. Control, DMSO, TUDCA.
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phosphocholine and ceramide. Ceramide production potentiates apop-
totic stimuli in almost any mammalian cell [35] and thus decrease of
SMase activity by tunicamycin (Fig. 2) is expected to be an adaptation
mechanism to cellular stress. In our study, tunicamycin treatment de-
creased SMase activity relative to control but this did not prevent RPE
cells from caspase activation. This may be due to the fact that ceramide
also serves as a substrate for sphingomyelin synthase and decreased
ceramide production causes decreased sphingomyelin synthase activity
leading to sufficient amount of ceramide that is still present in the
milieu to serve in apoptotic cell signaling [36]. However, at greater
than 50% inhibition of SMase activity, as observed in TM + TUDCA
treated cells, ceramide present in the cell will be used to maintain
sphingomyelin synthesis and thus cannot induce apoptotic signaling.
The ratio of sphingomyelin:ceramide appears to be sufficiently in favor
of sphingomyelin in tunicamycin plus TUDCA treatment to significantly
decrease induction of caspase-12 in ARPE-19 cells.

Treatment of ARPE-19 cells with the ER stressor TM for 24 h caused
a significant increase in levels of GRP78 mRNA and protein (Fig. 3).
Significantly increased mRNA level of GRP78, has become an estab-
lished indicator for the presence of ER stress [37]. In unstressed cells
GRP78 works as a chaperone within the ER and some can be bound to
PKR-like ER kinase (PERK). When unfolded proteins are produced,
GRP-78 is sequestered away from PERK and binds to unfolded proteins,
thereby challenging to maintain homeostasis in the ER. Detachment of
GRP78 from PERK, allows the phosphorylation of PERK [37]. We found
that inhibition of ER stress in TM + TUDCA treated cells significantly
decreased the expression of GRP78, suggesting that ER stress response
is altered by TUDCA treatment in RPE cells.

Treatment with TM alone also increased NF-kB1 mRNA and NF-kB
protein levels in RPE cell lines (Fig. 3). Obtained data is in agreement
with previous studies which demonstrate that TM-induced ER stress
triggers activation of transcription factor NF-kB [38–40]. Activation of
the IkB/NF-kB transcription pathway is considered to be necessary for
cell proliferation [41]. Prolonged ER stress goes through three phases;
adaptation, alarm and apoptosis [42]. When adaptation fails, ER stress
triggers the activation of NF-kB [40]. The phosphorylation of PERK
during prolonged ER stress phosphorylates eukaryotic initiation factor
2 alpha (eIF2α) which activates NF-kB [40]. A significant down reg-
ulation of NFkB1 gene transcription was observed in TM + TUDCA
treated RPE cells supporting ER stress-mediated activation of the IkB/
NF-kB transcription pathway.

Caspase-3 and caspase-12 activity was increased in TM treated RPE
cells (Fig. 4). Caspases are key enzymes for apoptosis, which is neces-
sary for preserving homeostasis in eukaryotic. cells. There are two
major pathways that induce apoptotic cell death. One is the extrinsic
pathway, which involves binding of tumor necrosis factor-α (TNF-α)
and Fas ligand to membrane receptors leading to caspase-8 or caspase-
10 activation. The other is the intrinsic pathway, in which there is
stress-induced mitochondrial cytochrome c release [43]. Released cy-
tochrome c makes a complex with apoptotic protease activating factor-
1 (Apaf-1) and procaspase-9, which activates caspase-9. Both pathways
converge on caspase-3 activation, resulting in cellular morphological
changes such as blebbing and nuclear degradation [43]. C/EBP-homo-
logous protein (CHOP), a transcription factor induced under ER stress,
has been reported to be involved in ER stress-induced apoptosis by
reducing the expression of Bcl-2 and leading to the release of cyto-
chrome c [44]. In fact, CHOP-deficiency creates resistance to ER stress-
induced cell death both in vitro and in vivo [45]. As discussed pre-
viously, ER stress also leads to increase cytosolic calcium levels, which
leads to the activation of m-calpain [46]. Activated m-calpain cleaves
procaspase-12, a caspase localized in the ER, to generate active caspase-
12 [47]. Processed-caspase-12 reportedly activates caspase-9 in-
dependent of Apaf-1, followed by activation of caspase-3 [48]. Both
caspase-3 and -12 enzyme activity was increased in ER stressed RPE
cells and TUDCA treatment caused a significant decrease in caaspase-12
activity, supporting the involvement of ER stress in caspase-12

activation.
In conclusion, TM increased ceramide, C1P, GRP78 and NFkB levels

and lead to the activation of caspase-3 and -12 in human RPE cell lines.
Inhibition of ER stress by TUDCA decreased ceramide/C1P levels, re-
duced caspase-12 activity, caused a significant reduction of GRP 78 and
NF-kB1 expression in RPE cells. Our data suggests that inhibition of ER
stress and ceramide formation can potentially be a pharmaceutical
target in the prevention and treatment of retinal degenerative diseases
associated with apoptosis.
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