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Abstract

The pathogenesis of age-related macular degeneration (AMD) involves demise of the retinal pigment epithelium and death of photoreceptors. In
this article, we investigated the response of human adult retinal pigmented epithelial (ARPE-19) cells to 5-(N,N-hexamethylene)amiloride
(HMA), an inhibitor of Na+/H+ exchangers. We observed that ARPE-19 cells treated with HMA are unable to activate ‘classical’ apoptosis but they
succeed to activate autophagy. In the first 2 hrs of HMA exposure, autophagy is efficient in protecting cells from death. Thereafter, autophagy
is impaired, as indicated by p62 accumulation, and this protective mechanism becomes the executioner of cell death. This switch in autophagy
property as a function of time for a single stimulus is here shown for the first time. The activation of autophagy was observed, at a lesser extent,
with etoposide, suggesting that this event might be a general response of ARPE cells to stress and the most important pathway involved in cell
resistance to adverse conditions and toxic stimuli.
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Introduction

Age-related macular degeneration (AMD) is the major cause of blind-
ness in the Western countries. Moreover, the number of patients is
expected to increase from 1.75 million to 3 million in the next 10 years
[1]. The pathogenesis of AMD involves demise of the retinal pigment
epithelium (RPE) followed by death of photoreceptors [2]. The RPE is a
specialized epithelium at the interface between the neural retina and the
choriocapillaris where it forms the outer blood–retinal barrier. RPE daily

phagocytes important amounts of lipid-rich material (photoreceptor
outer segment) in the most oxygenated part of the body. So that, these
cells possess high levels of the enzymes required to detoxify reactive
oxygen species (ROS) [3]. Because elevated ROS formation is involved
in the pathogenesis of many diseases, including cancer, diabetes and
neurodegenerative diseases, as well as in ageing, the discovery of bio-
chemical mechanisms that either protect cells or promote cellular
recovery from damage is extremely important.

In the intact eye, the transition from light to dark alters pH, [Ca2+]
and [K+], and the oxygen consumption increases inducing the release
of CO2 and H2O [4]. The RPE maintains pH and volume homeostasis
of the subretinal space by transporting these products to the choroi-
dal compartment. This manoeuvre decreases intracellular pH. In
altered metabolic states like hypoxia and hyperglycaemia, H+ accumu-
lates because of the elevated glycolysis and failure of retinal circula-
tion, thus the retina is readily acidified, affecting thus the intracellular
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pH of the surrounding cells. It is worth noting that a decrease in intra-
cellular pH is also a common effect of many apoptotic stimuli such as
cytokine deprivation or ROS generation [5–7].

To study the biochemistry and molecular biology of oxidative stress
in RPE cells, many investigators have used in vitro cultures of ARPE-
19 cells. These cells have spontaneously arise from a human RPE cell
line derived from the normal eyes of a 19-year-old male who died from
head trauma in a motor vehicle accident [8]. ARPE-19 cells presenting
a normal karyotype are able to form polarized epithelial monolayers
and express RPE-specific markers such as CRALBP and RPE-65.

In this article, we investigated the response of human adult retinal
pigmented epithelial (ARPE-19) cells to 5-(N,N-hexamethylene)amilo-
ride (HMA), an inhibitor of Na+/H+ exchangers, i.e. a class of proteins
acting as intracellular pH regulators [7], and we evaluated the
pathways activated by these cells to face this metabolic stress.
We focused on the analysis of apoptosis (both caspase-dependent
and -independent), parthanatos and autophagy.

We observed that ARPE-19 cells treated with HMA are unable to
drive ‘classical’ apoptosis and succeed in activating autophagy, which
protects them under mild stress conditions, and ultimately leads to
cell death.

Materials and methods

Cell culture

Human ARPE-19 cells (adult retinal pigmented epithelial) and HeLa cells
(from human cervix carcinoma) were grown as monolayer at 37°C in

humidified atmosphere containing 5% CO2. ARPE-19 cells were cultured

in D-MEM/F12 (1:1) supplemented with 10% FCS, 4 mM glutamine,

100 U/ml penicillin and 0.1 mg/ml streptomycin; HeLa cells were cul-
tured in D-MEM supplemented with 10% FCS, 4 mM glutamine, 2 mM

Na/pyruvate, 100 U/ml penicillin and 0.1 mg/ml streptomycin (all

reagents were from Celbio, Milano, Italy). Cells were cultured in 75 cm2

flasks and trypsinized when subconfluent.

Cell treatments

ARPE-19 cells were treated with 5-(N,N-hexamethylene)amiloride (HMA;

stock solution: 80 mM in DMSO, A9561; Sigma-Aldrich, Saint-Quentin Fal-

lavier, France) at increasing concentrations (from 20 to 120 lM) for up to

72 hrs. As a positive control of apoptosis, cell cultures were treated with
the DNA topoisomerase II inhibitor, etoposide, which is used as an internal

standard for cell proliferation and viability assays. The 50 mM stock solu-

tion of etoposide (E1383; Sigma-Aldrich) was prepared in DMSO; ARPE-19
cells were treated with 250 lM etoposide for up to 72 hrs. In some experi-

ments, HeLa cells treated with 100 lM etoposide for 3 hrs, followed by

24 hrs of recovery in drug-free medium were used as a positive example

of apoptosis. As a positive control of autophagy, cell cultures were treated
with 1 lM rapamycin (R0395; Sigma-Aldrich), an inhibitor of mTOR

complex, for 2 hrs. Stock solution was prepared at the concentration of

1.367 mM in DMSO. To inhibit autophagy, 3-methyladenine (3-MA)

(M9281; Sigma-Aldrich) and bafilomycin (B1793; Sigma-Aldrich) were
used; the first one (stock solution 1 M) was administered at 5 mM for

4 hrs before the treatment with HMA and the second one at 50 nM (stock
solution 8 lM in DMSO) for 2 hrs.

Morphological analysis

For the staining with the fluorescent dye 4′,6-diamidino-2-phenylindole

(DAPI), cells were seeded in 1 ml of complete medium at a density of

5 9 104 cells/well in multiwells containing a coverslip (16-mm diame-
ter) and treated 48 hrs later with HMA at the indicated concentrations.

Multiwells with cells still attached to coverslips were put on a bed of

ice, washed with cold PBS and fixed with 4% paraformaldehyde for

15 min. After the fixation, cells were permeabilized with 0.3% Triton in
PBS for 30 min. at r.t., washed three times with PBS and stained with

DAPI (0.2 lg/ml in PBS) for 10 min. in the dark. After five washings of

5 min. with PBS, slides were finally mounted with antifade mounting

medium (90% glycerol, 20 mM Tris-HCl, pH 7.5, 2.33% DABCO). Cells
were observed using a fluorescence microscope Olympus BX51,

equipped with a 40x objective. The images were acquired through a

digital camera Camedia C4040 (Olympus, Tokyo, Japan), Adobe Photo-
shop (Redwood City, CA, USA) was used as elaborating software.

Transmission electron microscopy

ARPE-19 cells were seeded on Lab Tek slides, treated 48 hrs later with

HMA at the indicated concentration, for 24 hrs. At the end of the treat-

ment, cells were washed with PBS and fixed with 2.5% glutaraldehyde

in sodium cacodylate for 30 min. and then washed in the same buffer
twice for 15 min. Cells were post-fixed with 1% osmium tetroxide for

15 min. at 4°C in the dark, washed twice in cacodylate buffer and dehy-

drated in ethanol at increasing concentrations (50%, 70%, 80%, 90%
and 100%). Slides were then incubated with Hydroxypropyl Methacry-

late (64180; Sigma-Aldrich) twice for 5 min. each and embedded in

epoxy resin. Ultrathin sections (80 nm) were contrasted by using uranyl

acetate and observed using an electron microscope (model 100 CX II;
JEOL, Tokyo, Japan).

Cytotoxicity assay

Cytotoxicity assay was performed as already described [9].

MTT assay

ARPE-19 cells were seeded in 96-multiwell plates at a density of

2.5 9 103 in 100 ll of complete medium. Cells were treated 48 hrs later

with different drug concentrations for 24–72 hrs. At the end of the treat-
ment, 20 ll of CellTiter 96 non-radioactive cell proliferation assay (MTT,

G4000; Promega, Milano, Italy) were added to each well. Plates were then

incubated for 4 hrs at 37°C in the dark and analysed using a microplate
reader (Gio De Vita, Rome, Italy) at 570/630 nm. Experiments were

performed in quadruplicate and repeated three times.

Indirect immunofluorescence experiments

ARPE-19 cells were seeded at the density of 5 9 104/ml in 1 ml of

complete medium in multiwells containing 16-mm diameter coverslips.
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Forty-eight hours later, cells were treated with HMA, etoposide, rapamy-
cin or bafilomycin at the indicated concentrations. The following proteins:

AIF, LAMP 2, LC3, LEI/L-DNase II, mtHSP70, p62/SQSTM1 and poly

(ADP-ribose) were tested (see in Table 1 the list of the antibodies used).

LC3
At the end of the treatment, cells were washed three times with PBS for

5 min., fixed with 4% paraformaldehyde for 15 min. on ice, washed three
times in PBS, permeabilized with cold 100% acetone for 5 min., washed

three times with PBS for 5 min. and then saturated with 4% BSA (bovine

serum albumin) in PBS for 10 min. Slides were then incubated with the

polyclonal antibody against LC3 (2775; Cell Signaling, Danvers, MA, USA)
diluted 1:100 in PBS, for 1 hr at 37°C in a humidified chamber, washed five

times with PBS, incubated with the secondary antibody (111-225-003, Cy2-

conjugated anti-rabbit; Jackson, Suffolk, UK) diluted 1:50 in PBS, for 1 hr

at 37°C in a humidified chamber. Coverslips were then washed three times
with PBS in the dark and finally mounted with a drop of PBS.

LEI/L-DNase II and LAMP2
ARPE-19 cells labelling with LEI/L-DNase II antibodies was performed

as described before [7].

mtHSP70/AIF and p62/SQSTM1
After fixation performed as above described, cells were kept overnight in

70% ethanol at �20°C. The day after, coverslips were washed three times

in PBS, permeabilized with 0.3% Triton in PBS for 30 min. at r.t., washed
three times with PBS and then saturated with 5% skim milk in PBS for

30 min. Slides were then incubated with the monoclonal antibody JG1

against mtHSP70 (ALX-804-077; Alexis, Villeurbanne, France), the poly-

clonal antibody against AIF (4642; Cell Signaling) and the polyclonal anti-
body against p62 (5114; Cell Signaling), diluted 1:50, 1:100 and 1:1000 in

PBS, respectively, for 1 hr at 37°C in a humidified chamber, washed five

times with PBS, incubated with a secondary antibody TRITC-conjugated

anti-mouse (115-025-146; Jackson ImmunoResearch), Cy2-conjugated
anti-rabbit (111-225-003; Jackson ImmunoResearch), and PerCP-conju-

gated anti-rabbit (111-126-144; Jackson ImmunoResearch) diluted 1:50

in PBS, for 1 hr at 37°C in a humidified chamber. Slides were then

washed three times with PBS in the dark and finally mounted with a drop
of PBS.

Poly(ADP-ribose)
After fixation performed as described above, cells were permeabilized

with 0.3% Triton in PBS for 30 min. at r.t., washed three times with

PBS and then saturated with 5% skim milk in PBS for 30 min. Cover-

slips were then incubated with the monoclonal antibody 10H against
poly(ADP-ribose, ALX-804-220-R100; Enzo Lab Sciences, Lausen, Swit-

zerland) diluted 1:100 in PBS, for 1 hr at 37°C in a humidified chamber,

washed five times for 5 min. with PBS, incubated with the secondary

antibody TRITC-conjugated anti-mouse (115-025-146; Jackson Immu-
noResearch) diluted 1:50 in PBS, for 1 hr at 37°C in a humidified

chamber. Coverslips were then washed three times with PBS in the dark

and finally mounted with a drop of PBS. Cells were observed using a
fluorescence microscope Olympus BX51, equipped with a 40x objective.

The images were acquired with a digital camera Camedia C4040 (Olym-

pus), Adobe Photoshop was used as elaborating software.

Western blot analysis

Samples of 2.5 9 106 cells (fresh or stored in liquid nitrogen) were
resuspended with 100 ll of lysis buffer (10 mM Tris-HCl pH 7.6,

5 mM EDTA pH 8.0, 140 mM NaCl, 0.5% NP40), supplemented just

before use with 2% protease inhibitor (RG7128; Hoffmann-La Roche,

Table 1 List of primary antibodies

Antigen
Primary
antibody

Dilution Company Assay

AIF 4642 1:100 Cell Signaling

Atg7 2631S 1:1000 Cell Signaling WB

Atg5/12 2630 1:1000 Cell Signaling WB

b-Actin ab8229 Abcam WB

Beclin-1 3738 1:1000 Cell Signaling WB

Cleaved
caspase-8

9496 1:1000 Cell Signaling WB

Caspase-3 ALX-
210-807

1:250 Alexis WB

Cleaved
caspase-9

9501 1:1000 Cell Signaling WB

ERK1/2 442675 1:1000 Calbiochem WB

*ERK1/2 442685 1:5000 Calbiochem WB

JNK 559304 1:2000 Calbiochem WB

*JNK 9251 1:2000 Cell Signaling WB

Lamp 2 PRS 3627 1/100 Sigma-Aldrich IF

LC3 2775 1:1000/
1:100

Cell Signaling WB/IF

mtHSP70 ALX-
804-077

1:50 Alexis IF

PARP-1 ALX-210-
220-R100

1:1000 Alexis WB

c-Tubulin T5326 1:10000 Sigma-Aldrich WB

LEI/L-
DNase II

Home-made 1:1000/ WB/IF

p62/SQSTM1 7695 1:10000/
1:2000

Cell Signaling WB/IF

PAR ALX-804-
220-R100

1:100 Alexis IF

Survivin ab8228 1/100 Abcam WB

Thr34

Survivin
ab10720 1/1000 Abcam WB
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Milano, Italy) and 1.6 mM Na3VO4. Extracts were then heated for 10 min.
either at 65°C (for PARP-1 and p62) or 95°C and run on denaturing poly-

acrylamide gel (12% for ATG7, ATG5/12, Beclin-1, cleaved caspase-9,

ERK1/2, *ERK1/2, JNK, *JNK, PARP-1, p62/SQSTM1, c-Tubulin; 12% for

caspase-3, cleaved caspase-8, LC3, LEI/L-DNase II). Protein transfer was
performed at 200 mA for 3 hrs at 4°C and monitored by the membrane

staining with Red Ponceau (P3504; Sigma-Aldrich). The membrane was

saturated with 5% skim milk in PBS for 1 hr at room temperature and
incubated overnight at 4°C with the primary antibodies against Atg7

(1:1000; Cell Signaling), 2631S Atg5/12 (1:1000) (2630; Cell Signaling),

Beclin-1 (1:1000) (3738; Cell Signaling), cleaved caspase-8 (1:1000)

(9496; Cell Signaling), cleaved caspase-9 (1:1000) (9501; Cell Signaling),
*JNK (1:2000) (9251; Cell Signaling), LC3 (1:1000) (2775; Cell Signaling),

p62/SQSTM1 (1:10000) (7695; Cell Signaling), ERK1/2 (1:1000) (442675;

Calbiochem, Darmstadt, Germany), *ERK1/2 (1:5000) (442685;

Calbiochem), JNK (1:2000) (559304; Calbiochem), caspase-3 (1:250)
(ADI-AAP-113-D; Alexis) and PARP-1 (1:1000) (ALX-210-220-R100;

Alexis), c-Tubulin (1:10000) (T5326; Sigma-Aldrich), LEI/L-DNase II

(1:1000). After five washings in PBS containing 0.1% Tween-20, the
membrane was incubated for 30 min. with the antimouse (115-035-174;

Jackson ImmunoResearch) or anti-rabbit [(112-035-175; Jackson Immu-

noResearch) secondary antibodies conjugated with horseradish peroxi-

dase, diluted 1:10000 and 1:5000, in PBS containing 5% Skim Milk
respectively] and then washed five times in PBS. Visualization of the

immunoreactive bands was obtained by a chemoluminescent substrate,

SuperSignal West Pico Chemiluminescent Substrate (Pierce 34087), or

Immun-StarTM WesternCTM kit (170-5070; Bio-Rad, Segrate, Italy).
Three independent experiments were carried out. To make the reading of

the figures easier a table displaying all the antibodies used and their

concentration has been included (Table 1).

Analysis of survivin protein expression and
phosphorylation

Cells were lysed with a specific cell extraction buffer (0.01% NP40,

10 mM Tris-HCl pH 7.5, 50 mM KCl, 5 mM MgCl2, 2 mM DTT, 20%

glycerol, 1 mM PMSF plus protease and phosphatase inhibitors). For
the assessment of the Thr34-phosphorylated form of survivin, precle-

ared, detergent-solubilized cell extracts (100 ll) were immunoprecipi-

tated with the rabbit polyclonal anti-human survivin antibody (ab8228;
Abcam) for 16 hrs at 4°C, with precipitation of the immune complex

by addition of 50 ll of a 50:50 protein A slurry (17-0963-03; GE

Healthcare, Limonest, France). Samples were separated on precast

12% NuPAGETM Bis-Tris gel (NP0321PK2; Invitrogen Life Technology,
Merisiers, Saint Aubin, France) and transferred onto Hybond ECL

nitrocellulose membranes (RPN203D; GE Healthcare) using the Nu-

PAGE transfer buffer (NP0006; Invitrogen Life Technology). Nitrocellu-

lose membranes were blocked in PBS-Tween 20 with 5% skim milk,
first incubated with the primary antibodies specific for survivin and

Thr34-phosphorylated survivin (ab10720; Abcam.) and then with the

secondary peroxidase-conjugated antibodies. Bound antibodies were

detected using the SuperSignals West PICO chemiluminescent sub-
strate (34077; Pierce Biotechnology, Courtaboeuf, France) and autora-

diography. b-Actin monoclonal antibody (ab8229; Abcam) was used to

confirm equal protein loading on the gel. Results were quantified by
densitometric analysis using the Image-Quant software (Molecular

Dynamics, Sunnyvale, CA, USA).

Internucleosomal DNA degradation

Internucleosomal DNA degradation assay was performed as already
described [9].

RNA extraction and real-time PCR

Total RNA was isolated from ARPE-19 using Qiazol Lysis Reagent

(79306; Qiagen, Milano, Italy) according to the manufacturer’s protocol.

DNase treatment to eliminate DNA contaminations was performed using
the Turbo DNA Free Kit (AM1907; Ambion, Monza, Italy). Total RNA

concentration was determined spectrophotometrically and its quality

was verified using the Bioanalyser 2001 (Agilent Technologies, Cer-

nusco sul Naviglio, Italy). cDNA was synthesized starting from 1 lg of
total RNA using the high capacity cDNA reverse transcription kit

(4368814; Applied Biosystems, Monza, Italy) in a final volume of 50 ll.
Real-time PCR reactions were run in a final volume of 25 ll on the

Mx3000P Stratagene thermocycler using commercially available TaqMan
primers and probes (Applied Biosystems) and TaqMan Universal PCR

Master Mix (Applied Biosystems). All reactions were performed in tripli-

cate. Expression levels for Atg5 (Hs00169468_m1) and Becn1
(Hs00186838_m1) were evaluated. Gapdh (Hs99999905_m1) was used

as normalizer. Relative expression levels for each gene were calculated

using the DDCt method.

Clonogenic Test

ARPE-19 cells were seeded in 1 ml of complete medium at the density of

2.3 9 104 cells/well in 24-well plate and treated 48 hrs later with 80 lM
HMA alone or in combination with 5 mM 3-MA or 1 lM rapamycin, as

before. At the end of the treatment, cells were washed with PBS and tryps-

inized. For each condition, 103 cells were seeded into 6-well plate and
grown with complete medium. One week later, medium was removed and

cells were carefully washed with PBS, fixed and stained with 2 ml of 6%

glutaraldehyde and 0.5% cresyl violet. After 30 min., the staining solution

was removed; plates were washed with tap water, and dried in normal air
at room temperature. The surface of the plate occupied by the colonies

was calculated as follows: pictures of each plate were taken in constant

conditions of distance between the camera and the plate, source of light,

ISO, zoom, exposition time and aperture of diaphragm. The area of analy-
sis for the wells on the plate was selected (the radius was the same for all

the wells). Using image analysis software, every image was binarized and

the rate between the area occupied by colonies and the total area of the

well was calculated.

Results

ARPE-19 cell response to HMA treatment

To test ARPE-19 cell response to HMA, we first measured cell viability
by the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay. Treatment of ARPE-19 cells with different HMA concen-
trations (20–120 lM) for increasing times (up to 72 hrs) revealed
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that HMA has a dose/time-dependent effect on ARPE-19 cell viability
(Fig. 1A), with an IC50 ~60 lM. This value is higher than the IC 50
for other cells (~20 lM for BHK, HeLa and colon carcinoma cells, not
shown). Etoposide (a well-known apoptosis inducer) did not affect
ARPE-19 cell viability, possibly causing an arrest in cell proliferation,
as suggested by the absorbance values at different time-points
(Fig. 1A, Eto).

To evaluate the impact of HMA on cell proliferation, we measured
the DNA released from total extracts after alkaline lysis; this parame-
ter is proportional to the cell number [9]. This assay further con-
firmed the dose/time-dependent decrease in ARPE-19 cell number
after HMA treatment (Fig. 1B). On the whole, these results indicated
that HMA interferes with the proliferation and viability of ARPE-19
cells, triggering also cell death.

To verify if HMA cytotoxic effect was correlated to the apoptotic
process, we evaluated initiator caspase status after drug treatment,
and found no evidence of caspase-8, and -9 activation; moreover,
effector caspase-3 showed a modest conversion into the active form
only in cells treated with 120 lM HMA (Fig. 2A). Similar results were
obtained with etoposide (Eto), thus confirming the intrinsic resistance
of ARPE-19 cells to activate caspase-dependent apoptosis, as further
supported by the absence of DNA ladder in HMA-treated cells
(Fig. 2B). The analysis of PARP-1 proteolysis, which is a classical
marker of caspase-dependent cell death [9], further confirmed that
HMA did not induce classical apoptosis (Fig. 2C). To give some
insights into the resistance of ARPE-19 to activate caspases, we
investigated the expression of survivin, a major survival factor that

blocks apoptosis through the inhibition of caspases. To our surprise,
survivin, which is normally expressed in embryonic and cancer cells
is highly expressed in ARPE-19 cells. There was an increase in surviv-
ing expression, as compared with the expression of actin (Fig. 2D).
The ability of HMA to inhibit survivin activation by interfering with
protein phosphorylation on Thr34 residue was also investigated.
Results from immunoblotting experiments using a phosphospecific
antibody indicated that the levels of the active, Thr34-phosphorylated
form of survivin were reduced following treatment of ARPE-19 cells
with HMA at both time-points (Fig. 2D), suggesting that this factor,
even if present, is not protecting ARPE-19 cells from death.

As mentioned above, no cleavage of PARP-1 was observed but,
unexpectedly, HMA-treated cells showed increased levels of PARP-1
expression (Fig. 2C). To investigate if this event was correlated to
increased PARP-1 activity, we performed immunofluorescence exper-
iments using an anti- poly(ADP-ribose) (PAR) antibody (Fig. 3A).
PAR synthesis, which is a stress response signal, appeared to be
increased after HMA exposure. In fact, HMA stimulated PAR accumu-
lation, visible as the appearance of speckled nuclei after 40 lM HMA
treatment for 24 hrs. The treatment of cells with higher HMA concen-
trations (80 lM and 120 lM) or 250 lM etoposide revealed the
appearance of brilliant nuclei (Fig. 3A).

Given that PAR synthesis is involved in the caspase-independent
apoptotic pathway called parthanatos, driven by AIF (Apoptosis
Inducing Factor) translocation from mitochondria to the nucleus [10],
we investigated intracellular AIF localization. In untreated ARPE-19
cells, AIF co-localized with the mitochondrial marker mtHSP70

A

B

Fig. 1 HMA effect on ARPE-19 cell viability

and proliferation. ARPE-19 cells were trea-
ted with increasing concentrations of HMA

(20–120 lM) for up to 72 hrs. Cell incu-

bation with 250 lM etoposide for up to
72 hrs was used as an internal standard

for caspase-dependent apoptosis inducers.

(A) Cell viability was evaluated by the

MTT assay after 24, 48 and 72 hrs of
treatment. Results are expressed as the

mean ± SD of three independent experi-

ments. All measurements were signifi-

cantly different as calculated using a one
way ANOVA test P < 0.05 (B) To monitor

cell proliferation, cells were lysed in alka-

line buffer and the released DNA was

measured. Results are expressed as the
mean ± SD of three independent experi-

ments All measurements were significantly

different as calculated using a one way
ANOVA test P < 0.05.
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(Fig. 3B). The treatment with 40 lM and 80 lM HMA for 24 hrs did
not promote a significant AIF translocation from mitochondria to the
nucleus, which was visible in cells treated with 120 lM HMA, where
cells became rounded and AIF appeared to move to the nucleus.
These data suggest that the activation of this pathway occurs only at
high HMA concentrations.

We investigated also a paradigm of apoptosis that involves leu-
cocyte elastase inhibitor (LEI) conversion into its DNase active
form, called L-DNase II [11] and that implies the activation of
PARP-1. [12, 13] Immunofluorescence experiments revealed that in
untreated cells, the labelling for LEI/L-DNase II proteins showed a

low and diffuse pattern, while a treatment of 72 hrs with 250 lM
etoposide induced the translocation of LEI inside the nucleus of
ARPE-19 cells (Fig. 4A). In HMA-treated cells (40 lM), the nuclear
fluorescence of LEI/L-DNase II supported its translocation inside
the nucleus. Using higher drug concentration (80 lM), L-DNase-II
aggregated into foci inside the nucleus; however, this phenomenon
was no longer visible in cells treated with 120 lM HMA (Fig. 4A).
The conversion, and therefore activation, of LEI into its L-DNase II
form was further confirmed using Western blot analysis, which
revealed the appearance of an additional immunoreactive band (cor-
responding to L-DNase II) after HMA treatment (Fig. 4B). This body

A B

C D

Fig. 2 Analysis of caspase-dependent apoptosis in ARPE-19 cells treated with HMA. (A) ARPE-19 cells were treated with different HMA concentra-

tions (40–120 lM) for 24 hrs and then analysed using Western blot. Etoposide (250 lM), administered for 24 hrs, was used as an internal stan-

dard. As a positive control for apoptosis, HeLa cells were treated with 100 lM etoposide for 3 hrs followed by 24 hrs of recovery in drug-free

medium. The activation of caspases 3, 8 and 9 was investigated. Only caspase 3 was slightly activated in 120 lM HMA treated cells. (B) ARPE-19
cells were treated for 24 hrs with HMA (40–120 lM); 250 lM etoposide administered for 72 hrs was used as a pro-apoptotic drug. Long-term cul-

tured (LTC) HeLa cells were used as a positive control for apoptosis. Nuclear DNA was extracted and loaded on a 1.8% agarose gel stained with

ethidium bromide. No DNA degradation was visible in untreated cells or in cells treated with HMA 40 or 80 lM. A smear was observed in cells trea-

ted with 120 lM HMA and a faint ladder is seen in etoposide-treated ARPE-19 cells. (C) Upper panel. Western blot analysis of PARP-1 proteolysis
was performed on untreated, HMA- or etoposide-treated ARPE-19 cells. HeLa cells treated with etoposide were used as a positive control. c-Tubulin
was used as a loading control. 113 kD: full length PARP-1; 89 kD: cleaved PARP-1. Lower panel shows a quantification of the expression of full

length PARP-1 compared to c-tubulin. At the used loading of proteins on the gel PARP-1 is not detectable in untreated or etoposide-treated cells,
but its expression increases with HMA concentration. All the represented means are different from each other as calculated from a one way ANOVA

test (P < 0.0001). (D). Upper panel. Western blot analysis of survivin and its phosphorylated form (*) was performed on untreated ARPE-19 cells

or cells treated for 8 or 24 hrs with 40 lM HMA. b-Actin was used as a loading control. The quantification of these experiments is seen in the

lower panel, where the expression of survivin (black bars) or phosphorylated survivin (grey bars) is compared to the expression of b-actin. All the
means are different from each other as calculated from a one way ANOVA test (P < 0.0001 for survivin, P < 0.05 for phosphorylated survivin).
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of evidence indicates that the activation of L-DNase II, an endonu-
clease known to be active in apoptotic-like cell death, was involved
in ARPE-19 cell demise.

As apoptosis displays very characteristic changes in nuclear mor-
phology, we evaluate HMA effect on this parameter. To do this, we
stained ARPE-19 cells with DAPI after 40, 80 and 120 lM HMA
treatment for 24 hrs. ARPE-19 nuclei showed no signs of canonical
apoptosis (i.e. nuclear shrinkage and apoptotic bodies); interestingly,
the cytoplasm of treated cells displayed various fluorescent and bril-
liant dots (Fig. 5A).

To get inside the nature of this fluorescence, we analysed HMA
spectral behaviours, providing the evidence that HMA emits blue light
when irradiated with UV light [14], and that the compound is accumu-
lated in these vesicles. Electron microscopy observation revealed that
40 lM HMA treatment for 24 hrs triggered the formation of several

vacuole-like structures different in shape and content, being either
filled with electron-dense material, likely of mitochondrial origin, or
empty and surrounded by double membranes, suggestive of auto-
phagosomes (Fig. 5B, upper panel). Moreover, HMA treatment
induced nuclear as well as endoplasmic reticulum membrane dilata-
tion and phase I chromatin condensation, indicating that HMA
affected both organelles and nuclear integrity (Fig. 5B, lower panel).

HMA induces autophagy in ARPE-19 cells

To investigate the nature of vesicle-like structures, we monitored the
status of LC3 protein, a specific marker for autophagy (Fig. 6A and B).
In untreated ARPE-19 cells, LC3 labelling was low and cytoplasmic; in
rapamycin-treated samples, which are representative of autophagy,

A

B

Fig. 3 Indirect Immunofluorescence analysis of PARP-1 activity and AIF-dependent parthanatos. (A) ARPE-19 cells treated with either HMA or etopo-

side were probed with anti-PAR antibody to evaluate PAR synthesis. (B) Evaluation of AIF localization in HMA-treated ARPE-19 cells. Experiments

were carried out with anti-mtHSP70 (to label mitochondria, red fluorescence) and anti-AIF (green fluorescence) antibodies. Scale bar 25 lm.
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several LC3-labelled dots corresponding to autophagosomes were
detectable (Fig. 6A, left panel). These structures were visible in cells
treated with 40 and 80 lM HMA for 24 hrs, while 120 lM treated cells
showed a more diffused labelling. In fact, the punctuated labelling of
LC3 is apparent from 2 hrs of treatment with HMA (data not shown).
DMSO alone, the vehicle of HMA produced a labelling identical to the
control. Interestingly, also 250 lM etoposide caused the appearance of
few autophagosomes in ARPE-19 cells (Fig. 6A, right panel).

The analysis of LC3 status using Western blot further confirmed that
HMA induces autophagy, as demonstrated by the appearance of LC3-II
protein, the lipidated form of LC3 (Fig. 6B, left panel). In etoposide-trea-
ted cells, a modest amount of LC3-II was also present, suggesting that
autophagy activation is a general feature of ARPE-19 cells.

A

B

Fig. 4 Analysis of LEI/L-DNase II in caspase-independent apoptosis. (A)
Indirect immunofluorescence experiments were performed on ARPE-19

cells untreated or treated with HMA for 24 hrs at the indicated concen-

trations or with 250 lM etoposide for the indicated times. DAPI (blue)
or anti-LEI/L-DNase II antibody (red) was used. Scale bar: 25 lm. (B)
ARPE-19 cells were treated with 40 lM HMA for 24 hrs and analysed

by Western blot using anti-LEI/L-DNase II antibody. b actin was used

as loading control. Right panel shows the quantification of the LEI/L-
DNase II western. Black bars represent LEI/actin ratio, white bar repre-

sents L-DNase II/actin ratio. There is an increase of LEI expression and

of L-DNase II in treated cells. Means between treated and untreated

cells are statistically different as compared by using t-test (P < 0.005
for LEI, P < 0.0001 for L-DNase II).

A

B

Fig. 5Morphological changes induced by HMA. (A) ARPE-19 cells
were treated with the indicated HMA concentrations for 24 hrs,

stained with DAPI and observed at the optical microscope. Fields in

squares were magnified (lower panel). Scale bar 25 lm. (B) Electron
microscope analysis was performed on ARPE-19 cells untreated

(upper left panel) or treated with HMA (middle and right upper pan-

els). In HMA-treated cells squares show vacuoles (middle upper

panel). The left upper panel shows a high magnification image of an
autophagosome (see the double membrane indicated by two red

arrows) containing a mitochondrion. Blue arrow shows the double

membrane of the mitochondrion. The green arrow indicates a mithoc-

ondrial creast. Bottom panel: Higher magnifications show the nucleus
(N), endoplasmic reticulum (ER), autophagosomes (A). In (N), white

arrow shows chromatin condensation, black arrow indicates the

nuclear pore and arrow head the dilatation of the nuclear membrane.
Scale bar: 0.5 lm.
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We further investigated the expression of different proteins
involved in the autophagic process. Western blot analysis revealed
that Beclin-1, one of the most important autophagy regulators, was
up-regulated by 40 and 80 lM HMA; the same effect was recorded
for ATG5/12 (Fig. 6B, left panel). By contrast, no significant
changes in ATG7 expression were detected. Remarkably, HMA-
induced autophagy was found to be regulated by the MAPK path-
way, as supported by the phosphorylation of ERK 1/2 proteins,
which activation was sustained at least up to 24 hrs (Fig. 6B,

central panel). On the contrary, JNK, which is known to be involved
in several paradigms of autophagy, was poorly activated by HMA
(Fig 6B, right panel).

Finally, up-regulation of Beclin-1 and ATG5 protein levels was con-
firmed by RT real-time PCR. As shown in Figure 6C, 40 lM HMA
induced an up-regulation of BECN-1 and ATG5 gene expression. In
fact, although an 8-hr treatment had no effect on BECN-1 and ATG5
gene transcription (1.03 and 1.02 A.U. respectively), a 24 hrs treat-
ment up-regulated BECN-1 (1.53) and ATG5 (1.55) gene transcription.

A

B

C

Fig. 6 HMA induces autophagy. (A) ARPE 19 cells were untreated or treated with rapamycin for 2 hrs, with HMA or etoposide for 24 hrs and then

probed with anti-LC3 antibody. Scale bar 25 lm. (B) ARPE-19 cells were treated as before and analysed by Western blot using anti-beclin 1, ATG-7,

AGT5-12 and LC3 antibodies. c tubulin was used as a loading control (left panel). On middle and right panels, cells were treated as before and anal-
ysed using anti-ERK and phospho-ERK (*) antibodies (middle panel) or with anti JNK1 or phosphorylated JNK1 (*) antibodies (right panel). Under

the western images the quantification of the bands is reported showing a significant increase of Beclin 1 (Means are different from each other as

calculated from a one-way ANOVA test (P < 0.0001). ATG7 did not change (P = 0.165, one-way ANOVA). ATG 12 is increased in treated samples

(Means are different from each other as calculated from a-one way ANOVA test (P < 0.05) The lipidated form of LC3 was also significantly increased
as compared with the control (P < 0.0001) for all treatments. The same holds true for the phosphorylated form of ERK (P < 0.0001, except for eto-

poside, ANOVA test). JNK was significantly increased at 120 lM HMA and in the presence of rapamycin (ANOVA test P < 0.0001). (C) RT real-time

PCR experiments were performed on untreated and HMA or rapamycin-treated ARPE-19 cells. HMA was used at 40 lM concentration for the indi-
cated times, whereas rapamycin was used at 1 lM concentration for 4 hrs. GAPDH expression level was used as internal standard. Results are

expressed as the mean ± SD of three independent experiments. Relative expression levels for each gene were calculated using the DDCt method.

Only the 40 lM HMA results are significantly different from the others P < 0.05.
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Role of autophagy in HMA-treated ARPE-19 cells

To depict the exact role of autophagy in HMA-treated ARPE-19 cells,
we used either rapamycin (autophagy inducer) or 3-methyladenine
(3-MA), an autophagy inhibitor that blocks autophagosome fusion
with lysosome, in combination with HMA or alone. The clonogenic

assay performed in ARPE-19 cells treated with HMA for 24 hrs
showed low survival and no difference between untreated and treated
cells (data not shown). However, a short incubation with HMA (2 hrs)
alone or combined with either 3-MA or rapamycin, revealed that inhi-
bition of autophagy by 3-MA increased cell death, while rapamycin
had the opposite effect (Fig. 7A and B). Surprisingly, after further
2 hrs of HMA exposure the situation was inversed, 3-MA bringing
protection, rapamycin increasing cell death (Fig. 7A and B). These
results suggest that early activation of autophagy protects cells from
HMA insult, but after few hours a prolonged activation of the autopha-
gic process might be deleterious.

The effect of HMA treatment in ARPE-19 cells on autophagic flux
was evaluated by indirect immunofluorescence focusing on p62 pro-
tein localization. p62 is involved in the recognition and delivery to
autophagosomes of proteins to be degraded by the autophagic
machinery; its expression levels are a specific marker for autophagic
flux [15]. In untreated cells, p62 showed a diffuse intracellular pat-
tern, as in the case of rapamycin-induced autophagy (Fig. 7C). HMA
triggered the re-localization of p62 giving rise to a punctate cytoplas-
mic pattern, as in the case of bafilomycin (an inhibitor of lysosomal
ATPase, which blocks autophagosome fusion with lysosome) -treated
cells, where several puncta appeared inside the cytosol. Interestingly,
in HMA-treated cells p62 formed brilliant foci, possibly because of
high protein damage caused by HMA in specific cellular districts.

To investigate the fusion between autophagosomes and lyso-
somes, we analysed specific proteins resident in these two organ-
elles, namely, LC3 in the autophagosomes and LAMP-2 in the
lysosomes (Fig. 8). Untreated cells show only a red puncture labelling
corresponding to lysosomes (Fig. 8 upper row, merge, inset). In
ARPE-19 cells driven to autophagy by aminoacid depletion (W/O aa),
a complete overlapping of both proteins was visualized (see merge
and inset). This was not the case for bafilomycin- and HMA-treated
cells, in which the proteins did not colocalize (see Fig. 8, BAF and
HMA rows), supporting the hypothesis that HMA inhibits the fusion of
autophagosome with lysosome. It is worth noting that in HMA-treated

A

B

C

Fig. 7 Role of autophagy in HMA response. (A) ARPE-19 cells were

treated with HMA in the absence or presence of 1 lM rapamycin or

5 mM 3-MA. After 2 or 4 hrs of treatment, cells were trypsinized and
counted. A total of 1000 cells were seeded into 6-well plates. Seven

days after seeding, cells were stained with cresyl violet. Controls using

rapamycin or 3-MA alone have show no difference with the control (not

shown) (B) Using image analysis, the surface covered by the cells was
measured and plotted. For 2 hrs of treatment all means were signifi-

cantly different (P < 0.001) for 4 hrs no significant difference was

found between control and HMA+3-MA treated cells (student test

P = 0.73) or between HMA and HMA + rapamycin-treated cells
(P = 0.87). The treatment of cells with rapamicin or 3-MA alone did not

have any effect on cell survival (not shown). (C) HMA-treated ARPE-19

cells, at different concentrations for 24 hrs, were stained with DAPI
(upper panel) and anti-p62 antibody (lower panel). HMA-treated sam-

ples were compared to 50 nM bafylomicin-treated (representative of

lysosome-autophagosome fusion failure) or 1 lM rapamycin (represen-

tative of autophagy)-treated cells. Scale bar 25 lm.
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cells the DAPI staining labels mainly the vesicles. This is because of
the autofluorescence of HMA [15].

Discussion

The aim of the present study was to exploit an in vitro model system
representative of the in vivo dangerous milieu of retinal cells, i.e.
where cells have to face a lot of exogenous insults, causing often
adverse growth conditions. Among the deleterious situations
recorded in vivo, changes in the pH occur, which can be reproduced
in vitro by the use of HMA, a NHE inhibitor belonging to the amiloride
family, which is a potent inhibitor of Na+/H+ exchangers through the
plasma membrane, able to induce apoptosis in most cells [7].

Adult retinal pigmented epithelial-19 cells proved to be extremely
resistant to HMA treatment, and a similar cell response was recorded
also for etoposide, forcing the concept, supported by other’s results,
that these cells are very resistant to stress [16]. It is worth noting that
etoposide activates classical (caspase-dependent) apoptosis in most
cells, while HMA triggers caspase-independent, apoptotic-like cell
death [7].

We show here that ARPE-19 cells overcome cell death by activat-
ing autophagy. In the first 2 hrs of HMA exposure, autophagy is effi-
cient in protecting cells from death. Thereafter, autophagy is
impaired, as indicated by a p62 accumulation, and this protective
mechanism becomes the executioner of cell death. This switch in
autophagy role as a function of time for a single paradigm is shown
here for the first time.

Our results show that, depending on concentration, HMA
has two different effects. Up to 80 lM, an autophagic response
is observed, but at higher concentrations (120 lM) a modest acti-
vation of caspase-3, AIF translocation and LEI conversion into
L-DNase II have been detected, suggesting that multiple cell death
pathways are simultaneously triggered as result of this extremely
high dose.

Given that the apoptotic response (caspase activation; Fig. 2A)
occurs at very high HMA concentration, we focused our attention
on the events occurring at lower concentrations, possibly involved
in cell resistance. The main response of these cells to HMA concen-
tration ranging from 20 to 80 lM is the activation of the autophagic
process that, likely, protects ARPE-19 cells (Fig. 6). Actually, the
clonogenic test showed that this is true in the first 2 hrs of HMA

Fig. 8 Lysosome, autophagosome fusion in HMA treated cells. ARPE cells were cultured in normal medium (untreated), in a complete medium with-

out aminoacids (to induce autophagy), in the presence of 50 nM bafilomycin (to inhibit the lysosomal proton pump) or 40 lM HMA. Immunofluo-

rescence was performed using DAPI staining (blue), anti-LC3 (green) and anti-LAMP 2 (red) antibody. Insets in the ‘merge’ panel represent a
zoomed region of the merged picture. In ‘untreated cells’ only lysosomes (red) show a punctuate staining. In the absence of amino acids (W/O aa)

red and green stained (lysosomes and autophagosomes respectively) merged. These stains are not overlapped in bafilomycin-treated cells neither in

HMA-treated cells. To note: given that HMA is fluorescent in UV conditions autophagosomes appear white in the merged pictures, lysosomes are

red. The nucleus stained with DAPI is less fluorescent than the vesicles and appears artificially unlabelled. Scale bar: 25 lM.
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treatment (Fig. 7A). In this condition, as expected, the activation of
autophagy by rapamycin increases cell viability, while inhibition by
3-MA increases cell death. This protection is probably a result of
the sequestration of damaged organelles/proteins into autophago-
somes (Fig. 5). It is worth noting that in ARPE-19 cells we detected
also HMA in autophagosomes, indicating that the compound itself is
sequestered in the vesicles [14] (Fig. 5A). Western blot analysis of
molecular actors of autophagy supports the activation of this pro-
cess; in fact, LC3 is transformed in LC3-II, this event being a mar-
ker of autophagy; furthermore, in situ experiments confirm the
formation of autophagosomes after HMA treatment (Fig. 6). More-
over, overexpression of beclin-1 suggests that this HMA-triggered
pathway of autophagy is beclin-dependent. Stress kinases ERK 1/2
and JNK 1 are also activated (even if JNK1 activation is very low
if related to rapamycin-treated cells; Fig. 6B). In this regard, it
has been shown that a transient activation of ERK may induce
autophagy, although its sustained activation might be deleterious
for a correct autophagy execution [17] by inhibiting autophagosome
maturation, giving rise to giant autophagosomes unable to fuse with
lysosomes, thus blocking the final step of autophagy. It is possible
that, in our biological system, ERK protein is at least in part
involved in the formation of large autophagosomes as well as in the
possible inhibition of their maturation, as indicated by p62 accumu-
lation within the cytosol (Fig. 7B) and the lack of fusion between
phagosomes and lysosomes (Fig. 8).

No signs of caspase-dependent cell death have been detected after
HMA treatment, even if different features of cellular damage such as
nuclear and endoplasmic reticulum membrane dilatation and chroma-
tin condensation have been observed using electron microscope
analysis (Fig. 5B), confirming the notion that the ARPE-19 cell line is
extremely refractory to caspase-dependent cell death induction.

It is interesting to note that PARP-1, a ‘guardian of the genome’
with a crucial role in maintaining DNA integrity under stress condition
[18] is overexpressed (Fig. 2C) and hyperactivated (Fig. 3A) after HMA
treatment. At the same time, we found the activation of L-DNase II
(Fig. 4), an endonuclease [12, 13] which is in charge of DNA degrada-
tion to promote the dismantling of the nucleus of the dying cell and
could mediate PARP-1 activation, as we already reported [12]. In our
study, the mechanism of activation of PARP-1 seems quite different
from the mechanism described by Muñoz-Gamez et al. [19], who
showed that PARP-1 is activated by the damage induced in DNA and
autophagy is abolished in PARP-1�/� cells, suggesting a role of this
enzyme in the regulation of the autophagic process [20]. Here, PARP-1
activation might be just a consequence of L-DNase II activity, which is
not very high because no DNA degradation is visible in agarose gels.

PARP-1 activation and consequent PAR synthesis have been
related to a caspase-independent cell death pathway called parthana-
tos, in which PAR stimulates AIF translocation from mitochondria to

the nucleus, where it induces DNA condensation and cell death
(Fig. 3B) [10]. This could be the case for the cell death observed after
120-lM HMA treatment, in agreement with previous data obtained in
our laboratory showing that caspase-independent pathways are pref-
erentially activated in ARPE-19 cells [21].

Taken together, our data allow the demonstration that under cellu-
lar stress ARPE-19 respond by triggering autophagy. This response is
not completely efficient in protecting cells because of the pleiotropic
effects of HMA, possibly unrelated, being able to induce autophagy,
on the one hand, and to block it, on the other hand [22]. In this sce-
nario, sustained autophagy activation has a deleterious effect on cell
viability and its forced and prolonged activation could switch its role
from cell rescue to PCD type II. Beyond the time-dependent role of
autophagy in manipulating cell death, our data support the idea that
autophagy can be a general response after drug treatment. Actually,
this behaviour is also observed at a lesser extent with etoposide,
suggesting that induction of autophagy might be a general response
of RPE to stress and the most important pathway involved in cell
resistance to adverse conditions and toxic stimuli. Experiments in
progress are devoted to extend our analysis to in vivo pathological
conditions.

It is worth noting that lysosomes play a major role in RPE
physiology because of their involvement in the management of photo-
receptor waste. Actually, it has been shown that N-retynildiene—N-
retynilethanolamine, a lipofuscin pigment causes inhibition of the pro-
ton pump and lysosomal disfunction [23].This is also the case for the
lysomotropic agent chloroquine [24]. In addition, mice deficient in
Nrf2, an antioxidant gene develop deregulated autophagy and cardinal
features of age-related macular degeneration, including drusen for-
mation [25]. Thus, the investigation of the regulation of the autopha-
gic process in RPE cells could be a clue point for the understanding
of the physiopathology of age-related macular degeneration and the
development of new therapeutic approaches.
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