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Abstract Amiodarone (AM) is the most effective antiarrhyth-
mic agent currently available. However, clinical application of
AM is limited by its serious toxic adverse effects including
optic neuropathy. The purpose of this study was to explore
the effects of AM and to assess if insulin-like growth factor-1
(IGF-1) could protect retinal neuronal cells from AM-induced
apoptosis, and to determine the molecular mechanisms under-
lying the effects. Accordingly, the phosphorylation/activation
of Akt and FoxO3a were analyzed by Western blot while the
possible pathways involved in the protection of IGF-1 were
investigated by application of various pathway inhibitors. The
full electroretinogram (FERG) was used to evaluate in vivo
effect of AM and IGF-1 on rat retinal physiological functions.
Our results showed that AM concentration dependently caused
an apoptosis of RGC-5 cells, while IGF-1 protected RGC-5
cells against this effect by AM. The protective effect of IGF-1
was reversed by PI3K inhibitors LY294002 and wortmannin as

well as the Akt inhibitor VIII. AM decreased p-Akt and p-
FoxO3a while increased the nuclear localization of FoxO3a
in the RGC-5 cells. IGF-1 reversed the effect of AM on the
p-Akt and p-FoxO3a and the nuclear translocation of FoxO3a.
Similar results were obtained in primary cultured retinal gan-
glia cells. Furthermore, FERG in vivo recording in rats showed
that AM decreased a-wave and b-wave of FERG while IGF-1
reversed the effects of AM. These data show that AM induced
apoptosis of retinal neuronal cells via inhibiting the PI3K/Akt/
FoxO3a pathway while IGF-1 protected RGC-5 cells against
AM-induced cell apoptosis by stimulating this pathway.
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Introduction

Amiodarone (AM) is one of the most frequently prescribed and
efficaciousdrugs forbothatrial fibrillationandventricular tachy-
arrhythmias. Amiodarone is superior to other antiarrhythmic
agents, including sotalol and propafenone, for the treatment of
atrial fibrillation [1–3]. The clinical efficacy of amiodarone has
been limited by its toxicity, with almost 50 % of long-term pa-
tients having to cease treatment with the drug. Amiodarone tox-
icity has high incidence rate and is clinically unpredictable; it
affects the lungs, thyroid, nervous system, liver, skin, and eyes
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[4–6]. The toxic effects of amiodarone are related to the cumula-
tive dose administered. The affected organs share a common
feature: the accumulation of amiodarone and/or its toxic metab-
olite (i.e., desethylamiodarone) in the tissue. Both amiodarone
and desethylamiodarone accumulate in the tissues due to their
amphiphilic nature [7, 8].

Amiodarone-induced optic neuropathy is of great concern
and is a leading cause of medication discontinuation. Many of
the patients using amiodarone develop corneal microdeposits
and related halo vision and suffer progressive visual loss from
amiodarone-induced optic neuropathy, whereas some patients
suffer from permanent blindness [9–15].

Several experimental studies have suggested that amiodarone
inducesneurotoxicitybyblockingNa+,K+,orCa2+channels[16]
andincreases thelevelsofL-dopaanddopamine,shifting theratio
of neuroactive amino acids toward inhibitory transmitters [17].
Theneurotoxicity isalsorelated to the inhibitionofproteinkinase
C (PKC) activity and calmodulin-regulated enzymes, modulat-
ing a variety of intracellular and extracellular signals across the
neuronal membrane [18, 19]. Amiodarone is reported to cause
apoptosis andnecrosis inpulmonaryepithelial cells.Theapopto-
sis is accompanied with the activation of caspase-2, caspase-3,
and caspase-8 and is reversed by caspase inhibitors [20].
However, the precise mechanism(s) of amiodarone-induced op-
tic neuropathy is clearly not fully characterized [21–23].

RGC-5 cell is a clonal, retinal, neuronal cell line expressing
characteristic retinal markers, including Thy-1, Brn-3c, and
NMDA receptors [24–26]. The retinal ganglion cells
(RGCs) are severely damaged in optic neuropathies, including
glaucoma where a gradual but irreversible process of visual
loss and blindness occurs in association with retinal ganglion
degeneration. Retinal neuronal cells like RGCs are related to
many eye diseases, and RGC-5 has been established as a
model to study cellular and molecular mechanisms of glauco-
ma as a self-proliferative and morphologically undifferentiat-
ed in vitro system [24–26].

Insulin-like growth factor-1 (IGF-1) is a polypeptide growth
factor similar to insulin in structure and function. IGF-1 plays
roles in mitogenic, metabolic, and growth-stimulating activities
in many cells and tissues, including the retina [27, 28]. IGF-1 is
the major mediator of growth hormone activity in humans. We
have previously reported that IGF-1 promotes the survival of
various cell types in which cell death is initiated by serum
deprivation. The cellular protective action of IGF-1 involves
the PI3K/Akt signaling pathway, although the full characteri-
zation including upstream mediators and downstream effectors
and targets have not been fully elucidated [29–33].

Several experimental studies have shown that IGF-1 pro-
tects RGCs from death and promotes the regeneration of axons
after optic nerve injury in adult rats [34] and goldfish [35].
These data strongly indicate that IGF-1 is one of the most
important molecules for regulating the regeneration of RGCs
following damage to the optic nerve. It is possible that IGF-1

may also exert neuroprotective effects on the survival of RGCs.
However, the cellular mechanism of amiodarone-induced reti-
nal neuronal apoptosis and the impact of IGF-1 are unknown.

The biological actions of IGF-1 are mediated at least in part
by type I IGF receptors. Binding of IGF-1 to this receptor
initiates receptor autophosphorylation which in turn activates
its intrinsic tyrosine kinase activity, leading to phosphoryla-
tion of several downstream intracellular substrates such as
insulin receptor substrate-1 followed by activation of various
signaling pathways, including the mitogen-activated protein
(MAP) kinase (also called extracellular signal-regulated ki-
nase (ERK)) and the phosphatidylinositol 3-kinase (PI3K)/
Akt pathway in various cell types [32, 33, 36–41]. The
survival-promoting effects of IGF-1 are mediated, at least in
part, through the activation of the PI3K/Akt pathway [33, 37].

Here, we report that amiodarone induced apoptosis of
RGC-5 neuronal cells via inhibiting the PI3K/Akt/FoxO3a
pathway while IGF-1 protected RGC-5 cells against
amiodarone-induced apoptosis by stimulating this pathway.

Materials and Methods

Materials

Amiodarone was from SanofiWinthrop Industrie (Ambarès-et-
Lagrave, France). IGF-1, phosphate-buffered saline solution,
and dichlorofluorescein diacetate (DCFH-DA) kits were pur-
chased from Sigma (St. Louis, MO, USA); LY294002,
PD160316, JNK inhibitor, and PD98059 were from
Calbiochem (La Jolla, CA, USA). Lipofectamine 2000 and all
cell culture reagents were purchased from Invitrogen (Carlsbad,
CA, USA). Anti-phospho-FoxO3a and anti-FoxO3a were ob-
tained from Signalway (Pearland, TX) via Seajet Scientific
(Beijing, China). Anti-phospho-AktThr473 and anti-phospho-
ERK were from Cell Signaling (Beverly, MA, USA). All sec-
ondary antibodies conjugated with HRP were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Methyl thiazolyl tetra-
zolium (MTT),Hoechst 33342, and all other reagentswere from
Sigma Chemical (St. Louis, MO) or Fisher Scientific (Nepean,
ON). TheGFP-N1 andFoxO3a-GFPplasmidswere kindly pro-
vided by Marten P. Smidt (Rudolf Magnus Institute of
Neuroscience, Department of Pharmacology and Anatomy,
UniversityMedical Centre Utrecht, The Netherlands).

Cell Culture

The retinal neuronal cell line (RGC-5) was maintained in an
RPMI-1640 medium (Gibco BRL, Grand Island, NY) supple-
mented with 10 % (v/v) fetal bovine serum (FBS), streptomy-
cin (100 μg/ml), and penicillin (100 μg/ml) and incubated at
37 °C in a 5 % CO2 humidified atmosphere. Culture media
were replaced twice a week with fresh medium. Stock cultures
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were routinely subcultured weekly at a 1:5 ratio. The RGC-5
cells used in the experiments were 2–3 passages postthawed to
minimize the variability; the cells grew well and had normal
morphology. The density of RGC-5 cells was approximately
80 % before the treatments.

Primary cultured RGCs were prepared according to the
method described previously, with minor modifications [28,
29]. All of the procedures described in this study were per-
formed in accordance with the Guide for the Care and Use of
Laboratory Animals—Chinese Version (1996). Briefly, neona-
tal Sprague Dawley rats were killed by decapitation, and their
eyes were rapidly removed and immersed in a calcium- and
magnesium-free (CMF) salt solution (0.1 M Dulbecco’s
phosphate-buffered saline (PBS); calcium- and magnesium-
free; Gibco, Grand Island, NY). Approximately 30 eyes were
harvested for each experiment. The retinaswere rapidly isolated
and incubated at 37 °C for 25 min in CMF containing 0.1 %
trypsin. Then, the cells were incubated for 5 min with a mouse
antimacrophage antibody. The cell suspensions were then incu-
bated for 30 min on a petri dish coated with a goat anti-mouse
immunoglobulin G (H + L chain) antibody. Suspensions con-
taining cells that did not adhere to the petri dish were harvested
and incubated for 1 h in a dish coated with an anti-Thy-1.1
antibody. The cells that adhered to the dish were then
trypsinized (0.1 % trypsin for 10 min), after which they were
diluted to 1 × 105 cells/ml and placed on dishes or glass cover-
slips that had previously been coated with 50 mg/ml poly-L-
ornithine. Cells were incubated in a serum-free culturemedium,
which was prepared using a B27-supplemented Neurobasal
medium. The cultures were maintained in a humidified atmo-
sphere of 5 % CO2 and 95 % air at 37 °C, and the medium was
changed every 3 days. Cells were used after 5 days.

Treatments

To study the effect of amiodarone on the viability ofRGC-5 cells,
cellswere treatedwithvariousconcentrationsof amiodarone (0 to
10 μM). To evaluate toxicity of amiodarone, cell viability was
measured by MTTassay while the phosphorylation of signaling
proteins was determined by Western blotting. To investigate the
protectiveeffectsof IGF-1, cellspretreatedwith IGF-1were treat-
ed with amiodarone and then the cell viability and the phosphor-
ylation of signaling proteins were determined. To examine the
involvement of different signaling pathways, cells were treated
withwortmannin (100nM,30min),LY294002 (30μM,30min),
Akt inhibitorVIII (10μM,30min), PD160316 (10μM,30min),
and PD98059 (25 μM, 30 min) before the treatment of amioda-
rone and IGF-1and then the cell viability and thephosphorylation

Fig. 1 Amiodarone
concentration dependently
induced cell death in RGC-5 cells.
a RGC-5 cells were treated with
different concentrations of amio-
darone for 24 h and the viability
of cells was determined using the
MTT assay. b Cellular apoptosis
was evaluated using Hoechst
33342 staining at 24 h. c
Representative photomicrographs
(×100) of cells treated with amio-
darone for 8 h. Nuclear conden-
sation and fragmentation are seen
at higher concentrations (arrows).
The data are expressed as the
mean ± SEM of results obtained
from five independent experi-
ments. *p < 0.05, **p < 0.01

Fig. 2 Effects of IGF-1 on amiodarone-induced cell death in RGC-5
cells. RGC-5 cells were exposed to amiodarone (3 μM) for 24 h in the
absence or presence of various concentration of IGF-1. Cell viability was
determined using the MTT assay. Results are shown as the mean ± SEM
and represent five independent experiments. *p < 0.05 compared with
control, #p < 0.05 compared with amiodarone, ##p < 0.01 compared with
amiodarone
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of signaling proteinswere determined.All experimentswere car-
ried out independently at least five times.

Cell Viability Assay

Before each experiment, cellswere detached using 5mMEDTA
inPBS and seeded in 96-well plates (coatedwith 10μg/ml poly-
D-lysine)atadensityof4–8×105cells/well in1%serummedium
for 24 h. The culturemediumwas replacedwithRPMI-1640 1 h
before the experiments. Amiodarone was dissolved initially in
dimethyl sulfoxide (DMSO) as a stock solution and then in cul-
ture media (final concentration of DMSO was 0.1 %, a concen-
tration which has no effect in any assay). MTT assay or cell
counting was performed 24 h after various treatments discussed
above.For theMTTassay,cellswere returned to the incubator for
another 4-h period after replacement of themediumwith 0.5mg/
mlMTT inRPMI-1640. Cells andMTT formazan crystals were
then solubilized by trituration in a solution of isopropanol/HCl
(0.1 N), and the survival profile of these cells was quantified by
spectrophotometrically measuring the plate at 570 nM. Assays
were repeated at least five times in quadruplicate. For cell
counting, the number of surviving cells was estimated as the
average of eight arbitrarily selected fields (0.3 mm2 each) by
counting the cells under a light microscope. The mean of seven
or eight culture dishes was determined.

Detection of Apoptotic Nuclei by Hoechst 33342 Staining

After various treatments, RGC-5 cells were fixed in 4 % para-
formaldehyde in 0.1 M phosphate buffer (PB) for 20 min.

Nonspecific binding was blocked using 5 % normal goat se-
rum (Vector Laboratories, Burlingame, CA) in 0.01 M PBS
containing 0.3 % Triton X-100 (PBS + T). Cells were washed
twice with PBS and incubated with 5 μg/ml Hoechst 33342 in
PBS for 10 min at room temperature. Chromatin staining pat-
tern was then analyzed for individual cells by fluorescence
microscopy.

Fig. 3 Effects of IGF-1 on apo-
ptosis of RGC-5 cells induced by
amiodarone. Cells pretreated with
or without IGF-1 were incubated
with amiodarone. Apoptosis of
cells was assessed by staining
with Hoechst 33342. a Control. b
Amiodarone (3 μM). c
Amiodarone (3 μM) plus IGF-1
(100 ng/ml). Results are
mean ± SEM and represent assays
from at least five independent ex-
periments. **p < 0.01 versus
control, ##p < 0.01 versus
amiodarone

Fig. 4 LY294002, a PI3K inhibitor, attenuated the protective effect of
IGF-1 on amiodarone-induced apoptosis of RGC-5 cells. RGC-5 cells
were preincubated with PI3K inhibitor (LY294002, concentration shown
in the figure), ERK pathway inhibitor (PD98059), or p38 MAP kinase
inhibitor (PD160316) then treated with IGF-1 and amiodarone for 24 h as
described in BMaterials and Methods.^ Cell viability was determined by
the MTT assay. Data are expressed as a percentage of the corresponding
control value which was set at 100 %. Results are shown as the
mean ± SEM and represent assays from five independent experiments
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FoxO3a Translocation Studies in RGC-5 Cells

RGC-5 cells were plated on 96-well cell culture plates coated
with poly-D-lysine and fed with RPMI-1640 medium

supplemented with 10 % FBS plus antibiotics in 5 % CO2 at
37 °C. The following day, cells were transfected with 0.8 μg of
plasmid DNA (GFP-N1 or GFP-FoxO3a) with Lipofectamine
2000for4–6h.Then,mediawerereplacedwithRPMI-1640plus

Fig. 5 Effects of PI3K and Akt inhibitors on the protective effect of IGF-
1 on amiodarone-induced apoptosis of RGC-5 cells and primary cultured
RGCs. a RGC-5 cells pretreated with the PI3K inhibitor LY294002 or
wortmannin or the Akt inhibitor (Akt inhibitor VIII) were treated with
IGF-1 and amiodarone for 24 h. Cell viability was determined by the
MTT assay. b Primary cultured RGCs (see BMaterials and Methods^
for details) were pretreated with LY294002, wortmannin, or Akt inhibitor

VIII, followed by treatment with IGF-1 and amiodarone for 24 h, cell
viability was measured by the MTT assay. Data are expressed as a per-
centage of the corresponding control, which was set at 100 %. Results are
shown as the mean ± SD and represent assays from five independent
experiments. *p < 0.05 compared with amiodarone, #p < 0.05 compared
with amiodarone plus IGF-1

Fig. 6 The effects of amiodarone
on the phosphorylation status of
Akt and FoxO3a. RGC-5 cells
were treated with various con-
centrations of amiodarone for
24 h (a) or treated with amioda-
rone (3 μM) for different times
(b), and the phosphorylation of
Akt and FoxO3a was analyzed by
immunoblotting. c–f
Quantification of the relative
levels of p-Akt and p-FoxO3a
versusβ-actin in each sample was
determined by densitometry of
the blots. Densitometric analysis
of the immunoblot was expressed
as a percentage of control. Results
are shown as the mean ± SEM
and represent five independent
experiments. *p < 0.05 compared
with control
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5 % serum for 24 h. In the study of translocation, the culture
medium was replaced with RPMI-1640 plus 1 % serum and
treated with amiodarone (3 μM) or amiodarone (3 μM) plus
100 ng/ml IGF-1 for 30 to 60 min. Cells were fixed and stained
with Hoechst 33342 to visualize the nucleus. The subcellular
localization of FoxO3awas determined by fluorescencemicros-
copy. For quantitative analysis of the subcellular localization of
FoxO3a, the percentage of cells showing themajority of fluores-
cence in each compartment (nucleus or cytoplasm) of a cell was
counted. A total of 400 cells were counted per well.

Western Blotting

Western blotting was performed according to protocols rou-
tinely used in our laboratory [42–44]. In brief, treated cells
from different experimental conditions were rinsed once with
ice-cold PBS and lysed in RIPA buffer (50 mM Tris-HCl
pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 % Igepal CA-630,
1 % sodium dodecyl sulfate (SDS), 50 mM NaF, 1 mM
NaVO3, 5 mM phenylmethysulfonyl fluoride, 10 μg/ml
leupeptin (Sigma), and 50 μg/ml aprotinin (Sigma)) or 2×
sample buffer (final concentration of 62.5 mM Tris-HCl,

pH 6.8, 2 % (w/v) SDS, 10 % glycerol, 50 mM dithiothreitol,
and 0.1 % (w/v) bromophenol blue). Samples with equal
amounts of protein were then separated by SDS polyacryl-
amide gel electrophoresis (PAGE) and transferred to PVDF
membranes, then probed with specific antibodies, and visual-
ized using enhanced chemiluminescence kit according to the
manufacturer’s instructions. Image J was used as the image
analyzer to carry out Western blot analysis.

FERG Test

Thirty Sprague Dawley rats were randomly assigned to three
groups: group 1 was normal control group, group 2 was AM
(1 μM) group, and group 3 was IGF-1 (100 ng/ml) + AM
(1 μM) group; group 1 was vitreous injected with normal
saline 5 μl, group 2 was vitreous injected with AM (1 μM)
2.5 μl + normal saline 2.5 μl, and group 3 was vitreous
injected with IGF-1 (100 ng/ml) 2.5 μl + AM (1 μM)
2.5 μl, respectively. After above treatments for 24 h, full elec-
troretinogram (FERG) studies were performed.

FERG was monitored by Roland RETI-port visual electric
physiological system (Roland Consult, Germany). The

Fig. 7 Effects of IGF-1 on the
inhibitory effect of amiodarone on
the phosphorylation of Akt and
FoxO3a. a RGC-5 cells were
treated with IGF-1 in different
concentrations and b RGC-5 cells
were pretreated with various con-
centration of IGF-1 and then were
incubated with amiodarone
(3 μM) for 24 h. Expression level
of phosphorylated Akt and
FoxO3a was analyzed by immu-
noblotting. c–f Relative levels of
p-FoxO3a and p-Akt versus β-
actin in each sample were deter-
mined by densitometry of the
blots, densitometric analysis of
the immunoblot was expressed as
a percentage of control. Results
are shown as the mean ± SEM
and represent five independent
experiments. *p < 0.05 compared
with control, #p < 0.05 compared
with amiodarone
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experiment was performed under dim red illumination; FERG
was conducted after 60 min of dark adaptation. Rats were anes-
thetizedwith 10%chloral hydrate. The corneawas anesthetized

with Pontocaine (0.5%), andboth pupilswere dilatedwith com-
pound tropicamide eye drops. A circle silver chloride electrode
wasplacedon thecenter of the cornea.A reference electrodewas
placed in the mouth, and a grounding electrode was placed sub-
cutaneous of the tail. Rats were kept warm during and after the
procedure. All procedures were repeated for five times.

The average amplitudes of a- and b-waves were calculated.
The amplitude of the a-wave was measured from the baseline to
the bottom of the a-wave, and the amplitude of the b-wave was
measuredfromthebottomofthea-wavetothepeakoftheb-wave.

Statistical Analysis

All statistical analysis was performed using the SPSS 13.0
statistical package. Data were presented as the mean ± SEM.
Statistical analysis for multiple comparisons was performed by
analysis of variance (one-way ANOVA) with Kruskal-Wallis
test; the level of statistical significance is defined as p < 0.05.

Results

Amiodarone Caused Cell Death in RGC-5 Cells While
IGF-1 Reversed the Effect of Amiodarone by Counter
Regulation of the PI3K/Akt Pathway

To establish a cellular model of amiodarone toxicity for mech-
anistic studies, we initially examined the effect of amiodarone
on the viability of RGC-5 cells. Amiodarone induced cell
death in a concentration-dependent manner in RGC-5 cells
grown in a serum-free medium (Fig. 1a). Amiodarone induced
cell death in RGC-5 cells at submicromolar concentrations
and induced cellular apoptosis at concentrations as low as
0.5 μM, with approximately 50 % of the cells left viable at
3 μM. We thus selected this concentration of amiodarone
(3 μM) for subsequent studies (Fig. 1a–c).

We then examined the effect of IGF-1 in preventing
amiodarone-induced cell death. IGF-1, in a concentration-
dependent manner, protected RGC-5 cells against cell death in-
duced by amiodarone (Fig. 2). The protective action of IGF-1
against the apoptotic action of amiodaronewas observed at con-
centrations of 30 ng/ml with maximal protection at 100 ng/ml
(Fig. 2). The protective effect of IGF-1 against amiodarone-
induced cell death was further explored by Hoechst staining.
Figure 3 showed that amiodarone triggered apoptotic-like cell
death which was ameliorated by pretreatment of IGF-1.

We then used a pharmacological approach to investigate the
role of various signaling pathways in mediating the protective
effect of IGF-1 on amiodarone-induced toxicity (apoptosis).
The protective effect of IGF-1 against cell death induced by
amiodarone was specifically inhibited by pretreatment of the
cells with LY294002 (30 μM), a PI3K inhibitor (Fig. 4). In
contrast, PD98059 (25 μM), an upstream blocker of ERK1/2,

Fig. 8 Effects of LY294002 on the phosphorylation of Akt modulated by
IGF-1 and amiodarone in RGC-5 cells. RGC-5 cells pretreated with
LY294002 or PD98059 were treated with amiodarone or IGF-1 (a); the
phosphorylation of Akt and ERK was analyzed by immunoblotting. b–c
Densitometric analysis of the immunoblot was expressed as a percentage
of control. Results are shown as the mean ± SEM and represent five
independent experiments. **p < 0.01 compared with control,
##p < 0.01 compared with amiodarone
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and PD160316 (10 μM), a p38 MAPK inhibitor, had no effect
(Fig. 4). These results suggested that the PI3K/Akt pathway is
involved in the protective effect of IGF-1.

To further investigate the role of the PI3K/Akt signaling
pathway in IGF-1-mediated cellular protection, RGC-5 cells
were pretreated with PI3K inhibitors LY294002 (30 μM) and
wortmannin (100 nM) or the Akt kinase-specific inhibitor Akt
inhibitor VIII (10 μM) and then the cells were exposed to
amiodarone (3 μM) in the presence or absence of IGF-1
(100 ng/ml) for 40 min and cell viability was determined.
Pretreatment of RGCs with LY294002, wortmannin, or Akt
inhibitor VIII blocked the protective effects of IGF-1 (Fig. 5a).
These results confirmed the role of PI3K andAkt, a key down-
stream target kinase of PI3K, in the protective effect of IGF-1.
Importantly, the above results were also verified in primary
cultured RGCs (Fig. 5b). Thus, in primary cultured RGC neu-
rons, amiodarone decreased the cell viability while IGF-1
blocked the effect of amiodarone via the PI3K/Akt pathway.

IGF-1 Stimulated the Phosphorylation of Akt and FoxO3a
in RGC-5 Cells and Reversed the Inhibitory Effects
of Amiodarone on Phosphorylation of These Proteins

To investigate the role of PI3K/Akt/FoxO3a in modulating the
effects of amiodarone and IGF-1 on the survival of RGC-5
cells, the activation/phosphorylation of Akt and FoxO3a in

RGC-5 cell was studied by Western blotting after exposure
to amiodarone and IGF-1. Amiodarone decreased the phos-
phorylation of FoxO3a and Akt in a concentration and time-
dependent manner in RGC-5 cells (Fig. 6a–d). Inhibition of
the phosphorylation of Akt and FoxO3a by amiodarone was
apparent at an amiodarone 3 μM and reached maximal effect
at 10 μM, the highest concentration tested (Fig. 6a, c, and d).
Amiodarone had a biphasic time-dependent effect—at early
time points (up to 3–6 h), phosphorylation was increased,
followed by almost total elimination of the phosphorylation
of Akt and FoxO3a after a 24-h treatment (Fig. 6b, e, and f).
These data showed that amiodarone treatment at 3 μM for
24 h essentially abolished the phosphorylation of Akt and
FoxO3a in RGCs.

We then examined the effect of IGF-1 on the phosphoryla-
tion profile of Akt and FoxO3a with Western blotting in con-
trol and amiodarone-exposed RGC-5 cel ls . IGF-
1concentration dependently increased the phosphorylated
FoxO3a and Akt in RGC-5 cells, and the maximal effect
was observed with 100 ng/ml (Fig. 7a, c, and d). Then, the
cells were pretreated with amiodarone (3 μM) and then the
actions of IGF-1 in these RGCs were determined. The dose-
dependent stimulatory effect of IGF-1 on the phosphorylation
of both FoxO3a and Akt was persevered in RGCs which had
been pretreated with amiodarone (Fig. 7b, e, and f). Thus,
amiodarone decreased the phosphorylation of Akt and

Fig. 9 The effect of amiodarone
or IGF-1 on nuclear translocation
of FoxO3a in RGC-5 cells. RGC-
5 cells transfected with FoxO3a
were cultured with 1 % FBS
DMEM only (a) or treated with
amiodarone (3 μM) (b) or treated
with amiodarone (3 μM) and
IGF-1 (100 ng/ml) (c).
Subcellular localization of
FoxO3a was determined as de-
scribed in BMaterials and
Methods.^ Densitometry analysis
of the nuclear translocation of
FoxO3a was expressed as a per-
centage of total cells. Results are
shown as the mean ± SEM and
represent five independent
experiments
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FoxO3a in RGC-5 cells while IGF-1 treatment could over-
come the effects of amiodarone.

To further investigate the role of the PI3K/Akt pathway in
the cell-protective effects of IGF-1 in amiodarone-treated
RGCs, we again used pharmacological inhibitors of selected
pathways. RGCs pretreated with LY294002 (the PI3K inhib-
itor) or PD98059 (an upstream blocker of ERK1/2) were treat-
ed with amiodarone with/without IGF-1, and the phosphory-
lation of Akt and ERK1/2 was determined. Amiodarone

inhibited the phosphorylation of Akt, and this was reversed
by the action of IGF-1 (Fig. 8a, b). The effect of IGF-1 was
blocked by LY294002 but not by PD98059 (Fig. 8a, b). A
similar response profile was observed for the effects of the
above agents on the phosphorylation of FoxO3a (data not
shown). These data suggest that the PI3K pathway and not
the ERK1/2 pathway is mediating the cellular effects of IGF-
1.

Amiodarone Modulated the Cellular Distribution
of FoxO3a in RGC-5 Cells While IGF-1 Reversed Its
Effect

The functions of the FoxO3a transcription factor are regulated
by its phosphorylation status and cellular localization.
Phosphorylation of FoxO3a induced by Akt leads to its local-
ization in the cytosol and inhibition of its functions which
include an apoptotic effect in neuronal cells. In contrast,
dephosphorization of FoxO3a leads to the translocation to
the nucleus and the initiation of an apoptotic response [47,
48]. Thus, we investigated the effects of amiodarone and
IGF-1 on the subcellular distribution and localization of
FoxO3a following treatments with these agents. RGC-5 cells
were transfected with GFP-FoxO3a, and 24 h after transfec-
tion, the cells were treated with amiodarone alone or amioda-
rone and IGF-1 or amiodarone plus LY294002 and IGF-1.
Amiodarone treatment induced a translocation of FoxO3a to
the nucleus of RGCs (Fig. 9b compared to Fig. 9a and
quantitated in Fig. 9d). In RGCs treated with both amiodarone
and IGF-1, the action of amiodarone to stimulate translocation
of FoxO3a to the nucleus (where it would cause apoptosis)
was prevented by IGF-1 (Fig. 9c compared to Fig. 9b and
quantitated in Fig. 9d).

IGF-1 Showed a Protective Effect and Reversal
of the Effects of Amiodarone on Entoretina Function
Detected by FERG

To evaluate the retinal function among groups, FERG was
performed after 24 h. Alterations in FERG were analyzed as
shown in Fig. 10a–c. In AM (1 μM) group, b-wave ampli-
tudes of max reaction in FERGwere significantly decreased
compared to the control group. There is also remarkable
reduction in a-wave amplitudes of max reaction compared
to the control group. Other reaction in FERG showed no
statistical differences among groups. The a- and b-wave
amplitudes of max reaction amplitude in FERG were all
highly enhanced in the IGF-1 + AM treated group, com-
pared to the AM group. This result demonstrated that IGF-
1 had a protective effect on entoretina function after AM
treated.

Fig. 10 IGF-1 reversed the effects of amiodarone on entoretina functions
detected by FERG. Rats were vitreous injected with normal saline 5 μl,
AM (1 μM) 2.5 μl + normal saline 2.5 μl, and IGF-1 (100 ng/ml) 2.5 μl +
AM (1 μM) 2.5 μl, respectively, and full electroretinogram (FERG) was
used to investigate the effect of IGF-1 or amiodarone on rat eye entoretina
functions as described in BMaterials and Methods.^ Representative of
each group in max reaction (a) was shown. Results are shown as the
mean ± SEM and represent five independent experiments. ##p < 0.01
compared with control, **p < 0.01 compared with amiodarone
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Discussion

Amiodarone is an efficacious antiarrhythmic drug whose use
is compromised by severe toxic side effects. The impairment
of vision is one main cause of discontinuation in patients fol-
lowing long-term treatment of amiodarone [45], which usual-
ly begins with corneal deposit, microdeposits, and visual dis-
turbance, which progress slowly to vision impairment level,
optic neuritis, toxic optic neuropathy, and/or blindness [10,
12, 15, 46]. The mechanisms underlying amiodarone optic
toxicity are still not clear. We used the RGC model to inves-
tigate the mechanisms of amiodarone toxicity and evaluated
the potential for these effects to be prevented or reversed by a
growth factor, IGF-1, which we have previously demonstrated
to be cell protective in multiple cell types [47–49]. The major
finding of the present study is that the drug, amiodarone, ini-
tiated apoptotic cell death in RGC-5 cells, whereas IGF-1
prevented cell death by stimulating the activation of the
PI3K/Akt/FoxO3a pathway. These results indicated that
IGF-1 could overcome the toxic effect of amiodarone.

We made the following observations: (1) amiodarone treat-
ment of RGCs induced cell death in a concentration-
dependent manner; (2) IGF-1 protected RGCs against
amiodarone-induced cell death in a concentration-dependent
manner; (3) the PI3K inhibitor, LY294002, and the Akt inhib-
itor VIII blocked the protective effects of IGF-1 against
amiodarone-induced cell death; (4) amiodarone reduced the
phosphorylation of Akt and FoxO3a, and these effects were
reversed when cells were treated with IGF-1; (5) amiodarone
induced the nuclear translocation of FoxO3a (which induces

apoptosis), and this action was prevented by IGF-1 treatment.
Thus, IGF-1 can activate the PI3K/Akt/FoxO3a pathway to
oppose the apoptotic action of amiodarone in RGCs.

Amiodarone was recently reported to cause neurotoxicity
in brain cell culture [50]. Amiodarone activates both apoptotic
and necrotic pathways to induce cytotoxicity in transformed
human peripheral lung epithelial cells [51]. Molecular inves-
tigations revealed that amiodarone downregulated activator
protein-1 (AP-1) and nuclear factor kappa-B (NF-kappaB)
DNA-binding activities in activated human T cells also
inhibited DNA-binding and transcriptional activities of both
AP-1 and NF-kappa B in Jurkat cells [52]. Amiodarone
caused cell death in Hepa1c1c7 cells, while TNF cotreatment
potentiated its toxicity. Activation of caspases 9 and 3/7 was
observed in AM/TNF-cotreated cells, and caspase inhibitors
provided protection from cytotoxicity [53]. In vivo study of
the apoptotic effects of amiodarone on rat testes with immu-
nohistochemical staining showed an evidence of apoptosis
induced by amiodarone which included increased expression
of caspase-3, caspase-9, and Bax and increased DNA frag-
mentation detected via a terminal deoxynucleotidyl transfer-
ase dUTP nick end labeling assay [54]. Amiodarone also trig-
gers apoptosis through an iodine-independent mechanism
which is not mediated by p53 [55, 56].

IGF-1, a key mediator of growth hormone action in mam-
mals, plays an important role in the regulation of cellular and
tissue functions. IGF-1 can protect cells from damage induced
by hypoxia and hyperglycemia. IGF-1 and Akt (also known as
protein kinase B (PKB)) proteins have been reported to exhibit
gastroprotective effects by reducing water immersion and

Fig. 11 Possible mechanisms
underlying the effect of IGF-1 and
amiodarone in retinal neuronal
cells. Amiodarone decreased the
p-Akt and p-FoxO3a which leads
to the nuclear localization of
FoxO3a and apoptosis of RGC-5
cells. IGF-1 stimulated the acti-
vation of the PI3K/Akt pathway.
Active Akt phosphorylated
FoxO3a and caused its cytosolic
localization, antagonized the ef-
fect of AM, and caused cell sur-
vival [59, 63, 64]
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restraint stress (WRS)-induced gastric mucosal cellular apo-
ptosis. The IGF-1/PTEN/Akt/FoxO signaling pathway is ef-
fective in protecting against gastric ulcers [57, 58]. In line with
these studies, in the present in vitro experiments, we have
revealed that IGF-1 rescues RGC-5 cells from the
amiodarone-induced toxic effects via the PI3K/AKT/
FoxO3a pathway. The protective effect of IGF-1 was
completely abolished in the presence of the PI3K inhibitor
LY294002 but was unaffected by treatment with the MEK
inhibitor PD98059 or the p38 inhibitor PD160316, indicating
that IGF-1 elicits its protective effects via PI3K signaling but
not via theMAP kinase ERK1/2 or p38 pathway in these cells.
In addition, treatment of RGC-5 cells with IGF-1 leads to the
rapid generation of phosphorylated Akt. Lastly, this effect on
Akt phosphorylation is blunted in the presence of LY294002.
Together, these data suggest that IGF-1 promotes RGC cell
survival and protects them from the toxic effects of amioda-
rone by specifically activating the prosurvival PI3K/Akt
pathway.

The FoxO3a transcription factor is an important molecule
in the cell cycle as its nuclear localization results in apoptosis.
FoxO3a is a transcription factor and a proapoptotic protein,
when it is dephosphorylated, it stays in the nucleus and binds
to the promoter of its target genes like Fas, Bim, and CC3 to
induce apoptosis. When FoxO3a is phosphorylated, it translo-
cates to the cytoplasm, leaving its target genes, leading to cell
survival [59, 60]. We have previously reported that IGF-1 and
neurotrophins can induce the phosphorylation of FoxO3a in
primary cultured neurons, leading to cell survival [43, 44].
IGF-I activates the FoxO kinase Akt/PKB, which phosphory-
lates FoxO and causes its rapid translocation to the cytosol,
whereas inhibition of Akt has an opposite effect. In a two-state
mathematical model for FoxO1 nuclear-cytoplasmic redistri-
bution, FoxO phosphorylation/dephosphorylation is assumed
to be fast comparedwith nuclear influx and efflux [44, 61, 62].
Since FoxO3a is a direct downstream target of Akt, we exam-
ined the potential role of FoxO3a in the effect of IGF-1 to
promote cell survival. Intriguingly, amiodarone inhibited bas-
al levels of phosphorylated FoxO3a, in contrast to IGF-1
which increased these levels. IGF-1 was capable of returning
the levels of phosphorylated FoxO3a to the basal level in the
presence of amiodarone. These results are similar to the effects
seen on phosphorylated Akt. Furthermore, amiodarone caused
a marked increase in nuclear translocation of FoxO3a, consis-
tent with an apoptotic phenotype. In contrast, IGF-1 prevented
this effect and promoted nuclear exclusion of FoxO3a, con-
sistent with an Akt-mediated antiapoptotic phenotype.
Together, these data indicate that IGF-1 may mediate the sur-
vival and protection from amiodarone-induced RGC-5 cell
death via stimulation of the PI3K/Akt/FoxO3a signaling path-
way. The protective effect of IGF-1 was further confirmed by
the FERG analysis showing a reversal of the effects of amio-
darone on entoretina function.

Our finding is significant as clinical application of amioda-
rone is limited by its toxicity, and understanding the underly-
ing molecular mechanism is important for the prevention and
treatment of toxic side effect of amiodarone [11, 13].

In summary, this study highlights the role of PI3K/Akt/
FoxO3a in the protective action of IGF-1 in RGC-5 cells
against cell death induced by amiodarone (Fig. 11). The pres-
ent study also demonstrated that the FoxO3a transcription
factor participates in the protective effect of IGF-1 against
amiodarone. Therefore, IGF-1 analogs and stimulators of
PI3K/Akt pathway may be potential therapeutic agents for
amiodarone-related eye diseases.
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