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Abstract

Erythropoietin (EPO) is a glycoprotein hor-
mone conventionally thought to be responsible
only in producing red blood cells in our body.
However, with the discovery of the presence of
EPO and EPO receptors in the retinal layers,
the EPO seems to have physiological roles in
the eye. In this review, we revisit the role of
EPO in the eye. We look into the biological
role of EPO in the development of the eye and
the physiologic roles that it has. Apart from
that, we seek to understand the mechanisms
and pathways of EPO that contributes to the
therapeutic and pathological conditions of the
various ocular disorders such as diabetic
retinopathy, retinopathy of prematurity,
glaucoma, age-related macular degeneration,
optic neuritis, and retinal detachment. With
these understandings, we discuss the clinical
applications of EPO for treatment of ocular
disorders, modes of administration, EPO for-
mulations, current clinical trials, and its future
directions.
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Introduction

Erythropoietin (EPO) is a glycoprotein hormone
conventionally thought to be responsible only in
producing red blood cells (RBC) in our body.
Kidney cells are the major producer of EPO in
adults and the secreted protein will travel
through the blood stream to reach to the bone
marrow to stimulate hematopoietic stem cell
differentiation to RBC.1 However, ample studies
have evinced the presence of EPO protein and its
receptors in extra-hematopoietic tissues
including the retina tissue.2,3

In adults, there is a wide distribution of EPO
and EPO receptors (EPOR) reported on the
human retinal tissue4–7 and retinal pigment
epithelium (RPE)4 (Figure 1). According to

Grimm et al,8 EPOR expression was initially
found to localize on the inner segments and
synaptic terminals of the photoreceptors. Later,
numerous studies showed evidence of EPOR
expression in the inner nuclear layer (horizontal,
Műller glia, bipolar, and amacrine cells) and the
ganglion cell layer.3,7,9,10 Szabo et al11 also
demonstrated that the ganglion cells principally
produce and secrete EPO, which will then target
and bind to the EPOR present mainly on the
amacrine, horizontal, and photoreceptor cells.
Another study showed that EPO expression
was localized mainly in the bipolar and
amacrine cells.12

The vast presence of EPO and EPOR in the
retinal tissue suggests that EPO has important
physiological roles in the eye. Hence, we
reviewed on the biological role of EPO in the
development of the eye and the physiological
roles that it has. We also discussed the
mechanisms and pathways of EPO that
contribute to the therapeutic and pathogenical
conditions of ocular disorders. Finally, we
reviewed on the clinical aspects of EPO
regarding to the usage, modes of administration,
EPO formulations, current clinical trials, and
future directions of EPO as a potential therapy in
various types of ocular disorders, including
diabetic retinopathy (DR), retinopathy of
prematurity, glaucoma, optic neuritis, age-
related macular degeneration (AMD), and
retinal detachment.

The role of EPO in the eye

The basic human eye development requires
proper coordination of regulatory genes that
determines the fate of cells from different
origins. EPO has a significant involvement in the
development of visual function before birth. In
recent years, a study reported that there is a
direct correlation of fetal retina EPO mRNA
amount in vitreous humor with increasing
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gestational age.13 This is further supported by Wu et al14

on the involvement of EPO in the development of human
eye. During the process of organogenesis in the eye, they
discovered the expression of EPO, along with signal
transducer activator-of-transcription (STAT)-5, EPOR,
and pro-apoptotic protein Bcl-2-associated X (Bax)
expressions throughout the lens and retinal
development.14 Both studies concluded that the
involvement of EPO during the eye development
could be contributing to its protective role in preventing
cell apoptosis (Figure 2).13,14 Figure 2 outlines on the
schematic model of cell signaling of EPO in guarding the
eye development. It begins with binding of EPO to the
homodimeric EPOR, present on the ocular progenitor
cells. Following binding, Janus kinase-2 (JAK2) activates
several tyrosine residues on the receptor and forms
attachment sites for several molecules, including
mitogen-activated protein kinase (MAPK), nuclear
factor-kappa light chain enhancer-of-activated B cells
(NF-κB), phosphatidylinositol-3-kinase/Akt (PI3-K/
Akt), and STAT. The activation of these molecules leads
to the suppression of cell apoptosis.

The process of eye development requires a well-
controlled differentiation of ocular progenitor cells into
specific retinal neuron phenotypes. Following to the
previous outcomes,13,14 several studies further identified
EPO in neural retina differentiation. Alternatively, EPO
could facilitate the differentiation through binding with a
heterodimer complex, consisting of EPOR and interleukin
beta-common receptor (βcR; CD131). Recent data
indicates that there are expressions of heterodimer
complex in the retina spread across the photoreceptor
cells, INL and RGC.15 More importantly, expression of
βcR is also found on the eye stem cells. This has provided
evidence that EPO can interact with heterodimer EPOR/
βcR complex, and that binding of the EPO to EPOR/βcR
activates Wingless (Wnt) signaling pathway (Figure 3).
The Wnt signaling pathway has an important role in the
developmental processes of the eye field, lens, and
retina.16–18 As presented in Figure 3, binding of EPO
to heterodimeric EPOR/βcR complex, leads to binding
of Wnt to the Frizzled transmembrane receptors and
subsequent inhibition of the β-catenin phosphorylation
by glycogen synthase kinase (GSK)-3β. Activated
β-catenin then escapes from proteasomal destruction

Figure 1 The basic retinal structure. (A) Retina histological appearance of a Sprague Dawley rat stained with cresyl violet and viewed
at magnification × 200. (B) An overlaid diagram showing the general types of cells found in the retina. The retina is arranged in different
layers of cells, from the retinal pigment epithelium (RPE), the outer nuclear layer (ONL), the outer plexiform layer (OPL), the inner
nuclear layer (INL), the inner plexiform layer (IPL), and the ganglion cell layer. The retinal layers harbor five retinal neurons, such as, the
rod and cone photoreceptors, the Műller glia, the horizontal cell, the bipolar cell, the amacrine cell, and the retinal ganglion cell (RGC).
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and translocates into the nucleus through Wnt pathway,
triggers transcription and activation of Wnt-responsive
genes expression responsible for the proliferation,
differentiation, orientation, adhesion, survival and
apoptosis.17

EPO in pathogenesis of ocular disorders: a protective or
causative role?

Our perspective on EPO no longer confined to the
stimulation of RBC production. To date, the presence of
EPO and their receptors were well established in the eye
(Table 1) and they had various physiological roles as
mentioned above.8 Taken together, EPO has now been
recognized to act through many mechanisms to offer
protection to cells in ocular tissue (Table 2). Given the link
between the protective response of EPO during eye
development and the presence of EPOR in the retina,
preliminary studies have looked into the potential role of
EPO in the ocular system. Recent studies subjected to the

use of EPO in various types of ocular disorders have
reported on its neuroprotective functions such as anti-
apoptotic,15,19–21 anti-oxidant,22–25 and anti-inflammatory
properties.26–28

However, their roles in the pathogenesis of ocular
disorders were unclear. The use of EPO for the treatment
of ocular disorders has raised concerns and doubts as to
whether they aggravate pathogenicity or provide
protection to counter the insults to the eye. Here, we
looked into the literature reviews regarding the possible
protective and causative mechanisms of EPO in ocular
disorders.
The effects of physical conditions such as oxygen and

light are crucial for retinal functions. Several
distinguished investigations addressed the properties of
the EPO to mediate protection against retinal damage
through anti-apoptotic,29,30 anti-oxidant,22 and anti-
inflammatory26,31 actions in hypoxia-, light-, and genetic-
induced models.5,8,12,15 Furthermore, Chung et al20

reported on his finding for the expression of EPO and

Figure 2 The role of erythropoietin in eye development via anti-apoptotic action. Binding of EPO/EPOR induces JAK2
phosphorylation, dimerization, and subsequently, activation of several tyrosine residues forming docking site for STAT, NF-κB, PI3-
K/Akt, and MAPK. Phosphory lated MAPK and STAT molecules translocate into the nucleus and activate the expression of anti-
apoptotic Bcl-2 and Bcl-xl, an apoptotic regulator of Bcl-2 family, to inhibit cell apoptosis. Whereas activation of PI3-K/Akt undergoes
phosphorylation to block caspase activity by preventing cytochrome c leakage from mitochondria, thus attenuates DNA degradation
and inflammatory cells activity. Furthermore, phosphorylation of JAK2 mediates NF-κB to recruit and activate cytoplasmic I-κB kinase
(IKK) complex to be phosphorylated by I-κB for ubiquitylation and proteasomal degradation. Free NF-κB then translocates into the
nucleus and up-regulates expression of anti-apoptotic factor (SOD and IAP).
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EPOR were regulated according to a circadian rhythm in
the retina, with a higher expression seen before daily light
onset. Thus, this may further justify EPO as a form of
cellular defense to counter physical insults following
intense exposure to bright light and hypoxia condition
effects.
Notably, numerous studies have also successfully

outlined the molecular properties of EPO in the context of
its neuro- and tissue-protective mechanisms. Grimm et al8

found that systemic administration of EPO into a
hypoxia-induced model prevented photoreceptor cell
deaths. Here, in this article the author clarified on the
mode of EPO administration that allows EPO to cross the
blood-retinal barrier (BRB), interacts with the EPOR on
the damaged photoreceptor cells and terminates cell

apoptosis via inhibition of caspase activity.8 Likewise,
EPO showed significant preservation of the retinal
architecture and function in an ischemia-induced model
and Junk et al12 postulated that the action of EPO in NF-
κB, MAPK and PI3-K/Akt signal transduction pathways,
to stimulate the secretion of anti-apoptotic factors (Bcl-xl
and Bcl-2) and neuroprotective gene transcription such as
superoxide dismutase and inhibitors of apoptosis.12

Another study by Xie et al32 showed that delivery of
exogenous EPO through intravitreal injection upregulated
Bcl-xl expression and attenuated caspase-3 activity. These
studies clearly explained the protective mechanism of
EPO in the eye.
A balanced homeostasis to the eye microenvironment is

important and any disturbances, including persistent

Figure 3 The role of erythropoietin in eye development via neuroprotective action. Binding of EPO to EPOR/βcR activates Wnt
signaling and inhibits GSK-3β phosphorylation and proteasomal degradation of β-catenin. Free β-catenin translocates into the nucleus
and upregulates expression of lymphoid enhancer-binding factor 1/T-cell factor 1 (Lef1/Tcf) and ultimately promotes neuronal
survivability, protection, and differentiation.

Table 1 Localization of EPO and EPOR in the eye

Site of expression Experimental model EPO EPOR References

Retinal pigment epithelium Human + + 4

Outer nuclear layer (ONL); photoreceptor cells Mouse, Human - + 7,8

Inner nuclear layer (INL); amacrine, bipolar and horizontal cells Mouse, Human - + 3,10

Ganglion cell layer Mouse, human + + 7,9,11,21
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reduction in oxygenation, will progressively develop
angiogenesis, leading to abnormality in the retinal
vasculature, disruption of BRB integrity, and finally,
retinal neovascularization.33 Figure 4 illustrates the
intracellular event that leads to the inhibition of
neovascularization by the action of exogenous EPO.
In normal condition, hypoxia-inducible factor (HIF)-1α
is targeted by an oxygen detector named as prolyl
hydroxylase (PHD) for degradation in the cytoplasm.
However, during hypoxic conditions, degradation of
HIF-1α is inhibited due to the downregulation of PHD,
thus, leading to building up of HIF-1α and translocation
into the nucleus.34 Translocated HIF-1α associates with
HIF-β and induces transcription of vascular endothelial
growth factor (VEGF) expression and initiates an
angiogenesis mechanism.34 Another study by Zhang
et al35 supported how EPO exerted a protective effect by
preventing apoptosis on the endothelial cell and
preserved tight junction proteins in the retinal
vasculature, via crossing the BRB. A similar study showed
that the lack of EPO would aggravate progression of
retinopathy in the early phase and the administration of
EPO has protected retinal vasculature by suppression of
retinal vessel loss, thus inhibiting subsequent blood vessel
formation and hypoxia.9 The mechanism underlying the
protective effect of EPO in the maintenance of retinal
vasculature is mediated by JAK2 and PI3-K/Akt
pathways.9 A study by Zhang et al36 demonstrated in
early DR model that exogenous delivery of EPO through
intravitreal injection, could inhibit neovascularization by
downregulating protein expressions of HIF-1α and VEGF.
Different modes of EPO administration, such as systemic
delivery or intravitreal injection have given positive effect
for ocular disorders. Likewise, Shen et al37 showed that
intraperitoneal delivery of EPO in retinopathy rat
repressed vascular leakage in the retina with
improvement on the retinal vascular networks and
diminished focal vascular lesions.
The well-known findings of several reports showed

that EPO has common binding domain with a few other
types of receptors such as interleukin-6 receptor (IL6-R),
βcR, and so on. The extracellular domain of EPOR shares
a common binding domain with IL6-R.38,39 IL-6 is a type
of immune-regulatory cytokine, in which abnormalities in
IL-6 signaling will lead to autoimmune disease40 or
increased susceptibility to pathogen infection.41

The complex binding of IL-6 to the receptor requires
further association with glycoprotein 130 (gp130) before
generating a downstream signal transduction.42 Recently,
Leibinger et al43 found that optic nerve injury triggered
upregulation of IL-6 and the binding of IL-6 to its receptor
on the retina, via activation of JAK/STAT3 transduction
pathway, ultimately promoted neurite outgrowth and
prolonged survivability of mature retinal ganglion cells inT

ab
le

2.
(C

on
ti
nu

ed
)

E
ry
th
ro
po
ie
tin

fu
nc
tio

n
E
xp
er
im

en
ta
l
de
si
gn

/r
es
ea
rc
h
or

di
se
as
e

m
od
el

R
ou
te

of
in
tr
od
uc
tio

n/
in
je
ct
io
n

R
es
ea
rc
h
ou
tc
om

es
R
ef
er
en
ce
s

ap
op

to
si
s,
th
ro
ug

h
re
d
uc

ti
on

of
T
N
F-
α
,I
L
-6

an
d
IL
-1
β
se
cr
et
io
n,

an
d

in
cr
ea
se

of
IL
-1
0
se
cr
et
io
n

A
nt
i-
ox

id
at
iv
e

O
xi
d
at
iv
e-
in
d
uc

ed
hu

m
an

R
PE

ce
lls

In
vi
tr
o
d
el
iv
er
y;

1
IU

/
m
l

D
el
iv
er
y
of

E
PO

to
d
am

ag
ed

R
PE

re
st
or
ed

m
it
oc
ho

nd
ri
al

m
em

br
an

e
in
te
gr
it
y
by

re
d
uc

in
g
T
N
F-
α
an

d
IL
-1
β
in
fl
am

m
at
or
y
cy
to
ki
ne

s
se
cr
et
io
n,

in
hi
bi
ti
ng

ca
sp

as
e-
3
ac
tiv

it
y
an

d
bl
oc
ki
ng

cy
to
ch

ro
m
e
c
pr
od

uc
ti
on

22

N
eu

ro
re
ge

ne
ra
ti
on

R
G
C
-in

d
uc

ed
ax

on
al

d
eg

en
er
at
io
n

in
a
ra
t
m
od

el
In
tr
av

it
re
al
;1

0
an

d
25

U
A
dm

in
is
tr
at
io
n
of

E
PO

-in
d
uc

ed
R
G
C
ax

on
re
ge

ne
ra
ti
on

w
ith

in
an

d
be

yo
nd

th
e
pe

ri
ph

er
al

ne
rv
e
th
ro
ug

h
JA

K
2/

ST
A
T
3
pa

th
w
ay

13
9

N
eu

ro
re
ge

ne
ra
ti
on

Pr
im

ar
y
ad

ul
t
in
ju
re
d
re
ti
na

fo
llo

w
in
g
O
N

le
si
on

In
vi
tr
o
d
el
iv
er
y
an

d
in
tr
av

it
re
al
;

10
00

U
/
m
l

A
dm

in
is
tr
at
io
n
of

E
PO

to
in
ju
re
d
re
ti
na

in
d
uc

ed
R
G
C

ax
on

re
ge

ne
ra
ti
on

in
to

m
or
ph

ol
og

ic
al

an
d
fu
nc

ti
on

al
ac
ti
ve

ne
ur
it
e,
at

d
os
e-
d
ep

en
d
en

tm
an

ne
r

vi
a
an

in
cr
ea
se

of
B
cl
-x
l
ex
pr
es
si
on

th
ro
ug

h
ac
ti
va

ti
on

of
JA

K
2/

ST
A
T
3

si
gn

al
in
g
pa

th
w
ay

14
0

In
hi
bi
ti
on

of
pr
e-
re
ti
na

l
ne

ov
as
cu

la
ri
za
ti
on

R
et
in
al

d
eg

en
er
at
io
n
in

d
ia
be

ti
c
ra
ts

In
tr
ap

er
it
on

ea
l

A
dm

in
is
tr
at
io
n
of

E
PO

pe
pt
id
e
to

d
am

ag
ed

re
ti
na

re
d
uc

ed
re
ti
na

l
va

sc
ul
at
ur
e
d
eg

en
er
at
io
n
an

d
re
ti
na

l
hy

po
xi
a
by

d
ec
re
as
ed

V
E
G
F

ex
pr
es
si
on

22

Clinical application of EPO for treatment of ocular disorders
SL Shirley Ding et al

1298

Eye



culture. In another study, IL-6 was found to prevent
photoreceptors from dying when neuroretina layer was
detached from the RPE.44 Hence, the binding of EPO to
IL6-R may also confer the positive effects on anti-
inflammatory properties of retinal neuron cells via
activation of IL-6 downstream signaling pathway.
Apart from its protective role, the challenges of using

EPO are also defined by its pathological effect on the
regulation of microvascular permeability and ocular
angiogenesis. The development of blood vessels is
essential to supply sufficient concentration of oxygen to
maintain optimal tissue function. In the adult, the process
of angiogenesis is predominantly mediated by VEGF
stimulation from the initiation of vascular permeability,
followed by endothelial cell proliferation and migration.45

Finally, formation of new vascular network through
proper maturation and remodeling.45 In adults,
angiogenesis is normally quiescent, unless, stimulated by
appropriate angiogenic factors, this process can occur
during embryogenesis,45 menstruation,45 and wound
healing.45 However, angiogenesis has been associated
with many pathological diseases, such as ocular
retinopathy, arthritis, and tumor formation.

In the eye, high level of VEGF can be caused by
ischemia,45,46 hypoxia,45,46 or hyperglycemia45,46 that
results in vascular leakage and neovascularization, which
is prominently observed in ocular disorders, like DR and
AMD.46 Therefore, targeting VEGF for the management
of retinal neovascularization has always been the strategy
employed to minimize diabetic macular edema45,46 and
choroidal neovascularization45,46 in patients with diabetic
maculopathy and AMD.46 However, studies have
described that VEGF alone does not complete
angiogenesis, thus search for other angiogenic factors that
are equally contributing to angiogenesis has unraveled
the involvement of EPO.47,48

Angiogenesis is caused by the activation of HIF-1α,
under hypoxic conditions, promotes expression of VEGF
transcript.34 At the same time, regulation of EPO is also
mediated by the control of HIF-1α.34,36 Thus, the binding
of EPO/EPOR may have the potential to induce new
blood vessel formation. It was observed that EPO
stimulates angiogenesis as potently as VEGF, regardless
of VEGF induction, through an independent
mechanism.49,50 Interestingly, Kertesz et al51 reported that
the expression of VEGF was upregulated, in the absence
of HIF-1α transcription factor, but in response to EPO

Figure 4 The role of erythropoietin in modulating neovascularization. Delivery of EPO, under hypoxic condition, promotes HIF-α
hydroxylation via PHD, leading to proteasomal degradation of HIF-α and ultimately inhibits transcription of VEGF expression and
angiogenesis mechanism.
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stimulation. Evidence from the study hypothesized that
increase in the expression and activation of EPOR can be
triggered by VEGF-A, present in the vascular
endothelium, upon binding to VEGF receptor-2
(VEGFR-2).34,36,51 Phosphorylated VEGFR-2 then interacts
with phosphorylated EPOR to enhance angiogenesis via a
STAT3 signaling pathway51 and this was equally reported
by Nakano et al,52 Sautina et al,53 and Yang et al.54 In
conclusion, the EPO also modulates angiogenesis by
inducing the secretion of VEGF, which then binds and
activates VEGFR-2.51–54

Apart from VEGFR-2, Sautina et al53 also demonstrated
that the stimulation of EPO is dependent on the βcR. On
the basis of our initial findings, we have discussed the role
of the EPO on tissue protection through the interaction of
heterodimeric EPOR/βcR.17 The effect of EPO on
endothelial progenitor cells (EPC) has been postulated to
be secondary to the EPO-induced phosphorylation of Akt,
and release of nitric oxide (NO) molecules.53 Figure 5
shows the downstream signaling transduction event upon
complex binding and initiation of increased vascular

permeability and relaxation further leads to
angiogenesis.45

However, the interaction of the two receptors, EPOR/
βcR, was reported to participate in the pathological
consequences of EPO by stimulating the release of
intracellular NO, which leads to the activation of
angiogenesis.39,53 This study proposed that NO
stimulation was regulated by the heterotrimeric
interaction between EPOR/βcR/VEGF-R2 upon binding
of EPO to EPOR/βcR.39,51–55

Meanwhile, studies have reported that genetic
polymorphism in the EPO gene may be a pathogenic
factor for acquiring risk of proliferative DR.56 Katsura
et al55 showed that vitreous EPO was present in
significantly higher amount in proliferative DR patients
than in macular hole patients who had no retinopathy.
The authors further showed the high EPO concentration
was not induced by systemic anemia.55 This result was in
agreement with a later study which showed that vitreous
EPO and expression of EPO mRNA was higher in retina
layer (RPE and neuroretina cells) and was not mediated
by HIF in diabetic patients.57 It is observed that the

Figure 5 The role of erythropoietin in regulating the retinal vasculature. Binding of EPO/EPOR induces JAK2 phosphorylation,
dimerization, and subsequently, phosphorylation of Akt. Akt activates and translocates endothelial nitric oxide synthase (eNOS) into the
nucleus, upregulates nitric oxide production for regulation of leukocyte adhesion, cellular proliferation, vascular tone, and platelet
aggregation in endothelial cells. These processes can lead to preservation of ischemic vasculature.
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patients manifested positive detection of single nucleotide
polymorphism rs1617640 on the EPO promoter region
(1125 bp upstream of the transcriptional start site), where
the AP1 enhancer will bind to. The change of genotype
(TT in replacement of GG) might enhance the
transcription of the EPO gene as EPO was present in
higher amount in vitreous fluid, even in samples that
were collected from non-diabetic individuals.56

We have illustrated with reasonable evidence on the
role, mechanism, and interaction of EPO as a therapeutic
and pathological agent under different pre-clinical
settings for different models of ocular disorders. These
will be the basis for extrapolation to rational strategies for
EPO application and administration for ocular disorders.

Current clinical trials

With encouraging results of neuroprotection for optic
neuritis in animal studies, recombinant EPO had been
tested clinically in a small pilot study in patients with
acute autoimmune optic neuritis secondary to multiple
sclerosis.58 EPO was well tolerated at 20 000 units (U)
daily for 5 days and found to be effective even though one
patient developed cerebral sinus venous thrombosis.58

Recombinant EPO was further tested in a phase II clinical
trial in patients with autoimmune optic neuritis as an
add-on therapy with methylprednisolone (NCT00355095).
Recombinant EPO was given intravenously in bolus doses
of 33 000 IU per day for 3 consecutive days continuously
with methylprednisolone. Promisingly, the results
demonstrated that the delivery of EPO reduced the retinal
nerve fiber layer thinning, optic nerve atrophy, and
improved the visual function without any safety issues.59

On the contrary, a similar study has also been carried out
by Shayegannejad et al60 with the same regime and
showed no significant improvement in clinical outcome.
Regardless of dissimilar outcomes, a phase III clinical trial
has commenced (NCT01962571) with a similar regime
and is still ongoing.
EPO has also been tested in a pilot study to treat

traumatic optic neuropathy.61 Seven patients with
indirect traumatic optic neuropathy were given 10 000
units per day of recombinant EPO for 3 days and
compared with placebo. The patients showed significant
clinical improvement. Further EPO study proceeded to
phase I and phase II clinical trials (NCT01783847) looking
into EPO treatment for traumatic optic neuropathy.
However, in this clinical trial, the dosage was doubled to
20 000 units of recombinant EPO given intravenously for
3 days.
Apart from these two types of optic neuropathy, optic

nerve can also be affected by accidental ingestion of
methanol causing blindness. The healing property of EPO
for methanol-associated optic neuropathy was reported

by Pakravan and Sanjari.62 Two patients were
sequentially injected intravenously with EPO through a
combination of systemic delivery of steroids and B-group
vitamins, markedly restored their vision within 3 days to
3 weeks. This successful treatment strategy with EPO for
methanol-associated optic neuropathy has encouraged
the initiation of phase II clinical trial (NCT02376881) and
currently is still ongoing. In this trial, a dosage of 20 000
units of recombinant EPO (alfa) was given intravenously
for 3 days and patients were further monitored for the
improvement in visual outcome.
Clinical trials involving EPO therapy were not only

confined to optic neuropathy, but also extended for the
treatment of retinopathy of prematurity. EPO treatment
has been shown to be neuroprotective in many pre-
clinical studies in both low and high doses. In view of
this, a clinical trial (NCT00910234) comparing a low
dose (100 U/kg) versus high dose (3000 U/kg) of
intravenous EPO was evaluated in very preterm infants
for protection against brain injury and retinopathy of
prematurity.
Apart from formal clinical trials, EPO therapy has been

found promising on several other retinal diseases.
Intravitreal delivery of EPO (5 U/50 μl; three doses every
6 weeks) to the patients with chronic macular edema was
found to improve visual acuity.63 The patients’ visual
acuity with an administration of EPO was significantly
improved and lasted at least 18 weeks. Similar study was
applied in patients with AMD-related geographical
atrophy.64 The clinical findings reported that the rate of
geographical atrophy enlargement reduced dose
dependently when compared to the untreated eyes. EPO
therapy was also evaluated in a small group of subjects
with non-arteritic anterior ischemic optic neuropathy.65

A single dose of intravitreal injection (2000 U) was given
and patients were followed up to 6 months post
injection.65 Visual acuity improved in 61% of patients and
maintained for up to 3 months before deteriorating back
to baseline.65 However, there was no improvement
observed in the retina for a group of patients with acute
vascular occlusion.66

In human, these clinical trials and case studies will help
to establish the safety and effectiveness of EPO with
regard to the optimal dosage and regime for the different
ocular disorders.58,62,64,65 However, further human
studies are needed before the EPO becomes fully
established for treatment of ocular disorders.

Application of EPO therapy for ocular disorders

With better understanding of the role of EPO in both the
causative and protective mechanisms in the various
ocular disorders such as DR, retinopathy of prematurity,
AMD and others, the next consideration is the application
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of this knowledge to the treatment of eye diseases. Here,
we also described the ideal timeframe to initiate treatment
and in which conditions EPO should be used with
caution.
The role of EPO in neural protection by anti-apoptosis

makes it an ideal treatment in ocular disorders such as
AMD,67 retinitis pigmentosa,10 glaucoma,68,69 optic
neuritis,30 and retinal detachment.32 Besides that, it is able
to restore proteins at the tight junction level and protect
BRB. This added benefit makes it a favorable treatment in
early DR,35,70 optic neuritis,30,59 and retinopathy of
prematurity.9

However, EPO therapy is a double-edged sword in the
treatment of eye disease. Its role in angiogenesis causing
neovascularization is a dreaded occurrence in the eye.48

Ischemia induces increased concentration of EPO,
which stimulates proliferation,45 migration,45 and
angiogenesis47,48 in endothelial cells that express
EPOR.45,46,71 Late treatment with EPO has been shown to
induce pathological neovascularization in proliferative
DR and advanced stage of retinopathy of prematurity.9

Both DR and retinopathy of prematurity are
proliferative retinopathies that share similar
etiopathogenesis. In the early stages of proliferative
retinopathies, EPO is protective as it acts on a different
pathway to prevent breakdown in BRB and neuronal cell
death.36 However, administration of EPO is detrimental
in advanced stage of proliferative retinopathies due to
severe hypoxia condition that triggers
neovascularization.49,50 Several studies observed that
high level of EPO had been found in proliferative DR72

and advanced retinopathy of prematurity,73 where EPO
has a pathological role. Therefore, EPO should be given
strictly in the early stage.
For retinal degenerative diseases and optic neuritis, the

level of hypoxia is not as high as in proliferative
retinopathies and would benefit from EPO treatment with
a safe margin without the risk of neovascularization.
A study comparing the level of EPO in pathological eyes
with macular edema secondary to DR, cataract, and wet
AMD showed a significantly high level of EPO in eyes
with macular edema secondary to DR and a normal level
of EPO in AMD and cataract.74

Several studies reported on the high amount of retinal
cell death during retinal detachment and the amount of
cell death was found to be accompanied by high EPO and
EPOR expressions.75 The upregulation of EPO and EPOR
expression were due to the cell protective mechanism to
reduce the percentage of apoptosis. Therefore,
administration of EPO reduced the cell death prominently
in the photoreceptors.32 This knowledge may also be
applied clinically during the primary treatment of retinal
detachment and before retinal detachment surgery. EPO
can be injected in patients with rhegmatogenous retinal

detachment while waiting for their retinal detachment
surgery to improve the functional outcome by reducing
apoptosis of photoreceptor cells. This is an important area
for future studies. In exudative retinal detachment, EPO
may be injected to reduce the apoptosis before the
primary treatment of the underlying disease to take effect.

Administration of EPO therapy for ocular disorders

In order to achieve the desired therapeutic effect of EPO
in various ocular disorders, we need to consider the
optimal mode of administration. Different ocular
disorders require different approaches and mode of
administration. Treatment for the eye can be given either
locally or administered systemically to the eye. The
advantages and disadvantages of both administrations
for EPO have to be considered carefully in view of the
many effects of EPO in our body.
The eye is ideal for a variety of local administrations.

Local treatments that include eye drops, subconjunctival,
intracameral, intravitreal, subretinal, subtenon,
peribulbar, and retrobulbar injections are usually
preferred to avoid systemic side effects. Local
administration routes that have been studied for EPO
include intravitreal,35 subretinal,76 subconjunctival,77

eye drops administration (patent: EP2590666A1), and
retrobulbar injections.78

Among the local administration, subconjunctival
approach has been tested pre-clinically for ocular
penetration, for retinal neuroprotection, and for potential
systemic side effect of hematocrit elevation in rats. They
observed a good level of EPO expression in retinal
ganglion cell layers without symptoms of hematocrit.77

However, so far there was no report on human studies to
evaluate the feasibility of this mode of administration.
Eye drops are mainly reserved for anterior segment

disorders. The formulation of eye drops has been used in
isolated cases for various corneal disorders on patients
such as refractory corneal ulcers, dry eyes, chemical
injury, and others (patent: EP2590666A1). However, these
were not formally reported. Livny et al79 did a study on
topical EPO therapy using cellulose-based gel on corneal
epithelial defects healing in rabbits. They found no
improvement in the rate of healing with corneal stroma
neovascularization as a significant side effect.79 In view of
this unwanted side effect of corneal neovascularization,
until further extensive study has been done,
subconjunctival and eye drops application of EPO have to
be used with caution.
Lagreze et al66 has evaluated the feasibility of a single

intravitreal injection of 2000 units of EPO in humans in
a small pilot study. Serum EPO, hematocrit level and eye
parameters such as visual acuity, visual field, intraocular
pressure, and electroretinograph were monitored. There
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was a transient rise in serum EPO not exceeding normal
serum level with no toxicity issue reported.66

Intravitreal mode of administration had been widely
studied and used both in pre-clinical and clinical trials for
EPO therapy.65,66,80,81 In intravitreal injections, the
injected formulations will affect the dosage and regime
used. If the EPO formulation has a rapid clearance, it
would be ideal for repeated injections when needed.
Asialoerythropoietin (asialoEPO) is a form of recombinant
EPO produced by total enzymatic desialylation, which
has a very short half-life. It has been tested pre-clinically
for neuroprotection in animal models for central nervous
system-associated disorders such as stroke, spinal cord
injury, and others.82–84 This formulation is non-
erythropoietic due to its rapid half-life and ideal for use in
proliferative retinopathies such as DR. Repeated
intravitreal injection of EPO with rapid clearance when
indicated clinically would be ideal for proliferative
retinopathies in the early stage.
If there is a sustained release form of EPO, it should be

used with caution in proliferative retinopathies. This is
because these proliferative retinopathies diseases may
progress and we do not want a sustained high level of
EPO in the eye that would exacerbate the
neovascularization in advanced stages. Instead, sustained
release formulation would be ideal for retinal
degenerative disease such as retinitis pigmentosa,
glaucoma, or optic neuropathy. Sustained release can be
either an improved formulation or delivery through an
absorbable vehicle delivery system.
For retinal degeneration, subretinal route that is nearer

to the retina can be considered. Sustained release
formulation would be ideal in retinal degenerative
disease as ischemia causing neovascularization is not an
issue here. EPO gene therapy using adeno-associated viral
vector (AAV) for inherited retinal degeneration is an
attractive mode of delivery.15 Besides that, the retrobulbar
injection of EPO for neuroprotection in glaucoma has
been used in animal study and found to be effective.78

From a practical aspect, retrobulbar procedure itself has
many undesirable complications such as retrobulbar
hemorrhage, globe perforation, and others. However, if
the EPO formulation is a stable, sustained release, the
patient may need very few injections.
EPO has been shown to be able to cross the

blood–brain barrier85 and BRB8 when administered
systemically. This allows EPO to be delivered
systemically to patients orally, subcutaneously, or
intravenously. For ocular disorders, intravenous delivery
has been used clinically mainly for optic neuropathy and
retinopathy of prematurity.
However, intravenous delivery of EPO may cause

unwanted side effects. Systemic administration can cause
an increase in hematocrit,29 which carries a risk of

thrombosis in patients and cause hypertension.86

Systemic administration still needs to be studied further
and used with caution as there is a possible risk of
death from stroke, myocardial infarct and venous
thromboembolism. Furthermore, in proliferative
retinopathies, intravenous EPO therapy seems to increase
the risk of development and worsening of retinopathy of
prematurity.87 Elevated plasma erythropoietin was found
to be a risk factor for proliferative DR.88

Formulation of EPO for the treatment in ocular
disorders

Currently, recombinant EPO is used in clinical trials for
ocular disorders. Recombinant EPO has a variety of
glycosylation patterns and is produced in various forms
by different pharmaceutical companies, mainly for
improving hematocrit count in anemic patients. Among
recombinant EPO, carbamylated EPO (CEPO) does not
bind to the classical EPOR, hence, a failure to induce
erythropoiesis. In addition to that, CEPO does not induce
angiogenesis89 and specifically activates the neuron cells
instead.90 CEPO may be suitable for ocular disorders such
as DR and retinopathy of prematurity in which blood
vessel formation is undesired. Pre-clinical study using
CEPO showed retinal neuroprotection effects in early-
stage diabetic rats without inducing neovascularization.91

CEPO is well studied for neuroprotection in other central
nervous system disorders.92,93 CEPO has also progressed
to clinical trial for patients with acute ischemic stroke
(NCT00756249). Although it has not been used in ocular
disorders, CEPO can be considered as a good alternative.
In inherited ocular disorders such as retinal degenerative

disease, gene therapy to provide a sustained regulated
release of EPO for neuroprotection is desired. This will
reduce the complications associated with repeated injection
locally or systemically. Pre-clinical studies demonstrated
that recombinant AAV vectors have been a promising tool
to deliver EPO to the retina. Colella and Auricchio94

described a method using AAV viral serotype 2 to deliver
EPO subretinally in a light-damage model of induced
retinal degeneration and observed successful
neuroprotective effect. They used non-erythropoietic EPO
derivatives, which did not increase hematocrit level.15

As EPO is a pleiotropic protein, there is a need to
regulate expression from AAV vector.95 Auricchio et al96

showed that rapamacyin could control EPO expression
from the vector in a dose-dependent manner and the
expression was confined to the eye. Recently, Hines-Beard
et al97 devised tetracycline inducible promoter system in
AAV vector to control delivery of EPO in the subretinal
layer. The low dosage of doxycycline used compared with
normal anti-bacterial dosage made this method attractive.
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However, further studies need to be done before
application for human use.

Future directions

EPO upholds cell proliferation and differentiation into
neuron to maintain optimal tissue function.2,13,14,98,99 Based
on the positive pre-clinical outcomes with various animal
models,5,8,12,15 EPO may offer a promising future therapy
for treatment of many common ocular disorders plaguing
us today such as DR, retinal detachment, glaucoma,
retinopathy of prematurity, AMD, and optic neuritis.
Current clinical trials are using established recombinant
EPO such as epoietin alfa100,101 and darbepoietin,100,102

which do not specifically target to correct nerve circuitry
activity in the eye. Hence, refining the preparation and
administration of recombinant EPO for this purpose would
be the major focus of scientists in the near future.
Numerous strategies have been employed to synthesize

EPO derivatives, such as asialoEPO and CEPO, either
through desialylation of EPO carbohydrate90,103,104 or
chemically modifications of EPO amino acid. The brief
binding of asialoEPO to EPOR and the specificity of
CEPO on retinal neurons may suggest suitable indication
for AMD and DR.31,82,90,105 We foresee that more clinical
trials will be conducted to address on the bio-distribution,
safety and efficacy of these new derivatives or peptide
(peginesatide)106 before delineating their optimal use in
ocular disorders. So far, Hallym University Medical
Center is sponsoring a clinical trial (NCT01131533) to
determine the intraocular pharmacokinetics following
single intravitreal injection of epoietin alfa. Other clinical
trials using the recombinant EPO have shown positive
effects and have aforementioned. These clinical trials will
not only increase the opportunity but also increase the
demand and need to produce new targeted EPO
derivatives in the near future.
Stem cells are cells capable of self-renewal and

differentiation into many different types of functional
cells.107 Various stem cells such as embryonic stem
cells,108–110 hematopoietic stem cells,111–113 mesenchymal
stem cells (MSCs),114–116 induced pluripotent stem
cells,117,118 and EPC119,120 have been shown to
demonstrate the capability to regenerate into retinal
neurons,108,110–113,117 retinal pigmented epithelium,109,121,122

and improve blood vessels permeability123 in both
in vitro and in vivo studies. It is noteworthy that the
transplanted cells will need to survive the harsh
microenvironment before cell programming can occur for
the replacement of damaged tissue. Hence, EPO
administration before stem cell transplantation may help
to condition the microenvironment for better chance of
cell survival20,35,124,125 and maximize tissue repair with
smaller number of transplanted cells.

Incorporation of gene-editing technology into stem cells
for treatment of disorder due to defective genes has seen
several successes.126,127 MSCs are a type of adult stem
cells11 that have been intensively explored by Eliopoulos
et al128 for delivery of EPO to correct anemia successfully
in mice.129 We have previously transplanted MSCs
derived from human Wharton’s Jelly into the subretinal
layer of the Royal College of Surgeon’s rats and found
that these cells had the ability to differentiate into retinal
cells, which was in concurrance with other study.130,131

The use of MSCs as a vector to deliver EPO132 through
intravenous injection for ocular disorders is feasible in the
future as these cells could home into the inflammatory
site133,134 and cross the BRB.7,31,33–35 The presence of EPO
in stem cells could also enhance the survivability of
transplanted cells128,135 in local (intraocular) site of injection.
Guan et al76 has compared the effect of transplantation of
MSCs and EPO gene-modified MSCs subretinally in a rat
model of retinal degeneration. They found that the
improvement in the retinal morphology and function was
greater in the rats transplanted with EPO gene-modified
MSCs.76 Thus, incorporating this therapeutic gene with a
better controlled regulation and safe system will potentially
magnify the beneficial effect of stem cell therapy136,137 for
ocular disorders in the future.
Research associated to EPO therapy for ocular

disorders should not stop at the efficiency study for tissue
repair. There is a change of complex network of molecule
interaction in response to EPO administration in the
damaged microenvironment. Thus, researchers could
center on transcriptomic approaches such as microarray
and next-generation sequencing to deepen our
understanding of the expression and function of each
gene in the eye following the administration of EPO.
These researches might lead to new knowledge on the
specific mechanisms of tissue repair in the eye.

Conclusion

EPO has an important role in the eye right from the time
of ocular development to the many protective and
pathological pathways in ocular disorders. Realizing the
potential of harnessing the beneficial effects of EPO for
treatment of ocular disorders, many pre-clinical studies
have been conducted and are still ongoing to understand
the mechanisms and effects of EPO in the various ocular
disorders such as DR, retinal detachment, glaucoma,
retinopathy of prematurity, AMD, and optic neuritis.
Some have embarked on clinical trials, even though it is in
its early stage with no strong conclusive results
published. In this review, we revisit the role of EPO in the
eye, its potential for treatment of ocular disorders, clinical
application, and future directions.
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