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ABSTRACT.

Diabetes mellitus is a complex metabolic disease that has become a global
epidemic with more than 285 million cases worldwide. Major medical advances
over the past decades have substantially improved its management, extending
patients’ survival. The latter is accompanied by an increased risk of developing
chronic macro- and microvascular complications. Amongst them, diabetic retinopa-
thy (DR) is the most common and frightening. Furthermore, during the past
two decades, it has become the leading cause of visual loss. Irrespective of the type
of diabetes, DR follows a well-known clinical and temporal course characterized
by pericytes and neuronal cell loss, formation of acellular-occluded capillaries,
occasional microaneurysms, increased leucostasis and thickening of the vascular
basement membrane. These alterations progressively affect the integrity of retinal
microvessels, leading to the breakdown of the blood-retinal barrier, widespread
haemorrhage and neovascularization. Finally, tractional retinal detachment occurs
leading to blindness. Nowadays, there is growing evidence that local inflammation
and oxidative stress play pivotal roles in the pathogenesis of DR. Both processes
have been associated with pericytes and neuronal degeneration observed early
during DR progression. They may also be linked to sustained retinal vasculature
damage that results in abnormal neovascularization. Currently, DR therapeutic
options depend on highly invasive surgical procedures performed only at advanced
stages of the disease, and which have proved to be ineffective to restore visual acu-
ity. Therefore, the availability of less invasive and more effective strategies aimed
to prevent or delay the onset of DR is highly desirable. Multipotent mesenchymal
stromal cells, also referred to as mesenchymal stem cells (MSCs), are promising
healing agents as they contribute to tissue regeneration by pleiotropic mechanisms,
with no evidence of significant adverse events. Here, we revise the pathophysiology
of DR to identify therapeutic targets for donor MSCs. Also, we discuss whether
an MSC-based therapy could prevent or delay the onset of DR.
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Introduction

Diabetes mellitus (DM) is a complex
metabolic disease that has become an
epidemic  worldwide. The World
Health Organization reports that now-
adays the total number of people with
DM is 285 million and expects a rise
to 439 million in 2030 as a result of
ageing, obesity and sedentary lifestyle
(Shaw et al. 2010). According to its
aetiology, DM is classified into type 1
diabetes mellitus (TIDM) or type 2
diabetes mellitus (T2DM). Approxi-
mately 10% of patients with DM
present TIDM. This type of the dis-
ease is due to the autoimmune
destruction of beta-pancreatic cells, in
genetically predisposed children and
young people, resulting in a deficiency
in the production of insulin (Mathis
et al. 2001). On the other hand,
T2DM accounts for 90% of patients
with DM. It affects mainly adult, sed-
entary and  overweight  people,
although the prevalence in young peo-
ple is beginning to increase together
with  child obesity (Mayer-Davis
2008). T2DM clinically debuts when
patients who are unable to use insulin
efficiently (a condition referred to as
insulin-resistance) stop overproducing
the hormone, due to the death of the
insulin-producing cells. At this time,
patients with T2DM develop hyper-
glycaemia and turn insulin- dependent
(Kahn 2003).

Major medical advances over the
past decades have substantially
improved the management of DM,
thereby prolonging patients’ survival
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(Christiano & Shessler 2010). How-
ever, this extended survival also car-
ries an increased risk of chronic
macro- and microvascular diseases
including stroke, neuropathy,
nephropathy and retinopathy (Stolar
2010). Nowadays, these complications
have become the leading causes of
morbidity and mortality amongst
patients with DM (Marcovecchio
et al. 2010; Stolar 2010).

Prevalence and Natural
Progression of Diabetic
Retinopathy

Diabetic retinopathy (DR) is the most
common and frightening complication
of DM (Luckie et al. 2007), and the
leading cause for irreversible vision
loss in developed countries (Resnikoff
et al. 2004). In the Western world, the
prevalence of DR in patients with
DM is around 28% (Mohamed et al.
2007), and strongly increases with the
progression of DM. Hence, almost all
patients with TIDM and 60% of
those with T2DM will have any
degree of DR after 20 years of DM
evolution (Kempen et al. 2004; Roy
et al. 2004; Klein et al. 2009).
Diabetic retinopathy is clinically
diagnosed when retinal microvascular
alterations are observed in a patient
with DM. The main retinal lesions
that develop in patients with TIDM
are not different from those developed
by patients with T2DM, although the
severity, incidence and relative contri-
bution of pathological mechanisms to
the observed lesions may differ (Klein
et al. 1985). In both types of DM, the
earliest morphological change
observed in the initial stage of DR is
a reduction in the number of pericytes
in retinal capillaries (Lorenzi & Ger-
hardinger 2001) (Fig. 1). Then occurs
the formation of acellular-occluded
capillaries, occasional microaneu-
rysms, increased leucostasis and thick-
ening of the vascular basement
membrane (Alder et al. 1997; Kollias
& Ulbig 2010). These alterations pro-
gressively affect the integrity of retinal
microvessels, leading to the break-
down of the blood-retinal barrier.
The homeostasis of the retina is regu-
lated by this barrier, which restricts
the movements of molecules and mini-
mizes leucocyte migration. Therefore,
its breakdown results in an increase in
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Fig. 1. Potential therapeutic targets for donor mesenchymal stem cells (MSCs) to prevent or
delay the progression of diabetic retinopathy. Pathophysiological features triggered at the onset
of the disease (inflammation, oxidative stress, pericyte degeneration, neural degeneration and/or
vasculature damage) might be modified by donor MSCs (target sign). AGE, advanced glycation

end products; PKC, protein kinase C.

vascular permeability, fluid leakage
into the surrounding tissue and swell-
ing. When this occurs in the eye mac-
ula, macular oedema develops and
vision often becomes affected (Klein
et al. 1995). Further vessel deteriora-
tion results in poor blood flow and
ischaemia, leading to proliferative
DR. At this stage, new vessels grow
on the surface of the retina, in an
attempt to restore blood flow. These
vessels are fragile and leaky, and tend
to rupture. Hence, abnormal neovas-
cularization results in widespread
haemorrhage. Together, fibrovascular
scars are formed around the area of
neovascularization producing trac-
tional retinal detachment, which can
result in blindness (Cheung et al.
2010). These clinically demonstrable
changes in the vasculature of the ret-
ina have led to the general assumption
that DR is solely a microvascular dis-
ease. Nevertheless, it has been well
documented that hyperglycaemic state
adversely affects the entire neurosen-
sory retina, accelerates neuronal apop-
tosis and activates glial supporting
cells (Lieth et al. 2000; Antonetti et al.
20006) (Fig. 1). These alterations occur
before the onset of visible vascular
lesions. Furthermore, patients with
DM may exhibit reduced electrical

responses in the electroretinography,
and reduced colour and contrast sensi-
tivity within two years of DM onset
(Fortune et al. 1999; Lopes de Faria
et al. 2001). Thus, today DR is also
considered to be a sensory neuropathy
(Gardner et al. 2011).

Available Treatments for
Diabetic Retinopathy

Poor control of blood glucose level
and elevated blood pressure are the
major factors responsible for the onset
and progression of DR (Mohamed
et al. 2007; White et al. 2008). There-
fore, tight glycaemic and hypertension
controls remain the key strategies for
preventing or arresting the develop-
ment of DR, irrespective of the DM
type. Unfortunately, this is difficult to
achieve because diabetic patients do
not adhere to their treatments.
Despite considerable efforts in educa-
tion, very little or no changes have
been achieved in the reduction of DR
incidence (Boscia 2010).

In the advanced stages of DR (mac-
ular oedema or proliferative DR),
laser photocoagulation remains the
mainstay of therapy (Mohamed et al.
2007). When undertaken in a timely
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and appropriate manner, this tech-
nique shows a high efficacy in the pre-
vention of visual loss. Nevertheless,
the burns performed over the entire
retina are associated with significant
ocular side effects including worsening
of visual acuity, thickening of central
retina, reduction of visual field and
acute glaucoma (Aiello 2003). On the
other hand, vitreoctomy, a surgery in
which the turbid vitreous is removed,
is the last resort in cases of complica-
tions of proliferative DR, such as
severe vitreous haemorrhage and sec-
ondary retinal detachment (Stefansson
2009). This is a very complicated sur-
gery with high risk of iris neovascular-
ization and cataract formation
(Stefansson 2009). Thus, laser photo-
coagulation and vitreoctomy are not
only highly invasive techniques, but
also ineffective in restoring visual acu-
ity. Though promising, the use of
inhibitors of vascular endothelial
growth factor (VEGF) has proven to
be limited due to their short-lived
effects, and adverse events, particu-
larly tractional retinal detachment and
systemic hypertension (Salam et al.
2011). Therefore, the availability of
less invasive and more effective strate-
gies aimed to prevent or delay the
onset of DR is highly desirable.

Inflammation as a Target
to Manage Diabetic
Retinopathy

There is growing evidence that inflam-
mation contributes significantly to the
triggering of DR (Joussen et al. 2004)
(Fig. 1). In response to hyperglyca-
emia, inflammatory mediators are up-
regulated in the retina, resulting in a
pro-inflammatory response that causes
abnormal leucocyte-endothelial inter-
actions. In patients with DM and in
animal models, the expression of
TNF-o, IL-1 and ICAM-1 is
increased in the retina (McLeod et al.
1995; Joussen et al. 2002; Zhang et al.
2006). TNF-o is a potent pro-perme-
ability factor that induces ICAM-I,
which function is the retention of leu-
cocytes within the vascular endothe-
lium. A higher density of leucocytes in
the lumen of retinal vasculature
induces capillary occlusion, non-perfu-
sion, endothelial cell damage and vas-
cular leakage. Also, it induces
apoptosis of endothelial cells and peri-

cytes (Joussen et al. 2002, 2003,
Zhang et al. 2006). On the other
hand, it has been shown that the in-
travitreal injection of IL-1f to normal
animals increases retinal capillary cell
apoptosis in a similar way to that
observed in DR (Kowluru & Oden-
bach 2004). Accordingly, the inhibi-
tion of TNF-o, IL-1 or ICAM-I1
expression or activity in animal mod-
els of DM significantly reduces retinal
leucostasis and vascular leakage, indi-
cating a causative role of pro-inflam-
matory factors in  blood-retinal
barrier breakdown at the early stages
of DR (Joussen et al. 2002, 2004; Li
et al. 2009a). In addition, increased
levels of pro-inflammatory cytokines
have been involved in the damage of
the neurosensory retina. In patients
with DM and in animal models of
DR, increased retinal levels of TNF-a,
IL-1f, IL-6 and IL-18 activate resi-
dent macrophages resulting in leuco-
cyte infiltration, glial dysfunction and
neuronal cell death (Krady et al. 2005;
Kern & Barber 2008; Yang et al.
2009). Accordingly, the intravitreal
administration of anti-inflammatory
agents has been used clinically for
decades to suppress intraocular
inflammation and to reduce blood ves-
sel leakage (Jonas 2007). However,
due to their temporary effect, reinjec-
tions are usually needed and adverse
events such as infection, increased
intraocular pressure, glaucoma and
cataract formation are observed. This
has been the major obstacle to the
widespread implementation of an anti-
inflammatory treatment in the man-
agement of DR (Jonas et al. 2003;
Jonas 2007; Mohamed et al. 2007).

Oxidative Stress as a
Target to Manage
Diabetic Retinopathy

Oxidative stress plays an important
role at both early and late stages of DR
(Du et al. 2003; Abu El-Asrar et al.
2004). Oxidative and nitrative modifi-
cations of retinal macromolecules
occur promptly in the course of DM
and they are not reversed by the resti-
tution of glycaemic control (Kowluru
2003). The mechanisms underlying the
increased oxidative stress in retinal tis-
sue are complex and interconnected.
High glucose flux increases the produc-
tion of superoxide anion by mitochon-

drial electron-transport chain (Rolo &
Palmeira 2006). The overproduced su-
peroxides enhance the major pathways
of hyperglycaemic vascular cell dam-
age, including an increase of the polyol
pathway, the stimulation of advanced
glycation end product formation and
the activation of protein kinase C, lead-
ing to more superoxide anion forma-
tion (Brownlee 2001). Excessive
production of superoxide anions results
in the formation of secondary reactive
oxygen species (ROS) including perox-
ynitrite and hydroxyl radicals, which
modify DNA, proteins and lipids. Dur-
ing the initial stages of DR, oxidative
stress leads to the apoptosis of peri-
cytes and neuronal cells (Evans et al.
2002; Ejaz et al. 2008) (Fig. 1). Consis-
tently with these observations, the
treatment of DM animals with antioxi-
dants or with inhibitors of some of the
metabolic pathways that generate
ROS, reduces both oxidative and nitro-
sative stress and attenuated pericyte
loss, basement membrane thickening
and blood-retinal barrier breakdown
(El-Remessy et al. 2003; Kowluru et al.
2003; Obrosova et al. 2003; Li et al.
2010). Unfortunately, these drugs have
low oral bioavailability or are not able
to cross the blood-retinal barrier.
Therefore large doses must be adminis-
tered to maintain therapeutic concen-
trations inside the retina, limiting their
clinical use.

Inflammation and oxidative stress are
closely inter-related in DR. IL-1f trig-
gers signalling cascades resulting in
ROS production, and ROS stimulate
the release of pro-inflammatory cyto-
kines (Fan etal. 2004). Both pro-
inflammatory molecules and reactive
species lead to the formation of
advanced glycation end products and to
an increase in the production of proan-
giogenic factors, accelerating the course
of DR (Schleicher et al. 1997; Hubbard
& Rothlein 2000). Thus, any therapeutic
tool that could reduce simultaneously
the inflammation and the oxidative
stress in the retina might be promising
to modify the natural evolution of DR.

Cell Replacement as a
Target to Manage
Diabetic Retinopathy

The earliest morphological changes in

the retina of diabetic individuals are a
reduction in the number of pericytes




at the vascular level, and the loss of
retinal neurons and Muller glial cells
at the nonvascular level (Feit-Leich-
man et al. 2005) (Fig. 1). As the retina
provides the input for all visual sen-
sory information to the brain, this loss
of cells results in visual impairment
and eventually, in blindness. At pres-
ent, the mechanisms behind the dys-
function and death of retinal cells in
diabetic patients have not been
unequivocally proven. Inflammation,
oxidative stress, formation of
advanced glycation end products, and
upregulation of protein kinase C may
be involved (Ejaz et al. 2008). What
has been proven is that the mere alter-
ation of pericyte.

contractility results in angiogenic
switching in the retina of diabetic
individuals (Kutcher et al. 2007; Lee
et al. 2010). On another hand, it has
been reported that retinal pericytes
inhibit the activation of T lympho-
cytes (Tu et al. 2011). Therefore, the
loss of pericyte may result in an
increased pro-inflammatory response
in diabetic patients.

While in non-mammalian verte-
brates (amphibians and fish), a robust
regenerative response is activated after
a retinal injury, in humans there
appears to be little or no recovery of
loss retinal cells (Karl & Reh 2010).
Nevertheless, it has been reported that
damaged retina secretes SDF1 and
other factors that might promote the
recruitment of bone marrow-derived
stem cells (Li et al. 2006). Therefore,
extra-retinal stem cells might contrib-
ute to retinal cells replacement at both
vascular and non-vascular levels.

MSCs as a Tool for
Degenerative Disease
Management

Regenerative medicine pursues the
development of therapeutic strategies
aimed to manage severe injuries or
chronic diseases presented by patients
in whom endogenous regenerative
mechanisms are unsuccessful in the
restoration of impaired functions.
Over the past years, stem cells have
been envisioned as the best tool for
this.

In general terms, a stem cell is an
undifferentiated cell able to self-renew
and to give rise to one or more type
of mature cell (Mimeault & Batra

2006). Adult stem cells are found in
any adult tissues and serve to the
replacement of dead cells to maintain
cellular homeostasis. Bone marrow
harbours at least two distinct adult
stem cells: the haematopoietic stem
cells (HSCs) that give rise to blood and
endothelial cells (Wagers & Weissman
2004), and the multipotent mesenchy-
mal stromal cells also referred to as
mesenchymal stem cells (MSCs) that
can give rise to mesodermal cells such
as adipocytes, chondrocytes, osteocytes
and myocytes (Minguell et al. 2001;
Dominici et al. 2006). Interestingly,
MSCs also have the potential to cross
the germ line barrier and generate cells
from endo- and ecto-dermal lineages, a
property known as cell plasticity (Kra-
use et al. 2001; Phinney & Prockop
2007). Despite MSCs being scarce
(<0.01% in the bone marrow), they
appear as ideal candidates for cell ther-
apy because (i) they can be obtained
from donors without major complica-
tions; (ii) they can be easily expanded
ex vivo; (iii) they are hypo-immuno-
genic. Therefore, receptor does not
need to be conditioned before adminis-
tration as in the case of total bone mar-
row or HSC transplantation (Kal et al.
20006); (iv) once administered intrave-
nously, they are able to home into
damaged organs (Francois et al. 2006)
where they can differentiate into tissue-
specific cells (Sasaki et al. 2008), orque-
state endogenous regenerative mecha-
nisms (Zhang et al. 2007), and/or
protect the tissue from noxa (Fibbe
et al. 2007; Valle-Prieto & Conget
2010) (Fig. 2). Furthermore, MSCs
have been administered to more than
1000 human patients with no evidence
of adverse events or tumour formation
(Uccelli & Prockop 2010).

MSCs as a Tool for
Eye-Related Disease
Management

Within recent years, the putative use
of MSCs for eye-related disease man-
agement has generated considerable
interest. Most attention has been
directed towards using MSCs to
regenerate damaged retina. The hall-
mark of retinal diseases such as age-
related macular degeneration and reti-
nitis pigmentosa is the loss of neural
cells due to the dysfunction of either
the photoreceptor cells or the underly-

ing retinal pigment epithelium that
support them (Penfold et al. 2001). It
has been shown that bone marrow- as
well as adipose-derived MSCs injected
locally (subretinal space) or systemi-
cally into animals with retinal diseases,
differentiate into photoreceptor cells or
retinal pigment epithelium (Kicic et al.
2003; Castanheira et al. 2008; Gong
et al. 2008; Enzmann et al. 2009; Wang
et al. 2010a,b). Also, it was proved that
donor MSCs can survive, migrate, dif-
ferentiate and integrate within the
retina (Baker & Brown 2009). Interest-
ingly, the engraftment of MSCs into
damaged retina correlates with a delay
in retinal degeneration and results in
visual function preservation.

Mesenchymal stem cell transplanta-
tion also appears to be useful in the
treatment of glaucoma (Johnson et al.
2010). Mesenchymal stem cells intra-
vitreally administered into rats with
experimental glaucoma induced by
laser photocoagulation of the trabecu-
lar meshwork provide trophic support
to the damaged tissue, and increased
ganglion cell survival. Local delivery
of MSCs also reduced retinal neurode-
generation in other disease models,
such as ischaemia/reperfusion or light
damage. Therefore, MSC transplanta-
tion appears as a promising tool to
treat eye-related diseases.

MSCs as a Tool for
Diabetic Retinopathy
Management: Pros

Inflammation modulation

Mesenchymal stem cells have been
recognized as immunomodulatory
cells. In vitro, they inhibit the differen-
tiation of monocytic precursors into
activating dendritic cells (Zhang et al.
2004; Jiang et al. 2005). In mixed lym-
phocyte cultures, MSCs limit the
expansion and the cytotoxic activity
of NK and T cells (Maccario et al.
2005). Both in vitro and in vivo, MSCs
down-regulate the expression of pro-
inflammatory molecules (IL-1p, TL-12,
TNF-o and INF-y) avd secrete
anti-inflammatory factors (IL-4 and
IL-10), establishing a tolerogenic
microenvironment where activated T
cells are unable to proliferate and die
by apoptosis (Aggarwal & Pittenger
2005). Mesenchymal stem cells also
promote the appearance of regula-
tory T cells, inducing antigen-specific
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Fig. 2. Mesenchymal stem cell (MSC) contribution to tissue regeneration. Cellular and molecu-
lar mechanisms associated with MSC therapeutical effects.

tolerance. Mesenchymal stem cell
immunomodulatory  potential  has
been recognized as the mechanism
underlying the therapeutic effect
observed in autoimmune diseases such
as graft-versus-host disease, experi-
mental encephalomyelitis and diabetes
(Le Blanc et al. 2004; Zhang et al.
2005; Ezquer et al. 2012). In these
pathological  conditions,  systemic
administration of MSCs prevents the
destruction of old and newly gener-
ated tissue cells. Interestingly, it has
been shown that the immunological
properties of undifferentiated MSCs
are retained when they differentiate
into parenchymal cells (Le Blanc
et al. 2003). Therefore, both undiffer-
entiated and differentiated MSCs will
contribute to the maintenance of a
microenvironment that allows tissue
regeneration. It has been shown that
local administration of MSCs in ani-
mals with limbal stem cell deficiency
greatly reduces the infiltration of
inflammatory cells in the cornea (Oh
et al. 2008). This was mainly medi-
ated by the production of anti-inflam-
matory molecules including IL-4 and
IL-10, and by the reduction of pro-
inflammatory molecules including IL-
2 and INF-y in the cornea.

Whether donor MSCs are able to
manage the chronic inflammation in
the retina of individuals with DR, we
hypothesize that their administration
might protect vascular, perivascular
and neural cells from dying, and thus
prevent or delay the onset of DR.

Oxidative stress scavenging

Mesenchymal stem cells efficiently
scavenge reactive species. It has been
shown that MSCs are highly resistant
to ex vivo culture and ionizing radia-
tion, which are two conditions that
generate a strong oxidative stress
(Halliwell & Whiteman 2004; Chen
et al. 2006). Recently, we have demon-
strated that human MSCs have a high
resistance to ROS and reactive nitro-
gen species due to the robust expres-
sion of SODI1, SOD2, CAT and
GPX1 enzymes and high levels of glu-
tathione (Valle-Prieto &  Conget
2010). Furthermore, MSCs constitu-
tively express methionine sulfoxide
reductase A, an enzyme crucial for the
repair of oxidized proteins (Salmon
et al. 2009), and the enzymes required
for the repair of damaged DNA (Silva
et al. 2003). Therefore, MSCs possess
the main enzymatic machinery to
detoxify reactive species and to correct
oxidative damage of proteome and
genome. Accordingly, it has been
shown that MSC transplantation is
useful in the treatment of pathologies
in which tissue damage is linked to
oxidative stress including acute myo-
cardial infarction (Chen et al. 2004),
cerebral ischaemia (Kurozumi et al.
2005) and fulminant hepatic failure
(Kuo et al. 2008). In these cases, the
therapeutic effect observed has been
attributed, amongst other mecha-
nisms, to their potential to efficiently
scavenge exogenous reactive species
once homed into the niche of dam-

aged tissues (Lanza et al. 2009). A
widespread oxidative damage occurs
in the retina of patients with DR and
this plays a major role in the early
loss of pericytes and neurosensory
cells (Evans et al. 2002; Ejaz et al.
2008). Therefore, we hypothesize that
donor MSCs, in the retina of diabetic
individuals, will reduce the oxidative
stress, and thus prevent or delay the
onset of DR.

Endogenous regeneration induction

Mesenchymal stem cells are known to
produce both in vitro and in vivo, a
broad range of trophic factors includ-
ing HGF, IFG, BDNF, GDNF, NGF,
CNTF, VEGF and bFGF (Kinnaird
et al. 2004; Caplan & Dennis 2006).
The biological effects of these factors
can be direct (triggering intracellular
signalling) or indirect (inducing other
neighbouring cells to secrete other bio-
active factors). Hence, MSCs have
been proposed to play a catalytic and
pleiotropic role in tissue regeneration
as once in the parenchyma, they mod-
ify the microenvironment by secreting
trophic factors that would (i) prevent
cells from dying (e.g., anti-apoptotic
factors such as HGF and IGF, in mod-
els of acute myocardial infarction and
pancreatic damage) (Chen et al. 2003;
Izumida et al. 2005); (ii) induce the
proliferation and differentiation of
endogenous progenitors (e.g., secretion
of neurogenic factors NGF and BDNF
in models of neuronal damage) (Mah-
mood et al. 2004; Neuhuber et al.
2005); and (iii) induce neovasculariza-
tion improving the irrigation of the
damaged tissue through the secretion
of angiogenic and vasculogenic factors
(e.g., VEGF and bFGF in models of
acute myocardial infarction and
hypoxia) (Kinnaird et al. 2004; Na-
gaya et al. 2004; Tang et al. 2004). In
the eye, local transplantation of MSCs
delays the loss or preserves vision in
animal models of inherited photore-
ceptor degeneration, retinal ischaemia
and glaucoma (Yu et al. 2006; Lund
et al. 2007; Li et al. 2009b; Johnson
et al. 2010). In those cases, the survival
of retinal neuronal cells is related to
the local secretion by donor MSCs of
anti-apoptotic factors such as BDNF,
GDNF, NGF and CNTF.

As previously stated, in patients
with DR, sustained hyperglycaemia
adversely affects the entire neurosen-




sory retina with accelerated neuronal
apoptosis that generally occurs before
the onset of visible vascular lesions
(Lieth et al. 2000; Antonetti et al.
2006). Therefore, we hypothesize that
the production of neuroprotective fac-
tors by donor MSCs could reduce the
apoptosis of neural cells inside the ret-
ina, helping to preserve visual acuity
in individuals with DM.

Differentiation into pericytes and/or
neural cells

Mesenchymal stem cell differentiation
into mature cells has been considered
as their main regenerative mechanism.
It has been shown that donor MSCs
can give rise to (i) osteoblast in patients
with osteogenesis imperfecta (Horwitz
et al. 2001); (ii) cardiomyocytes in ani-
mal models of acute myocardial infarc-
tion (Thiele et al. 2004); (iii) astrocytes,
oligodendrocytes and neurons in exper-
imental models of Parkinson’s disease
(Li etal. 2001), cerebral ischaemia
(Chen etal. 2001) and mechanical
brain damage (Lu et al. 2001). In ocu-
lar diseases, studies in animal models
showed that donor MSCs survive and
migrate to damaged areas of the retina
after local or systemic administration.
While some authors show that trans-
planted MSCs differentiate in both
perivascular and neuronal retinal cells
(Tomita et al. 2002; Kicic et al. 2003;
Sengupta et al. 2003), others found
that they are unable to do so (Yu et al.
2006; Hill et al. 2009). For instance, in
an animal model of photoreceptor
degeneration, it has been shown that
once integrated into the retina, donor
cells express rhodopsin, GFAP and
pan-cytokeratin. This indicates that, in
a damaged retina, MSCs can acquire
the phenotype of photoreceptors, as-
trocytes and retinal pigment epithelium
cells (Gong et al. 2008). These findings
are in line with data showing that
donor MSCs differentiated into (i) neu-
ral retinal cells in an ischaemia/reper-
fusion model (Li et al. 2009b); (ii)
photoreceptors, amacrine cells and
pericytes in a laser-injured model
(Castanheira et al. 2008; Wang et al.
2010a) and (iii) microglial and endothe-
lial cells in an inherited retinal degener-
ation model (Sasahara et al. 2008).
Furthermore, due to striking similari-
ties between MSCs and pericytes (Ca-
plan 2008; Crisan et al. 2008), the
former might replace the Ilatter.
Though MSCs have a broad differenti-

ation potential, it has been suggested
that they commit only to the lineage(s)
triggered by the microenvironment
they home (Caplan & Dennis 2006).

Thus, we hypothesize that, in the
retina of individuals with DM, donor
MSCs will counteract the loss of both
pericytes and neural cells, preventing
or delaying the onset of DR.

Ancillary support

It has been shown that human adipose-
derived MSCs intravenously adminis-
tered to animals with established DR
results in an improvement of the blood—
retinal barrier integrity (Yang et al.
2010). Into the retina of these rats, few
donor cells differentiate into photore-
ceptor or astrocytes-like cells. In this
murine model, MSC administration also
led to a marked decrease in blood glu-
cose levels. Thus, the observed beneficial
effect in blood-retinal barrier break-
down could be secondary to the
lowering of hyperglycaemia and not to
a direct effect of donor MSCs in the
damaged retina. Nonetheless, we
hypothesize that donor MSCs would be
eye-protective in diabetic individuals
irrespective of hyperglycaemia correc-
tion, because we demonstrated recently
that the intravenous administration of
MSCs into mice with TIDM prevents
diabetic nephropathy (Ezquer et al.
2009). While mice with TIDM treated
with MSCs maintained low levels of
albumin in urine and unaltered kidney
structure, untreated diabetic mice pre-
sented marked albuminuria and signifi-
cant structural renal alterations. In this
animal model, donor MSCs were unable
to reverse hyperglycaemia, suggesting
that the observed renoprotection relates
to a direct effect of MSCs over the
kidney and not to a general improve-
ment of DM condition. DR and dia-
betic nephropathy are microvascular
complications of DM that share phys-
iopathological mechanisms including
inflammation and oxidative stress (Kaul
et al. 2010; Romero-Aroca et al. 2010).

MSCs as a Tool for
Diabetic Retinopathy
Management: Cons

Vasculogenic potential

While the growth of collateral vessels is
beneficial in ischaemic conditions (Sato
et al. 2011), neovascularization in the

eye associates with vision loss (Cheung
et al. 2010). Proliferative retinopathy is
characterized by the expression of high
levels of VEGF and bFGF in ischaemic
areas of the damaged retina inducing
abnormal neovascularization  that
results in widespread haemorrhage
(Cheung et al. 2010). It is well known
that MSCs are able to secrete both in
vitro and in vivo angiogenic factors,
including VEGF and bFGF (Dhar-
masaroja 2009). Thus, this appears as
the main limitation to use MSCs for
the management of DR because MSC
administration might worsen DR.
Interestingly, it has been shown that
MSCs modulate their regenerative
mechanisms depending on the microen-
vironment they reach (Kinnaird et al.
2004; Caplan & Dennis 2006). In sup-
port of this idea, it has been shown that
the local administration of MSCs in an
animal model of corneal chemical
injury characterized by an accelerated
neovascularization process produced a
rapid regression of the new vessels (Oh
et al. 2008). This MSC anti-vascular
effect was attributed to the production
of TSP-1, a known anti-angiogenic fac-
tor. Thus, we hypothesize that donor
MCSs will impair or block the retinal
neoangiogenic process.

Animal models limitations

When comparing available animal
models of DR regarding their degree of
retinal injury, the general conclusion is
that more complex lesions develop in
larger, longer-lived (primates, dog)
than in smaller, shorter-lived (rat,
mice) models (Zheng & Kern 2010).
This relates to the time that individuals
are exposed to hyperglycaemia. Never-
theless, the possibility of genetic
manipulation and the availability of
reagents for molecular studies make
mice the most used animal model to
study DR (Kern et al. 2010). Amongst
the models of TIDM, the most widely
used to study DR are those in which
mice receive one or more doses of
streptozotocin (STZ) (Muranaka et al.
2006; Leal et al. 2007; Zheng et al.
2007). This drug is incorporated by the
pancreatic beta-cells, but not by eye
cells. As a powerful methyl agent for
DNA, once in the cell, it leads to
apoptosis and triggers the immune
system (Konrad et al. 2001). Thus,
mice exposed to STZ become highly
hyperglycaemic and develop the long-
term complications associated with
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Table 1. Mouse models of diabetes mellitus that develop diabetic retinopathy.

Mouse model ID

Diabetes type Diabetes etiology

Retinal lesions

References

C57BL/6+ STZ 1

C57BL/6+ alloxan 1

Chemically-induced autoimmune
destruction of pancreatic beta-cells

Chemical destruction of
pancreatic beta-cells

Genetically-induced

autoimmune destruction of

Pericyte loss
Acellular capillaries

Vascular cell apoptosis
Blood-retinal barrier breakdown

Ganglion cell loss
Retina thinning
Pericyte loss

Pericyte loss

pancreatic beta-cells

NOD 1
Ins2kita 1
db/db 2

Genetically-induced
low insulin levels

Obesity-induced
insulin resistance

Acellular capillaries

Ganglion cell loss
Retina thinning
Pericyte loss
Acellular capillaries

Blood-retinal barrier breakdown

Microglial cell morphology changes

Retinal microvessel loss

Blood-retinal barrier breakdown

Joussen et al. (2003)
Feit-Leichman
et al. (2005)
Leal et al. (2007)
Zheng et al. (2007)
Kern et al. (2010)
Naeser & Andersson (1983)
Gaucher et al. (2007)
Shaw et al. (2006)
Lee & Harris (2008)

Barber et al. (2005)
Huang et al. (2011)
Wright et al. (2012)

Cheung et al. (2005)
Li et al. (2009a)
Li et al. (2010)

Capillary basement membrane thickness

STZ, streptozotocin.

DM, including DR. Other animal mod-
els of TIDM that develop DR are: the
non-obese diabetic (NOD) mice, in
whom the immune system spontane-
ously destroys pancreatic beta-cells
(Shaw et al. 2006; Lee & Harris 2008)
and the Ins2%" mice, which carried a
dominant point mutation in the gene
insulin-2 (Gastinger et al. 2008). For
T2DM, DR has been widely studied in
CS57BLKS-Leprdb/db (db/db) mice,
an animal model of obesity-induced
diabetes (Cheung et al. 2005; Li et al.
2009a,b, 2010). Due to the mutation of
the leptin receptor gene, animals are
hyperphagic, develop insulin-resistance
and hyperglycaemia from the 5th week
of age (Chua et al. 1996). In the mouse
models of TIDM and T2DM, sus-
tained hyperglycaemia results in struc-
tural retinal abnormalities similar to
those observed at the nonproliferative
stage of DR in human patients with
DM (Kern etal. 2010) (Fig. 1 and
Table 1). That is: reduction of pericytes
in retinal capillaries, increased number
of acellular-occluded capillaries, micro-
aneurysms, increased leucostasis,
increased vascular permeability result-
ing from breakdown of the blood-reti-
nal barrier and thickening of the
vascular basement membrane (Ham-
mes et al. 2002; Cheung et al. 2005;
Zheng et al. 2007; Li et al. 2009a). In
addition, hyperglycaemic mice also
develop functional retinal alterations
due to neuronal cell death evidenced as
changes in the retinal electrophysiolog-
ical activity (Kern & Barber 2008).

Nevertheless, due to limited rodent life-
span and relative short exposure to hy-
perglycaemia, all DM rodent models
currently available do not develop pre-
retinal neovascularization or other
advanced lesions observed at the prolif-
erative stage of DR in human patients
with DM. Therefore, mouse models of
DR are not useful to evaluate the ther-
apeutic strategies aimed at managing
advanced stage of DR. However, these
models do offer insight into the early
changes, which may determine the
more advanced stages of the disease,
and are useful for the assessment of
therapeutic interventions aimed to pre-
vent or delay the onset of DR.

Conclusion

Stem cell-based therapy represents a
newly emerging therapeutic approach
to treat eye degenerative diseases.
MSCs are an attractive tool for this
because, in preclinical and clinical stu-
dies, they have proved to trigger the
regeneration of damaged tissue, with
no evidence of adverse events. Due to
the matching of pathological events
that occur at the initial steps of DR,
and the cellular and molecular mecha-
nisms associated to MSC therapeutic
effects, we hypothesize that, in an indi-
viduals with DM, the administration
of undifferentiated MSCs will (i)
reduce chronic inflammation by the
secretion of anti-inflammatory cyto-
kines, (ii) reduce oxidative damage by

scavenging reactive species, (iii) be vas-
cular- and neuroprotective due to the
secretion of trophic factors, (iv) differ-
entiate into pericytes and neuronal
cells replacing the dead ones, thus pre-
venting or delaying the onset of DR.
This eye-protective potential of MSCs
should be tested in relevant animal
models of DR. If it does not result in
abnormal neovascularization, it should
be further proved in clinical trials and
finally translated into clinical practise.

Acknowledgements

Supported by FONDECYT Grant #
11085033 to F.E. We thank Mrs. Car-
olina Larrain for English editing of
the manuscript.

References

Abu El-Asrar AM, Meersschaert A, Dralands L,
Missotten L & Geboes K (2004): Inducible
nitric oxide synthase and vascular endothelial
growth factor are colocalized in the retinas of
human subjects with diabetes. Eye 18: 306-313.

Aggarwal S & Pittenger MF (2005): Human mes-
enchymal stem cells modulate allogeneic
immune cell responses. Blood 105: 1815-1822.

Aiello LM (2003): Perspectives on diabetic retinop-
athy. Am J Ophthalmol 136: 122-135.

Alder VA, Su EN, Yu DY, Cringle SJ & Yu PK
(1997): Diabetic retinopathy: early functional
changes. Clin Exp Pharmacol Physiol 24: 785—
788.

Antonetti DA, Barber AJ, Bronson SK et al.
(2006): Diabetic retinopathy: seeing beyond
glucose-induced microvascular disease. Diabe-
tes 55: 2401-2411.

€92



Acta OpHTHALMOLOGICA 2014

Baker PS & Brown GC (2009): Stem-cell therapy
in retinal disease. Curr Opin Ophthalmol 20:
175-181.

Barber AJ, Antonetti DA, Kern TS et al. (2005):
The Ins2Akita mouse as a model of early reti-
nal complications in diabetes. Invest Ophthal-
mol Vis Sci 46: 2210-2218.

Boscia F (2010): Current approaches to the man-
agement of diabetic retinopathy and diabetic
macular oedema. Drugs 70: 2171-2200.

Brownlee M (2001): Biochemistry and molecular
cell biology of diabetic complications. Nature
414: 813-820.

Caplan Al (2008): All MSCs are pericytes? Cell
Stem Cell 3: 229-230.

Caplan Al & Dennis JE (2006): Mesenchymal
stem cells as trophic mediators. J Cell Biochem
98: 1076-1084.

Castanheira P, Torquetti L, Nehemy MB & Goes
AM (2008): Retinal incorporation and differen-
tiation of mesenchymal stem cells intravitreally
injected in the injured retina of rats. Arq Bras
Oftalmol 71: 644-650.

Chen J, Li Y, Wang L, Lu M, Zhang X & Chopp
M (2001): Therapeutic benefit of intracerebral
transplantation of bone marrow stromal cells
after cerebral ischemia in rats. J Neurol Sci
189: 49-57.

Chen J, Li Y, Katakowski M et al. (2003): Intra-
venous bone marrow stromal cell therapy
reduces apoptosis and promotes endogenous
cell proliferation after stroke in female rat. J
Neurosci Res 73: 778-786.

Chen SL, Fang WW, Ye F et al. (2004): Effect
on left ventricular function of intracoronary
transplantation of autologous bone marrow
mesenchymal stem cell in patients with acute
myocardial infarction. Am J Cardiol 94: 92-95.

Chen MF, Lin CT, Chen WC et al. (2006): The
sensitivity of human mesenchymal stem cells to
ionizing radiation. Int J Radiat Oncol Biol
Phys 66: 244-253.

Cheung AK, Fung MK, Lo AC, Lam TT, So
KF, Chung SS & Chung SK (2005): Aldose
reductase deficiency prevents diabetes-induced
blood-retinal barrier breakdown, apoptosis,
and glial reactivation in the retina of db/db
mice. Diabetes 54: 3119-3125.

Cheung N, Mitchell P & Wong TY (2010): Dia-
betic retinopathy. Lancet 376: 124-136.

Christiano AS & Shessler EM (2010): Technologi-
cal advancements in diabetes care. Adolesc
Med State Art Rev 21: 129-137.

Chua SC Jr, Chung WK, Wu-Peng XS, Zhang Y,
Liu SM, Tartaglia L & Leibel RL (1996): Phe-
notypes of mouse diabetes and rat fatty due to
mutations in the OB (leptin) receptor. Science
271: 994-996.

Crisan M, Yap S, Casteilla L et al. (2008): A
perivascular origin for mesenchymal stem cells
in multiple human organs. Cell Stem Cell 3:
301-313.

Dharmasaroja P (2009): Bone marrow-derived
mesenchymal stem cells for the treatment of
ischemic stroke. J Clin Neurosci 16: 12-20.

Dominici M, Le Blanc K, Mueller T et al. (2006):
Minimal criteria for defining multipotent mesen-
chymal stromal cells. The International Society
for Cellular Therapy position statement. Cyto-
therapy 8: 315-317.

Du Y, Miller CM & Kern TS (2003): Hyperglyce-
mia increases mitochondrial superoxide in ret-
ina and retinal cells. Free Radic Biol Med 35:
1491-1499.

Ejaz S, Chekarova I, Ejaz A, Sohail A & Lim
CW (2008): Importance of pericytes and mech-

anisms of pericyte loss during diabetes retinop-
athy. Diabetes Obes Metab 10: 53-63.

El-Remessy AB, Behzadian MA, Abou-Mohamed
G, Franklin T, Caldwell RW & Caldwell RB
(2003): Experimental diabetes causes break-
down of the blood-retina barrier by a mecha-
nism involving tyrosine nitration and increases
in expression of vascular endothelial growth
factor and urokinase plasminogen activator
receptor. Am J Pathol 162: 1995-2004.

Enzmann V, Yolcu E, Kaplan HJ & Ildstad ST
(2009): Stem cells as tools in regenerative ther-
apy for retinal degeneration. Arch Ophthalmol
127: 563-571.

Evans JL, Goldfine ID, Maddux BA & Grodsky
GM (2002): Oxidative stress and stress-acti-
vated signaling pathways: a unifying hypothesis
of type 2 diabetes. Endocr Rev 23: 599-622.

Ezquer F, Ezquer M, Simon V, Pardo F, Yanez
A, Carpio D & Conget P (2009): Endovenous
administration of bone-marrow-derived multi-
potent mesenchymal stromal cells prevents
renal failure in diabetic mice. Biol Blood Mar-
row Transplant 15: 1354-1365.

Ezquer F, Ezquer M, Contador D, Ricca M,
Simon V & Conget P (2012): The antidiabetic
effect of mesenchymal stem cells is unrelated to
their transdifferentiation potential but to their
capability to restore TH1/TH2 balance and to
modify the pancreatic microenvironment. Stem
Cells 30: 1664-1674.

Fan F, Stoeltzing O, Liu W, McCarty MF, Jung
YD, Reinmuth N & Ellis LM (2004): Interleu-
kin-1beta regulates angiopoietin-1 expression in
human endothelial cells. Cancer Res 64: 3186—
3190.

Feit-Leichman RA, Kinouchi R, Takeda M, Fan
Z, Mohr S, Kern TS & Chen DF (2005): Vas-
cular damage in a mouse model of diabetic ret-
inopathy: relation to mneuronal and glial
changes. Invest Ophthalmol Vis Sci 46: 4281—
4287.

Fibbe WE, Nauta AJ & Roelofs H (2007):
Modulation of immune responses by mesenchy-
mal stem cells. Ann N Y Acad Sci 1106: 272—
278.

Fortune B, Schneck ME & Adams AJ (1999):
Multifocal electroretinogram delays reveal local
retinal dysfunction in early diabetic retinopa-
thy. Invest Ophthalmol Vis Sci 40: 2638-2651.

Francois S, Bensidhoum M, Mouiseddine M
et al. (2006): Local irradiation not only induces
homing of human mesenchymal stem cells at
exposed sites but promotes their widespread
engraftment to multiple organs: a study of their
quantitative distribution after irradiation dam-
age. Stem Cells 24: 1020-1029.

Gardner TW, Abcouwer SF, Barber AJ & Jack-
son GR (2011): An integrated approach to dia-
betic retinopathy research. Arch Ophthalmol
129: 230-235.

Gastinger MJ, Kunselman AR, Conboy EE,
Bronson SK & Barber AJ (2008): Dendrite
remodeling and other abnormalities in the reti-
nal ganglion cells of Ins2 Akita diabetic mice.
Invest Ophthalmol Vis Sci 49: 2635-2642.

Gaucher D, Chiappore JA, Paques M, Simonutti
M, Boitard C, Sahel JA, Massin P & Picaud S
(2007): Microglial changes occur without neu-
ral cell death in diabetic retinopathy. Vision
Res 47: 612-623.

Gong L, Wu Q, Song B, Lu B & Zhang Y
(2008): Differentiation of rat mesenchymal
stem cells transplanted into the subretinal space
of sodium iodate-injected rats. Clin Experiment
Ophthalmol 36: 666-671.

Halliwell B & Whiteman M (2004): Measuring
reactive species and oxidative damage in vivo
and in cell culture: how should you do it and
what do the results mean? Br J Pharmacol 142:
231-255.

Hammes HP, Lin J, Renner O, Shani M, Lundg-
vist A, Betsholtz C, Brownlee M & Deutsch U
(2002): Pericytes and the pathogenesis of dia-
betic retinopathy. Diabetes 51: 3107-3112.

Hill AJ, Zwart I, Tam HH, Chan J, Navarrete C,
Jen LS & Navarrete R (2009): Human umbilical
cord blood-derived mesenchymal stem cells do
not differentiate into neural cell types or inte-
grate into the retina after intravitreal grafting in
neonatal rats. Stem Cells Dev 18: 399-409.

Horwitz EM, Prockop DJ, Gordon PL et al.
(2001): Clinical responses to bone marrow
transplantation in children with severe osteo-
genesis imperfecta. Blood 97: 1227-1231.

Huang H, Gandhi JK, Zhong X, Wei Y, Gong J,
Duh EJ & Vinores SA (2011): TNFalpha is
required for late BRB breakdown in diabetic
retinopathy, and its inhibition prevents leuko-
stasis and protects vessels and neurons from
apoptosis. Invest Ophthalmol Vis Sci 52: 1336—
1344,

Hubbard AK & Rothlein R (2000): Intercellular
adhesion molecule-1 (ICAM-1) expression and
cell signaling cascades. Free Radic Biol Med
28: 1379-1386.

Izumida Y, Aoki T, Yasuda D et al. (2005):
Hepatocyte growth factor is constitutively pro-
duced by donor-derived bone marrow cells and
promotes regeneration of pancreatic beta-cells.
Biochem Biophys Res Commun 333: 273-282.

Jiang XX, Zhang Y, Liu B, Zhang SX, Wu Y,
Yu XD & Mao N (2005): Human mesenchy-
mal stem cells inhibit differentiation and func-
tion of monocyte-derived dendritic cells. Blood
105: 4120-4126.

Johnson TV, Bull ND, Hunt DP, Marina N,
Tomarev SI & Martin KR (2010): Neuropro-
tective effects of intravitreal mesenchymal stem
cell transplantation in experimental glaucoma.
Invest Ophthalmol Vis Sci 51: 2051-2059.

Jonas JB (2007): Intravitreal triamcinolone aceto-
nide for diabetic retinopathy. Dev Ophthalmol
39: 96-110.

Jonas JB, Kreissig I, Sofker A & Degenring RF
(2003): Intravitreal injection of triamcinolone
for diffuse diabetic macular edema. Arch Oph-
thalmol 121: 57-61.

Joussen AM, Poulaki V, Mitsiades N, Kirchhof
B, Koizumi K, Dohmen S & Adamis AP
(2002): Nonsteroidal anti-inflammatory drugs
prevent early diabetic retinopathy via TNF-
alpha suppression. FASEB J 16: 438-440.

Joussen AM, Poulaki V, Mitsiades N et al.
(2003): Suppression of Fas-FasL-induced endo-
thelial cell apoptosis prevents diabetic blood-
retinal barrier breakdown in a model of strep-
tozotocin-induced diabetes. FASEB J 17: 76—
78.

Joussen AM, Poulaki V, Le ML et al. (2004): A
central role for inflammation in the pathogene-
sis of diabetic retinopathy. FASEB J 18: 1450—
1452.

Kahn SE (2003): The relative contributions of
insulin resistance and beta-cell dysfunction to
the pathophysiology of Type 2 diabetes. Dia-
betologia 46: 3—19.

Kal HB, Loes van Kempen-Harteveld M, Heijen-
brok-Kal MH & Struikmans H (2006): Biologi-
cally effective dose in total-body irradiation
and hematopoietic stem cell transplantation.
Strahlenther Onkol 182: 672-679.

€93



Acta OpHTHALMOLOGICA 2014

Karl MO & Reh TA (2010): Regenerative medi-
cine for retinal diseases: activating endogenous
repair mechanisms. Trends Mol Med 16: 193—
202.

Kaul K, Hodgkinson A, Tarr JM, Kohner EM &
Chibber R (2010): Is inflammation a common
retinal-renal-nerve pathogenic link in diabetes?
Curr Diabetes Rev 6: 294-303.

Kempen JH, O’Colmain BJ, Leske MC, Haffner
SM, Klein R, Moss SE, Taylor HR & Hamman
RF (2004): The prevalence of diabetic retinopa-
thy among adults in the United States. Arch
Ophthalmol 122: 552-563.

Kern TS & Barber AJ (2008): Retinal ganglion
cells in diabetes. J Physiol 586: 4401-4408.

Kern TS, Tang J & Berkowitz BA (2010): Valida-
tion of structural and functional lesions of dia-
betic retinopathy in mice. Mol Vis 16: 2121—
2131.

Kicic A, Shen WY, Wilson AS, Constable 1J,
Robertson T & Rakoczy PE (2003): Differen-
tiation of marrow stromal cells into photore-
ceptors in the rat eye. J Neurosci 23: 7742—
7749.

Kinnaird T, Stabile E, Burnett MS, Lee CW,
Barr S, Fuchs S & Epstein SE (2004): Marrow-
derived stromal cells express genes encoding a
broad spectrum of arteriogenic cytokines and
promote in vitro and in vivo arteriogenesis
through paracrine mechanisms. Circ Res 94:
678-685.

Klein R, Davis MD, Moss SE, Klein BE & De-
Mets DL (1985): The Wisconsin Epidemiologic
Study of Diabetic Retinopathy. A comparison
of retinopathy in younger and older onset dia-
betic persons. Adv Exp Med Biol 189: 321-
33s.

Klein R, Klein BE, Moss SE & Cruickshanks KJ
(1995): The Wisconsin Epidemiologic Study of
Diabetic Retinopathy. XV. The long-term inci-
dence of macular edema. Ophthalmology 102:
7-16.

Klein R, Knudtson MD, Lee KE, Gangnon R &
Klein BE (2009): The Wisconsin Epidemiologic
Study of Diabetic Retinopathy XXIII: the
twenty-five-year incidence of macular edema in
persons with type 1 diabetes. Ophthalmology
116: 497-503.

Kollias AN & Ulbig MW (2010): Diabetic reti-
nopathy: early diagnosis and effective treat-
ment. Dtsch Arztebl Int 107: 75-83.

Konrad RJ, Mikolaenko I, Tolar JF, Liu K &
Kudlow JE (2001): The potential mechanism of
the diabetogenic action of streptozotocin: inhi-
bition of pancreatic beta-cell O-GlcNAc-selec-
tive N-acetyl-beta-D-glucosaminidase. Biochem
J 356: 31-41.

Kowluru RA (2003): Effect of reinstitution of
good glycemic control on retinal oxidative
stress and nitrative stress in diabetic rats. Dia-
betes 52: 818-823.

Kowluru RA & Odenbach S (2004): Role of
interleukin-1beta in the pathogenesis of dia-
betic retinopathy. Br J Ophthalmol 88: 1343—
1347.

Kowluru RA, Koppolu P, Chakrabarti S & Chen
S (2003): Diabetes-induced activation of
nuclear transcriptional factor in the retina, and
its inhibition by antioxidants. Free Radic Res
37: 1169-1180.

Krady JK, Basu A, Allen CM, Xu Y, LaNoue
KF, Gardner TW & Levison SW (2005): Mino-
cycline reduces proinflammatory cytokine
expression, microglial activation, and caspase-3
activation in a rodent model of diabetic reti-
nopathy. Diabetes 54: 1559-1565.

Krause DS, Theise ND, Collector MI, Henegariu
O, Hwang S, Gardner R, Neutzel S & Sharkis
SJ (2001): Multi-organ, multi-lineage engraft-
ment by a single bone marrow-derived stem
cell. Cell 105: 369-377.

Kuo TK, Hung SP, Chuang CH, Chen CT, Shih
YR, Fang SC, Yang VW & Lee OK (2008):
Stem cell therapy for liver disease: parameters
governing the success of using bone marrow
mesenchymal stem cells. Gastroenterology 134:
2111-2121.

Kurozumi K, Nakamura K, Tamiya T et al.
(2005): Mesenchymal stem cells that produce
neurotrophic factors reduce ischemic damage
in the rat middle cerebral artery occlusion
model. Mol Ther 11: 96-104.

Kutcher ME, Kolyada AY, Surks HK & Herman
IM (2007): Pericyte Rho GTPase mediates both
pericyte contractile phenotype and capillary
endothelial growth state. Am J Pathol 171:
693-701.

Lanza C, Morando S, Voci A et al. (2009): Neuro-
protective mesenchymal stem cells are endowed
with a potent antioxidant effect in vivo. J Neu-
rochem 110: 1674-1684.

Le Blanc K, Tammik C, Rosendahl K, Zetterberg
E & Ringden O (2003): HLA expression and
immunologic properties of differentiated and
undifferentiated mesenchymal stem cells. Exp
Hematol 31: 890-896.

Le Blanc K, Rasmusson I, Sundberg B, Gother-
strom C, Hassan M, Uzunel M & Ringden O
(2004): Treatment of severe acute graft-versus-
host disease with third party haploidentical mes-
enchymal stem cells. Lancet 363: 1439-1441.

Leal EC, Manivannan A, Hosoya K, Terasaki T,
Cunha-Vaz J, Ambrosio AF & Forrester JV
(2007): Inducible nitric oxide synthase isoform
is a key mediator of leukostasis and blood-reti-
nal barrier breakdown in diabetic retinopathy.
Invest Ophthalmol Vis Sci 48: 5257-5265.

Lee S & Harris NR (2008): Losartan and ozagrel
reverse retinal arteriolar constriction in non-
obese diabetic mice. Microcirculation 15: 379—
387.

Lee S, Zeiger A, Maloney JM, Kotecki M, Van
Vliet KJ & Herman IM (2010): Pericyte acto-
myosin-mediated contraction at the cell-mate-
rial interface can modulate the microvascular
niche. J Phys Condens Matter 22: 194115.

Li Y, Chen J, Wang L, Zhang L, Lu M & Chopp
M (2001): Intracerebral transplantation of bone
marrow stromal cells in a 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine mouse model of Par-
kinson’s disease. Neurosci Lett 316: 67-70.

Li Y, Reca RG, Atmaca-Sonmez P, Ratajczak
MZ, Ildstad ST, Kaplan HJ & Enzmann V
(2006): Retinal pigment epithelium damage
enhances expression of chemoattractants and
migration of bone marrow-derived stem cells.
Invest Ophthalmol Vis Sci 47: 1646-1652.

Li J, Wang JJ, Chen D, Mott R, Yu Q, Ma JX &
Zhang SX (2009a): Systemic administration of
HMG-CoA reductase inhibitor protects the
blood-retinal barrier and ameliorates retinal
inflammation in type 2 diabetes. Exp Eye Res
89: 71-78.

Li N, Li XR & Yuan JQ (2009b): Effects of
bone-marrow mesenchymal stem cells trans-
planted into vitreous cavity of rat injured by
ischemia/reperfusion. Graefes Arch Clin Exp
Ophthalmol 247: 503-514.

Li J, Wang JJ, Yu Q, Chen K, Mahadev K &
Zhang SX (2010): Inhibition of reactive oxygen
species by Lovastatin downregulates vascular
endothelial growth factor expression and ame-

liorates blood-retinal barrier breakdown in
db/db mice: role of NADPH oxidase 4. Diabe-
tes 59: 1528-1538.

Lieth E, Gardner TW, Barber AJ & Antonetti
DA (2000): Retinal neurodegeneration: early
pathology in diabetes. Clin Experiment Oph-
thalmol 28: 3-8.

Lopes de Faria JM, Katsumi O, Cagliero E,
Nathan D & Hirose T (2001): Neurovisual
abnormalities preceding the retinopathy in
patients with long-term type 1 diabetes mell-
itus. Graefes Arch Clin Exp Ophthalmol 239:
643-648.

Lorenzi M & Gerhardinger C (2001): Early cellular
and molecular changes induced by diabetes in
the retina. Diabetologia 44: 791-804.

Lu D, Mahmood A, Wang L, Li Y, Lu M &
Chopp M (2001): Adult bone marrow stromal
cells administered intravenously to rats after
traumatic brain injury migrate into brain and
improve neurological outcome. NeuroReport
12: 559-563.

Luckie R, Leese G, McAlpine R, MacEwen CJ,
Baines PS, Morris AD & Ellis JD (2007): Fear
of visual loss in patients with diabetes: results of
the prevalence of diabetic eye disease in Tayside,
Scotland (P-DETS) study. Diabet Med 24:
1086-1092.

Lund RD, Wang S, Lu B et al. (2007): Cells iso-
lated from umbilical cord tissue rescue photore-
ceptors and visual functions in a rodent model
of retinal disease. Stem Cells 25: 602-611.

Maccario R, Podesta M, Moretta A et al. (2005):
Interaction of human mesenchymal stem cells
with cells involved in alloantigen-specific
immune response favors the differentiation of
CD4+ T-cell subsets expressing a regula-
tory/suppressive phenotype. Haematologica 90:
516-525.

Mahmood A, Lu D & Chopp M (2004): Marrow
stromal cell transplantation after traumatic
brain injury promotes cellular proliferation
within the brain. Neurosurgery 55: 1185-1193.

Marcovecchio ML, Tossavainen PH & Dunger
DB (2010): Prevention and treatment of micro-
vascular disease in childhood type 1 diabetes.
Br Med Bull 94: 145-164.

Mathis D, Vence L & Benoist C (2001): Beta-cell
death during progression to diabetes. Nature
414: 792-798.

Mayer-Davis EJ (2008): Type 2 diabetes in youth:
epidemiology and current research toward pre-
vention and treatment. J Am Diet Assoc 108:
S45-S51.

McLeod DS, Lefer DJ, Merges C & Lutty GA
(1995): Enhanced expression of intracellular
adhesion molecule-1 and P-selectin in the dia-
betic human retina and choroid. Am J Pathol
147: 642-653.

Mimeault M & Batra SK (2006): Concise review:
recent advances on the significance of stem
cells in tissue regeneration and cancer thera-
pies. Stem Cells 24: 2319-2345.

Minguell JJ, Erices A & Conget P (2001): Mesen-
chymal stem cells. Exp Biol Med 226: 507-520.

Mohamed Q, Gillies MC & Wong TY (2007):
Management of diabetic retinopathy: a system-
atic review. JAMA 298: 902-916.

Muranaka K, Yanagi Y, Tamaki Y et al. (2006):
Effects of peroxisome proliferator-activated
receptor gamma and its ligand on blood-retinal
barrier in a streptozotocin-induced diabetic
model. Invest Ophthalmol Vis Sci 47: 4547—
4552.

Naeser P & Andersson A (1983): Effects of pan-
creatic islet implantation on the morphology of

e94



Acta OpHTHALMOLOGICA 2014

retinal capillaries in alloxan diabetic mice. Acta
Ophthalmol 61: 38-44.

Nagaya N, Fujii T, Iwase T et al. (2004): Intrave-
nous administration of mesenchymal stem cells
improves cardiac function in rats with acute
myocardial infarction through angiogenesis and
myogenesis. Am J Physiol Heart Circ Physiol
287: H2670-H2676.

Neuhuber B, Timothy Himes B, Shumsky JS,
Gallo G & Fischer I (2005): Axon growth and
recovery of function supported by human bone
marrow stromal cells in the injured spinal cord
exhibit donor variations. Brain Res 1035: 73—
85.

Obrosova IG, Minchenko AG, Vasupuram R,
White L, Abatan OI, Kumagai AK, Frank RN
& Stevens MJ (2003): Aldose reductase inhibi-
tor fidarestat prevents retinal oxidative stress
and vascular endothelial growth factor overex-
pression in streptozotocin-diabetic rats. Diabe-
tes 52: 864-871.

Oh JY, Kim MK, Shin MS, Lee HJ, Ko JH, Wee
WR & Lee JH (2008): The anti-inflammatory
and anti-angiogenic role of mesenchymal stem
cells in corneal wound healing following chemi-
cal injury. Stem Cells 26: 1047-1055.

Penfold PL, Madigan MC, Gillies MC & Provis
JM (2001): Immunological and aetiological
aspects of macular degeneration. Prog Retin
Eye Res 20: 385-414.

Phinney DG & Prockop DJ (2007): Concise
review: mesenchymal stem/multipotent stromal
cells: the state of transdifferentiation and
modes of tissue repair — current views. Stem
Cells 25: 2896-2902.

Resnikoff S, Pascolini D, Etya’ale D, Kocur I,
Pararajasegaram R, Pokharel GP & Mariotti
SP (2004): Global data on visual impairment in
the year 2002. Bull World Health Organ 82:
844-851.

Rolo AP & Palmeira CM (2006): Diabetes and
mitochondrial function: role of hyperglycemia
and oxidative stress. Toxicol Appl Pharmacol
212: 167-178.

Romero-Aroca P, Mendez-Marin I, Baget-Bernal-
diz M, Fernendez-Ballart J & Santos-Blanco E
(2010): Review of the relationship between
renal and retinal microangiopathy in diabetes
mellitus patients. Curr Diabetes Rev 6: 88-101.

Roy MS, Klein R, O’Colmain BJ, Klein BE,
Moss SE & Kempen JH (2004): The prevalence
of diabetic retinopathy among adult type 1 dia-
betic persons in the United States. Arch Oph-
thalmol 122: 546-551.

Salam A, Mathew R & Sivaprasad S (2011):
Treatment of proliferative diabetic retinopathy
with anti-VEGF agents. Acta Ophthalmol 89:
405-411.

Salmon AB, Perez VI, Bokov A, Jernigan A, Kim
G, Zhao H, Levine RL & Richardson A
(2009): Lack of methionine sulfoxide reductase
A in mice increases sensitivity to oxidative
stress but does not diminish life span. FASEB
J 23: 3601-3608.

Sasahara M, Otani A, Oishi A, Kojima H, Yodoi
Y, Kameda T, Nakamura H & Yoshimura N
(2008): Activation of bone marrow-derived mi-
croglia promotes photoreceptor survival in
inherited retinal degeneration. Am J Pathol
172: 1693-1703.

Sasaki M, Abe R, Fujita Y, Ando S, Inokuma D
& Shimizu H (2008): Mesenchymal stem cells
are recruited into wounded skin and contribute
to wound repair by transdifferentiation into
multiple skin cell type. J Immunol 180: 2581—
2587.

Sato T, Iso Y, Uyama T et al. (2011): Coronary
vein infusion of multipotent stromal cells from
bone marrow preserves cardiac function in
swine ischemic cardiomyopathy via enhanced
neovascularization. Lab Invest 91: 553-564.

Schleicher ED, Wagner E & Nerlich AG (1997):
Increased accumulation of the glycoxidation
product N(epsilon)-(carboxymethyl)lysine in
human tissues in diabetes and aging. J Clin
Invest 99: 457-468.

Sengupta N, Caballero S, Mames RN, Butler JM,
Scott EW & Grant MB (2003): The role of
adult bone marrow-derived stem cells in cho-
roidal neovascularization. Invest Ophthalmol
Vis Sci 44: 4908-4913.

Shaw SG, Boden JP, Biecker E, Reichen J & Ro-
then B (2006): Endothelin antagonism prevents
diabetic retinopathy in NOD mice: a potential
role of the angiogenic factor adrenomedullin.
Exp Biol Med 231: 1101-1105.

Shaw JE, Sicree RA & Zimmet PZ (2010): Global
estimates of the prevalence of diabetes for 2010
and 2030. Diabetes Res Clin Pract 87: 4-14.

Silva WA Jr, Covas DT, Panepucci RA, Proto-
Siqueira R, Siufi JL, Zanette DL, Santos AR &
Zago MA (2003): The profile of gene expression
of human marrow mesenchymal stem cells. Stem
Cells 21: 661-669.

Stefansson E (2009): Physiology of vitreous sur-
gery. Graefes Arch Clin Exp Ophthalmol 247:
147-163.

Stolar M (2010): Glycemic control and complica-
tions in type 2 diabetes mellitus. Am J Med
123: S3-S11.

Tang YL, Zhao Q, Zhang YC et al. (2004):
Autologous mesenchymal stem cell transplanta-
tion induce VEGF and neovascularization in
ischemic myocardium. Regul Pept 117: 3-10.

Thiele J, Varus E, Wickenhauser C et al. (2004):
Mixed chimerism of cardiomyocytes and ves-
sels after allogeneic bone marrow and stem-cell
transplantation in comparison with cardiac al-
lografts. Transplantation 77: 1902—-1905.

Tomita M, Adachi Y, Yamada H et al. (2002):
Bone marrow-derived stem cells can differenti-
ate into retinal cells in injured rat retina. Stem
Cells 20: 279-283.

Tu Z, Li Y, Smith DS, Sheibani N, Huang S,
Kern T & Lin F (2011): Retinal pericytes inhi-
bit activated T cell proliferation. Invest Oph-
thalmol Vis Sci 52: 9005-9010.

Uccelli A & Prockop DJ (2010): Why should
mesenchymal stem cells (MSCs) cure autoim-
mune diseases? Curr Opin Immunol 22: 768-
774.

Valle-Prieto A & Conget PA (2010): Human mesen-
chymal stem cells efficiently manage oxidative
stress. Stem Cells Dev 19: 1885-1893.

Wagers AJ & Weissman IL (2004): Plasticity of
adult stem cells. Cell 116: 639-6438.

Wang HC, Brown J, Alayon H & Stuck BE
(2010a): Transplantation of quantum dot-
labelled bone marrow-derived stem cells into
the vitreous of mice with laser-induced retinal
injury: survival, integration and differentiation.
Vision Res 50: 665-673.

Wang S, Lu B, Girman S et al. (2010b): Non-
invasive stem cell therapy in a rat model for
retinal degeneration and vascular pathology.
PLoS ONE 5: ¢9200.

White NH, Sun W, Cleary PA et al. (2008): Pro-
longed effect of intensive therapy on the risk of
retinopathy complications in patients with type
1 diabetes mellitus: 10 years after the Diabetes
Control and Complications Trial. Arch Oph-
thalmol 126: 1707-1715.

Wright WS, Yadav AS, McElhatten RM &
Harris NR (2012): Retinal blood flow abnor-
malities following six months of hyperglyce-
mia in the Ins2(Akita) mouse. Exp Eye Res
98: 9-15.

Yang LP, Sun HL, Wu LM, Guo XJ, Dou
HL, Tso MO, Zhao L & Li SM (2009):
Baicalein reduces inflammatory process in a
rodent model of diabetic retinopathy. Invest
Ophthalmol Vis Sci 50: 2319-2327.

Yang Z, Li K, Yan X, Dong F & Zhao C
(2010): Amelioration of diabetic retinopathy
by engrafted human adipose-derived mesen-
chymal stem cells in streptozotocin diabetic
rats. Graefes Arch Clin Exp Ophthalmol 248:
1415-1422.

Yu S, Tanabe T, Dezawa M, Ishikawa H & Yo-
shimura N (2006): Effects of bone marrow
stromal cell injection in an experimental glau-
coma model. Biochem Biophys Res Commun
344: 1071-1079.

Zhang W, Ge W, Li C, You S, Liao L, Han Q,
Deng W & Zhao RC (2004): Effects of mesen-
chymal stem cells on differentiation, matura-
tion, and function of human monocyte-derived
dendritic cells. Stem Cells Dev 13: 263-271.

Zhang J, Li Y, Chen J et al. (2005): Human bone
marrow stromal cell treatment improves neuro-
logical functional recovery in EAE mice. Exp
Neurol 195: 16-26.

Zhang SX, Wang JJ, Gao G, Shao C, Mott R &
Ma JX (2006): Pigment epithelium-derived fac-
tor (PEDF) is an endogenous antiinflammatory
factor. FASEB J 20: 323-325.

Zhang M, Mal N, Kiedrowski M, Chacko M,
Askari AT, Popovic ZB, Koc ON & Penn MS
(2007): SDF-1 expression by mesenchymal stem
cells results in trophic support of cardiac myo-
cytes after myocardial infarction. FASEB J 21:
3197-3207.

Zheng L & Kern TS (2010): In vivo models of
diabetic retinopathy. In: Hammes HP & Porta
M (eds.). Experimental Approaches to Diabetic
Retinopathy. Basel: Karger 42-60.

Zheng L, Du Y, Miller C, Gubitosi-Klug RA,
Ball S, Berkowitz BA & Kern TS (2007): Criti-
cal role of inducible nitric oxide synthase in
degeneration of retinal capillaries in mice with
streptozotocin-induced diabetes. Diabetologia
50: 1987-1996.

Received on November 15th, 2011.
Accepted on January 15th, 2013.

Correspondence:
Paulette Conget, PhD
Av. Las Condes 12438
Lo Barnechea
Santiago 7710162
Chile

Tel: 56 2 23279302
Fax: 56 2 23279306
Email: pconget@udd.cl
Fernando Ezquer, PhD
Av. Las Condes 12438
Lo Barnechea
Santiago 7710162
Chile

Tel: 56 2 23279425
Fax: 56 2 23279306
Email: eezquer@udd.cl

e9s —



