
complications including kidney failure, heart attacks, 
and retinal degeneration. In order to better understand 
the molecular basis of this disease and its complications, 
animal models have been the primary approach used 
to investigate the effects of diabetes on various tissues 
or cell types of the body, including the retina. However, 
inherent to these animal models are critical limitations 
that make the insight gained from these models 
challenging to apply to the human pathology. These 
difficulties in translating the knowledge obtained from 
animal studies have led a growing number of research 
groups to explore the diabetes complications, especially 
diabetic retinopathy, on tissues from human donors. 
This review summarizes the data collected from diabetic 
patients at various stages of diabetic retinopathy and 
classifies the data based upon their relevance to the 
main aspects of diabetic retinopathy: retinal vasculature 
dysfunction, inflammation, and neurodegeneration. This 
review discusses the importance of those studies to 
discriminate and establish the relevance of the findings 
obtained from animal models but also the limitations of 
such approaches.

Key words: Retina; Diabetic retinopathy; Human donor; 
Physiopathology; Vascular disease; Inflammation; 
Neurodegeneration
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Core tip: This review summarizes the current state 
of the knowledge on the physiopathology of diabetic 
retinopathy directly obtained from the analysis of 
tissues from human patients strongly complementing 
what has been gathered from animal models. The 
review discusses the vascular, inflammatory and 
neurodegenerative aspects of the disease, their inter-
relation and the advantages and limits of such studies 
compared to the ones using animal models. Altogether, 
these analyses clearly demonstrate the complexity 
of the disease mechanisms but also the somewhat 
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Abstract
According to the American Diabetes Association, diabetes 
was the seventh leading cause of death, and diabetic 
retinopathy the leading cause of blindness in working 
age adults in the United States in 2010. Diabetes is 
characterized by hyperglycemia associated with either 
hypoinsulinemia or insulin resistance, and over time, 
this chronic metabolic condition may lead to various 
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still limited knowledge and the need for additional 
complementary studies. 
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INTRODUCTION
Diabetic retinopathy (DR) is one of the most prevalent 
complications of diabetes, and while it is now well 
recognized that this disease involves perturbations of all 
the components of the retinal tissue, its diagnosis still 
mostly relies on the detection of damages associated 
with the vascular network. Based on those clinical 
features, diabetic retinopathy has been subdivided into 
two main stages: non-proliferative diabetic retinopathy 
(NPDR), and proliferative diabetic retinopathy (PDR). 
In the primary stages of NPDR, microaneurysms, 
or the swelling of small blood vessels, are the first 
detectable clinical signs of DR, and are associated with 
hypoperfusion of discrete regions of the retina. While 
the clinical gradation is still made based on vascular 
pathology, recent studies have shown that ganglion 
cell sensitivity as well as dark adaptation is altered in 
patients with NPDR, thus confirming early alteration of 
neuronal function[1] and raising questions regarding the 
relative causality of those phenotypes. The progression 
of swelling can also be associated with leakage of 
fluid into the eye and increased inflammation, which 
can ultimately lead to swelling of the macula, the 
most sight-threatening stage of NPDR called diabetic 
macular edema (DME). While not detectable on 
fundus photographs, several studies showed that DME 
was also characterized by dramatic loss of neuronal 
function and increased inflammation, confirming the 
progression of the non-vascular alterations at this stage 
of the disease[2,3]. In some cases, it is believed that 
progression of NPDR yields a severe ischemic state 
in specific areas of the retina, causing production of 
various factors leading to growth of new blood vessels 
in a process called neovascularization, marking the 
transition to PDR[4,5]. These new vessels grow in a less 
controlled manner and disturb vision by developing in 
normally avascular regions, such as the vitreous cavity, 
often leading to hemorrhage, or the macula, leading 
to dramatic and persistent vision loss. Lastly, scarring 
or gliosis associated with retinal neovascularization 
can cause traction between the vitreous and the 
retina, which can ultimately lead to detachment of 
the neural retina from the retinal pigment epithelium, 
a phenomenon called tractional detachment. When 
taking place in the macula, this detachment is a major 
cause of severe vision loss in DR patients. 

While the diagnosis and associated grading of DR 
has been more clearly defined over the years, the 
molecular mechanisms responsible for the different 
stages of this disease have been more difficult to 
characterize. Various studies have been conducted 
using animal models of diabetes to explore the 
molecular mechanisms of retinal vascular changes and 
neurodegeneration central to this disease. In contrast, 
and despite the limitations of the studies based on 
animal models, only a small number of studies have 
been conducted focusing specifically on the human 
pathology. This review will summarize what is presently 
known about DR from studies using human donor 
tissues. We will describe how the use of post-mortem 
tissues has allowed investigation of the vascular, 
inflammatory, and neuronal aspects of the disease and 
how it compares to data collected from animal models. 
Lastly, this review will briefly discuss how this approach 
enables a better understanding of the pathological 
mechanisms associated with the individual stages of 
DR and will explore both the advantages and limitations 
of using human donor tissues.

VASCULAR ALTERATIONS OF DR
In order to comprehend how changes in the vascular 
integrity can lead to DR, it is important to understand 
the basic properties and function of the neuroretina 
and its vasculature. Retinal capillaries are composed of 
endothelial cells located on the basement membrane, 
which is surrounded by pericytes. Connecting neighboring 
endothelial cells are tight, gap, and adherens junctions, 
which are responsible for maintaining the integrity of the 
blood-retinal barrier (BRB). The BRB tightly regulates 
the permeability of those vessels and is responsible 
for allowing nutrients and certain elements to reach 
neuroretinal cells. Blood flow is in turn mostly controlled 
by the surrounding pericytes through the regulation of 
the diameter of the vessels. Chronic conditions, such 
as diabetes, can lead to the disruption of the retinal 
vasculature over time, leading to the blockage of vessels, 
leakage of capillaries, and other vascular complications, 
ultimately resulting in conditions like DR.

Retinal microvascular cell death
Progressive retinal microvessel obliteration marks 
one of the most significant effects of DR in its early 
stages, resulting in increased vascular permeability 
as demonstrated clinically on retinal angiograms. The 
association between DR and pericyte or endothelial cell 
death was first described by Mizutani et al[6] using trypsin 
digest preparations and retinal cross-sections from 
diabetic patients and age-matched non-diabetic controls[6]. 
Combining TUNEL staining on retinal cross-sections and 
histological analysis of trypsin digests, the authors first 
demonstrated an increased number of dying cells in 
the vascular network of diabetic patients. Morphological 
analysis coupled with cell-specific immunostaining 
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demonstrated that both pericytes and endothelial cells 
were dying in tissues from diabetic patients. To control 
for structural and functional changes primarily due to 
aging, rather than diabetes, or even simply post-mortem 
artifacts, the authors reproduced those findings in two 
rodent models. The authors reproduced those findings 
in two rodent models, the alloxan-induced diabetic 
and galactose-fed rats. This study was one of the first 
demonstrating the death of endothelial cells and pericytes 
in retinal tissue from human diabetic patients, and that 
this phenomenon occurred during the early stages of DR, 
even before clinical signs could be detected. Subsequently, 
several studies confirmed those results in independent sets 
of postmortem human tissues from diabetic patients[7,8]. 
Detection of a decreased pericyte/endothelial cell ratio 
was also found, suggesting a higher sensitivity of pericytes 
compared to endothelial cells that could be associated with 
their lower capacity to replicate[7].

Neo-angiogenesis
Endothelial and pericyte cell death and the subsequent 
retinal microvessel degeneration results, among 
other things, in ischemic foci, which, by way of unmet 
metabolic needs, can ultimately lead to the initiation of 
angiogenesis. Previous studies investigating the molecular 
mechanisms of vascular growth and permeability in DR 
have identified some of the growth factors involved in 
angiogenesis in response to diabetes[9]. Non-human 
primate models involving retinal hypoxia were among 
the first in which increased mRNA levels of vascular 
endothelial growth factors (VEGFs) were detected in 
retina and intraocular fluids after vaso-obliteration[10,11]. 
Soon after, VEGF was reported to be almost exclusively 
detected in the intraretinal and choroidal vasculature of 
diabetic patients[12]. To acquire further insights specific to 
human vasculature, Mathews et al[13] analyzed the retinal 
vasculature of human post-mortem eyes to determine 
if a correlation existed between VEGF-positive vessels 
and vascular permeability. Supporting this hypothesis, 
the authors observed an increase in the number of 
VEGF-positive vessels in diabetic eyes compared to non-
diabetic eyes. Furthermore, the greatest concentration 
of VEGF-positive vessels were found in the central retina 
of diabetic eyes, consistent with prior observations 
that angiogenesis occurs mainly in this region[14]. 
Conversely, non-diabetic eyes displayed higher numbers 
of VEGF-positive vessels within the peripheral retina, 
results reported in previous studies and likely attributed 
to degeneration of the eye caused by age or other 
vascular diseases[15]. Additionally, the authors reported 
that vascular permeability, assessed by human serum 
albumin levels, was far greater in diabetic eyes than in 
non-diabetic eyes. Upon further statistical analysis, the 
levels of VEGF and human serum albumin in diabetic 
eyes were directly correlated, whereas no pattern existed 
in non-diabetic eyes. This represented some of the first 
evidence that increased permeability of diabetic retinal 

vessels correlated with increased VEGF levels, even prior 
to the detection of clinical signs of PDR[13]. 

While VEGF is a central player in PDR and DME, 
some evidence points to other factors being involved, 
including the cytokines tumor necrosis factor (TNF)-α 
and transforming growth factor (TGF)-β or other growth 
factors such as platelet-derived growth factor[16]. 
Analysis of vitreous fluid from diabetic patients with 
PDR showed increased levels of TNF-α[17] which could 
be part of the pathological mechanism of DR due to its 
known role in vascular and inflammatory regulation that 
will be expanded upon later in this review. As for TGF-β, 
it has previously been shown to have a critical role in 
the maintenance of the BRB and endothelial cell barrier 
function[18]. However, one study reported that TGF-β 
was detected in the photoreceptor layer of both diabetic 
and non-diabetic human retinal tissue[19], and thus, its 
exact role in DR remains to be clarified.

Angiogenesis relies not only on different growth 
factors such as VEGF, TGF-β and TNF-α, but also cell 
adhesion molecules. The role of cell adhesion molecules 
is to connect the cell to the external environment as 
well as neighboring cells by binding proteins that make 
up the extracellular matrix (ECM) via membrane-
associated proteins on the cell surface. One class of 
cell adhesion molecules, integrins, is critical for cell-cell 
and cell-ECM interaction, thus significantly influencing 
cellular responses and physiology. Interaction of 
integrins with the ECM has been shown to influence 
angiogenesis through regulation of intracellular signaling 
that affects replication and differentiation of endothelial 
cells and pericytes. A study conducted by Friedlander 
et al[20] in animal models of angiogenesis suggested 
that since αvβ3 and αvβ5 integrins were involved in 
angiogenesis, these specific integrins could be critical in 
PDR. Ning et al[21] utilized this data to expand upon and 
determine the co-localization of five different integrins 
with the retinal vascular endothelium of four patients 
with PDR. Contrary to what was found in the animal 
models, no staining was observed for αvβ5 integrins, 
possibly attributed to inter-species variability. As for 
the other integrins tested, α1β1 and α2β1 integrins 
were detected in all tissues, at moderate level and 
without co-localization with endothelial cells. Only αvβ3 
and β3 integrin proteins were found to be moderately 
induced and specifically co-localized with endothelial 
cell markers in two of the four patients with PDR tested. 
While further validation is required, these data suggest 
a specific impact of PDR on a subset of integrins, which 
could reflect their role in pathological angiogenesis[21]. 

Perturbations of the retinal vasculature associated with 
diabetes have long been known from animal models, but 
studies using tissues from human donors continue to be 
key to our understanding of the molecular mechanisms 
underlying the vascular changes associated with the 
different stages of DR. These studies highlight the 
complexity of those mechanisms and the interconnection 
of the vascular pathology with other aspects of the disease 
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retina in DR.

Inflammatory response
In their original work, Rungger-Brändle et al[25] showed 
that the number of microglial cells, the innate immune 
cells of the retina, was increased in diabetic rodents. 
As importantly, they showed that those cells became 
activated, a state characterized by morphological 
changes as well as an increase in cytokine production and 
secretion[25]. While resting microglial cells have multiple, 
long processes to sense the surrounding environment, 
activated microglial cells become compact and respond 
to stress signals by producing various signaling 
molecules including pro-inflammatory cytokines such as 
TNF-α, proteases, and reactive oxygen species. There 
is increasing evidence that inflammation in general, 
and microglial cell activation in particular, may play an 
important role in the pathogenesis of DR. One of the 
premier findings that hinted to this was a study in 1964, 
when diabetic patients on a salicylate diet, a known 
anti-inflammatory drug, for treatment of rheumatoid 
arthritis, reported lower incidence of DR[30]. Subsequent 
studies displayed similar results, wherein inflammation 
increased in retinas in response to diabetes; however, 
most of those have been done in animal models rather 
than human donor tissues. One such study used 
streptozotocin-induced diabetic rats to support previously 
reported findings of an increase in diabetes-associated 
pro-inflammatory cytokines. Interestingly, and for the 
first time, this study specifically reported the increase 
of chemokine (C-C motif) ligand 2 (CCL2) mRNA in 
the retina of diabetic rats[31]. To this day, data from 
human retinas remain to be obtained to confirm these 
observations; however it is supported by human data 
that were collected by multiple groups from vitreous 
samples. interleukin-1β and TNF-α, two pro-inflammatory 
cytokines have been shown to be increased in vitreous 
samples from patients with DR, even more so in patients 
with PDR[17]. Several studies also reported CCL2, also 
known as monocyte chemotactic protein 1 (MCP1), and 
other cytokines to be elevated in the vitreous of patients 
with DR[2,32-37]. Muramatsu et al[37] also reported that 
increased levels of cytokines such as MCP-1 correlated 
with increased VEGF and complement factors levels 
in the vitreous of PDR patients, while Funatsu et al[2] 
demonstrated an association of cytokine levels with DME, 
both providing evidence of a link between increased 
vascular permeability and the inflammatory response 
in PDR. Of note, analysis of vitreous samples from PDR 
patients also revealed increased levels of soluble cytokine 
receptors, a known negative regulatory mechanism of 
cytokine signaling, suggesting that counter-regulatory 
mechanisms of angiogenesis and inflammation exist 
within the eye[38]. 

In addition to these inflammatory mediators, enhanced 
expression of intracellular adhesion molecule-1 (ICAM) 
and P-selectin has been linked to the progression of 

such as the inflammation and neurodegeneration.

INFLAMMATION ASSOCIATED WITH DR
Astrocytes and Müller glial cells, the main macroglial 
cells of the retina, represent another contributing 
factor to the diabetes-associated pathology of the 
neuroretina. In their position between the vasculature 
and retinal neurons, glial cells play important roles in 
retinal physiology including regulating permeability of 
the BRB, supporting neuronal cells, and sensing the 
extracellular environment, the latter being critical to 
their regulatory function of retinal inflammation during 
chronic diseases such as diabetes.

Glial cells dysfunction
Müller cells have long been thought to be affected by 
diabetes, mostly in their capacity as a support network 
for the rest of the retina. The first study to investigate 
the impact of PDR on Müller cells was conducted by Nork 
et al[22] almost 30 years ago, using four post-mortem 
human eyes. The authors reported the first evidence 
in human tissues from PDR patients of reactive gliosis 
demonstrated by the formation of intra-retinal bridges 
between cystic spaces; and Müller cell dysfunction as 
suggested by disorganization and migration of their 
nuclei[22]. More recently, two independent studies sought 
evidence of abnormalities within Müller cells during the 
early stages of NPDR. Both studies confirmed reactive 
gliosis, as demonstrated by increased glial fibrillar 
acidic protein (GFAP) immunoreactivity in tissues from 
patients with no to mild NPDR[23,24]. The two studies, 
however, reported different outcomes regarding the 
expression of apoptotic regulatory markers, which will 
be discussed later in this review. GFAP upregulation in 
diabetic eyes has been demonstrated in various animal 
models of diabetes and is classically recognized as an 
indication of cell and tissue reactivity to environmental 
stress[25,26]. Collectively, these early studies not only 
confirmed that DR affects Müller cells, but that diabetic 
conditions promote increased glial cell activation. One 
of the main functions of glial cells is to regulate the 
communication between blood vessels and neurons to 
respond to changes in the environment and maintain 
retinal homeostasis. Previous studies have suggested 
that in the early stages of DR, the number of Müller cells 
increases as astrocyte population decreases, likely as 
a reaction to the increase in vascular permeability[25,27]. 
The reported loss of astrocytes in response to diabetes 
could be enhancing the increased vascular permeability 
both through mechanical perturbations induced by their 
absence and loss of the important role they play in the 
induction of tight junctions within inner retinal blood 
vessels and the maintenance of the BRB[28,29]. However, 
the astrocyte loss could also play a pivotal role in the 
increase in the number of Müller cells, and thus, the 
enhanced inflammatory response that occurs in the 
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DR[39]. ICAM is believed to play a critical role in leukocyte 
adhesion, one of the initial steps of the inflammatory 
response allowing leukocytes to cross the BRB in response 
to increased stress signals. Increased expression of these 
molecules has been shown to promote the release of 
inflammatory cytokines, which interfere with endothelial 
cell tight junction integrity, and thus, increase vascular 
permeability[40]. While not clearly established, this could 
be linked with the basement membrane thickening, 
known to be associated with increased permeability and 
changes in ECM content in DR patients[41]. 

As suggested by the observation made by Powell et 
al[30] in 1964, for diabetes as for a wide range of chronic 
pathologies, a proper control of inflammation is critical 
to maintaining cellular and tissue homeostasis. While 
inflammation is a protective mechanism of most complex 
organisms in response to injury or infectious disease, an 
uncontrolled inflammatory response becomes part of the 
pathological mechanism in a variety of chronic diseases 
such as multiple sclerosis and diabetes. In a study 
conducted by Krady et al[42], the anti-inflammatory drug, 
minocycline, was suggested to have therapeutic potential 
in treating/preventing the progression of DR. The authors 
showed that minocycline treatment leads to a decrease 
in diabetes-induced cytokine production and reduces 
microglial cell activation in a rodent model of diabetes. 
These results were the first to suggest that regulating the 
inflammatory response could be an important strategy 
for DR treatment, and that minocycline may be a viable 
drug to prevent the advancement of DR[42]. More recently, 
a proof of concept study reported that minocycline oral 
administration had been associated with improved visual 
function and regression of central macular edema and 
vascular leakage in diabetic patients[43] providing further 
evidence that regulating the inflammatory response 
can be beneficial to preventing irreversible vascular and 
neuronal degradation over time.

Overall, the data collected from tissues from human 
donors along with the data from animal models of 
diabetes strongly support a role of inflammation in 
the progression of DR. Seminal work has now been 
performed that suggests that anti-inflammatory drugs 
could represent a key component of future therapies 
for the treatment of DR in order to protect retinal 
function from the adverse effects of diabetes-associated 
conditions.

NEURODEGENERATION IN DR
While DR has generally been considered a micro-
vascular complication of diabetes, degeneration of 
the neuroretina has been known for over 50 years. 
The primary histological analysis of retinal tissue from 
patients with DR resulted in reports characterizing 
the loss of cell bodies in every nuclear layers of the 
retina suggesting a significant loss of retinal neurons in 
response to diabetes[44,45].

Neuronal cell death
Ganglion cell atrophy and inner nuclear layer (INL) 
degeneration in retinal tissues from diabetic patients was 
first described in 1961 and was suggested to happen 
even prior to vascular changes[46,47]. Soon after, the 
degeneration of the INL and ganglion cell layers was 
confirmed in a study using 295 postmortem human 
eyes and documented the fragmentation of ganglion 
cell nuclei, which is a characteristic of cells undergoing 
apoptosis[45]. Following these seminal reports, numerous 
studies only focused on understanding the vascular 
aspect of the disease, and additional investigation 
regarding the neurodegenerative mechanisms only 
occurred recently. The nature of neuronal cell dysfunction 
and death associated with diabetes began to be better 
characterized in a study by Barber et al[48] when they 
reported reduced thickness of the retinal inner nuclear 
and plexiform layers in 7.5 mo diabetic rats. Retinal 
ganglion cell (RGC) survival was also decreased by 10% 
compared to non-diabetic rats. The authors discovered 
that apoptosis began soon after the induction of diabetes 
and that the population of cells undergoing apoptosis 
potentially included ganglion and photoreceptor neuronal 
cells[48]. More recent findings using rodent models 
of diabetes have confirmed the diabetes-associated 
alteration of RGC function and survival (reviewed 
in[49]). These findings are interesting with regards to 
reports analyzing flat-mounts and cross-sections of 
human retinas by immuno-based assays. Consistent 
with the first report of apoptotic cells in retinas from 
diabetic human donors distinct from vascular lesions[48], 
expression of the pro-apoptotic protein Bax was shown 
to be increased in RGCs of diabetic patients[50]. This study 
supported the previous findings wherein the progression 
of diabetes paralleled increased levels of the pro-apoptotic 
protein Bax in diabetic human retinas, specifically in 
the inner retina and concentrated in ganglion cells[51]. A 
subsequent study revealed an increase in levels of Bax, 
cleaved caspase-3, and caspase-9 in RGCs of diabetic 
patients supporting the hypothesis that RGCs specifically 
are undergoing apoptosis during diabetes and providing 
evidence of neurodegeneration during the early stages of 
DR[52]. This activation of the apoptotic pathway could be 
associated with a loss of trophic factors. While the exact 
impact of diabetes on local insulin signaling in the human 
retina remains to be fully characterized, rodent models 
strongly suggest that it is affected as demonstrated 
by significant reduction of kinase activity of the whole 
signaling cascade - insulin receptor (IR), insulin receptor 
substrate 2, phosphoinositide 3-kinase, Akt, and 
mechanistic target of rapamycin[53,54]. While this could be 
directly due to loss of insulin signaling, it could also be a 
result of loss of activation by insulin-like growth factors 
(IGF). Retinal IR is known to be a spliced variant that is 
equally susceptible to insulin and IGFs, and IGF1 levels 
of expression was shown to be decreased in retina from 
rodent models and human diabetic patients[51]. These 
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data support a diabetes-associated decrease of trophic 
factors and subsequent molecular signaling that could 
lead to retinal cell death. 

Apoptosis regulation
In addition to their role in the regulation of inflammation, 
glial cells and more specifically Müller cells, are involved 
in supporting neuronal cells, including the regulation 
of their survival. Regulation of the intrinsic apoptotic 
pathway is dependent upon expression of members of 
the anti-apoptotic Bcl-2 protein family. Two independent 
groups reported Bcl-2 expression in the human retina 
to be confined to Müller cells; however, one study by 
Mizutani et al[23] reported no change in the expression 
of the anti-apoptotic protein while the second study by 
Abu-El-Asrar et al[24] reported a small but significant 
induction of Bcl-2 in samples from diabetic patients 
compared to age-matched non-diabetic patients. The 
authors of the second study also reported changes 
in expression of other anti-apoptotic proteins, which 
suggests activation of survival pathways, but also 
increased expression of the cytotoxic effector Fas 
ligand, which reflects the ambiguous and complex role 
of Muller glial cells in the molecular mechanisms leading 
to neuronal cell death[24].

 Neurodegeneration is a cumulative process resulting 
from the complex interplay of several independent 
stress mechanisms, one of which is oxidative stress. In 
animal models of diabetes, various cellular stresses have 
been shown to alter the oxidative state of retinal cells 
and lead to accumulation of reactive oxygen species 
(ROS), promoting damages to the cell machinery and 
ultimately leading to increased cell death. Several 
studies have reported increased superoxide production, 
a known marker of oxidative stress, in diabetic rats[55,56]. 
One of these reported further increased production of 
superoxide in hypertensive rats in response to diabetes. 
Additionally, this study showed that those animals 
presented with increased levels of gliosis and neuronal 
apoptosis suggesting a link between superoxide 
production and neurodegeneration in an animal model 
of diabetes, especially under hypertensive conditions[56]. 
Despite the growing number of reports suggesting 
a direct role for oxidative stress in promoting retinal 
cell death in animal models of diabetes, evidence of 
such a link between increased oxidative stress and 
neurodegeneration associated with DR has not been 
directly shown in human tissues. Indeed, the only data 
collected so far and supporting this hypothesis come 
from indirect measures of oxidative stress via analysis 
of the levels of ROS in the retinas of diabetic human 
donors[57,58]. It is interesting to note that an anterior 
study using retina samples from twelve human donors 
with varying durations of diabetes, showed that, within 
the retina, rod photoreceptors are the most vulnerable 
to oxidative stress, likely attributable to the high 
concentration of polyunsaturated fatty acids within their 

membranes[59]. High lipid concentration, specifically low-
density lipoprotein, was shown to be associated with 
the progression of DR, and recent studies theorize that 
the retina is highly susceptible to oxidative stress due to 
its composition of polyunsaturated fatty acids and high 
oxygen usage[60,61].

Altogether these data strongly support that retinal 
neurons are highly affected by diabetes and that 
neurodegeneration is a key aspect of diabetic retinopathy. 
While it suggests that oxidative stress and loss of trophic 
factors could play an important role in the induction of 
apoptosis, it also clearly shows how little we still know 
about this aspect of the disease and the need for additional 
studies.

ADVANTAGES AND LIMITATIONS OF 
POST-MORTEM TISSUES 
Advantages
The primary advantage to using human donor samples 
is that the data collected are directly representative 
of the disease pathology as opposed to mechanisms 
uncovered in artificially-induced or genetically-modified 
animal models of the disease. In addition, the retinas 
from the majority of the animal models of diabetes do 
not have the same structural and cellular properties as 
the human retina. For example, rabbit and guinea pig 
models are more similar to human in regards to the type 
and repartition of photoreceptors, but lack an intraretinal 
vascular network, as opposed to rodent models that 
possess this vascular network but have a very different 
rod/cone repartition and properties. Additionally, neither 
of those models has a macula and thus does not allow 
investigation of the specific impact of diabetes on this 
central and key region of the human retina. Another 
reason of the limited success in translating data obtained 
from animal models is the heterogeneous nature of 
the human pathology[62]. In addition to the human-
specific variable environmental conditions, none of 
the animal models routinely used recapitulate the 
anatomical and regional specificity of the human retina 
and how it is impacted by diabetes; i.e., peripheral 
vascular hypoperfusion, non-homogenous visual field 
impairment, local hemorrhage and lipid exudates, and 
macular edema. 

Limitations
However, it is also important to note the limitations when 
working with post-mortem human tissues. The first and 
main concern is the difficulty in promptly processing 
fresh tissues from human donors compared to animal 
models, where no consent is needed, and experiments 
can be planned ahead. Moreover, there is less control 
over inter-sample experimental variability due to the very 
diverse background and health history of human donors. 
In contrast, studies using animal models can be tightly 
controlled by using inbred strains that have identical 
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genetic background and are maintained in identical 
experimental conditions.  

CONCLUSION
The goal of this review was to produce an overview of 
the current state of knowledge regarding the human 
specificity of the pathophysiology and molecular 
mechanisms of DR. This review summarizes what has 
been discovered regarding the impact of diabetes on 
the vascular, inflammatory, and neuronal components of 
human retinal tissue. Overall, this review demonstrated 
that while animal model-based studies can be utilized 
to address a variety of disease-related questions, 
studies using human donor tissues are necessary to 
validate the conclusions from animal models, as well as 
characterize different molecular mechanisms associated 
with the individual stages of DR pathology. It also 
demonstrates the importance for continuous evaluation 
of the various disease models to assess their efficacy 
and limitations for investigating specific pathological 
mechanisms. Finally, this review underscores the gaps in 
our knowledge concerning even the basic mechanisms 
regulating vascular alteration, retinal cell survival, and 
the interplay of various components of the retina in 
response to diabetes that underline the progression of 
DR.
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