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Diabetic retinopathy: neurovascular 
disease requiring neuroprotective 
and regenerative therapies

It is well known that diabetic retinopathy is 
a neurovascular disease that is accompanied 
by dysfunction of neurovascular units 
composed of neurons, gl ial  cells,  and 
vascular cells (Antonetti et al., 2012; Figure 
1). Many studies have reported that the 
neuronal abnormalities, such as neuronal 
cell death, frequently precedes vascular 

abnormalities including neovascularization 
(Sohn et al., 2016). Neuronal cell death and 
axonal degeneration are irreversible changes 
under normal physiological conditions, 
and they are directly linked to the vision 
decrease. In fact, there is a reduction of 
the thickness of retinal nerve fiber layer in 
patients without diabetic retinopathy (Sohn 
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et al., 2016). The reduction in the thickness 
of the ganglion cell complex, which is made 
up of the retinal nerve fiber layer, ganglion 
cell layer, and inner plexiform layer, is 0.54 
μm/year which is similar to the reduction 
observed in advanced glaucoma (Sohn et 
al., 2016). These clinical findings strongly 
indicated that the axonal degeneration is 
associated with the pathogenesis of neuronal 
abnormalities in diabetic retinas. Thus, not 
only neuroprotection but also regenerative 
therapies are required for the protection and 
maintenance of visual function of eyes with 
diabetic retinopathy.

Diabetic retinopathy is a chronic disease, 
and the methods used for neuroprotective 
therapies must be simple and easy to 
per form.  For  these  reasons ,  severa l 
clinical trials using topical instillation of 
neuroprotective drugs, e.g., brimonidine 
and somatostatin, have been performed 
in Europe (the EUROCONDOR Cl inical 
Trials) (Simo et al., 2019). Unfortunately, 
these large clinical trials could not reach 
the primary end points even though the 
neuroprotective effects of these drugs 
had been demonstrated in many animal 
studies (Saylor et al., 2009; Hernandez et al., 
2013). One of the reasons for the absence 
of protection of visual function in diabetic 
patients was that multiple pathways of 
neuronal cell death are activated during the 
process of neuronal cell death in diabetic 
eyes, and only one drug cannot inhibit all 
pathways involved in the neuronal cell death. 
Another reason is that even if the neuronal 
cell bodies are protected, once axonal 
degeneration occurs, neuronal function 
cannot be recovered because degenerated 
axons cannot be regenerated under normal 
physiological conditions. Therefore, axonal 
regeneration as well as neuroprotection are 
required. Unfortunately, most clinicians, 
especially vitreous surgeons, see only 
retinas and vascular abnormalities. They 
do not realize that the optic nerve axons 
are degenerated during the progression of 
diabetic retinopathy. In fact, few studies have 
focused on retinal neuronal regeneration in 
diabetic retinopathy worldwide.

To resolve these issues, we have tried 
to determine a combination therapy for 
neuroprotection and regeneration for 
diabetic retinopathy (Bikbova et al., 2017; 
Kitamura et al., 2019). We have examined 
citicoline which is an intermediate molecule 
in the metabolism of phosphatidyl choline 
because phosphatidyl choline is the major 
phospholipids of neuronal cells in the 
retina and the brain. Exogenous citicoline 
has been shown to have neuroprotective 
a n d  re ge n e rat i ve  e f fe c t s  o n  ret i n a l 
ganglion cells (Oshitari et al., 2002). This 
is probably because citicoline indirectly 
inhibits phospholipase A2 and stabilizes the 
mitochondrial membrane as a mitochondrial 
stabilizer (Oshitari et al., 2002). In patients 

Figure 1 ｜ Hypothetic schemes of neurovascular units and pathological changes of the diabetic retina.
In the normal retina (upper panel), the neurovascular units are composed of vascular cells (pericyte 
and endothelial cell), glial cells (Müller cell, microglia and astrocyte), and neurons. Vascular cells and 
glial processes form the BRB, and pericytes are considered to maintain the function of retinal cells by 
maintaining the appropriate environment because the loss of platelet-derived growth factor signaling 
in pericytes causes a breakdown of the BRB and neuronal cell death. Glial cells including microglia may 
monitor the changes in the vessels and the condition of the retina and transfer the changes into neuronal 
cells. In the diabetic retina (lower panel), glial dysfunction may occur first by an increase expression of 
glial fibrillary acidic protein in Müller cells and reduction of glial fibrillary acidic protein expression in 
astrocytes. Activated glial cells are partly associated with an increase of cytokines such as tumor necrosis 
factor-α, interleukin-1β, interleukin-6, interleukin-8, monocyte chemoattractant protein-1, and vascular 
endothelial growth factor and a decrease of growth factors such as nerve growth factor, brain-derived 
growth factor, and pigment epithelium-derived growth factor. These glial changes contribute to neuronal 
abnormalities including neuronal cell death and neurite degeneration. Pericytes are affected faster than 
endothelial cells and increase the expression of extracellular matrix components, partly contributing to 
BRB breakdown. BM: Basement membrane; BRB: blood-retinal barrier; DM: diabetes mellitus. 
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with diabetic retinopathy, the mitochondria- 
and caspase-dependent cell death pathways 
are associated with neuronal degeneration 
(Oshitari et al., 2008). Thus, a mitochondrial 
stabilizer, citicoline, is one of the candidates 
for a neuroprotective drug.

Taurourusodeoxycholic acid (TUDCA) is 
known to be an anti-endoplasmic reticulum 
stress agents (Oshitari et al., 2014). It is a 
major component of bear bile and has been 
used in traditional Chinese medicine for a 
long time. Because endoplasmic reticulum 
stress is also associated with neuronal cell 
death under diabetic conditions, we have 
selected TUDCA as one of the combination 
drugs (Oshitari et al., 2014).

For axonal regeneration, the endogenous 
regenerative pathways, mammalian target 
of rapamycin (mTOR) pathways (Lim et al., 
2016) and/or Jak-STAT pathways (Mak et al., 
2020) must be activated. The mTOR pathway 
is known to be activated by trk receptors 
binding with neurotrophic factors (Pernet 
and Schwab, 2014). Nerve growth factor 
family members including brain-derived 
neurotrophic factor and neurottophin-4 (NT-
4) bind to the trkB receptor and stimulate 
neuronal cell survival and regeneration by the 
activation of the mTOR pathways (Pernet and 
Schwab, 2014). In a series of retinal culture 
studies, we selected NT-4 for facilitating 
regeneration because NT-4 has been shown 
to have the most neuroprotective and 
regenerative effects compared to the other 
neurotrophic factors. In cultured retinas, a 
combination of citicoline, TUDCA, and NT-4 
was the most effective for neuroprotection 
and regeneration compared to a single agent 
(Bikbova et al., 2017). Similarly, in the optic 
nerve crush model, an acute injury model, 
topical instillation of a combination of the 
three agents was the most effective for 
the regeneration of the optic nerve axons 
(Kitamura et al., 2019). 

These combination therapies may be useful 
for neuroprotection and regeneration of 
chronic retinal disease such as diabetic 
retinopathy. However, there is no guarantee 
that the same strategies which are effective 
for acute injuries are effective for chronic 
retinal diseases. Because the cell death 
pathways of chronic retinal diseases may be 
more complicated than that of acute injuries 
and the same neuroprotectants which are 
effective in acute injuries may not be able 
to rescue neuronal cell death in chronic 
retinal diseases completely. In addition, 
regenerative medicines must be applied for 
a long period, and thus topical application 
of neuroprotective and regenerative agents 
has been used in the clinical trials (Simo 
et al., 2019). Blood supplied methods are 
one of the options but general side effects 
must be considered for a long period of 
supplementation. That is why researchers 
have selected topical instillation methods 

for neuroprotective therapies for diabetic 
retinopathy (Simo et al., 2019).

We are  p lann ing  to  per form top ica l 
co m b i n at i o n  t h e ra p i e s  fo r  d i a b e t i c 
animal models in the near future. Briefly, 
Spontaneously Diabetic Torii rats will be 
used for the study and the drugs of topical 
instillation will be 100 mM TUDCA, 100 mM 
citicoline, 10 ng/mL NT-4, combined TUDCA 
and NT-4 (doublet), and combined TUDCA, 
citicoline and NT-4 (triplet) and PBS. These 
drugs will be applied twice per day for 3 
months. After three months, the effect of 
these drugs will be examined by retinal 
ganglion cell counts, GAP-43 immunostaining, 
optical coherence tomography findings and 
electroretinograms.

For the complete management of preventing 
the progression of diabetic retinopathy, 
clinicians should not ignore the progression 
of neuronal abnormalities following the 
progression of vascular abnormalities in 
diabetic retinopathy. At the same time, 
not only neuroprotection but also axonal 
protection and regeneration for protecting 
visual function should be required because 
axonal degeneration is definitely associated 
with vision loss of patients with diabetic 
retinopathy. The pathological mechanisms 
of diabetic retinopathy are not simple which 
means neuroprotective and regenerative 
therapies are not so easy to establish. 
Furthermore, therapeutic strategies for 
neuroprotection and regeneration of 
diabetic retinopathy must be reconsidered 
before performing clinical trials. Otherwise, 
we may lose much time and efforts as well as 
patients with diabetic retinopathy.
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