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Abstract  
Endothelin-1 (ET-1), a potent vasoconstrictor, is involved in retinal vascular dysregulation and oxida-
tive stress in glaucomatous eyes. Taurine (TAU), a naturally occurring free amino acid, is known for its 
neuroprotective and antioxidant properties. Hence, we evaluated its neuroprotective properties against 
ET-1 induced retinal and optic nerve damage. ET-1 was administered intravitreally to Sprague-Dawley 
rats and TAU was injected as pre-, co- or post-treatment. Animals were euthanized seven days post TAU 
injection. Retinae and optic nerve were examined for morphology, and were also processed for caspase-3 
immunostaining. Retinal redox status was estimated by measuring retinal superoxide dismutase, catalase, 
glutathione, and malondialdehyde levels using enzyme-linked immuosorbent assay. Histopathological 
examination showed significantly improved retinal and optic nerve morphology in TAU-treated groups. 
Morphometric examination showed that TAU pre-treatment provided marked protection against ET-1 
induced damage to retina and optic nerve. In accordance with the morphological observations, immunos-
taining for caspase showed a significantly lesser number of apoptotic retinal cells in the TAU pre-treatment 
group. The retinal oxidative stress was reduced in all TAU-treated groups, and particularly in the pre-treat-
ment group. The findings suggest that treatment with TAU, particularly pre-treatment, prevents apoptosis 
of retinal cells induced by ET-1 and hence prevents the changes in the morphology of retina and optic 
nerve. The protective effect of TAU against ET-1 induced retinal and optic nerve damage is associated with 
reduced retinal oxidative stress. 
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Introduction 
Retinal ganglion cells (RGCs) apoptosis, a characteristic 
feature of glaucomatous neuropathy, is often associated 
with elevated intraocular pressure (IOP). However, the IOP 
reduction does not arrest the disease progression in several 
patients (Agarwal et al., 2009). Hence, direct neuroprotec-
tive strategies are of significant importance.

Retinal ischemia has been widely implicated in glaucoma-
tous RGC loss. According to the vascular theory, retinal and 
optic nerve damage in glaucoma occurs due to insufficient 
ocular blood flow (Flammer, 1994; Gramer et al., 2015). 
In fact, vasospasm was considered a specific risk factor for 
glaucoma independent of IOP levels (Broadway and Drance, 
1998). Importantly, increased levels of endothelin-1 (ET-1), 
a potent vasoconstrictor, were detected in the plasma and 
ocular tissue of glaucoma patients (Emre et al., 2005; Iwabe 
et al., 2010). For this reason, intravitreal injection of ET-1 
has been used to model glaucomatous changes in retina and 
optic nerve of animals (Agarwal and Agarwal, 2017). In the 
present study, we also used rat model of ET-1 induced reti-
nal and optic nerve damage to investigate the neuroprotec-
tive effects of the amino acid taurine (TAU).

TAU is one of the amino acids not used for protein syn-
thesis. As such, it is often labelled as a “non-essential” ami-
no acid. TAU, however, has key functional significance in 

processes like cell development, nutrition and survival and 
hence undoubtedly is one of the most essential substanc-
es (Sturman and Gaull, 1975; Sturman and Hayes, 1980). 
Furthermore, it is the most abundant amino acid found in 
the ocular tissue and its highest levels were detected in ver-
tebrate retina (Cohen et al., 1973; Heinämäki et al., 1986). 
High concentration of TAU throughout retinal tissue was 
suggested to provide neuroprotection (Ripps and Shen, 
2012). TAU has been shown to prevent ethanol-induced 
Purkinje cell apoptosis in mice cerebellum (Taranukhin et 
al., 2010), and protect against ischemic brain injury in mice 
after middle cerebral artery occlusion (Zhang et al., 2017). 
TAU enhanced RGC survival in serum deprived conditions 
and in NMDA exposed rat retinal explants (Froger et al., 
2012). The protective effects of TAU were also reported 
against secondary RGC degeneration in rat with retinitis 
pigmentosa and vein occlusion and in DBA/2J mice (Froger 
et al., 2012). Several potential targets have been proposed for 
the neuroprotective effects of TAU, such as the inhibition 
of calcium influx through voltage gated calcium channels; 
inhibition of glutamate induced excitotoxicity; restoration 
of the expression of anti- and pro-apoptotic proteins and its 
potent antioxidant properties (Sun and Xu, 2008). It is note-
worthy that tissue hypoxia-induced reactive oxygen species 
accumulation is associated with optic nerve damage (Ko et 
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al., 2005). Indeed, increased oxidative stress may also result 
from ischemia induced excitotoxicity (Lee et al., 2012). In 
our previous studies, a combined salt of magnesium and 
TAU, magnesium acetyltaurate (MgAT), provided neuro-
protection against ET-1 and NMDA induced retinal and 
optic nerve damage (Arfuzir et al., 2016; Jafri et al., 2017; 
Lambuk et al., 2017). In this study, we investigated whether 
TAU alone reduces the ET-1 induced retinal oxidative stress 
and protects against retinal and optic nerve injury in rats. 

Materials and Methods
Animals
All experimental procedures in this study followed the Asso-
ciation for Research in Vision and Ophthalmology (ARVO) 
Statement for the Use of Animals in Ophthalmic and Vi-
sion Research. The study was approved by The Committee 
on Animal Research and Ethics (UiTM Care: 216/6/2017 
(6/10/2017)) and was done in compliance with the eth-
ical guidelines of Universiti Teknology MARA. Ninety 
Sprague-Dawley (SD) rats of either sex, aged 6–8 weeks and 
weighing 200–250 g, were procured from the Laboratory 
Animal Care Unit, Faculty of Medicine, Universiti Teknolo-
gi MARA, Malaysia. The animals were kept under standard 
laboratory conditions with a 12-hour light/dark cycle, and 
free access to food and water. Healthy rats were included in 
this study after ophthalmic and general examination. ET-1 
was purchased from Sigma Aldrich and TAU was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). 

Study design
The rats were randomly divided into five groups with 18 an-
imals each (n = 36 eyes). Groups 1 and 2 were intravitreally 
injected with phosphate buffer saline (0.1 M PBS, pH 7.4) 
and ET-1 2.5 nM, respectively. Group 3 received an intrav-
itreal injection of 320 nM of TAU, 24 hour before injection 
of 2.5 nM ET-1 (TAU pre-treatment group). Rats in group 
4 were injected with 2.5 nM ET-1 and 320 nM TAU simul-
taneously (TAU co-treatment group). Group 5 received an 
intravitreal injection of 320 nM of TAU, 24 hour after 2.5 
nM ET-1 injection (TAU post-treatment group). The dose 
of ET-1 was selected based on the results of our previous 
studies and the dose of TAU used in this study was equim-
olar to the dose of MgAT used in the previous study (Arfu-
zir et al., 2016). Seven days after the intravitreal injection, 
animals were sacrificed with an intraperitoneal injection of 
pentobarbital (100 mg/kg). Bilateral enucleation was done 
and eyes were processed for morphological examination of 
retinal and optic nerve. Retinal sections were also subjected 
to immunohistochemical staining for caspase-3 expression. 
In addition, we processed the retinae for detection of the 
reduced glutathione (GSH) and melondialdehyde (MDA) 
contents, superoxide dismutase (SOD) and catalase (CAT) 
activity to estimate the retinal oxidative stress. For each reti-
nal parameter, six eyes from six different animals were used. 
Six optic nerve sections were obtained from the six eyes that 
were subjected to histopathological examination. Before 
enucleation of eyes, a suture was inserted at the 12 O’clock 

position for proper orientation.
Intravitreal injections were given as described previously 

(Arfuzir et al., 2016; Jafri et al., 2017; Lambuk et al., 2017). 
Accordingly, intraperitoneal injection of sodium pentobar-
bital (65 mg/kg) was used to anaesthetize the rats. One drop 
of alcaine 0.5% was instilled on the ocular surface for local 
anaesthesia. A 30-gauge needle was used to puncture the 
sclera 1 mm behind the limbus, superionasally. Subsequent-
ly, a 10 µL Hamilton syringe was inserted through the punc-
ture site and the injections were made using a Hamilton sy-
ringe. A total of 2 µL volume was used for all injections that 
were made slowly to avoid pressure induced retinal damage. 

Histopathological examination of retina 
Retinal sections were stained with hematoxylin and eosin 
(H&E) and morphology was studied under the light mi-
croscope. To obtain the retinal sections, firstly, the fixation 
of enucleated eyes was done in 10% formaldehyde for 24 
hours. Then whole eyeballs were paraffin embedded and sec-
tioning was done at 3 µm thickness. The sections were taken 
at 1 mm from the temporal edge of the optic disc and were 
H&E stained. A digital camera attached with the light mi-
croscope (NIS-Elements Basic Research, Nikon Instrument 
Inc.) was used to capture the images. Retinal morphological 
changes were quantified as described previously (Arfuzir et 
al., 2016; Mohd Lazaldin et al., 2018). Accordingly, in each 
section, three fields of view were randomly selected and 
were calibrated at 20× magnification. Images were saved in 
jpg format and quantification was done using image analysis 
software (ImageJ 1.31, National Institutes of Health, Bethes-
da, MD, USA). We estimated the fractional (%) thickness 
of the ganglion cell layer (GCL) within the inner retina 
(IR), linear cell density within the GCL, which refers to the 
number of retinal cells/100 μm length of GCL and retinal 
cell density within GCL and IR (number of nuclei per 100 
µm2 of GCL and IR). The count of the cell nuclei included 
all types of neuronal cells. We did not differentiate between 
various types of neuronal and displaced amacrine cells. Cell 
nuclei with a diameter less than 7 µm were excluded. Fur-
thermore, only cells that were identified to have a definite 
neuronal morphology (with light nuclei containing de-
condensed chromatin, prominent nucleoli) were included, 
whereas morphologically distinguishable vascular endothe-
lial cells and glial cells were not included in the cell count, 
as described previously (Lagreze et al., 1998; Takahata et al., 
2003; Razali et al., 2015, 2016; Arfuzir et al., 2016; Lambuk 
et al., 2017). All estimations were done by two masked ob-
servers. The average of estimations from three random areas 
by each observer was calculated and subsequently, average 
of the values obtained by both observers was taken as final 
estimate. 

Histopathological examination of optic nerve
Toluidine blue was used to stain the optic nerve sections 
as described previously (Arfuzir et al., 2016). The observa-
tions were made by two independent observers under light 
microscope. Entire cross section of each optic nerve was 



2016

Nor Arfuzir NN, Agarwal R, Iezhitsa I, Agarwal P, Sidek S, Ismail NM (2018) Taurine protects against retinal and optic nerve damage induced 
by endothelin-1 in rats via antioxidant effects. Neural Regen Res 13(11):2014-2021. doi:10.4103/1673-5374.239450

examined, and a histopathological grade was assigned as 
described previously (Jia et al., 2000). Accordingly, grade 
1: normal optic nerve with intact axons; grade 2: early mild 
lesions with axonal swelling and appearance of glial cells; 
grade 3: vacuolation, axonal swelling and focal presence of 
degenerating axons; grade 4: nuclear clearing, axonal swell-
ing and numerous degenerating axons spread all over the 
optic nerve section; grade 5: nearly all axons degenerating 
across the entire section (Figure 1).

Immunostaining for caspase-3
Retinal sections were deparaffinized with xylene and dehy-
drated in graded series of alcohols. Sodium citrate (10 mM, 
0.05% Tween-20, pH 6.0) was used for the antigen retrieval 
for 20 minutes at boiling point. Sections were treated with 
100 μL of rabbit anti active and procaspase 3 polyclonal 
primary antibody (ABCAM, Cambridge, MA, USA) diluted 
at 2:98 with 10 mM Tris 1% BSA and the incubation was 
performed overnight at 4°C. Subsequently, incubation with 
secondary antibody, which was conjugated with Texas red 
fluorochrome (goat anti rabbit IgG antibody - H&L Alexa 
Fluor® 594, ABCAM, Cambridge, MA), was done for 1 
hour. Next, Tris-buffered saline (TBS) with 0.025% Triton 
X-100 was used to wash the sections for 5 minutes. The 
counterstaining was done for 10 minutes with 4,6-diamidi-
no-2-phenylindole (DAPI) diluted in PBS 1 mM at a ratio of 
1:999, and then the slides were mounted. The observations 
were made in a dark room using a fluorescence microscope 
(BX61TRF-FL-CCD; Olympus, Florida, USA). For Texas 
red 596 nm and for DAPI 358 nm filter was used.  

Measurement of retinal oxidative stress
To estimate retinal oxidative stress, we measured the retinal 
contents of MDA and GSH, and the activities of the CAT 
and SOD using ELISA kit (Cayman Chemical, Ann Arbor, 
MI, USA). Retinae were homogenized for retinal MDA es-
timation in 10 μL of radio-immunoprecipitation assay lysis 
(RIPA) buffer (Cayman Chemical, Ann Arbor, MI, USA) 
with protease inhibitor per 1 mg retina. For GSH estima-
tion, homogenization of retinal samples was performed in 
5–10 mL of 2-morpholinoethanesulfonic acid (MES) buffer 
(0.4 M 2-(N-morpholino) ethane-sulphonic acid, 0.1 M 
phosphate, and 1 mM EDTA). For the catalase and SOD ac-
tivity, homogenization of the retinae was performed in  cold 
50 mM PBS with 1 mM ethylenediaminetetraacetic acid 
(EDTA) at pH 7.0 and in cold 20 mM 4-(2-hydroxyeth-
yl)-1-piperazinee thanesulfonic acid (HEPES) buffer at 
pH 7.2, respectively. The homogenates were centrifuged at 
15,000 r/min at 4°C for 5 minutes and then supernatants 
were used for assay as per manufacturer’s instructions. We 
used the Bradford’s method to estimate the total protein 
content in the samples. 

Statistical analysis 
All data is expressed as the mean ±SD. Statistical analysis was 
done using SPSS version 20 (IBM, Armonk, NY, USA). Sig-
nificant differences among groups were calculated using one-

way analysis of variance followed by Tukey’s post-hoc analy-
sis. P-value of < 0.05 was considered statistically significant.

Results
Effect of TAU on retinal morphology
In the ET-1 treated group, the H&E stained sections of reti-
nae showed significantly thinner GCL and loss of retinal cells 
in IR. Among the treated groups, the TAU pre-treatment 
group in particular showed a relatively preserved thickness 
of retina and number of retinal cells. Morphometric mea-
surements showed 2.28-fold thinner GCL in the ET-1 group 
compared with the PBS group (P < 0.001). The number of 
nuclei per 100 μm length of GCL, per 100 μm2 of GCL and 
per 100 μm2 of IR in ET-1 group was also 3.62-, 2.82-, and 
2.36-folds lower, respectively, compared to the PBS group 
(P < 0.001, P < 0.001 and P < 0.01 respectively). When com-
paring the ET-1 group to the TAU pre-treatment group, we 
observed that there was 1.89-fold greater thickness of GCL 
(P < 0.01), 3.18-fold greater linear density of nuclei in the 
GCL (P < 0.001), 2.41-fold greater cell density in the GCL (P 
< 0.01) and 2.02-fold greater cell density in the IR (P < 0.05) 
in the latter group. In TAU co- and post-treatment groups, 
all the four parameters remained significantly lower than 
PBS group, except for the cell density in the IR in the TAU 
co-treatment group, which showed no significant difference 
from both the PBS and ET-1 groups (Figures 2 and 3). 

Effect of TAU on optic nerve morphology
Intravitreal injection of ET-1 caused widespread degen-
erative changes in the optic nerve. The degeneration was 
relative less prominent in three TAU treatment groups, 
particularly in the TAU pre-treatment group. Quantitative 
estimation of the extent of optic nerve damage showed 
significantly greater damage in ET-1 group compared with 
the PBS group as the mean grade was 2.62 times higher (P 
< 0.001). Among the TAU treatment groups, pre-treatment 
group showed significantly lesser optic nerve damage (2.44-
fold decrease) compared with the ET-1 group (P < 0.001). 
In the co-treatment group, the optic nerve damage was sig-
nificantly lesser than the ET-1 group with 1.63-fold lower 
mean grade (P < 0.05). Extent of optic nerve damage in the 
post-treatment group was similar to that in the ET-1 group 
(Figure 4A and B).

Effect of TAU on ET-1-induced caspase-3 activation
Retinal sections from the PBS and TAU pre-treatment 
groups did not show any caspase-3-immunoreactive cells 
in the GCL. However, in the ET-1, TAU co-treatment, and 
TAU post-treatment groups, several caspase-3-immuno-
reactive cells were observed. Quantitatively, the number 
of apoptotic cells in the ET-1 group was 2.6-fold greater 
compared with the PBS group (P < 0.05). The TAU co- and 
post-treatment groups showed no significant difference 
from the PBS and ET-1 groups (P > 0.05). The TAU-pre-
treatment group, however, showed a 1.99-fold lower num-
ber of caspase-3-immunoreactive cells compared with the 
ET-1 group (P < 0.05) (Figure 5A and B).
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Effect of TAU on ET-1 induced retinal oxidative stress 
Intravitreal ET-1 caused a 3.71-fold reduction in the retinal 
GSH contents compared with the PBS group (P < 0.001). 
CAT and SOD activities were also lowered by 7.44 and 1.50 
folds in the ET-1 group compared with the PBS group (P < 
0.001 and P < 0.01, respectively). There was a 2.34-fold in-
crease in retinal MDA contents in the ET-1 group compared 
with the PBS group (P < 0.001). In the TAU-pre-treatment 
group, GSH, CAT, SOD and MDA did not differ from the 
PBS group, however, there were 4.5-, 8.3-, 1.5- and 3.37-fold 
differences, respectively, from the ET-1 group (P < 0.001, P 
< 0.01, P < 0.05 and P < 0.001, respectively). Although the 
TAU co- and post-treatment groups showed significant im-
provement in retinal GSH, CAT and MDA compared with 
the ET-1 group, no difference was observed for SOD activ-
ity. Furthermore, in TAU co-treatment group, both CAT 
and SOD levels remained significantly lower than the PBS 
group (P < 0.05 and P < 0.01, respectively) and in the TAU 
post-treatment group, the SOD level was significantly lower 
than the PBS (P < 0.05) and TAU-pre-treatment groups (P < 
0.05) (Table 1).

Discussion
Glaucomatous optic neuropathy is a heterogeneous disease 
and it is widely accepted that several factors other than el-
evated IOP are involved in its pathogenesis. Among these 
factors, vasospasm, resulting in decreased blood flow to the 
optic nerve head or reduced capacity to autoregulate blood 
flow to optic nerve head, has been suggested to play a signif-
icant role (Gasser and Flammer, 1987; Gasser et al., 1990). 
Several studies have provided indirect evidence to support 
the association of vasospasm and glaucoma. For example, an 
association has been shown with systemic hypertension and 
migraine (Drance et al., 2001; Bae et al., 2014). Vasospastic 
stimuli have been shown to cause an abnormal increase 
in plasma ET-1 level in glaucoma patients (Nicolela et al., 
2003). Endothelial dysfunction may also have a role in pri-

mary open angle glaucoma (Bukhari et al., 2016). In view of 
this evidence, several experimental studies have used the in-
travitreal injection of ET-1 to induce retinal and optic nerve 
injury as was the case in the present study. The changes 
observed in the rat retina and optic nerve 7 days post-ET-1 
injection in this study were in accordance with the findings 
of previous studies (Nagata et al., 2014). 

Notably, this study has demonstrated for the first time 
that TAU provides protective effects against retinal and 
optic nerve damage induced by ET-1. We evaluated these 
effects of TAU by studying retinal and optic nerve morphol-
ogy. While qualitative assessment of retinal sections showed 
prominent protective effects of TAU, further confirmation 
was done using quantitative morphometric estimations. To 
make an overall conclusive assessment, four morphometric 
parameters were compared among the groups. GCL thick-
ness (%) within IR was expected to reduce with neuronal 
damage. However, it may not show significant changes de-
spite obvious atrophy, as the thickness of the IR may also re-
duce with the neuronal damage. For the same reason, retinal 
cell density per unit volume of GCL and IR may not show 
the difference from control, if the volume of these layers re-
duces with neuronal loss. In this case, linear cell density may 
provide a better assessment of retinal damage as it does not 
take into account the volume but rather the length of GCL/
IR. Nonetheless, all four parameters showed significant ret-
inal damage in ET-1 injected animals and a restoration of 
retinal morphology, particularly in the pre-treatment group 
and, to some extent, in other TAU treated groups. The mor-
phological observations made on the optic nerve were in 
accordance with those on retinas with greater effectiveness 
of TAU pre-treatment.  

The protective effect of TAU may be attributed to the di-
rect counteraction of ET-1-induced vasoconstriction. Studies 
have shown that a high dose of taurocholate causes dilation 
of superior mesenteric and hepatic artery, but a similar effect 
was not observed in renal vessels (Lautt and Daniels, 1983; 
Brezis et al., 1984). In vitro studies indicate that, depending 
on the vessel studied, TAU may affect both vasodilation and 
vasoconstriction, and these effects of the TAU appear to be 
Ca2+ dependent (Nishida and Satoh, 2009). Furthermore, 
ischemia induced changes in the structure and functions 
of neuronal cells involve a multitude of pathophysiological 
events. Neuronal death induced by ischemia is primarily 
attributed to dysfunction of the homeostasis of glutamate, 
the major excitatory neurotransmitter in the nervous system 
(Arundine and Tymianski, 2004). The interaction of gluta-
mate with its NMDA subtype of receptors causes an influx 
of Ca2+ and Na+, resulting in depolarization of post-synaptic 
neuron. Under physiological conditions, this depolarization 
is short-lasting, as glutamate is quickly cleared from synaps-
es by glutamate transporters. Under ischemic conditions, 
however, cellular respiration is compromised resulting in 
depletion of ATP. This impairs the functions of glutamate 
transporters causing synaptic accumulation of glutamate 
and excitotoxic neuronal damage (Taoufik and Probert, 
2008). TAU has been shown to protect against glutamate 

Table 1 Effect of TAU on ET1 induced retinal oxidative stress

Group GSH (µmol/mg 
retina weight)

CAT (µmol/mg  
protein)

SOD (U/mg 
protein)

MDA (nmol/mg 
retina)

1 1.04±0.09 2.01±0.20 0.27±0.019 1.48±0.53
2 0.28±0.09*** 0.16±0.15*** 0.18±0.04** 3.47±0.61***

3 1.26±0.23### 1.33±0.33## 0.27±0.05# 1.04±0.05###

4 0.83±0.07## 1.08±0.21*# 0.19±0.01** 1.45±0.11##

5 0.99±0.02### 1.49±0.36### 0.17±0.05*$ 1.32±0.12###

All values are the mean ± SD (n = 6), *P < 0.05, **P < 0.01, ***P < 0.001, 
vs. PBS group; #P < 0.05, ##P < 0.01, ###P < 0.001, vs. ET-1 group; $P 
< 0.05, vs. TAU pre-treatment group (one-way analysis of variance 
followed by Tukey’s post-hoc analysis). All estimations were done in 
duplicate. Groups (1) phosphate-buffered saline (2) ET-1 (3) TAU 
followed by ET-1, 24 hours later, and (4) TAU and ET-1 simultaneously 
(5) ET-1 followed by TAU, 24 hours later. One unit of SOD is defined 
as amount of enzyme needed to exhibit 50% dismutation rate of 
superoxide radicals. PBS: Phosphate buffer saline; ET-1: endothelin-1; 
TAU: amino acid taurine; GSH: reduced glutathione; CAT: catalase; 
SOD: superoxide dismutase; MDA: malondialdehyde.
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induced neuronal apoptosis by inhibiting the intracellular 
increase in Ca2+ (Leon et al., 2009). Bulley and Shen (2010) 
showed that glutamate induced Ca2+ influx could be pre-
vented by TAU via voltage-dependent Ca2+ channels and 
ionotropic glutamate receptors in the retinal neurons, hence 
preventing excitotoxic damage. In accordance with these 

observations, we observed reduced caspase staining in TAU 
treated groups and therefore, the protective effects of TAU, 
may be attributed, in part, to the inhibition of ischemia in-
duced excitotoxicity.

Ischemia, besides initiating excitotoxicity, also results in 
oxidative stress as significantly high level of reactive oxygen 

Figure 1 Toluidine blue stained retinal sections representing grading of degenerative changes in the optic nerve. 
(A) Grade 1: normal optic nerve with intact axons. (B) Grade 2: early mild lesions with axonal swelling and appearance of glial cells (arrowhead). (C) 
Grade 3: *indicates nuclear clearing, # indicates vacuolation, arrow indicates axonal swellings and focal presence of degenerating axons. (D) Grade 
4: nuclear clearing (*), vacuolation (#), axonal swellings and numerous degenerating axons spread all over the optic nerve section as indicated by 
arrow. (E) Grade 5: shows numerous nuclear clearing (*), vacuolation (#), axonal swelling and nearly all axons degenerating (arrows) across the 
entire section.

Figure 2 Representative haematoxylin and eosin stained retinal section as viewed under light microscope.
PBS group was intravitreally injected with PBS and 7 days post-injection normal retinal morphology was observed. In the ET-1 group, 7 days 
after similar injection of ET-1 there was significant reduction in the number of cells in the IR and thickness of the GCL. In the PRE group, rats re-
ceived TAU 24 hours before ET-1 and subsequently 7 days post-injection, there was an increase in the GCL thickness and number of nuclei in the 
IR compared to the ET-1 group. The retinal morphology in this group was comparable to the PBS group. In the CO group, ET-1 and TAU were 
co-administered. GCL thickness and the number of nuclei in the IR in this group remained significantly lower than the PBS group. Animals in the 
POST group received TAU 24 hours after ET-1 and subsequently 7 days post-injection the thickness of GCL as well as number of nuclei in the IR 
were significantly lower than in the PBS group. PBS: Phosphate buffer saline; ET-1: endothelin-1; TAU: amino acid taurine; GCL: ganglion cell 
layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; IR: inner retina. 

Figure 3 Quantification of retinal 
morphological changes after intravitreal 
administration of ET-1 and TAU. 
(A) Fractional thickness of GCL within 
the IR. (B) Number of retinal cell nuclei 
per 100 µm length of GCL. (C) Number of 
retinal cell nuclei per 100 µm² of GCL. (D) 
Number of retinal cell nuclei per 100 µm² 
of IR. Groups - PBS: Phosphate-buffered 
saline; ET-1: endothelin-1; PRE: pre-treat-
ment with TAU 24 hours before ET-1; CO: 
co-administration of TAU and ET-1; POST: 
post-treatment with TAU 24 hours after ET-
1. All values are expressed as the mean ± SD 
(n = 6). *P < 0.05, **P < 0.01, ***P < 0.001, 
vs. PBS group; ##P < 0.01, ###P < 0.001, vs. 
ET-1 group (one-way analysis of variance 
followed by Tukey’s post-hoc analysis). TAU: 
amino acid taurine; GCL: ganglion cell lay-
er; IR: inner retina.

A B

C D
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Figure 4 Effect of TAU on ET-1-induced changes in optic nerve 
morphology. 
(A) Representative optic nerve sections stained with toluidine blue. 
PBS: A normal intact optic nerve was observed in PBS injected rats; 
ET-1: degenerative changes were seen across the entire optic nerve 
section; PRE: amino acid taurine (TAU) pretreatment group showed 
localized degenerative changes; CO: TAU and ET-1 co-administered 
group showed dense vacuolation and numerous degenerating fibers; 
POST: TAU posttreatment group showed severe axonal degeneration. 
*shows nuclear clearing; arrow head indicates increase in the number 
of glial cells; #shows dense vacuolation with degenerating fibers, arrow 
indicates extensive nuclear clearing and degenerating fibers (original 
magnification, 20×). (B) Quantitative estimation of changes in optic 
nerve morphology. Groups - PBS: Phosphate-buffered saline; ET-1: 
endothelin-1; PRE: pre-treatment with TAU 24 hours before ET-1; CO: 
co-administration of TAU and ET-1; POST: post-treatment with TAU 
24 hours after ET-1. ***P < 0.001, vs. PBS group; #P < 0.05, ###P < 
0.001, vs. ET-1 group (one-way analysis of variance followed by Tukey’s 
post-hoc analysis). n = 6 for all groups.

Figure 5 Effect of TAU on ET-1-induced retinal cell apoptosis as 
estimated by caspase-3 immunostaining. 
(A) Representative retinal sections with caspase 3 staining showing 
apoptotic retinal cells as indicated by red fluorescent spots (arrows) 
in retinal sections; counterstaining with DAPI is seen in blue (original 
magnification, 60×). The PBS group showed no caspase positive cells, 
while in ET-1 group numerous caspase positive cells were observed. 
Among TAU treated groups, the PRE group showed minimal number 
of caspase positive cells, while in the CO and POST groups relatively 
greater number of caspase positive cells were observed (B). Quantita-
tive estimation of caspase 3 positive retinal cells showed significantly 
greater number of caspase positive cells in the ET-1 group compared to 
the PBS group. In the PRE group number of caspase positive cells was 
significantly lower than the ET-1 group whereas the same in the CO 
and POST groups did not show significant difference either from the 
ET-1 or PBS group. Groups - PBS: Phosphate-buffered saline; ET-1: 
endothelin-1; PRE: pre-treatment with TAU 24 hours before ET-1; CO: 
co-administration of TAU and ET-1; POST: post-treatment with TAU 
24 hours after ET-1. All values are the mean ± SD (n = 6), *P < 0.05, vs. 
PBS group; #P < 0.05, vs. ET-1 group (one-way analysis of variance fol-
lowed by Tukey’s post-hoc analysis). TAU: Amino acid taurine; GCL: 
ganglion cell layer.

 A   

 B   

 A   

 B   

species have been detected in glaucomatous eyes (Flammer 
et al., 2002). Oxidative stress may result from excessive 
production of ROS, impaired antioxidant defence system 
or a dysfunction of mitochondria. It may also result from 
a combined effect of these factors. Increased generation of 
free radicals in retina and optic nerve as a consequence of 
ischemia may involve an overstimulation of glutamate ion-
otropic receptors (Bonne et al., 1998). Additionally, during 
ischemic states, the production of free radicals by neuronal 
tissue can also cause an increased output of glutamate, per-

petuating excitotoxic neuronal damage (Pellegrini-Giampi-
etro et al., 1990). Hence, a vicious cycle of events involving 
oxidative stress and excitotoxicity subsequent to ischemia 
results in neuronal apoptosis. In this study, we measured 
the retinal levels of GSH, catalase, SOD and MDA to assess 
the retinal redox status. Glutathione is a part of the retinal 
defence system against oxidative stress and is distributed in 
different types of retinal cells. Its reduced form, GSH, helps 
in maintaining the thiol groups in reduced form (Ganea 
and Harding, 2006). SOD and catalase are also antioxidant 
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defences against ROS induced tissue damage. SOD causes 
dismutation of superoxide radicals and the hydrogen perox-
ide produced as a consequence is removed by CAT (Ernster, 
1988). MDA is a major byproduct of lipid peroxidation and 
its levels indirectly represent the redox status (Sevanian 
and Hochstein, 1985). The present study has shown that 
ET-1 induced retinal oxidative stress was reduced in the 
TAU-treated groups. Based on the overall assessment, and 
taking into account all four parameters of oxidative stress, 
it could be concluded that pre-treatment with TAU has a 
greater antioxidant effect compared with co- or post-treat-
ment. Since this is in accordance with the observations 
made on the morphological examination of retina and optic 
nerve, it appears likely that the protective effect of TAU 
against ET-1 induced retinal and optic nerve morphology 
may, at least in part, be attributed to reduction of retinal 
oxidative stress.

It is worth noting that one of our earlier studies had 
demonstrated that TAU, as well as its Mg salt, MgAT, re-
duced ET-1 induced retinal nitrosative stress. It was also 
observed that both MgAT and TAU restored the retinal 
expression of nitric oxide synthase (NOS) isoforms and re-
duced the formation of peroxynitrite, a powerful oxidant, 
produced by a reaction of NO with superoxide radicals. 
This effect of MgAT and TAU on retinal nitrosative stress 
correlated with reduced retinal cell apoptosis, as detected by 
TUNEL staining (Arfuzir et al., 2018). It is likely that this 
reduction in peroxynitrite production was a consequence of 
not only a normalized NOS expression but also due to a re-
duced availability of superoxide radicals, resulting from im-
proved retinal anti-oxidant defence as observed in the cur-
rent study. Our previous study also showed that the effects 
of MgAT exceed those of TAU alone. MgAT is a chemical 
synthesized from Mg and TAU, and it hydrolyses to release 
Mg and TAU. Hence the superior effects of MgAT com-
pared to TAU alone could be attributed to the combined 
actions of Mg and TAU (Arfuzir et al., 2016). 

The present study has also shown that the benefits of 
treatment with TAU were particularly evident when it was 
given as pre-treatment rather than as co- or post-treatment. 
This was also in accordance with our previous study, which 
showed the restoration of ET-1 induced changes in retinal 
NOS expression, particularly after pre-treatment with both 
MgAT and TAU. This could be attributed to the possible 
protective effect of TAU against the onset of pathophysiolog-
ical events by subsequent ET-1 administration. The effects 
of co- or post-treatment with TAU seem to be overwhelmed 
by the simultaneously initiated or already established ET-1 
induced deleterious consequences. It was also noted that 
the higher effectiveness of TAU pre-treatment compared 
to co- or post-treatment as observed by morphology and 
caspase staining appeared to be proportionately greater 
than similar differences in retinal redox status in three 
TAU treated groups. Hence, it is likely that the additional 
molecular mechanisms contribute to the greater protective 
effect of TAU when given as pre-treatment. Effectiveness of 
pre-treatment rather than co- and post-treatment indicates 

the potential application of TAU as a prophylactic agent. 
However, it is worth noting that the effects of TAU in this 
study were observed after intravitreal administration, which 
may not be a suitable route of administration with regards 
to therapeutic application. Nevertheless, it is the first study 
to date that revealed the potential benefits of TAU against 
ischemia induced retinal and optic nerve damage, and these 
benefits may further be investigated using formulations that 
can be more suitable for therapeutic application.  

In conclusion, treatment with TAU, particularly the 
pre-treatment, prevents retinal cell apoptosis induced by 
ET-1 by reducing retinal oxidative stress, hence preventing 
changes in the morphology of retina and optic nerve. Ad-
ditional cellular mechanisms are likely to be involved in the 
protective effect of TAU. Further studies to explore the mo-
lecular mechanisms of action using suitable formulations of 
TAU will reveal its true therapeutic potential in retinal and 
optic nerve degeneration.
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