
Ischemia/reperfusion (I/R) injury is a common etiology 
in many retinal diseases, including retinal vascular occlu-
sion, acute glaucoma, retinopathy of prematurity, age-related 
macular degeneration, and diabetic retinopathy [1,2], and 
leads to a loss of vision. As the retina is highly dependent 
on its oxygen supply and very sensitive to an impaired blood 
flow, I/R-induced oxidative stress is thought to be the direct 
cause of retinal injury [3].

Furthermore, I/R injury is known to increase the levels 
of reactive oxygen species (ROS) that can lead to apoptosis 
and necrosis [4], which are important regulators of cell death. 
ROS are a variety of molecules and free radicals derived 
from molecular oxygen that is reintroduced during reperfu-
sion, including hydroxyl radical, superoxide, singlet oxygen, 
and hydrogen peroxide (H2O2) [5]. Free radicals induce the 
destruction of polypeptide chains and amino acids, and 
fragmentation of DNA molecules, the latter of which leads 

to activation of poly(ADP-ribose) polymerase (PARP) to 
produce poly(ADP-ribose; PAR). Then PARP cleaves nico-
tinamide adenine dinucleotide (NAD), resulting in energy 
failure and cell death [6]. Our previous studies have shown 
that retinal malondialdehyde (MDA) levels and superoxide 
dismutase (SOD), catalase (CAT), and glutathione peroxi-
dase (GSH-Px) activity are indicators of oxidative stress and 
reflect the severity of the retinal injury [7].

Inflammation is a pathologic hallmark of I/R injury, 
correlating with the delayed phase of cell death. I/R injury 
can induce a variety of inflammatory mediators, including 
interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and tumor 
necrosis factor alpha (TNFα) in the retina [8-10]. Through 
phagocytic cells of the innate nonspecific immune system, 
the inflammatory response is aggravated in the cells post-
ischemia injury. The appearance of necrotic cells and the 
abundance of necrotic factors mediate inflammatory stress, 
which lead to additional damage after I/R injury [11,12].

Echinacoside (ECH), a natural phenylethanoid found 
in many medicinal plants, is the principal constituent of 
the phenylethanoid glycosides isolated from the traditional 
Chinese herb Cistanche salsa [13,14]. Interestingly, recent 
studies have shown that ECH has protective effects in a 
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Objective: To investigate whether echinacoside (ECH) protects the retina against ischemia/reperfusion (I/R) injury and 
the underlying mechanisms.
Methods: Adult male Wistar rats were randomly divided into four groups: sham, sham plus ECH, I/R plus vehicle, and 
I/R plus ECH. Before the retinal I/R injury produced by high intraocular pressure (HOP), ECH was administered (20 
mg/kg daily) for 7 days. The level of retinal cell damage was evaluated using Fluoro-Gold (FG) retrograde labeling and 
terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) analysis 7 days after I/R. Optic nerve 
histology was analyzed with transmission electron microscopy. Levels of retinal malondialdehyde (MDA), superoxide 
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) were determined. The expression of apoptosis-
associated factors (Apaf-1, Parp, and Bad) were analyzed with western blotting and quantitative real-time PCR (qPCR). 
The production of proinflammatory cytokines (tumor necrosis factor-α [TNFα], interleukin-1 beta [IL-1β], and IL-6) 
was analyzed with enzyme-linked immunosorbent assay (ELISA) 7 days after the I/R injury as well.
Results: The administration of ECH not only preserved retinal morphology but also attenuated retinal inflammation and 
apoptosis at 7 days after the I/R injury and decreased I/R-induced oxidative stress in the retina statistically significantly.
Conclusions: ECH protected against I/R-induced retinal injury, via activation of antioxidant enzymes and suppression 
of inflammation. Therefore, ECH could be a potential therapeutic candidate for the treatment and management of I/R 
retinal diseases.
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mouse model of Parkinson disease (PD) induced by 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [15]. ECH also 
attenuates neuroblastoma cell apoptosis induced by TNFα 
and 6-hydroxydopamine in vitro [16]. However, the mecha-
nism by which ECH promotes the survival of retinal ganglion 
cells under retinal I/R injury is unclear. In this study, we 
show that ECH preserves the morphology of retinal cells 
and reduces ROS products post-I/R in the rat retinal high 
intraocular pressure (HOP) model remarkably. ECH inhibited 
apoptosis-associated proteins, such as Apaf-1, Parp, and Bad, 
and inflammatory factors TNFα, IL-1β, and IL-6.

METHODS

Animals: Adult male Wistar rats were acquired from the 
Shanghai Laboratory Animal Center of the Chinese Academy 
of Sciences [17]. The animal care conformed to the Asso-
ciation for Research in Vision and Ophthalmology (ARVO) 
Statement for the Use of Animals in Ophthalmic and Vision 
Research and was approved by an Animal Welfare Committee 
(AWC). The study was masked. The animals were housed in 
cages with a 12 h:12 h light-dark cycle, at 55%–60% humidity, 
and temperatures of 23–25 °C. ECH (20 mg/kg) was dissolved 
in 0.9% normal saline (Sigma-Aldrich, St. Louis, MO) or 
normal saline as a vehicle control delivered by daily intragas-
tric administration. Rats (total=168) were randomly divided 
into four groups: sham, sham plus ECH, I/R plus vehicle, 
and I/R plus ECH. ECH was administered 7 days before the 
onset of retina ischemia until the day of scarification after 24 
h or 7 days. The animals were anesthetized intraperitoneally 
with 1% pentobarbital sodium (Sigma). Corneal analgesia 
was achieved using one or two drops of 0.4% oxybuprocaine 
hydrochloride. Pupil dilatation was maintained with 0.5% 
tropicamide and 0.5% phenylephrine. Body temperature was 
maintained at 36.5–37 °C using a heating blanket. Retinal 
ischemia was induced by increasing the intraocular pressure 
to 110 mmHg for 45 min [18]. Right eyes were used in all 
experiments only. After the pupil was dilated, the anterior 
chamber of the eye was cannulated with a 30-gauge needle 
connected to a bottle containing normal saline. The intra-
ocular pressure (IOP) was raised to 110 mmHg by lifting 
the bottle to 150 cm above the eye, and retinal ischemia was 
confirmed by observing whitening of the iris and loss of 
the red reflex of the retina. After 45 min of ischemia, the 
cannulating needle was removed and the intraocular pressure 
normalized. A sham procedure was performed without the 
elevation of the container in the control eyes.

Histopathologic examination: Rats (n=6 in each group) were 
euthanized using an overdose of pentobarbital (intravenously 
60–100 mg/kg of bodyweight) at 7 days after the I/R injury, 

and the eyeballs were enucleated and fixed in 4% parafor-
maldehyde for 24 h at 4 °C. The fixed retinal tissues were 
embedded in paraffin, and 5 μm sections were cut through 
the optic disc. The sections were stained with hematoxylin 
and eosin. A light microscope (Leica, Heidelberg, Germany) 
was used for the histopathological evaluation of the tissue 
sections. Color micrographs were obtained at 400X magni-
fication. Previous studies demonstrated that the changes in 
the retinal layer thickness accurately reflected the changes in 
cell number, according to Hughes’ reports [19]. We measured 
different layer thicknesses to quantify the degree of cell 
loss to measure the ischemic damage in the rat retina. The 
thicknesses of the entire retina (between the inner limiting 
membrane and the pigment epithelium), the outer nuclear 
and the outer plexiform layers (pooled as the outer retinal 
layers, ORL), the inner nuclear layer (INL), and the inner 
plexiform layer (IPL) were measured. The measurements 
(400X) were made 0.5 mm dorsal and ventral from the optic 
disc. The number of cells in the ganglion cell layer (GCL) was 
calculated using the linear cell density (cells per 200 μm). For 
each eye, three measurements at adjacent locations in each 
hemisphere were made, and the six measurements were aver-
aged. The mean of six eyes was recorded as the representative 
value for each group.

Retrograde RGC labeling: Deeply anesthetized rats (see 
above; n=6 in each group) were placed in a stereotactic appa-
ratus (Stoelting, Kiel, Germany), and the skin overlying the 
skull was cut open. The lambda and bregma sutures served 
as landmarks for drilling four holes. FG (Biotium, Hayward, 
CA) was injected (8 μl of 4% FG in distilled H2O) in the 
superior colliculus and lateral geniculate bodies [20-22]. To 
allow for the retrograde transport of FG, the animals were 
kept for 6 days before further experimentation.

RGC quantification: Animals were anesthetized with halo-
thane (5% for induction, 0.8%–1.0% for maintenance) in 70% 
N2O/30% O2 and perfused transcardially with 4% glutaralde-
hyde [23]. The eyeballs (n=6 in each group) were removed, 
and retinal tissues were harvested immediately and placed 
carefully on a nitrocellulose membrane with the ganglion cell 
layer on top. After the vitreous body was removed, retinas 
were fixed in 4% paraformaldehyde for 1 h. The densities 
of the FG-positive retinal ganglion cells (RGCs) were deter-
mined in a blind fashion using fluorescence microscopy 
(Zeiss 510, Jena, Germany). Briefly, we photographed three 
standard square areas (0.200 × 0.200 mm=0.040 mm2) 
located 1, 2, and 3 mm from the optic disc in the central 
region of each retinal quadrant. For each retina, the total area 
evaluated was 0.48 mm2 (12.0 × 0.04 mm2), which represents 
approximately 1% of the rat retina (assuming an average 
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area per retina of approximately 50 mm2 in rats [24]). To 
determine cells/mm2, we calculated the cell density as the 
number of analyzed cells/0.04 mm2 × 25. Data are given as 
the mean RGC densities (cells/mm2) ± standard error of the 
mean (SEM).

TUNEL staining: Seven days after I/R, rats were eutha-
nized by using an overdose of pentobarbital (intravenously 
60–100 mg/kg of bodyweight). Enucleated eyeballs (n=6 in 
each group) were fixed in 4% paraformaldehyde for 24 h at 
4 °C. Fixed retinal tissues were embedded in paraffin, and 
5 μm sections thick cut through the optic disc. All according 
to the manufacturers’ protocols, paraffin-embedded retinal 
tissue sections were deparaffinized, rehydrated, and 
pretreated with proteinase K. Terminal deoxynucleotidyl 
transferase-mediated dUTP nick end-labeling (TUNEL) 
assays were performed using an in situ cell death-detection 
kit, TMR Red (Roche, Lewes, UK). Slides were mounted 
in VECTASHIELD fluorescence mounting medium with 
4′,6-diamidino-2-phenylindole (DAPI; Sigma) for nuclear 
staining and visualized under a laser scanning confocal 
microscope system (Zeiss 510, Jena, Germany). The apop-
totic cells within the retina fluoresced red; Zeiss 4.6 version 
software was used for image collection.

Optic nerve histology and transmission electron micros-
copy: Seven days after ischemia, the rats were anesthetized 
(see above; n=6 in each group) and transcardially perfused 
with 4% glutaraldehyde. The eyeballs with the optic nerves 
were removed and immersed in 4% glutaraldehyde for 24 h 
at 4 °C. Optic nerves segments 2 mm from the back of the 
globe were dissected, washed, postfixed, impregnated with 
uranyl acetate, and embedded in Epon (Head biotechology, 
Beijing, China). Semithin sections were cut and stained with 
toluidine blue (n=6 in each group). The stained sections were 
photographed using a light microscope (Leica, Heidelberg, 
Germany).

For the transmission electron microscopy (TEM) assay, 
rats were transcardially perfused with 4% glutaraldehyde 
under anesthesia (see above), and the optic nerves were 
dissected carefully and placed in fixative (approximately 
20 ml of 2.5% glutaraldehyde and 2.0% paraformaldehyde in 
0.15 M cacodylate buffer) overnight. Then, the optic nerves 
were postfixed in 1% osmium tetroxide, stained in 2% uranyl 
acetate, dehydrated in ethanol and acetone, and embedded in 
epoxy resin. Ultrathin sections were cut perpendicular to the 
long axis of the optic nerve on an ultramicrotome (LKB-1, 
Bromma, Sweden), stained with lead citrate, and observed 
using a transmission electron microscope (JEM-1230, 
Peabody, MA) equipped with a digital camera.

Determining the MDA level and SOD, GSH-Px, and CAT 
activity: Twenty-four hours after ischemia, the animals were 
euthanized using an overdose of pentobarbital (intravenously 
60–100 mg/kg of bodyweight), and the retinas were immedi-
ately extracted (n=6 in each group). The retina samples were 
prepared as a 10% homogenate in 0.9% saline according to 
weight using a homogenizer on ice. Then, the homogenate 
was sedimented at 2,000 × g for 10 min, and the supernatant 
was collected and diluted.

MDA levels were determined using Draper and Hadley’s 
double heating method [25]. MDA, the end product of fatty 
acid peroxidation, reacts with thiobarbituric acid (TBA) to 
form a colored complex. Briefly, 2.5 ml of TBA solution 
(100 g/l) was added to 0.5 ml of homogenate in each centri-
fuge tube, and then the tubes were placed in boiling water 
for 15 min. After cooling with flowing water, the tubes were 
centrifuged at 1,000 × g for 10 min, 2 ml of the supernatant 
were added to 1 ml of TBA solution (6.7 g/l), and the tube was 
placed in boiling water for another 15 min. After cooling, the 
amount of thiobarbituric acid-reactive species (TBARS) was 
measured at 532 nm. The MDA concentration was calculated 
from the absorbance coefficient of the MDA–TBA complex. 
Data are expressed as nanomoles per gram (nmol/g) tissue 
protein.

The total (Cu/Zn and Mn) SOD activity was determined 
through the inhibition of nitrotetrazolium blue (NTB) reduc-
tion by the xanthine/xanthine oxidase system as a super-
oxide generator, as previously reported by Sun et al. [26]. 
The activity was assessed in the supernatant after the 1.0 ml 
ethanol/chloroform mixture (5/3, v/v) was added to the same 
volume of sample and separated for 15 min at 3,000 × g. The 
production of formazan was determined by absorbance at 560 
nm. One unit of SOD was defined as the amount of protein 
that inhibited the rate of NTB reduction by 50%.

GSH-Px activity was measured with Paglia and Valen-
tine’s method [27]. The enzymatic reaction in the tube 
that contained reduced nicotinamide adenine dinucleotide 
phosphate, reduced glutathione, sodium azide, and gluta-
thione reductase was initiated by the addition of H2O2, and 
the change in absorbance at 340 nm was monitored with 
spectrophotometry.

CAT activity was measured with Cohen’s method [28]. 
The principle of the assay was based on the determination 
of the rate constant (s−1, k) of H2O2 decomposition. The rate 
constant of the enzyme and protein levels was determined by 
measuring the absorbance change per minute and the Lowry 
method [29], respectively.
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Total RNA extraction and qPCR: Retinas were harvested (n=6 
per group) 24 h after ischemia. To evaluate the influence of 
treatments on mRNA, quantitative real-time PCR (qPCR) 
was performed on retinal tissues. Total RNA was extracted 
from tissues using TRIzol Reagent (Invitrogen, Carlsbad, 
CA). cDNA synthesis was performed with 1 μg of total RNA 
and a Sprint RT Complete-Double PrePrimed Kit (Clontech, 
Mountain View, CA). One microliter of each cDNA (dilution 
1:10) was used as the template in the qPCR assays, performed 
in triplicate of three biologic replicates on Mastercycler Real-
Plex (Eppendorf, Haupauge, NY) by using the SYBR Green 
qPCR Premix (Clontech). The cycling parameters consisted 
of 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 
s, 60 °C for 1 min, and 72 °C for 30 s. The relative levels 
of target mRNA expression were calculated using the 2-ΔΔCt 
method. The primers used were Apaf-1 forward (5′-ACA CCT 
TCT TGG ACG ACA G-3′) and reverse (5′-AGC AGG CAT 

GGT AAA CAG C-3′) primers; Parp forward (5′-GCA GAG 
TAT GCC AAG TCC AAC AG-3′) and reverse (5′-ATC CAC 
CTC ATC GCC TTT TC-3′) primers; Bad forward (5′-CAG 
GCA GCC AAT AAC AGT-3′) and reverse (5′- CCA TCC 
CTT CAT CTT CCT C-3′) primers; and β-actin forward 
(5′-TCG TGC GTG ACA TTA AGG AGA AG-3′) and reverse 
(5′- GTT GAA GGT AGT TTC GTG GAT GC-3′) primers.

Standard curves were generated from known quantities 
for each of the target genes of linearized plasmid DNA. Ten 
times dilution series were used for each known target, which 
were amplified with qPCR. The linear regression line for a 
nanogram of DNA was determined from relative fluorescent 
units at a threshold fluorescence value (Ct) to quantify the 
gene target from the cell extracts by comparing the relative 
fluorescent units at the threshold fluorescence to the stan-
dard curve, normalized by the simultaneous amplification of 
β-actin.

Figure 1. Representative photographs of rat retinas 7 days after I/R without or with ECH. A, B: In the sham group and the sham plus echina-
coside (ECH) group, the GCL and the INL were clear and well organized. C, D: Seven days after the ischemia/reperfusion (I/R) injury, the 
INL in the I/R plus vehicle group was obviously thinner, and the number of GCL cells had decreased, whereas in the I/R plus ECH group, 
the retina was more normal in structure, with a thicker INL than in the I/R plus vehicle group. GCL, ganglion cell layer; INL, inner nuclear 
layer; IPL, inner plexiform layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Scale bar: 20 µm.

Table1. Thickness of The reTinal layers and Gcl cell counT aT 7 days afTer i/r.

Group Thickness (µm) GCL cell number 
(cells per 200 μm)n=6 Entire retina INL IPL ORL

Sham 144.23±3.69 28.42±1.92 27.24±1.94 57.24±3.61 17.09±1.41
Sham/ECH 143.59±3.84 27.93±1.74 28.05±1.81 57.50±2.91 17.17±1.62
I/R/Vehicle 100.73±3.61a* 16.95±1.06a* 13.01±0.92a* 30.81±1.50a* 7.89±0.83a*
I/R/ECH 126.41±3.63 b* 21.21±1.26 b* 23.52±1.40 b* 46.12±4.65 b* 12.91±1.61 b*

Values are (means ±SE). n=6. Values compared between groups by one-way ANOVA with Dunnett’s post-test. a:compared with the Sham 
group; b:compared with the I/R plus vehicle group,*p<0.05 INL, inner nuclear layer; IPL, inner plexiform layer; ORL, outer retinal lay-
ers; GCL, ganglion cell layer; I/R, high intraocular pressure induced ischemia/reperfusion injury; ECH, echinacoside.
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Enzyme-linked immunosorbent assay: Seven days after isch-
emia, the animals (n=6 in each group) were euthanized using 
an overdose of pentobarbital (intravenously 60–100 mg/kg 
of bodyweight), and the retinas were immediately extracted. 
The retina samples were prepared as a 10% homogenate in 
0.9% saline according to weight using a homogenizer on 
ice. Then, the homogenate was sedimented at 2,000 × g for 
10 min, and the supernatant was collected and diluted. The 
levels of secreted TNFα, IL-1β, and IL-6 in the retinal super-
natants were determined with enzyme-linked immunosorbent 

(ELISA), and the amount of TNFα, IL-1β, and IL-6 released 
was determined using the TNFα, IL-1β, and IL-6 Emax® 
ImmunoAssay System following the manufacturer’s protocol 
(Promega, Madison, WI).

Western blotting: Some of the animals were euthanized 
using a pentobarbital (intravenously 60–100 mg/kg of body 
at 7 days post-I/R, and the retina tissues were immediately 
extracted. The tissues were washed with PBS (1X; 120 mM 
NaCl, 20 mM KCl, 10 mM NaPO4, 5 mM KPO4, pH 7.4) 
and homogenized in lysis buffer (Cell Signaling Technology, 

Figure 2. Comparison of RGCs in four treated groups. A, B: Most retinal ganglion cells (RGCs) stained Fluoro-Gold (FG)-positive 7 days 
in the sham group and the sham plus echinacoside (ECH) group. C: Many RGCs died, and activated microglia cells stained FG-positive 
after phagocytosis in the retinas of the rats that received vehicle at 7 days after the ischemia/reperfusion (I/R) injury. D: In the retinas of 
the I/R plus ECH group, there were more RGCs stained FG-positive than in the retinas in the I/R plus vehicle group. *p<0.05 versus sham 
group; #p<0.05 versus I/R plus vehicle group. E: The bar graph represents the total number of RGCs in all groups. There was a statistically 
significant loss, an approximate 31.11% reduction in the number of RGCs in the I/R plus vehicle group with respect to the I/R plus ECH 
group. Scale bar: 100 μm. *p<0.05.
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Beverly, MA) supplemented with protease inhibitors (Roche 
Applied Science, Indianapolis, IN). The protein concentra-
tion was determined with a bicinchoninic acid protein assay 
reagent kit (Pierce, Rockford, IL). Samples containing 
30 mg of protein were electrophoretically separated in 
10% polyacrylamide gels containing 0.1% sodium dodecyl 
sulfate (SDS) and transferred to polyvinylidene difluoride 
membranes. The membranes were incubated overnight at 
4 °C with one of the following primary antibodies: anti-Parp 
(1:1,000; Stressgen Biotechnologies, Victoria, Canada), anti-
Apaf (1:1,000; Cell Signaling Technology), anti-Bad (1:1,000; 
Santa Cruz Biotechnology, Santa Cruz, CA), and anti-β-actin 
(1:1,000; Cell Signaling Technology). After the membrane 
was washed, horseradish peroxidase-conjugated goat anti-
rabbit immunoglobulin G (IgG) was added as the secondary 
antibody, and the membrane was incubated at room tempera-
ture for 1 h. Immunoreactive proteins were visualized with 

enhanced chemiluminescence (ECL; Amersham Pharmacia 
Biotech, Piscataway, NJ).

S t a t i s t i c a l  a n a l y s i s :  T h e  e x p e r i -
mental data were expressed as mean ± standard devia-
tion (SD). A p value of less than 0.05 was considered statis-
tically significant using multiple analysis of the variance 
(ANOVA) and the Student–Newman–Keuls test with SPSS 
13.0 software (SPSS, Inc., Chicago, IL).

RESULTS

Histopathologic examination: At 7 days after I/R, the overall 
retinal thickness, number of GCL cells, and thicknesses of 
the IPL, INL, and ORL in the I/R plus vehicle group were 
statistically significantly decreased compared with the 
animals in the sham group (p<0.05; Figure 1C), whereas no 
histopathological differences were found between the sham 
group and the sham plus ECH group (p>0.05; Figure 1A,B). 

Figure 3. Fluorescence detection 
of neuronal cell apoptosis at 7 days 
after I/R. A, B: No terminal deoxy-
nucleotidyl transferase-mediated 
dUTP nick end-labeling (TUNEL)-
positive cells were seen in the sham 
group and the sham plus echinaco-
side (ECH) group. C: Abundant red 
fluorescent nuclei were observed in 
the ischemia/reperfusion (I/R) plus 
vehicle rats. D: Sparse red fluores-
cent nuclei were found in the I/R 
plus ECH rats. GCL, ganglion cell 
layer; INL, inner nuclear layer; 
ONL, outer nuclear layer.
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The overall thickness of the retina in the I/R plus vehicle 
group was reduced by 24% compared with the sham group 
(100.73±3.6100 versus 144.23±3.6900 μm). The retinal layers 
in order of reduced magnitude were the IPL, INL, and ORL, 
which were reduced by 41%, 52%, and 46%, respectively; 
the GCL density was reduced by 54% in the I/R plus vehicle 
group (Table 1, Figure 1C). In the I/R plus ECH group, ECH 
clearly protected the retina against retinal ischemic damage; 
the retina appeared more normal with thicker inner retinal 
layers (INL and IPL) than in the I/R plus vehicle group 
(Figure 1D). Measurements of the layer thicknesses and the 
GCL cell number quantitatively confirmed the protective 
effect of ECH (Table 1). The overall retinal thickness in the 
I/R plus ECH group was statistically significantly greater 
than that in the I/R plus vehicle group (p<0.05). Approxi-
mately 60% of the loss caused by I/R was prevented. The 
IPL and INL thicknesses and the GCL density in the I/R 
plus ECH group were also greater than those in the I/R plus 
vehicle group (p<0.05).

ECH protected RGCs from death after I/R: ECH statistically 
significantly delayed cell death in the retina after I/R. In the 
I/R plus ECH group, most RGCs were FG-positive 7 days 
post-I/R compared with the I/R plus vehicle group (Figure 
2D), while many ischemic RGCs that received vehicle died 
(Figure 2C). Seven days after I/R, the ECH-treated group had 
1,624±54.00 RGC/mm2, whereas those treated with vehicle 
had 1,006±63.00 RGC/mm2 (p<0.001). In the sham group 
eyes, 1,859±59.00 RGC/mm2 were counted (Figure 2A), and 
in the sham plus ECH eyes, 1,872+63.00 RGC/mm2 were 
counted (Figure 2B).

TUNEL staining: Fluorescent detection of retinal cell apop-
tosis was performed 7 days after I/R (Figure 3). For rats in the 
sham group and the sham plus ECH group (Figure 3A,B), the 
retina cell nuclei were negative for TUNEL staining. Abun-
dant red fluorescent retinal cell nuclei were found within the 
inner nuclear, outer nuclear, and ganglion cells in the I/R-plus 
vehicle group (Figure 3C). In contrast, in the I/R plus ECH 
group (Figure 3D), only a few red fluorescent nuclei were 
found on TUNEL staining of the rat retinas.

Figure 4. Histological comparison 
of optic nerves in 4 groups after 
I/R. A, B: Optic nerves show 
tightly packed myelinated axons 
and thin septae from the sham 
group and the sham plus echinaco-
side (ECH) group. C: Optic nerves 
from vehicle-treated animals show 
disruption of the axon fascicles, 
severe axonal loss (thin arrow), 
and increases in connective tissue 
septa (big arrow). D: In the isch-
emia/reperfusion (I/R) plus ECH 
group, the preservation of the 
retinal ganglion cell (RGC) axons 
was better than in vehicle control, 
although with a relative increase in 
the septal connective tissue. Scale 
bar: 200 μm. Electron micrographs 
of transverse sections of optic 
nerves from the sham group, the I/R 
plus vehicle group, and the I/R plus 
ECH group post-insult. E, F: Optic 

nerves show an orderly arrangement of the myelin sheath in the axons in the sham group and the I/R plus ECH group. G: In the I/R plus 
vehicle group, myelinated nerve fibers are scarce and irregularly arranged, with distinct axonal damage, seen as swollen, collapsed axons 
(thin arrow), condensed electron opaque axoplasm (big arrow). H: In the I/R plus ECH group, ECH attenuated axon damage, although some 
condensed electron opaque axoplasm and detachment of the myelin lamellae from the cytoplasmic membrane are also observed. Scale bar: 
4 μm. I: The bar graph represents the total number of axons in all groups. There was a statistically significant loss, approximately a 39.31% 
reduction in the number of axons in the I/R plus vehicle group with respect to the sham group (*p<0.05), and there was an approximately 
25.47% reduction in the number of axons in the I/R plus vehicle group compared with the I/R plus ECH group (#p<0.05).
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ECH-mediated neuroprotection in axonal damage after 
ischemia:

Optic nerve histology—There were similarly intact, 
myelinated RGC axons in the sham group and the sham plus 
ECH group (Figure 4A,B,I). The RGC axon loss was statisti-
cally significant in the I/R plus vehicle group (Figure 4C,I). 
In contrast, in the I/R plus ECH group, the preservation of 
RGC axons was better than in the I/R plus vehicle group, 
although a relative increase in septal gliosis was observed (as 
shown in Figure 4D,I).

Transmission electron microscopy—In the sham group 
and the sham plus ECH group, electron microscopic examina-
tion revealed an orderly arrangement of the myelin sheath 
and intact mitochondria in the axons (Figure 4E,F). However, 
in the I/R plus vehicle group, myelinated nerve fibers were 
scarce and arranged irregularly, with distinct axonal damage, 
seen as swollen, collapsed axons, condensed electron opaque 
axoplasm, and detachment of the myelin lamellae from the 
cytoplasmic membrane. In addition, several swollen mito-
chondria were seen (Figure 4G). ECH statistically signifi-
cantly attenuated the axon damage post-insult, although some 

Table 2. difference of Mda level and sod, Gsh-Px, and caT acTiviTies.

Group 
n=6

                                Average oxidative parameters
MDA (nmol/g)       SOD (u/g)       CAT (u/g) GSH-px (u/g)

Sham      21.41±0.96 0.82±0.01      1.81±0.22 23.21±1.76
Sham/ECH      20.72±2.01    0.83±0.03      1.87±0.06 23.79±0.58
I/R/vehicle      38.21±1.53 a* 0.63±0.06 a*      1.20±0.15 a* 15.84±1.52 a*
I/R/ECH      28.56±1.04 b* 0.78±0.04 b*      1.55±0.05 b* 19.03±0.92 b*

Values are (means ±SE). n=6. Values of retinal malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), and glutathione 
peroxidase (GSHPx) were compared between groups using one-way ANOVA with Dunnett’s post-test. a:compared with the Sham group; 
b:compared with the I/R plus vehicle group,*p<0.05

Figure 5. Difference in MDA levels 
and SOD, GSH-Px, and CAT activi-
ties in the retina 24 h after I/R. A: 
Malondialdehyde (MDA) levels 
in the ischemia/reperfusion (I/R) 
plus vehicle group and the I/R plus 
echinacoside (ECH) group became 
statistically significantly higher 
than those of the sham group and 
the sham plus ECH group (p<0.05). 
The MDA level in the I/R plus 
ECH group was higher than that 
of the sham group but was statis-
tically significantly lower than 
that of the I/R plus vehicle group 
(p<0.05). B–D: The superoxide 
dismutase (SOD), catalase (CAT), 
and glutathione peroxidase (GSH-
Px) activity in the I/R plus vehicle 
group and the I/R plus ECH group 
became statistically significantly 
lower than that of the sham group 
(p<0.05). The activities in the 
sham group plus ECH group were 

statistically significantly higher than those in the I/R plus vehicle group (p<0.05). *p<0.05 versus the sham group; #p<0.05 versus the I/R 
plus vehicle group.
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condensed electron opaque axoplasm and detachment of the 

myelin lamellae from the cytoplasmic membrane were also 

observed (Figure 4H).

MDA levels and SOD, GSH-Px, and CAT activity: Twenty-
four hours after I/R, the MDA levels in the retinas of the 
I/R plus vehicle group and the I/R plus ECH group were 
statistically significantly higher than those in the sham 

Figure 6. ECH treatment reduced 
activation of Parp, Apaf-1, and Bad 
mRNA in retinas 7 days after I/R. 
A–C: Quantitative real-time PCR 
(qPCR) shows statistically signifi-
cant activation of Parp, Bad, and 
Apaf-1 in the retinas after ischemia/
reperfusion (I/R) injury; echinaco-
side (ECH) treatment reduced these 
effects. Histograms represent the 
mean ± standard error of the mean 
(SEM) of apoptotic mRNA levels 
in the retinas of all groups. *p<0.01 
versus the sham group; #p<0.01 
versus the I/R plus vehicle group.

Figure 7. ECH treatment reduced 
release of Parp, Apaf-1, and Bad 
in the retina 7 days post-I/R. A: 
western blotting shows statisti-
cally significant activation of Parp, 
Apaf-1, and Bad in the retinas after 
ischemia/reperfusion (I/R) injury; 
echinacoside (ECH) treatment 
reduced these effects. B–D: Histo-
grams represent the mean ± stan-
dard error of the mean (SEM) of the 
Parp, Apaf-1, and Bad protein levels 
in the retinas of all groups.*p<0.01 
versus the sham group; #p<0.01 
versus the I/R plus vehicle group.
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group (p<0.05). The MDA levels in the retinas in the sham 
group and the sham plus ECH group were similar (p>0.05), 
and the levels in the retinas in the I/R plus ECH group were 
statistically significantly lower than in the retinas in the I/R 
plus vehicle group (p<0.05; Figure 5A, Table 2).The activity 
of SOD, GSH-Px, and CAT was similar between the sham 
group and the sham plus ECH group (p>0.05), and was 
statistically significantly higher than that in the retinas in the 
I/R plus vehicle group (p<0.05). However, the activities of 
these enzymes in the retinas of the I/R plus ECH group were 
statistically significantly higher than those in the retinas in 
the I/R plus vehicle (p<0.05; Figure 5B–D, Table 2).

ECH suppresses ROS-induced gene expression after I/R 
injury: We used qPCR and western blotting to analyze the 
expression of Apaf-1, Parp, and Bad in the retinal tissues and 
found that I/R statistically significantly enhanced the release 
of Apaf-1, Parp, and Bad (Figure 6A–C, Figure 7A–D). 
However, ECH partially reversed the phenomenon.

Suppressed expression of inflammatory factors in the retina 
by ECH: ELISA showed that intracellular TNFα, IL-1β, and 
IL-6 are upregulated after I/R injury (Figure 8A–C). Of note, 
treatment with ECH attenuated the expression of intracellular 
TNFα, IL-1β, and IL-6 post-insult. Taken together, the results 
show that ECH statistically significantly suppressed expres-
sion of inflammatory factors in the injured retina.

DISCUSSION

The rat transient IOP elevation model mimics circulatory 
disorders of the retina resulting from elevated intraocular 
pressure, followed by compression of retinal blood vessels, 

which, in turn, leads to impaired blood flow. The following 
natural reperfusion induces strong oxidative stress, which 
induces I/R injury and risk of retinal artery occlusion and 
glaucoma [30-32]. Oxidative stress, an imbalance that favors 
prooxidant over antioxidant factors, leads to cellular damage 
in retinal I/R [1,33,34]. As MDA is a naturally occurring 
product of lipid peroxidation, a process in which unsaturated 
fat-soluble substances (lipids) are oxidized to form radicals, 
the MDA level reflects the severity of the cellular damage 
[31]. In addition, ROS can be scavenged by antioxidant 
enzymes, including SOD, CAT, and GSH-Px. Therefore, 
the activity of those enzymes may help in evaluating the 
antioxidant enzyme status [4,35,36]. In this study, we found 
ECH dramatically protected retinal cells against I/R injury, 
indicated by a reduction in histological damage. We also 
found that ECH improved the antioxidative stress parameters 
and prevented inflammatory factor release in the rat retina 
I/R model. ECH also attenuated cell-death-associated gene 
activation, which suggests mechanisms of protection by ECH.

In this study, application of ECH did not change the level 
of antioxidative enzymes (SOD, CAT, and GSH-Px) and lipid 
peroxidation (MDA) in the sham plus ECH group compared 
with the sham group, ruling out the possibility of a direct 
effect of ECH on inducing stronger oxidative stress responses. 
However, I/R led to a significant increase in lipid peroxida-
tion (MDA) with impaired activity of antioxidative enzymes 
(SOD, CAT, and GSH-Px) activity in the retina, whereas 
ECH prevented lipid peroxidation (decreased MDA levels) 
and induced activation of antioxidant enzymes (SOD, CAT, 
and GSH-Px) in the retina, accompanied by suppression of 
inflammatory factors TNFα, IL-1β, and IL-6, in accordance 

Figure 8. ECH administration 
attenuated release of TNFα, IL-1β, 
and IL-6 in the retina 7 days after 
I/R. A–C: Enzyme-linked immuno-
sorbent assay (ELISA) shows statis-
tically significant release of TNFα, 
IL-1β, and IL-6 in the retinas after 
ischemia/reperfusion (I/R) injury; 
echinacoside (ECH) treatment 
statistically significantly reduced 
these effects. Histograms represent 
the mean ± standard error of the 
mean (SEM) of the tumor necrosis 
factor-α (TNFα), interleukin-1 beta 
(IL-1β), and IL-6 protein levels in 
the retinas of all groups.*p<0.01 
versus the sham group; #p<0.01 
versus the I/R plus vehicle group.
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with previous studies [37,38]. These results suggested the 
protection of ECH against I/R injury is due to modulation 
of the response to oxidative stress and the release of inflam-
matory factors.

Recently, ECH has been identified as a potent antioxi-
dant in the central nervous system [39]. Tubuloside B, one 
of the phenylethanoids isolated from the stems of Cistanche 
salsa, exerts neuroprotection to antagonize TNFα-induced 
apoptosis in SH-SY5Y cells and may be useful in treating 
neurodegenerative diseases [16]. These studies showed the 
neuroprotective effects of echinacoside on 4-aminopyridine-
evoked glutamate release in rat cerebrocortical nerve termi-
nals (synaptosomes), which was associated with reduced 
voltage-dependent Ca2+ entry and subsequent suppression 
of protein kinase C activity [39]. Zhao et al. found that 
echinacoside protects against MPP+-induced neuronal 
apoptosis via regulation of the ROS/ATF3/CHOP change 
to: reactive oxygen stress (ROS) /activating transcription 
factor 3(ATF3)/C/EBP homologous protein (CHOP) pathway 
[15], and it has been reported echinacoside stimulates cell 
proliferation and prevents cell apoptosis in intestinal epithe-
lial MODE-K cells by upregulation of transforming growth 
factor-β1 expression [40]. Zhang et al. reported that echina-
coside protects nigrostriatal dopaminergic pathways against 
6-OHDA-induced endoplasmic reticulum stress by reducing 
the accumulation of seipin [41]. Cistanoside A possesses 
antiosteoporotic activity in ovariectomized mice via TRAF6-
mediated NF-kappaB inactivation and PI3K/Akt activation, 
to promote bone formation and prevent bone resorption [42]. 
It has been suggested that apoptosis and necrosis are involved 
in I/R-induced cell damage, and apoptosis plays a major role 
[2]. In this study, qPCR analysis of Apaf-1, Parp, and Bad 
revealed that abundant release of proapoptotic factors was 
induced by I/R insult but attenuated by the administration of 
ECH. This demonstrated that ECH could prevent apoptosis 
of retinal cells, and ELISA of TNFα, IL-1β, and IL-6 showed 
that ECH has anti-inflammatory effects in retinas under I/R 
injury. As massive numbers of ROS, which trigger apoptosis 
[3], are generated during I/R [5], the antiapoptosis mechanism 
of ECH in I/R-induced retinal cell damage may also be due to 
its antioxidant and anti-inflammatory potential.

Previous studies suggested that a phenylethanoid glyco-
side–rich extract of Cistanche deserticola (PhG-RE), a well 
known natural antioxidant-based active constituent, may 
protect against oxidative stress in the reperfused myocar-
dium and play a significant role in the inhibition of apoptotic 
pathways [43]. Cistanches Herba extract increased neuronal 
cell differentiation, neurite length, and synapse formation 
in the mouse hippocampus through upregulating nerve 

growth factor (NGF), and statistically significantly enhanced 
learning and memory [44].

In conclusion, this study demonstrated that ECH, a prin-
cipal constituent of the phenylethanoid glycosides isolated 
from the traditional Chinese herb Cistanche salsa, protects 
retinal cells against I/R-induced retinal damage. The protec-
tive effect of ECH appears to be due to the inhibition of oxida-
tive stress, inflammation, and apoptosis. The results suggest 
that ECH plays a role in neuroprotection for the treatment of 
I/R-related retinal diseases.
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