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Acteoside protects retinal ganglion cells from experimental
glaucoma by activating the PISK/AKT signaling pathway via
caveolin 1 upregulation
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Background: Glaucoma is the second leading cause of blindness in the world and is characterized by
optic neuropathy and degeneration of retinal ganglion cells (RGCs). Our preliminary research found that
acteoside can inhibit autophagy-induced apoptosis of RGCs via the phosphatidylinositol 3-kinase (PI3K)/
protein kinase B (AKT) signaling pathway. However, it is unclear how acteoside activates the PI3K/AKT
signaling pathway to prevents RGCs autophagic apoptosis.

Methods: Animal and cell models were used in this study. Hematoxylin-eosin staining revealed
pathological histology of retinas. The number of RGCs in retinas was counted using immunofluorescence.
Malondialdehyde and superoxide dismutase were determined using enzyme-linked immunosorbent assay
kits. Flow cytometry and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling staining
were used to detect cell apoptosis. The reactive oxygen species was determined by the Flow cytometry. The
proteins were determined by Western blot.

Results: The results showed that acteoside treatment significantly reduced RGC loss, oxidative stress, and
autophagy, thereby preventing glaucoma exacerbation. Acteoside reversed caveolin 1 (Cavl) expression and
PI3K/AKT signaling activation, according to Western blot results. Cavl knockdown also reversed acteoside’s
effects on RGC loss, PI3K/AKT signaling pathway activation, autophagy and oxidative stress. Notably,
3-methyladenine, a PI3K inhibitor, reversed the effects of acteoside and Cavl overexpression on RGC loss,
oxidative stress, and autophagy.

Conclusions: These finding imply that acteoside alleviates RGC loss and oxidative stress by activating of
the PI3K/AKT signaling pathway by upregulating Cavl.
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Introduction dysregulation, age, and genetic factors, have also been

Glaucoma is the second leading cause of blindness in implicated in the pathophysiology, rise in intraocular

the world and is characterized by optic neuropathy pressure (IOP) is a crucial risk factor in the pathogenesis
and degeneration of retinal ganglion cells (RGCs) (1). of the disease (2,3). Therefore, lowering of IOP is the

Although other risk factors, including vascular dysfunction/ main focus during treatment for glaucoma (4). However,
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IOP reduction often fails to achieve an ideal outcome
since the progressive glaucomatous deterioration of
optic nerve function can persist even after treatment (5).
Furthermore, a growing body of research indicates that
neuroprotective strategies may represent a promising next-
generation therapy for glaucoma (6). We previously found
that acteoside, a commonly identified phenylpropanoid
glycoside in plants, which is the main constituent of Yunnan
Ilex latifolia (Ligustrum purpurascens Y. C. Yang), rescues
glaucoma-induced optic atrophy by preventing autophagic
apoptosis of RGCs (7). As artemisinin, metformin and
quinine, the natural products from plant, are used by oral
or injection. Acteoside is also a plant-based natural product
and extract which may be a treatment drug of glaucoma by
oral or injection. However, the main molecular mechanism
through which acteoside prevents RGCs apoptosis is not
yet well understood. Therefore, it is crucial for research to
explore the major molecular mechanisms of acteoside in
glaucoma.

Acteoside has therapeutic effects in multiple pathological
states and has anti-oxidative stress effects (8), anti-
inflammatory effects (9), anti-aging effects (10), and anti-
RGC loss effects (7). Stress, inflammation, aging, and
RGC loss are strongly associated with the pathogenesis of
glaucoma (11-13). Hence, acteoside may be a promising
protective drug for maintaining homeostasis of RGCs
and for preventing glaucoma-related blindness (14,15).
Previous studies have suggested that acteoside attenuates
oxidative stress, inflammation, and apoptosis by regulating
the phosphatidylinositol 3-kinase (PI3K)/protein kinase
B (AKT) signaling pathway (7,9,16). The PI3K/AKT
signaling pathway has been implicated in many cellular
processes (17). An aberrantly activated or inactivated PI3K/
AKT signaling pathway has been identified in a variety of
human diseases (18). Additionally, researches have shown
that the PI3K/AKT signaling pathway is involved in
controlling proliferation, apoptosis, and autophagy of RGCs
(19-21). Notably, the PI3K/AKT signaling pathway plays an
important role in preventing glaucomatous injury-induced
loss of RGCs (22). However, how the acteoside activates
the PI3K/AKT signaling pathway to prevent autophagic
apoptosis of RGCs remains unknown.

Caveolae are flask-shaped vesicular structures located near
the plasma membrane, which is abundant in endothelial cells,
adipocytes, striated muscle cells, fibroblasts, pneumocytes,
and smooth muscle cells (23). Caveolin 1 (Cavl) and 2 (Cav2)
are members of the caveolae family (24). In the eye, Cavl
is widely expressed in the majority of retinal cells, including
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vascular endothelial cells, ciliary epithelia, Muller cells, retinal
pigment epithelial cells, photoreceptors, RGCs, and trabecular
meshwork (25-27). Cavl is a scaffold protein on the cell
membrane and is associated with signal transduction (28,29).
In addition, Cavl can regulate cell apoptosis, inflammation,
and oxidative stress by regulating the PI3K/AKT
signaling pathway (30-32). The expression of Cavl has been
shown to increase gradually during the recovery period
in retinas after an acute ocular hypertension (HP) injury,
but recovery slows down by 7 days after the injury (2).
Cavl expression is downregulated in hydrostatic pressure-
induced neuronal cells (33). Furthermore, research shows
that Cavl knockdown can partially protect the inner
retinal function in both chronic and acute models of IOP-
induced vison loss (34). Hence, Cavl may be a promising
endogenous protective molecule for preventing optic
neuropathy and degeneration of retinal ganglion cells in
glaucoma. In addition, an iz vitro experiment showed that
acteoside has regulatory effects on Cavl (35). However,
how Cavl functions in acteoside to prevent loss of RGCs
has not been investigated. In this study, we found that
Cavl is downregulated in the RGCs of glaucoma which is
upregulated by acteoside treatment. Acteoside inhibits loss
of RGCs and oxidative stress and can repair glaucoma by
regulating the Cavl/PI3K/AKT signaling pathway. Our
preliminary research found that acteoside regulates PI3K/
AKT signaling pathway. In this study, we further elucidated
the molecular mechanism of acteoside regulates PI3K/AKT
signaling pathway by upregulating Cavl. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-136/rc).

Methods
Animal model and drug administration

Adult Sprague-Dawley male rats, weighing 220-250 g and
8 weeks old, were obtained from the Hunan SJA Laboratory
Animal Co., Ltd. (Certificate no. 43004700043639, China)
and housed individually in a temperature-controlled barrier
facility with light-dark (12:12) cycles at 22 °C with 50%
humidity. The rats received ad libitum food and water.
Experiments were performed under a project license
(No. kmmu2021752) granted by the Animal Experimental
Ethics Inspection of Kunming Medical University, in
compliance with Chinese national guidelines for the care
and use of animals. A protocol was prepared before the
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study without registration.

The ocular hypertension (HP) animal model was
generated by condensing 3 episcleral and limbal veins or
the episcleral area of the right eye and sham operation
group with conjunctiva incision without coagulation (36).
Briefly, rats were sedated with 846 mixture (0.1-0.15 per kg;
intramuscular injection). One drop of oxybuprocaine
hydrochloride (Santen Pharmaceutical Co. Ltd., Japan)
was used to anesthetize the cornea of each rat. Underwater
bipolar electrocoagulation was used to rinse and condense
the three vorticose veins and limbal veins until the vascular
tissue turned white. The rats were randomly divided into
the following groups and treated as follows over 8 weeks:
(I) sham group; (II) HP group; (III) Act group: HP rats
received the acteoside treatment (1 mg/mL; 5 mL acteoside
injected into the vitreous); (IV) Act+si-Cavl (Cavl small
interfering RNA; Guangzhou RiboBio Biotechnology
Co., Ltd., Guangzhou, China) group: HP rats received
the acteoside and si-Cavl treatment (diluted in 0.01 M
phosphate-buffered saline (PBS); 5 nmol si-Cavl injected
into the vitreous); and (V) Act+3-methyladenine (3-MA,
a PI3K inhibitor; Sigma Aldrich, St. Louis, MO, USA)
group: HP rats received the acteoside and 3-MA treatment
(1.5 mg/kg 3-MA injected into the vitreous). Animals were
euthanized at 8 weeks of age, and tissues were harvested for
further analysis.

Cell culture and treatment

The RGC-5 cell line was purchased from the Beijing Beina
Chuanglian Biotechnology Research Institute (Beijing,
China) and cultured in Dulbecco’s Modified Eagle’s medium
(DMEM; Gibco, USA) containing 10% fetal bovine
serum (FBS; Gibco) and 1% penicillin and streptomycin
(Sinopharm Chemical Reagent, China) at 37 °C and 5%
CO, in an incubator. An RGC-5 IOP iz vitro model was
established as Liu er al. previously described (37). The
RGCs were exposed to 100 mmHg of hydrostatic pressure.
Three different concentrations of acteoside (1, 3, and
5 mg/mL; purity >98%, Sigma Chemical Co, MO, USA) or
5 mM 3-MA with different concentrations was added to the
cells prior to hydrostatic pressure being applied.

Cell transfection

To construct the Cavl overexpression vector (oe-
Cavl), the Cavl full-length sequence was inserted into
pcDNA3.1 (Invitrogen, USA). Cavl siRNA (si-Cavl)
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was synthesized by Guangzhou RiboBio Biotechnology
Co., Ltd., (Guangzhou, China). RGC-5 cells (3x10’)
were transfected with 100 nmol of si-Cavl or oe-Cavl,
or were negative controls that used Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) following the
manufacturer’s instructions. After undergoing transfection
for 48 hours, the efficiency of transfection was detected by

reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) and Western blot analysis.

Hematoxylin and eosin (H&E) staining

Eyeballs were harvested and subjected to 4%
paraformaldehyde fixation for 24 hours. The tissue
blocks were sectioned at 5 pm thickness for subsequent
staining. These sections were stained with H&E at room
temperature for 10 minutes. Staining of H&E was observed
by Nikon Eclipse 80i microscope (Nikon Corporation).
Morphological analysis was performed using the ganglion
cell layer (GCL) cell density calculation over a distance of
500 pm (100-600 pm) from the edge of the optic disk for
three sections from each eye.

Immunofluorescence

After air-drying at room temperature for 30 minutes
and being washed in 0.01 M PBS, these sections were
permeabilized in 0.5% TritonX-100 and 5% goat serum
in PBS for 15 minutes at room temperature. The sections
were then incubated overnight at 4 °C overnight with
rabbit antibodies against brain-specific homeobox/
POU domain protein 3A (Brn3a; dilution 1:100; cat. no.,
ab245230; Abcam, UK). In the next day, Alexa Fluor-
conjugated secondary antibodies for 1 hour at room
temperature. Finally, the cell nucleus was stained using
0.1% 4'6-diamidino-2-phenylindole (DAPI) for 5 minutes
at room temperature. Staining of Brn3a was observed by
using a Nikon Eclipse 80i microscope (Nikon Corporation,

Japan).

Malondialdebyde (MDA) content and superoxide dismutase
(SOD) activity assays

MDA content and SOD activity in retina tissues
were measured using their corresponding enzyme-
linked immunosorbent assay (ELISA) kits (Jiancheng
Bioengineering Institute, Nanjing, China) according to the
manufacturer’s instructions. Absorbance was determined
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using a microplate spectrophotometer (BioTeke, China).

Western blot

The proteins of retina tissues and RGC-5 cells were
extracted by using a protein extraction kit (Pierce
Biotechnology, USA). Protein concentration was
determined using BCAprotein quantification kits (Pierce
Biotechnology, USA). The total amount of protein in the
supernatant (40 pg/well) was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (10%) and then
transferred to a polyvinylidene fluoride membrane after it
was blocked in with 5% skimmed milk. Subsequently, the
membrane was incubated overnight at 4 °C and with 3 Tris-
buffered saline (TBS; pH 7.5) wash after each incubation
with the following primary antibodies: Cavl (1:5,000; no.
ab2910; Abcam), p-PI3K (1:1,000; no. ab278545; Abcam),
PI3K (1:1,000; no. ab133595; Abcam), p-AKT (1:1,000;
no. ab38449; Abcam), AKT (1:2,000; no. ab18785; Abcam),
LC3 (1:1,000; no. ab192890; Abcam), and B-Actin (1:5,000;
no. ab8226; Abcam). These membranes were incubated
with goat alkaline phosphatase-labeled anti-rabbit antibody
(1:1,000; cat. no. 14708; Cell Signaling Technology, Inc.,
Danvers, MA, USA). The immunoreactive bands were
visualized using an enhanced chemiluminescence reagent
(Beyotime Institute of Biotechnology, China). The band
intensity was determined with Image]J software (version 1.47;
National Institute of Health, Bethesda, USA).

Detection of cell apoptosis

An Annexin V combined fluorescein isothiocyanate/
propidine iodide (FITC/PI; Solarbio, Beijing, China) flow
cytometry analysis was used to assess apoptosis. RGC-5
cells were collected in a cold PBS buffer and cultured in
the dark for 15 minurtes at room temperature with 10 pL
of Annexin V-FITC/PI (1:1). Flow cytometry analysis was
then performed using a FACS Verse flow cytometer (Becton
Dickinson Biosciences, NJ, USA) and the Flow]Jo software
(version 10; Treestar, OR, USA).

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling ('UNEL) staining

RGC-5 cells were treated or transfected and then cultured
for 48 hours with a 2 PBS wash. After this, RGC-5 cells
underwent 4% paraformaldehyde fixation for 15 minutes
at 37 °C. 1x10* cells were prepared in 96-well plates and
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then subjected to Click-iT™ Plus TUNEL Assay Kit
(ThermoFisher Scientific, Waltham, MA, USA) following
the manufacturer’s instructions. Following DAPIT staining,
the apoptotic cells were measured by using a Nikon Eclipse
80i microscope (Nikon Corporation, Japan).

Reactive oxygen species (ROS) analysis

A total ROS detection kit (ThermoFisher Scientific,
UK) was used to measure the ROS rate according to the
manufacturer’s instructions. The cells were incubated
with 2',7"'-dichlorofluorescein diacetate at 37 °C for
25 minutes and with a 3 PBS wash. Finally, a FACS Verse
flow cytometer (Becton Dickinson Biosciences, NJ, USA) was
applied to analyze the ROS levels at an excitation wavelength
of 488 nm and an emission wavelength of 520 nm.

Statistical analysis

All the experiments were repeated three times. All data were
statistically analysed and graphed using GraphPad Prism 8
(GraphPad Software, Inc., USA). All data are presented as
the mean + standard deviation. Data between two groups
were analyzed using an unpaired Student’s 7-test, and data
among multi-groups were analyzed by one-way analysis
of variance followed by a Tukey’s post-hoc test. P<0.05 was
considered to indicate statistical significance.

Results
Acteoside reduces oxidative stress and RGC loss of retinas

The retinal thickness in three independent groups of
rats was measured. As shown in H&E staining, retinas
exposed to HP displayed a significant reduced GCL density
compared with normal retinas 8 weeks after treatment.
The damage to the retina, especially to the GCL, was
significantly ameliorated by acteoside (Figure 1A,1B).
The irreversible apoptosis of RGCs is another important
indicator of the functional damage of the retina. Brn3a, an
RGC marker, immunofluorescence analysis showed that
the number of RGCs was reduced in the retinas at 8 weeks
after being HP-exposed compared with normal retinas,
and acteoside treatment significantly decreased the extent
of RGC apoptosis (Figure 1C,1D). The activity of SOD
was significantly reduced in the whole retina in subjects
exposed to HP compared with control retinas, and SOD
was elevated in the acteoside treated-retinas (Figure 1E).
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Figure 1 Acteoside reduces oxidative stress and RGC loss of retinas. (A) Representative images of H&E staining. Scale bar =40 pm. (B)
Histological analysis GCL counts in retinas (n=3 per group). (C) Expression of Brn3a in GCL cells in retinas. Scale bar =40 pm. (D)
Histological analysis RGCs counts in retinas (n=3 per group). (E) SOD activity (n=3 per group). (F) MDA content (n=3 per group). (G)
Western blot analysis of Cavl, LC3, and the PI3K/AKT signaling pathway-related protein levels in retinas. **, P<0.01 and ***, P<0.001 vs. the
sham group; *, P<0.05; ®, P<0.01; and *, P<0.001 vs. the IOP group. The red arrows indicate RGCs. HP, hypertension; Act, acteoside; H&E,
hematoxylin and eosin; DAPI, 4'6-diamidino-2-phenylindole; INL, inner nuclear layer; ONL, outer nuclear layer; SOD, superoxide dismutase;
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ganglion cell; IOP, intraocular pressure.
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3-kinase; AKT, protein kinase B; RGC, retinal ganglion cell.

In contrast, the content of MDA was significantly elevated
in the whole retina that was exposed to HP compared with
control retinas (Figure 1F). Previous studies have shown
that acteoside significantly increased Cavl expression and
activated the PI3K/AKT signaling pathway (7,35). As
shown in Figure 1G, HP exposure lowered the expression
of Cavl, p-PI3K, and p-AKT, and all three of these were
elevated in the retinas treated with the acteoside treatment.
In contrast, LC3-II protein expression was elevated after
HP was induced but reduced with the acteoside treatment.
These data indicate that acteoside exerts neuroprotective
effects against IOP-induced retinal damage.
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IOP promotes RGC-5 cells injury

Next, in vitro studies were conducted to explore whether
IOP could promote injury of RGCs. Compared with
the negative control (NC) group, IOP increased cell
apoptosis (Figure 24,2B) and ROS level (Figure 2C). In
addition, the Cavl expression and the activation of the
PI3K/AKT signaling pathway was explored. As shown in
Figure 2D, 10P reduced Cavl, p-PI3K, and p-AKT
expression. Interestingly, LC3-II protein expression was
also elevated. These findings showed that IOP promotes
injury of RGC-5 cells.
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Acteoside relieves cell injury in IOP-induced RGC-5 cells

As shown in Figure 34,3B, cell metabolism or proliferation
was affected when acteoside concentration reached 5 mg/mlL.
Therefore, we selected the concentration range from 1 to
5 mg/mL for subsequent iz vitro studies. IOP increased the
apoptosis and ROS levels of RGC-5 cells, and acteoside
(1, 3, and 5 mg/mL) treatment decreased the apoptosis
and ROS levels (Figure 3C,3D; Figure 44). As shown in
Figure 4B, the protein levels of Cavl, p-PI3K, and p-AKT
were decreased after IOP whereas the acteoside treatment

© Annals of Translational Medicine. All rights reserved.

remarkably increased the expression of Cavl, p-PI3K, and
p-AKT (Figure 4B). In contrast, LC3-II protein expression
was elevated after IOP but reduced with acteoside
treatment. As shown in Figures 3C,4A, compared with the
1 mg/mL group, the group treated with 5 mg/mL of
acteoside increased the apoptosis and ROS levels. Thus,
we chose 3 mg/mL of acteoside for the following cell
experiments. These results demonstrated that acteoside
decreases IOP-induced RGC-5 cells autophagy, apoptosis,

and oxidative stress i vitro.
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Acteoside relieves cell injury in IOP-induced RGC-5 cells
via Cavl

The above results showed that the anti-autophagy, anti-
oxidative, and anti-apoptosis effects of acteoside are actively
involved in the acteoside-mediated protection of RGCs. A
previous study has shown that Cavl protects RGCs against
acute IOP injury by activating the PI3K/AKT signaling
pathway (2). Thus, we next determined whether Cavl and
the PI3K/AKT signaling pathway was associated with the
acteoside-mediated protection against RGCs apoptosis.
To investigate the correlation between Cavl and RGC
injury, the RGC-5 cells were transfected with siRNAs to
downregulate Cavl expression. The protein levels of Cavl
were significantly reduced (Figure 5A). si-Cav1-2 achieved
more effective knockdown efficiency. The Cavl depletion
significantly decreased the inhibitory effect of acteoside
on ROS production and apoptosis (Figure 5B-5D). In
addition, the expression of Cavl, p-PI3K, and p-AKT was
decreased after IOP treatment, but elevated with acteoside
treatment, which was finally repressed by Cavl knockdown
(Figure SE). In contrast, IOP elevated the LC3-II level,
which was reversed with acteoside treatment, but the
LC3-II level was terminally boosted by Cavl knockdown.
Notably, Cavl depletion significantly blocked the acteoside-
medicated neuroprotection against IOP-induced cell injury.
This finding indicated that acteoside regulates oxidative
stress, apoptosis, and autophagy of RGCs and the PI3K/
AKT signaling pathway by upregulating Cavl.

Overexpression Cavl relieves cell injury in IOP-induced
RGC-5 cells by activating the PI3K/AKT signaling pathway

The RGC-5 cells were transfected with oe-Cavl1 to increase
Cavl expression. The Cavl protein level was significantly
increased (Figure 6A4). Notably, Cavl overexpression
attenuated the apoptosis, ROS production, and autophagy
of RGC-5 cells after IOP but the inhibitory effects were
reversed with 3-MA treatment (Figure 6B-6D). In addition,
the Cavl expression was increased with overexpression
of Cavl but was not significantly altered with 3-MA
treatment (Figure 6E). The level of p-PI3K and p-AKT
was reduced after IOP treatment but was reversed with
Cavl overexpression, which was finally repressed by 3-MA
treatment (Figure 6E). In contrast, IOP elevated the LC3-1I
level, which was reversed with Cavl overexpression, but the
LC3-II level was terminally boosted by 3-MA treatment.
These data suggest that upregulation of Cavl decreases

© Annals of Translational Medicine. All rights reserved.

Page 9 of 16

oxidative stress, apoptosis, and autophagy of RGC-5 cells
by activating the PI3K/AKT signaling pathway.

Acteoside relieves IOP-induced RGC loss, oxidative stress,
and autopbagy through activation of the PI3K/AKT
signaling pathway via upregulation of Cavl

Our in vitro studies showed that the Cavl/PI3K/AKT axis
plays a vital role in acteoside-mediated anti-oxidative, anti-
autophagy, and anti-apoptosis effects. We measured the
change of retinal thickness in four groups of rats. As shown
in H&E staining, acteoside treatment significantly increased
GCL density compared with IOP-induced retinas, but
the density of GCL was reversed with Cavl knockdown
and 3-MA treatment (Figure 74,7B). Immunofluorescence
analysis showed that the number of RGCs was elevated in
the retinas after acteoside treatment compared with IOP-
induced retinas, but the number of RGCs was reversed
with Cavl knockdown and 3-MA treatment (Figure 7C,7D).
The activity of SOD was significantly elevated in the whole
retina with acteoside treatment compared with the IOP-
induced retina tissues, but the activity of SOD was reversed
with Cavl knockdown and 3-MA treatment (Figure 7E). In
contrast, the content of MDA was significantly decreased in
the whole retina with acteoside treatment compared with
the IOP-induced retinas, for which the content of MDA
was reversed with Cavl knockdown and 3-MA treatment
(Figure 7F). Western blot analysis displayed that the Cavl/
PI3K/AKT axis. The level of Cav1l was significantly elevated
with acteoside treatment but was reversed with Cavl
knockdown (Figure 7G). Acteoside treatment elevated the
expression of p-PI3K and p-AKT, but these lowered with
Cavl knockdown and 3-MA treatment. In contrast, LC3-II
protein expression was decreased after acteoside treatment
but increased with Cavl knockdown and 3-MA treatment.
Taken together, these data indicate that acteoside relieves
IOP-induced loss of RGCs, autophagy, and oxidative stress
through activation of the PI3K/AKT signaling pathway via
upregulation of Cavl.

Discussion

RGCs are the major cellular constituent of the retina,
and their loss elevating the risk of eye diseases, including
photoreceptor degeneration, diabetic retinopathy, and
glaucoma (38,39). Glaucoma is a common, multifactorial
neurodegenerative retinal disorder characterized by optic
neuropathy and loss of RGCs, which leads to vision loss
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and eventually blindness (40). In our study, a significant
loss of RGCs in the retinas of the glaucoma rat’s model
was observed. Accumulating evidence shows that a
neuroprotection strategy would be an effective glaucoma
treatment (39,41). Notably, our previous study found
that acteoside inhibits autophagic apoptosis of RGCs (7).
Here, we also found that acteoside reduced loss of
RGCs and RGC-5 cell injury in both iz vive and in vitro
experiments, respectively, suggesting that acteoside exerts
neuroprotective functions. These results are consistent with
findings that acteoside attenuates oxidative stress-induced
neuronal apoptosis in rats with focal cerebral ischemia-
reperfusion injury (8). Notably, acteoside has exhibited
multiple biological activities in vitro and in vivo, such as
anti-oxidative and anti-apoptotic activities (42). These data
suggest that acteoside may function as an anti-oxidative and
neuroprotective drug against eye diseases.

Oxidative stress plays an important role in the progress
of glaucoma. A previous study showed that the level
of MDA increases in the serum and aqueous humor of
glaucoma patients, and the activity of SOD is decreased (43).
We observed that MDA levels in the retinas of glaucoma
rats elevated remarkably, accompanied by an attenuated
in SOD activity. Moreover, glaucoma was reported to
accelerate the oxidative stress by elevating IOP, thereby
increasing oxidative stress-induced death in RGCs, leading
to vision loss and eventually blindness (40,44). In our study,
we utilized flow cytometry to evaluate the ROS level of
RGC-5 cells. The ROS level was significantly elevated in
the IOP-induced cells, while acteoside treatment reduced
the ROS level. In addition, we utilized flow cytometry and
TUNEL staining to evaluate apoptosis of RGC-5 cells. The
apoptosis rate was significantly elevated in the IOP-induced
RGC-5 cells, while acteoside treatment reduced this value.
Furthermore, Western blot data indicated that acteoside
treatment reversed the increased expression of LC3-1I,
suggesting that acteoside can reduce cell autophagy. Existing
research has shown that the tight interactions between ROS
and autophagy were reflected in the reduction of ROS by
autophagy and the induction of autophagy by oxidative
stress (45). Here, we further considered oxidative stress-
induced autophagy in the RGCs of glaucoma. Accumulating
evidence shows that excessive ROS production is associated
with many pathological processes (46). We and others have
shown that acteoside reduces oxidative stress (7,16,47). Our
data support the idea that acteoside may inhibit oxidative
stress-linked loss of RGCs, which is beneficial to prevent
vision loss and eventually blindness.
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Caveolae have been found to play positive roles in
maintaining IOP by regulating aqueous humor drainage
from the eye (48). Animal experiments have shown that
Cavl is involved in protective effects against IOP-induced
eye diseases, including glaucoma (48,49). In this study, we
found that the expression of Cavl decreased in retina tissues
of glaucoma model rats; however, acteoside treatment
rescued the downregulated expression of Cavl. Notably,
acteoside has been shown to increase Cavl expression in
MCEF7 cells (35). Acteoside has also been used to increase
the activity of PI3K/AKT signaling pathway in various cells
and animal models (7,50,51). Furthermore, knockdown of
Cavl expression reversed the effects of acteoside against the
oxidative stress, RGC loss, and autophagy, suggesting that
Cavl mediated the protective effects of acteoside against
glaucoma. The activation of the PI3K/AKT signaling
pathway protects RGCs against various forms of injury
in the eye (22). Here, we observed inhibited PI3K/AKT
signaling pathway activation in retina tissues of glaucoma
rat models; however, acteoside treatment rescued the
downregulated activity of the PI3K/AKT signaling pathway.
Cavl knockdown reversed the activator effects of acteoside
on the PI3K/AKT signaling pathway. Furthermore, using
the 3-MA treatment also attenuated the functions of
acteoside against the loss of RGCs, autophagy, and oxidative
stress. These results indicated that acteoside relieves loss
of RGCs, oxidative stress, and autophagy of glaucoma
through activation of the PI3K/AKT signaling pathway by
upregulation of Cavl.

Conclusions

Acteoside treatment can significantly protect against the
deterioration of eyesight in glaucoma. The protection
appears to be largely dependent on the upregulation of
Cavl expression, the activation of the PI3K/AKT signaling
pathway, and the inhibition of oxidative stress, loss of
RGCs, and autophagy. These results provide a novel
molecular mechanism to show how acteoside prevents loss
of RGCs in cases of glaucoma.
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