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Abstract
Accumulating evidence supports an important role for nerve growth factor (NGF) in diabetic retinopathy. We hypothesized that NGF has a 
protective effect on rat retinal ganglion RGC-5 cells injured by palmitic acid (PA), a metabolic factor implicated in the development of dia-
betes and its complications. Our results show that PA exposure caused apoptosis of RGC-5 cells, while NGF protected against PA insult in a 
concentration-dependent manner. Additionally, NGF significantly attenuated the levels of reactive oxygen species (ROS) and malondialde-
hyde (MDA) in RGC-5 cells. Pathway inhibitor tests showed that the protective effect of NGF was completely reversed by LY294002 (PI3K 
inhibitor), Akt VIII inhibitor, and PD98059 (ERK1/2 inhibitor). Western blot analysis revealed that NGF induced the phosphorylation 
of Akt/FoxO1 and ERK1/2 and reversed the PA-evoked reduction in the levels of these proteins. These results indicate that NGF protects 
RGC-5 cells against PA-induced injury through anti-oxidation and inhibition of apoptosis by modulation of the PI3K/Akt and ERK1/2 sig-
naling pathways.
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Introduction
Diabetic retinopathy (DR) is a severe complication of dia-
betes mellitus and the leading cause of blindness worldwide 
(Zheng et al., 2012). Accumulating evidence suggests that 
excessive plasma levels of saturated fatty acids, such as pal-
mitic acid, are caused by a high-fat diet. This can lead to 
insulin resistance and its associated complications, includ-
ing DR (Kulacoglu et al., 2003; Shen et al., 2014; Kumar et 
al., 2015; Sasaki et al., 2015). Progressive loss of the retinal 

cells responsible for communication between the eye and 
brain contributes to early pathogenic events in DR, and can 
explain some of the vision defects that occur soon after the 
onset of diabetes (Barber et al., 2011; van Dijk et al., 2012; 
Pelikánová, 2016). Traditional treatments such as photoco-
agulation, vitrectomy and anti-vascular endothelial growth 
factor therapy can be effective, but are limited and can have 
considerable side effects (Yam and Kwok, 2007; Wilkin-
son-Berka, 2008). Novel approaches are, therefore, being 
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sought that can prevent or delay retinal cell death and main-
tain normal neuronal functions.

Nerve growth factor (NGF), discovered in 1948 (Bradshaw 
et al., 1984), prevents neuronal apoptosis in primary cul-
tured neurons and reduces neuronal degeneration in animal 
models of neurodegenerative diseases (Wiese et al., 1999; 
Sofroniew et al., 2001). In the retina, NGF is produced and 
utilized by retinal ganglion cell (RGCs) and glial cells in a 
paracrine and autocrine fashion (Turner et al., 1980; Mysona 
et al., 2014). Restoring NGF signaling has been reported to 
be a potential therapeutic strategy to overcome retinal de-
generative diseases, including DR (Colafrancesco et al., 2011; 
Abu El-Asrar et al., 2013; Mysona et al., 2013, 2015; Mantelli 
et al., 2014; Wang et al., 2015b; Zhang and Zhou, 2015). NGF 
can prevent early retinal cell apoptosis and development of 
cellular occluded capillaries (Hammes et al., 1995), while 
an anti-NGF antibody increased RGC loss in experimental 
diabetic rats (Mantelli et al., 2014). Furthermore, NGF had 
a neuroprotective effect on RGCs after retinal ischemia/
reperfusion injury (Chen et al., 2015), while administration 
of NGF eye drops restored TrkA levels in the retina, and pro-
tected RGCs from degeneration in an experimental diabetic 
model and a glaucoma rat model (Lambiase et al., 2009; Co-
lafrancesco et al., 2011). A large number of studies, including 
from our group, show that NGF confers its neuroprotection 
via PI3K/Akt and ERK1/2 signaling pathways in primary 
neurons and cell lines (Gan et al., 2005; Lambiase et al., 2009; 
Wen et al., 2011). The PI3k/Akt and ERK1/2 signaling path-
ways are the two main pathways involved in cell survival and 
apoptosis (Schmitz et al., 2007). They are activated by growth 
factors, drugs and hormones but play different neuroprotective 
roles under different conditions (Ahn, 2014; Li et al., 2014). 
Members of the FoxO (forkhead box, O class) Forkhead tran-
scription factor family, including FoxO1, 3, 4, and 6, are down-
stream targets of PI3K/Akt and phosphorylation decreases 
their transcriptional activity, resulting in their redistribution to 
the cytoplasm (Dobson et al., 2011). FoxO1 has a crucial role 
in apoptosis and survival of different cells (Zhang et al., 2011).

The retinal ganglion RGC-5 cell line, derived from 
post-natal rat retina, has characteristic retinal progenitor 
markers and can be used to study cellular and molecular 
mechanisms of RGC-associated eye diseases (Maher and 
Hanneken, 2005). However, whether NGF retains its protec-
tive action in RGC-5 cells against PA insult remains unclear. 
This study aimed to explore the neuroprotective effect of 
NGF on PA-induced RGC-5 injury.

Materials and Methods
Cell culture
RGC-5 cells were provided by Sun Yat-sen University, 
Guangzhou, Guangdong Province, China. Cells were cul-
tured in high-glucose Dulbecco’s modified Eagle’s medium 
(DMEM) (Invitrogen, Carlsbad, CA, USA) containing 10% 
fetal bovine serum (FBS) (Invitrogen), streptomycin (100 
μg/mL; Invitrogen) and penicillin (100 U/mL; Invitrogen) 
at 37°C in a 5% CO2 humidified atmosphere. Medium was 
changed every 3 days and 25% of cells were passaged weekly.

MTT assay
Cell viability was assessed using the MTT assay as described 
previously (Wang et al., 2013; Zeng et al., 2016a). Briefly, 
RGC-5 cells were seeded in 96-well plates at a density of 2 × 
105 cells/well. Cultures were incubated with 100 μM PA (Sig-
ma-Aldrich, St. Louis, MO, USA) or pretreated with 25-100 
ng/mL NGF for 24 hours, and were then incubated with MTT 
(0.5 mg/mL; Sigma-Aldrich) for another 3 hours. Medium 
was removed and dimethyl sulfoxide (DMSO; 200 μL) added 
to each well. The optical density (OD) of each well was mea-
sured at a wavelength of 570 nm using a Multiskan Ascent 
Revelation Plate Reader (Thermo Fisher Scientific, Waltham, 
MA, USA) and the data are presented as a percentage relative 
to the control. Assays were repeated three to six times.

To evaluate the role of PI3K/Akt and Erk1/2 pathways on the 
survival promoting effect of NGF on cell apoptosis induced by 
PA, the cultures were pretreated with NGF (50 ng/mL) in the 
presence of preincubated with the PI3K inhibitor LY294002 (10 
μM; Calbiochem, La Jolla, CA, USA), AktVIII (5 μM; Calbio-
chem) and the Erk1/2 inhibitor PD98059 (10 μM; Calbiochem) 
for 30 minutes then PA treated for another 24 hours, and the 
viability of cells was determined by the MTT assay. 

Annexin V-FITC/PI staining to evaluate apoptosis 
RGC-5 cells were treated for 16 hours with 100 μM PA with 
or without 50 ng/mL NGF pretreatment. Cells were then di-
gested, washed twice with ice-cold phosphate buffered saline 
(PBS) then centrifuged for 5 minutes and re-suspended in 
195 μL Annexin V-FITC binding buffer (Beijing 4A Biotech, 
China) as described previously (Zeng et al., 2016b). Annexin 
V-FITC (20 μg/mL) was added and the cells incubated away 
from light at 20–25°C for 10 minutes. Then cells were then 
washed with ice-cold PBS and resuspended in binding buf-
fer. Propidium iodide (PI) (1 mg/mL) (Beijing 4A Biotech) 
was then added and the cells incubated in darkness. Apop-
tosis was quantified by flow cytometry using Cell Quest Pro 
software (Beckman Coulter, Brea, CA, USA).

Measurement of reactive oxygen species (ROS)
Intracellular ROS accumulation was measured using H2D-
CF-DA (Wang et al., 2015a). Briefly, after treatment, RGC-5 
cells were washed and then stained with 10 μM H2DCF-DA 
(Sigma-Aldrich) in serum-free medium for 30 minutes at 
37°C in the dark. The cells were photographed using a fluo-
rescence microscope (Olympus, Tokyo, Japan).

Estimation of malondialdehyde (MDA)
MDA reacts with thiobarbituric acid (TBA) to produce a flu-
orescent product (Wang et al., 2015a) that can be measured 
using a pectrofluorometer microplate reader (Thermo Fisher 
Scientific, Waltham, MA, USA) at a wavelength of 535 nm. 
Therefore, RGC-5 cells in 6-well plates were exposed to 100 
μM PA with or without 50 ng/mL NGF pretreatment and 
cultured to more than 90% confluence. Cells were harvested 
and MDA levels were determined using an MDA detection 
kit from Nanjing Jiancheng Bioengineering Institute (Nan-
jing, China) according to the manufacturer’s instructions.
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Western blot assay
Following treatment, RGC-5 cells were lysed with ice-cold 
radioimmunoprecipitation assay (RIPA) lysis buffer as 
described previously (Zheng and Quirion, 2009). Protein 
concentration was determined with a protein assay kit (Bio-
Rad Laboratories, Inc., Hercules, CA, USA) according to the 
manufacturer’s instructions. Samples with equal amounts 
of protein were separated on 10% polyacrylamide gels, then 
transferred to polyvinylidene fluoride (PVDF) membranes 
and probed with selective anti-phospho Akt (Ser473), FoxO1 
or ERK1/2 antibodies or a total Akt/FoxO1/ERK1/2 anti-
body, at 4°C overnight. Anti-phospho-Akt (Ser473) antibody 
(1:1,000), anti-Akt antibody (1:1,000), anti-phospho-FoxO1 
antibody (1:1,000), anti-FoxO1 antibody (1:1,000), an-
ti-phospho ERK1/2 antibody (1:1,000), and anti-ERK1/2 
antibody (1:1,000) were obtained from Cell Signaling Tech-
nology (Woburn, MA, USA). Membranes were then washed 
twice with Tris-buffered saline containing Tween (TBST) 
and incubated at room temperature for 1 hour with appro-
priate secondary antibodies conjugated with horseradish 
peroxidase (Cell Signaling Technology). Membranes were 
finally washed several times with TBST to remove unbound 
secondary antibodies and visualized using enhanced che-
miluminescence (ECL) as described by the manufacturer’s 
instructions (Thermo Fisher Scientific, Waltham, MA, USA). 
Blots were subsequently stripped of antibodies and re-probed 
with the pan antibody to confirm equal protein loading. Band 
intensity was quantified in the linear range by densitometry 
using image J software (NIH, Bethesda, MD, USA).

Statistical analysis
Data are expressed as the mean ± SEM or mean ± SD. Varia-
tion between groups was analyzed using one-way analysis of 
variance and least significant difference post hoc test. P < 0.05 
was considered statistically significant. Statistical analyses 
were conducted with SPSS 13.0 (SPSS, Chicago, IL, USA).

Results
NGF attenuated PA-induced cell death in RGC-5 cells
MTT assays showed that RGC-5 cells pretreated with NGF 
for 30 minutes were protected from PA-induced insult in a 
concentration-dependent manner (Figure 1A). A significant 
inhibition effect of NGF commenced at 50 and 100 ng/mL. 
Flow cytometry indicated that 100 μM PA caused apoptosis 
of RGC-5 cells, while NGF (50 ng/mL) pretreatment re-
versed the effect (Figure 1B, C).

NGF inhibited the levels of ROS and MDA in RGC-5 cells
PA produces oxidative stress in cells (Wong et al., 2014). 
MDA, formed by the degradation of polyunsaturated lipids 
by ROS is used as a marker of oxidative stress (Clarkson and 
Thompson, 2000). As shown in Figure 2, NGF diminished 
the elevation of ROS and MDA caused by PA.

PI3K/Akt and ERK1/2 signaling pathways mediated the 
protective effect of NGF in RGC-5 cells
We have previously shown that NGF stimulates PI3K/Akt 
and ERK1/2 pathways in PC12 cells (Wen et al., 2011). MTT 

assays showed that the protective effect of NGF was dimin-
ished in the presence of the PI3K inhibitor, LY294002, the 
Akt inhibitor, AktVIII, and the ERK1/2 inhibitor, PD98059 
(Figure 3). The concentrations of inhibitors used (LY294002, 
10 µM; AktVIII, 5 μM; and PD98059, 5 µM) had no effect on 
cell death itself, as previously reported (Wang et al., 2015b). 
Thus, both PI3K/Akt and ERK1/2 pathways mediated the 
protective effect of NGF.

NGF stimulated the phosphorylation of Akt, FoxO1, and 
ERK1/2 in RGC-5 cells in a concentration-dependent 
manner
As shown in Figure 4, NGF increased the phosphorylation 
of p-Akt (Ser473), p-FoxO1 and p-ERK1/2 in RGC-5 cells in 
a dose-dependent fashion after 10 minutes of stimulation.

NGF reversed the down-regulation of Akt/FoxO1 and 
ERK1/2 phosphorylation induced by PA
Cells incubated with NGF (50 ng/mL) for 30 minutes were 
exposed to PA for 4 hours and the phosphorylation of Akt/
FoxO1 and ERK1/2 were analyzed. PA decreased the phos-
phorylation of Akt/FoxO1 and ERK1/2 in RGC-5 cells, while 
NGF prevented this effect (Figure 5). 

Discussion
DR, a major ocular complication of diabetes, is a leading 
cause of blindness in working age adults worldwide and lim-
ited treatments are available (Mysona et al., 2014). In addition 
to microcirculation abnormalities, neurodegenerative changes 
appear in the retina at an early stage of DR (van Dijk et al., 
2012). Recently, increased apoptosis of RGCs was demonstrat-
ed in humans with diabetes, which leads to the progressive 
loss of retinal neurons and functional deficits in vision (Ng et 
al., 2016). Nevertheless, the effect of excessive PA on apoptosis 
of RGCs is unknown. In line with a previous report (Wang et 
al., 2016), we show that PA exposure induced dramatic apop-
tosis of RGC-5 cells but at a lower PA concentration. Thus, 
our data support high levels of saturated fatty acids as an 
important metabolic risk factor associated with the increased 
apoptosis of RGCs at the onset of DR.

The widespread involvement of NGF in retinal dysfunc-
tion is based on a diabetes-induced proNGF/NGF imbalance 
and alterations in TrkA and p75NTR receptor function and 
expression (Mohamed and El-Remessy, 2015). Reduction 
of trophic support due to decreased NGF expression con-
tributes to diabetes-induced RGC death. The importance 
of NGF in RGC survival is illustrated by recent studies, in 
which NGF supplementation reduced diabetes-induced RGC 
death (Hammes et al., 1995; Mantelli et al., 2014). In our 
study, we discovered that NGF was able to protect against 
PA-induced death of RGC-5 cells, which further indicated 
that NGF can block diabetes-induced RGC death. In the de-
velopment of diabetic retinopathy, increased oxidative stress 
is another early event (Wu et al., 2014). Our findings suggest 
that decreasing oxidative stress caused by PA might be an-
other mechanism by which NGF ameliorates the PA insult.

The PI3K/Akt and ERK1/2 pathways are the two main 
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pathways involved in the survival and adaptive protection of 
various cell types that are activated by growth factors, hor-
mones and drugs. They also play different roles in neuropro-
tection observed under different conditions (Schmitz et al., 
2007). Previous reports indicate that NGF exerts a neuropro-
tective effect on RGCs against retinal ischemia/reperfusion 
injury by regulating the PI3K/Akt signaling pathway (Chen 
et al., 2015). Similarly, we show here that the protective ef-
fect of NGF was completely abolished in the presence of the 
PI3K inhibitor, LY294002, Akt inhibitor VIII, as well as the 
ERK1/2 inhibitor, PD98059, indicating that NGF elicits its 
protective effects via PI3K/Akt and ERK1/2 signaling path-
ways. In addition, treatment of RGC-5 cells with NGF leads 
to the phosphorylation of Akt and ERK1/2, as seen in our 
previous report (Wen et al., 2011), while PA decreases Akt 
and Erk1/2 phosphorylation. In general, these data suggest 
that NGF promotes RGC-5 cell survival and protects cells 
from the toxic effects of PA insult by specifically activating 
the pro-survival PI3K/Akt and ERK1/2 pathways.

The FoxO1 transcription factor is important in the cell cy-
cle as its nuclear localization causes apoptosis (Zhang et al., 

Figure 1 NGF attenuated PA-
induced cell death in RGC-5 cells.
(A) Cell viability was determined 
by MTT assays; (B, C) apoptosis of 
cells was measured by the Annexin 
V-FITC/PI assay. Results are shown 
as the mean ± SEM and represent 
three independent experiments (n 
= 6 for MTT, n = 3 for flow cytom-
etry, one-way analysis of variance 
and least significant difference post 
hoc test). *P < 0.05, vs. control 
group; #P < 0.05, vs. PA group. OD: 
Optical density; PA: palmitic acid; 
NGF: nerve growth factor.

Figure 2 NGF inhibited the levels of ROS 
and MDA elevated by PA in RGC-5 cells.
(A) RGC-5 cells were pretreated with NGF 
(50 ng/mL), and then incubated with 100 μM 
PA for 12 hours (magnification × 200). The 
fluorescence intensity of DCFH-DA showed 
that NGF reduced the accumulation of ROS 
(arrows) caused by PA. (B) ROS levels in 
RGC-5 cells after exposure to PA with or 
without NGF pretreatment. (C) MDA levels 
in RGC-5 cells. ROS and MDA levels are pre-
sented as a percentage of control (n = 3, one-
way analysis of variance and least significant 
difference post hoc test). *P < 0.05, vs. control 
group; #P < 0.05, vs. PA group. PA: Palmitic 
acid; NGF: nerve growth factor; ROS: reac-
tive oxygen species; MDA: malondialdehyde.

Figure 3 Both Akt and ERK1/2 signaling pathways mediated the
protective effect of NGF in RGC-5 cells. 
RGC-5 cells pretreated with PI3K inhibitor LY294002, Akt inhibitor 
VIII or ERK1/2 inhibitor PD98059 were treated with NGF and PA for 
24 hours. Cell viability was determined by the MTT assay. Data are ex-
pressed as a percentage of the corresponding control, which was set at 
100%. Results are shown as the mean ± SEM and represent assays from 
three independent experiments (n = 6, one-way analysis of variance and 
least significant difference post hoc test). #P < 0.05, vs. PA group; †P < 0.05, 
vs. NGF + PA group. PA: Palmitic acid; NGF: nerve growth factor.
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2011). We have previously reported that NGF induced the 
phosphorylation of FoxO1 in cultured PC12 cells (Wen et 
al., 2011). Interestingly, FoxO1 is a direct downstream target 
of Akt; thus, we examined the potential role of FoxO1 in the 
NGF promotion of RGC-5 cell survival. We found that PA 
inhibited the level of phosphorylated FoxO1, in contrast to 
the increase caused by NGF. 

In summary, the present study demonstrates that the pro-
tective effect of NGF against apoptosis of RGC-5 cells is medi-
ated through stimulation of the PI3K/Akt and ERK1/2 path-
ways. Most importantly, the present study also illustrates that 
inhibition of oxidative stress and FoxO1 are involved in these 
events. However, the effects of NGF in vivo and its specific 
mechanisms of action require further detailed investigation.
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