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Abstract. Glaucoma is a major cause of irreversible blindness. 
Nuclear factor (erythroid‑derived 2)‑like 2 (Nrf2) regulates the 
expression of numerous antioxidants within cells and is there-
fore a focus of current ophthalmic research. To determine the 
roles of Nrf2 in mediating the glaucoma trabecular meshwork 
(GTM), the present study evaluated the levels of Nrf2 expres-
sion in GTM and human trabecular meshwork (HTM) cells by 
reverse‑transcription‑quantitative polymerase chain reaction 
and western blot analysis. It was principally observed that 
Nrf2 expression was downregulated in GTM cells. In addi-
tion, to determine the influence of Nrf2 on the apoptosis and 
proliferation of GTM and HTM cells, transfection assays and 
western blotting were performed to evaluate the expression 
of apoptosis‑related proteins. The results of the current study 
indicated that Nrf2 may promote viability and reduce apop-
tosis in GTM and HTM cells. Collectively, these data suggest 
that Nrf2 may be a novel therapeutic target to treat glaucoma.

Introduction

Glaucoma is a major cause of blindness, characterized by 
progressive axonal pathology and death of retinal ganglion 
cells, leading to structural changes in the optic nerve head and 
irreversible vision loss. As a result, glaucoma is now classified 
within a group of chronic neurodegenerative conditions that 
collectively, are the leading cause of irreversible blindness 
worldwide (1‑6). As indicated by glaucoma epidemiological 
surveys, primary open‑angle and angle‑closure glaucoma 
occur in the majority of patients with glaucoma (7‑9). A number 
of hypotheses have been proposed regarding the pathogenesis 
of glaucoma, however there is currently no hypothesis that 

fully explains the pathological changes occurring. Although 
the mechanisms underlying glaucoma are not well understood, 
it has been established that glaucoma does not result from a 
single pathological mechanism, but rather a combination of 
pathways influenced by genes, age and environment (10‑18). 
Despite this, there remain many unsolved problems, such 
as the effect of nuclear transcription factor regulation in 
glaucoma, that warrant further study (19).

The role of trabecular meshwork cells, including their 
mechanisms of apoptosis, in the pathogenesis of glaucoma is 
a current focus of research. Previous studies have documented 
that trabecular meshwork endothelial cells may directly alter 
the composition of the extracellular matrix during oxidative 
stress, resulting in elevated intraocular pressure (IOP) and 
glaucoma (20‑24). Nuclear factor (erythroid‑derived 2)‑like 2 
(Nrf2) is a central regulator of cellular oxidation reactions and 
serves a key role in cell defense mechanisms against oxida-
tive stress (25‑29). However, the expression and functions of 
Nrf‑2 in trabecular meshwork cells are currently unknown. 
Therefore, the present study evaluated the functions of Nrf‑2 
in glaucoma.

Using reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR) and western blot analysis, the levels of 
Nrf2 in glaucoma trabecular meshwork (GTM) cells were 
assessed. It was observed that Nrf2 expression was downregu-
lated in GTM cells, relative to human trabecular meshwork 
(HTM) cells. Results from a transfection assay demonstrated 
that Nrf2 overexpression markedly increased the viability of 
GTM and HTM cells, while significantly decreasing their rates 
of apoptosis. Furthermore, western blot analysis indicated that 
Nrf2 regulated the expression of apoptosis‑related proteins. 
Collectively, these results suggest an association between Nrf‑2 
expression and glaucoma, thus offering a potential therapeutic 
target for the treatment of glaucoma.

Materials and methods

Cell culture. HTM and GTM cells were kindly provided by 
Yishui Central Hospital (Shandong, China). HTM and GTM 
cells were grown in an adherent cell culture with Dulbecco's 
modified Eagle medium (DMEM) supplemented with 20% fetal 
bovine serum (both Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) at 37˚C, 5% CO2 and 100% humidity in 
a controlled incubator. Cells were subcultured in a humidified 
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5% CO2 incubator at 37˚C when they reached a confluence of 
70‑90%, then washed twice with D‑Hanks solution.

Plasmid and small interfering RNA (siRNA) transfection. 
Plasmids expressing siRNA targeting Nrf2 (siNrf2), over-
expressing Nrf2 and control siRNA (non‑silencing) were 
synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, 
China). Cells were seeded in 6‑well plates and cultured in 
DMEM overnight at 37˚C in a humidified atmosphere of 
95% air and 5% CO2. Subsequently, cell transfections were 
conducted using Lipofectamine® 2000 reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufacturer's 
protocol.

RT‑qPCR. Total mRNA was isolated from the transfected cell 
groups and untransfected cells, as previously described (30). 
Complementary DNA (cDNA) was produced by reverse 
transcription using an iScript™ cDNA Synthesis kit (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA), according to the 
manufacturer's instructions. Levels of mRNA expression 
were measured by SYBR‑Green‑based qPCR using a SYBR® 
Green Master mix (Thermo Fisher Scientific, Inc.), according 
to the manufacturer's protocol. The primer sequences used 
were as follows: Nrf2, forward 5'‑ATG​GAT​TTG​ATT​GAC​
ATA​CTTT‑3' and reverse 5'‑ACT​GAG​CCT​GAT​TAG​TAG​
CAAT‑3'; and GAPDH, forward 5'‑TCC​TGC​ACC​ACC​AAC​
TGC​TTAG‑3' and reverse 5'‑ATG​GGC​AGT​GAT​GGC​ATG​
GAC​T‑3'. qPCR conditions were as follows: Initial denatur-
ation was performed at 95˚C for 15 sec, followed by 30 cycles 
of 95˚C for 30 sec, 61˚C for 5 sec, 72˚C for 15 sec, and a final 
extension at 72˚C for 10 min. GAPDH gene expression was 
used as a reference. mRNA expression levels were quantified 
using the 2‑ΔΔCq method (31).

Cell viability assay. The transfected HTM and GTM cells 
during the logarithmic growth phase were cultured in 96‑well 
plates with DMEM (5x104  cells/ml) at 37˚C. Four repeat 
cultures were completed for each cell transfection group. 
Following culture for 24, 48, 72 and 96 h, 20 µl fresh DMEM 
supplemented with 0.5 mg/ml MTT (Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany) was added to each well and 
incubated for 4 h at 37˚C. A total of 200 µl dimethyl sulfoxide 
(DMSO; Sigma‑Aldrich; Merck KGaA) was added to each 
well. Cells incubated with just DMSO were used as controls. 
Optical densities of each well were subsequently measured at 
an absorbance of 492 nm.

Apoptosis assay. Cells transfected with siNrf2 for 28 h were 
seeded in a 6‑well plate at a density of 2x105 cells/well in 
DMEM. Cell apoptosis was assayed using the FITC Annexin V 
Apoptosis Detection kit (Beijing Biosynthesis Biotechnology 
Co., Ltd., Beijing, China), according to the manufac-
turer's instructions. Stained cells were analyzed with a 
fluorescence‑activated cell sorting Calibur flow cytometer 
(BD Biosciences, San Jose, CA, USA). The data were analyzed 
using FlowJo v. 9.0 software (Tree Star, Inc., Ashland, OR, 
USA). The percentage of total apoptotic events was defined as 
the sum of cells in the early (Annexin V positive/PI negative) 
and late (Annexin V positive/PI positive) stages of apoptosis, 
as described previously (32).

Western blot analysis. Protein was extracted from cells 
transfected with Nrf2, siNrf2 or control using radioimmuno-
precipitation assay buffer (Beyotime Institute of Biotechnology, 
Shanghai, China). Protein samples (30 µg/lane) were sepa-
rated by 10‑12% SDS‑PAGE, blotted onto polyvinylidene 
difluoride membranes, blocked in 5% fresh non‑fat milk in 
phosphate‑buffered saline (PBS)‑Triton X‑100 (0.1% Triton in 
PBS) for 1 h at room temperature. Subsequently, the membranes 
were incubated with primary antibodies: Nrf2 (ab31163), 
BCL2‑Associated X (Bax; ab32503), B‑cell lymphoma 
(BCL)‑2 (ab32124), p53 (ab1101), phospho (p)‑p53 (ab1431) and 
GAPDH (ab8245; all Abcam, Cambridge, USA; all 1:1,000) 
overnight at 4˚C. Thereafter, membranes were incubated with 
corresponding horseradish peroxidase‑conjugated secondary 
antibodies (ab6721; ab6788; 1:5,000; Abcam) for 1 h at room 
temperature. Immunoreactive protein bands were developed 
by enhanced chemiluminescence western blotting substrate 
(Pierce; Thermo Fisher Scientific, Inc.) and analyzed using 

Figure 1. Expression of Nrf2 in HTM and GTM cells. (A) Expression of Nrf2 
mRNA in GTM and HTM cells relative to GAPDH. (B) Nrf2 protein expres-
sion levels in GTM and HTM cells according to western blotting. *P<0.05 
vs. GTM. Nrf2, nuclear factor (erythroid‑derived 2)‑like 2; GTM, glaucoma 
trabecular meshwork; HTM, human (non‑glaucoma) trabecular meshwork.

Figure 2. Regulation of Nrf2 expression in HTM and GTM cells. Results of 
reverse transcription‑quantitative polymerase chain reaction demonstrated 
that siNrf2 successfully downregulated Nrf2 expression, which was subse-
quently rescued by Nrf2 overexpression. mRNA expression levels were 
measured relative to GAPDH. *P<0.05 vs. untransfected control, **P<0.01 
vs. siNrf2 transfectants. Nrf2, nuclear factor (erythroid‑derived 2)‑like 2; 
GTM, glaucoma trabecular meshwork; HTM, human (non‑glaucoma) 
trabecular meshwork; siNrf2, Nrf2 small interfering RNA.
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Image Gauge v. 4.0 software (FujiFilm Science Lab, Tokyo, 
Japan).

Statistical analysis. All experiments were repeated three 
times. Results are presented as the mean ± standard deviation. 
Statistical analyses were performed using SPSS 19.0 software 
(IBM SPSS, Armonk, NY, USA). P‑values were calculated 
using one‑way analysis of variance and P<0.05 was considered 
to indicate a statistically significant result.

Results

Nrf2 expression is upregulated in HTM cells. Western blot-
ting and RT‑qPCR were performed to detect Nrf2 expression. 
Results demonstrated that the expression of Nrf2 was signifi-
cantly upregulated in HTM cells compared with GTM cells 
(P<0.05; Fig. 1). This was demonstrated to be significant at the 
mRNA level by subsequent analysis of HTM and GTM cells 
transfected with siNrf2 to downregulate Nrf2 expression. As 
depicted in Fig. 2, the mRNA expression levels of Nrf2 were 
effectively regulated by siNrf2, with significant decreases 
in Nrf2 observed in siNrf2 transfectants compared with the 
control (P<0.05). In addition, the mRNA expression levels 
of Nrf2 overexpression plasmid together with siNrf2 were 
significantly upregulated in HTM and GTM cells compared 
with cells transfected with siNrf2 alone (P<0.01).

Nrf2 increases the viability of HTM and GTM cells. To 
determine the effect of Nrf2 expression on GTM and HTM 
cell viability, cells were transfected with Nrf2 overexpression 

plasmid alone and Nrf2 overexpression together with siNrf2. 
As demonstrated in Fig. 3A, regulation of Nrf2 expression 
significantly enhanced the viability of GTM and HTM cells. 
In HTM cells, overexpression Nrf2 significantly improved cell 
viability (P<0.05), while Nrf2 overexpression together with 
siNrf2 demonstrated no significant change compared with the 
respective non‑transfected control. In GTM cells, overexpres-
sion of Nrf2 and Nrf2 overexpression together with siNrf2 
significantly promoted cell viability (P<0.05; Fig. 3B). These 
results indicated that the greatest increases in GTM and HTM 

Figure 3. Viability of (A) HTM and (B) GTM cells transfected with Nrf2 overexpression plasmid or siNrf2. After 48 h, viability of untransfected GTM 
cells decreased, while all other cell groups remained in a proliferative phase throughout the assay period (96 h). *P<0.05 and **P<0.01 vs. the respective 
non‑transfected control. Nrf2, nuclear factor (erythroid‑derived 2)‑like 2; GTM, glaucoma trabecular meshwork; HTM, human (non‑glaucoma) trabecular 
meshwork; siNrf2, Nrf2 small interfering RNA; OD, optical density.

Figure 4. Effect of siNrf2 together with overexpression of Nrf2, and overex-
pression of Nrf2 on cell apoptosis in HTM and GTM cells. Results from an 
Annexin V/propidium iodide staining assay demonstrated that overexpres-
sion of Nrf2 significantly reduced apoptosis in GTM and HTM cells. This 
effect was subsequently rescued by transfection with siNrf2. ***P<0.001 
vs. untransfected control, **P<0.01 vs. Nrf2 overexpression plasmid trans-
fectants. Nrf2, nuclear factor (erythroid‑derived 2)‑like 2; GTM, glaucoma 
trabecular meshwork; HTM, human (non‑glaucoma) trabecular meshwork; 
siNrf2, Nrf2 small interfering RNA.
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cell viability were observed in Nrf2 overexpression plasmid 
alone. Interestingly, the viability of untransfected GTM cells 
decreased after 48 h, while all other cell groups remained in a 
proliferative phase throughout the 96‑h assay period.

Nrf2 decreases the apoptotic rate of HTM and GTM cells. To 
determine the effect of Nrf2 expression on GTM and HTM 
cell apoptosis, cells were transfected with Nrf2 overexpression 
plasmid alone and in combination with siNrf2. As depicted 
in Fig. 4, overexpression of Nrf2 significantly decreased the 
rate of apoptosis in GTM and HTM cells (P<0.001). This 
effect was most prominent in GTM cells, due to their higher 
starting rate of apoptosis, when compared to HTM cells. In 
turn, transfection overexpression Nrf2 together with siNrf2 
significantly reversed the lowered rate of apoptosis than Nrf2 
overexpressing cells (P<0.01). These results suggest that Nrf2 
may regulate GTM and HTM cells through induction of 
apoptosis.

Nrf2 regulates the expression of apoptosis‑related proteins. 
BCL‑2, bcl‑2‑like protein 4 (Bax), tumor suppressor protein p53 
and phosphorylated (p)‑p53 are all apoptosis‑related proteins, 
with BCL‑2 considered to be a key anti‑apoptotic factor (33,34). 
Therefore, to determine whether Nrf2 regulates the expression 
of apoptosis‑related proteins, levels of BCL‑2, Bax, p53 and 
p‑p53 were evaluated by western blotting and densitometric 
analysis following Nrf2 overexpression in GTM cells. As 
depicted in Fig. 5, overexpression of Nrf2 significantly upregu-
lated BCL‑2 (P<0.01), while significantly downregulating Bax, 
p53 and p‑p53 expression (P<0.01), relative to control cells. In 
turn, transfection with siNrf2 significantly reversed the altered 
expression of BCL‑2 (P<0.01), Bax (P<0.01), p53 (P<0.05) and 
p‑p53 (P<0.01) compared with Nrf2 overexpressing cells.

Discussion

Glaucoma is a retinal neuropathy that can lead to permanent 
blindness, and is associated with elevated intraocular pres-
sure (IOP), due to fibrosis and degeneration of the trabecular 
meshwork (35). It is the second leading cause of progressive 

vision loss and is expected to affect 80 million people world-
wide by 2020 (36). The etiology of glaucoma is complex and is 
generally considered to arise due to a combination of factors, 
including genes, age and environmental factors (37).

Several genes have been identified as contributing 
factors (38). Although numerous studies have been conducted, 
the mechanisms underlying glaucoma remain unknown. Due 
to its location, the trabecular meshwork serves a key role in 
aqueous fluid circulation, thus dysfunction of the trabecular 
meshwork may be a key contributing factor in the onset of 
primary open‑angle glaucoma (39).

In addition, the trabecular meshwork is considered to be 
involved in the regulation of IOP, due to observations that 
glaucoma trabecular meshwork cells undergo increased rates 
of apoptosis in a high IOP state (40). Nrf2 is a key transcription 
factor in the regulation of antioxidant and Phase II detoxifica-
tion gene expression, and is activated by oxidative stress and the 
presence of electrophiles. It has been observed that Nrf2 exerts 
protective effects in both normal and cancer cells during cell 
stress, thereby serving key roles in the development of cancer, 
including gastric, and skin cancer (41‑45). It is considered that 
Nrf2 protects cells from oxidative stress through overpro-
duction of antioxidants and detoxification proteins (46,47). 
Ran et al (48) demonstrated that the regulatory effects of Nrf2 
on microRNA‑29b expression influenced the proliferation of 
Tenon's capsule fibroblasts obtained from patients with glau-
coma. Sun et al (49) also observed that NRF2 may determine 
the therapeutic response of hepatocellular carcinoma cells to 
ferroptosis‑targeted therapies.

To determine the underlying mechanisms regarding the 
effects of Nrf2 on trabecular meshwork cells, particularly 
during glaucoma, the present study evaluated cell behaviors 
associated with Nrf2 expression. Levels of Nrf2 in HTM and 
GTM cells were evaluated by western blotting and RT‑qPCR, 
with observations that Nrf2 was downregulated in GTM cells 
relative to HTM cells. To elucidate the role of Nrf2 in GTM 
cell apoptosis, levels of Nrf2 were subsequently regulated 
using siNrf2 and overexpression plasmid, and it was observed 
that overexpression of Nrf2 stimulated proliferation and inhib-
ited apoptosis in GTM and HTM cells.

Figure 5. Effect of Nrf2 on apoptosis‑related protein expression in GTM cells. Western blotting assay followed by densitometric analysis demonstrated that 
Nrf2 regulated the expression of apoptosis‑related proteins. *P<0.05 and **P<0.01. GTM, glaucoma trabecular meshwork.
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The current study demonstrated that overexpression of Nrf2 
had regulatory effects on the expression of apoptosis‑related 
proteins. Upregulation of the anti‑apoptotic factor BCL‑2, 
and downregulation of Bax, p53 and p‑p53 were all observed 
following Nrf2 overexpression. Collectively, these findings 
suggest that Nrf2 serves a key role in the regulation of trabec-
ular meshwork cells in glaucoma. Specifically, overexpression 
of Nrf2 may attenuate apoptosis of GTM cells by regulating 
apoptosis‑related proteins.

In conclusion, the present results indicate a novel role of 
Nrf2 within trabecular meshwork cells during glaucoma and 
may offer insight into the underlying mechanisms of glaucoma. 
It was principally demonstrated that Nrf2 may have regulatory 
effects on trabecular meshwork cell apoptosis, suggesting that 
Nrf2 is a potential therapeutic target in the prevention and 
treatment of glaucoma.
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