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Objective: To clarify the regulatory effect of GRP-78 
induced by tunicamycin on endoplasmic reticulum 
(ER) stress. Methods: Tunicamycin was used to induce 
ER stress in trabecular meshwork cells (HTMC and 
GTM3). Cell apoptosis and ROS content were detected 
by flow cytometry to reveal the effect of tunicamycin 
on trabecular meshwork cells. Results: Tunicamycin 
could significantly increase the ROS content and the 
apoptosis rate in HTMC and GTM3 (p<0.01). The re-
sults showed that tunicamycin could increase the Ca2+ 
flow in cells. Tunicamycin can also increase expression 
levels of GRP78,VDAC1, ATF4, PERK, eIF2a, and CHOP 
(p<0.01). Overexpression of GRP78 protected cells 
from ER stress. Co-IP test showed that GRP78 directly 
bound to eIF2. These results suggest that GRP78 may 
play a regulatory role by regulating eIF2. Conclusion: 
Tunicamycin induces oxidative stress in trabecular 
meshwork cells, and the increase in GRP78 expression 
can protect the cells during  ER stress  by regulating 
eIF2.
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INTRODUCTION

A decrease in the number of trabecular meshwork 
cells is one of the important pathological changes in 
primary open-angle glaucoma (Ashworth et al., 2018). 
The number of trabecular cells in primary open-angle 
glaucoma is reported to be significantly lower than in 
normal people of the same age group. However, the 
exact mechanism by which their numbers decline is 
not clear (Zhu et al., 2020). Decrease in trabecular cell 
numbers can be caused by a variety of mechanisms, 
such as wear and tear, phagocytosis, cell migration, 

and death of inflammatory cells. Among them, cell 
apoptosis may be one of the most important causes. 
Apoptosis receptor activation and mitochondrial dam-
age are two classical apoptosis pathways in cells. The 
apoptosis pathway initiated by ER stress is a new ap-
optosis pathway discovered recently. ER stress is a 
cellular self-protection mechanism that induces the 
unfolded protein response to protect cells from dam-
age (Xu et al., 2017). Although ER stress is primarily 
a self-protective signaling pathway, high levels of ER 
stress can promote cell death by activating apoptosis 
and inflammation (Sun et al., 2018). As an important 
ER molecular chaperone, GRP78 plays a key role in 
promoting cell protein maturation and maintaining 
cell function and life under normal growth state (Kai-
ra et al., 2016; Shen et al., 2002).

GRP78 is a calcium-binding protein that is affected 
by harmful factors that disrupt the structure or func-
tion of the ER. When subjected to harmful stim-
uli, the expression of GRP78 will increase, so as to 
achieve the protective purpose of maintaining the ER 
calcium homeostasis and the stability of the internal 
environment (Kaira et al., 2016; Lee, 2005). GRP78 
transfers unfolded or misfolded proteins to sites out-
side the ER to maintain the normal function of pro-
tein synthesis in the ER under stress. GRP78 reduces 
sensitivity of the host cells to killer T cells and pre-
vents or delays apoptosis. When stimulated by sugar 
starvation, GRP78 preserves limited intracellular nutri-
ents through glycosylation. GRP78 can reduce the le-
thality of cytotoxic T cells to tumor cells, promote tu-
mor formation and drug resistance, and prevent tumor 
cell apoptosis. GRP78 is also involved in the synthesis 
and transport of secretory proteins, and participates in 
construction of a biological signal transduction bypass 
system by mediating spatial configuration changes of 
proteins. In summary, it has been suggested in re-
cent years that GRP78 generation and up-regulation 
of GRP78 expression in cells when stimulated may 
be an important pro-survival mechanism  which has 
an important protective effect on cells, thereby pro-
longing the survival period of cells stimulated by vari-
ous harmful factors and slowing down cell apoptosis 
(Ibrahim et al., 2019; Bailly & Waring, 2019; Lu et al., 
2020).

In this study, to further clarify the influence of tunica-
mycin on the trabecular meshwork cells and its molecu-
lar mechanism, trabecular meshwork cells were treated 
with tunicamycin to induce ER stress and apoptosis of 
cells, and expression of GRP78 and its molecular regula-
tion were studied.
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MATERIALS AND METHODS

Cell apoptosis detection by flow cytometry

5×105 cells were taken and centrifuged at 200 x g for 
5 min. The supernatant was discarded and the cells were 
gently resuspended in 200 μL Annexin V-FITC bind-
ing solution. The cell suspension was incubated at 37°C, 
avoiding light, for 10 min. The cells were centrifuged 
at 200×g for 5 min, then the supernatant was discarded 
and the cells were resuspended by adding 190 μL An-
nexin V-FITC binding solution. 10μL of propidium io-
dide staining solution were added to the cell suspension, 
and were mixed gently and placed in an ice bath away 
from light (C1062L, Beyotime, Shanghai, China). Annex-
in V-FITC binding was analyzed at excitation wavelength 
of 488 nm and emission wavelength of 350 nm using 
flow cytometry.

ROS content detection by flow cytometry 

The stock DCFH-DA (Invitrogen, UK) solution was 
diluted with serum-free medium at 1:1000 to a final con-
centration of 10 μM. Cells were incubated with 10 μM 
DCHF-DA in an incubator at 37ºC for 20 min. The 
cells were washed with serum-free cell culture solution 
for three times to remove the DCFH-DA that did not 
enter the cells. ROS levels can be significantly increased 
after 20–30 minutes of cell stimulation. Using 488 nm 
excitation wavelength and 525 nm emission wavelength, 
the fluorescence intensity before and after stimulation 
was detected in real time. ROS content was assessed 
with the Summit software.

Western blot

The trabecular meshwork cells were mixed with a lytic 
solution, and lysed on ice for 30 min. The supernatant 
was extracted after centrifugation for 15 min at 13 800×g, 
diluted with loading buffer, and boiled at 100°C for 
5 min. The protein concentration was measured by 
the BCA method. Proteins were separated in 10% po-
lyacrylamide gel and then transferred to a PVDF mem-
brane. The membrane was blocked in 5% BSA for 1h. 
The primary antibody of anti-VDAC1 (1:8000, Abcam), 
primary anti-PERK antibody (1:1000, CST), anti-eIF2a 
(1:1000, ProteinTech), anti-CHOP (1:1000, Abcam), 
anti-IP3R (1:1000, ProteinTech), anti-GRP78 primary 
antibody (1:1000, ProteinTech) and anti-β-actin (1:1000, 
Beyotime) were added and incubated overnight at 4°C 
. The membrane was washed with Tris-buffered saline 
Tween (TBST) for 3 times, 10 min each. Membranes 
were incubated with the peroxidase-conjugated second-
ary antibodies (goat anti-rabbit, 1:500, Abcam) at 37°C  
for 1 h. The membrane was washed 3 times with TBST, 
10 min each, and ECL reaction solution was added. Bio-
Rad developer was used to take the picture. The bands 
were quantitatively analyzed by Image Lab software.

qPCR detection

The reverse transcription reaction was carried out ac-
cording to the TAKARA kit, and the reaction system 
contained RNA (2.2 μg), Oligo dT, 2 μL; dNTP, 4 μL; 
5× buffer, 4 μL; Reverse Transcriptase, 1 μL; RNase in-
hibitor, 0.5 μL. The reaction conditions were: 25°C  for 
5 min, 50°C for 15 min, 85°C for 5 min, and 4°C for 
10 min.

The qPCR experiment was carried out according to 
the qPCR kit from Beijing Tsingke Biotechnology Co., 

Ltd. The reaction system contained forward Primer, 
0.4 μL; Reverse primer, 0.4 μL; SYBRGreen, 10 μL; 
H2O, 5.2 μL. The reaction conditions were 50°C for 
2 min and 95°C for 10 min; 95°C for 30 secs, 60°C 
for 30 secs, 40 cycles. Primers used were as follows: 
ATF4-F, 5’-CCAGGTTGCCCCCTTTACGTTCTTG-3’; 
ATF4-R, 5’-GTTCTGCTCCATCTTCTTCAGCTTC-3’; 
PERK-F, 5’-TCATCCAGCCTTAGCAAACC-3’, PERK-
R, 5’-ATGCTTTCACGGTCTTGGTC-3’; CHOP-F, 
5’-CTTCTCTGGCTTGGCTGACT-3’; CHOP-R, 5’-CC-
CTTGGTCTTCCTCCTCTT-3’; β-actin-F, 5’-GACCT-
GACTGACTACCTCATGAAGAT-3’; β-actin-R, 5’-GT-
CACACTTCATGATGGAGTTGAAGG-3’.

Cell immunofluorescence detection

After the trabecular meshwork cells were treated, 
the cells were fixed with 4% paraformaldehyde for 15 
min, and rinsed 3 times with PBS , each time for 5 
min. The cells were incubated with primary antibody 
in an immunofluorescence blocking solution (Biyuntian, 
QUICK BLOCK) for 15 min. After rewarming at 37°C 
for 30 min, the cells were washed 3 times with PBS, 
each time for 5 min. Fluorescence secondary antibod-
ies (DyLight-594 goat anti-rabbit IgG and goat anti-hu-
man IgG) were added and incubated with the cells for 
1 h at room temperature without light. The nuclei were 
restained with DAPI for 15 min, and washed 3 times 
with PBS, each time for 5 min. The plates were sealed 
with an anti-fluorescence quenching agent, observed un-
der fluorescence microscope and photographed.

Co-IP test

Co-IP was performed according to the protocol by In-
vitrogen, UK. Briefly, the cells were lysed with the RIPA 
lysis buffer. 100 μL of 50% Protein A/G Agarose work-
ing solution was added to the sample. The mixture was 
shaken on the horizontal shaker at 4°C for 10min. The 
mixture was then centrifuged at 14 000×g for 15 min 
at 4°C and the protein A/G agarose was removed by 
transferring the supernatant into a new centrifuge tube. 
The concentration of total protein was determined by 
the BCA method. Primary antibody was added to the 
mixture. The mixture was then shaken slowly overnight 
at 4°C. The mixture was centrifuged at 14 000×g to col-
lect the precipitate and washed 3 times with pre-chilled 
washing buffer. The supernatant was collected for West-
ern blot analysis.

Statistical treatment

SPSS 20.0 software was used for statistical analysis of 
the experimental data, and the data were expressed as 
mean ± standard deviation (×±s). Analysis of variance 
was used for comparison between groups. p<0.05 was 
considered to be significant, and p<0.01 was considered 
to be very significant.

RESULTS

Tunicamycin increased the apoptosis rate and ROS 
content of trabecular meshwork cells

In order to clarify influence of tunicamycin on the tra-
becular meshwork cells, 1 μM tunicamycin was added to 
cultured trabecular meshwork cells (HTMC and GTM3) 
for 24 h. The results showed that the cell apoptosis 
rate in tunicamycin treated group was significantly in-
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creased in both, HTMC (p<0.01) and GTM3 (p<0.001) 
(Fig. 1A–1B). This showed that tunicamycin leads to the 
trabecular meshwork cells’ apoptosis.

At the same time, ROS content in trabecular mesh-
work cells treated with tunicamycin was estimated, and 
the results showed that 1 μM tunicamycin treatment for 
24 h could increase the content of ROS in HTMC cells 
(p<0.001) and GTM3 cells (p<0.01) (Fig. 2A–2B). These 

Figure 1. Tunicamycin can increase the apoptotic rate of trabec-
ular meshwork cells. 
(A) After adding tunicamycin to HTMC and GTM3 cells, the apop-
tosis rate was detected by flow cytometry. (B) Apoptosis rate in 
HTMC and GTM3 cells. **p<0.01; ***p<0.001. NC, negative control 
(PBS treated group); TM, tunicamycin treated group. 

Figure 2. Tunicamycin can increase ROS content in trabecular 
meshwork cells. 
(A) ROS content was detected by loss cell assay after tunicamycin 
was added to HTMC and GTM3 cells. (B) Statistical results of ROS 
content in HTMC and GTM3 cells. **p<0.01; ***p<0.001. NC, nega-
tive control (PBS treated group); TM, tunicamycin treated group. 

Figure 3. Tunicamycin enhanced GRP78 and activated the PERK-
eIF2A-ATF4 /CHOP pathway. 
(A) The mRNA levels of ATF4, PERK, eIF2a and CHOP were de-
tected by qPCR after addition of tunicamycin to HTMC and GTM3 
cells. (B) The expression levels of VDAC1, PERK, eIF2a, CHOP, IP3R 
and GRP78 were detected by Western blot after addition of tuni-
camycin to HTMC and GTM3 cells. (C) Gray value statistics of WB 
results. **p<0.01; ***p<0.001. NC, negative control (PBS treated 
group); TM, tunicamycin treated group. 
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results indicated that tunicamycin could induce oxidative 
stress and apoptosis.

Tunicamycin increased GRP78 and activated the PERK-
eIF2A-ATF4 /CHOP pathway

In order to clarify the regulatory mechanism of tu-
nicamycin, we detected expression of GRP78, VDAC1, 
ATF4, PERK, eIF2a, and CHOP. The qPCR results 
showed that tunicamycin could significantly increase the 
mRNA expression of ATF4 (p<0.001), PERK (p<0.001), 
eIF2a (p<0.001), and CHOP (p<0.001) in HTMC cells 
(Fig. 3A). And tunicamycin could increase the mRNA 
expressions of ATF4 (p<0.001), eIF2a (p<0.001) and 
CHOP (p<0.001) in GTM3 cells. Western blot re-
sults showed that expression of GRP-78 (p<0.001) and 
VDAC1 (p<0.001) in HTMC cells were significantly in-
creased in the tunicamycin treatment group. Expression 
of GRP-78 (p<0.001) and VDAC1 (p<0.001) in GTM3 
cells was also significantly increased in the tunicamycin 
treatment group (Fig. 3B–3C). Thus, tunicamycin can in-
crease GRP78 expression, as well as activate the PERK-
eIF2a-ATF4/CHOP pathway.

Regulation of ER protein by tunicamycin

In order to clarify the regulatory effect of tunicamy-
cin on ER proteins, expressions of GRP78, VDAC1 and 
IP3 in HTMC and GTM3 cells treated with tunicamy-
cin were detected by immunofluorescence. The results 
showed that in the absence of external stimuli, GRP78 
expression was not high in GTM3 and HTMC, while 
VDAC1 and IP3 were slightly expressed. After tunica-
mycin treatment, VDAC1 and IP3 increased with the in-
crease of GRP78 expression level (Fig. 4A–4B). The re-
sults showed that ER stress induced by tunicamycin was 
related to GRP78, VDAC1 and IP3.

Figure 4. ER protein expression was detected by immunofluo-
rescence. 
(A) Expression of GRP78 and VDAC1 and co-localization in HTMC 
and GTM3 cells after tunicamycin treatment were detected by 
immunofluorescence after addition of tunicamycin to HTMC and 
GTM3 cells. (B) Expression of GRP78 and IP3 and co-localization in 
HTMC and GTM3 cells after tunicamycin treatment were detected 

Figure 5. Immunofluorescence detection of mitochondria and ER calcium channels. 
(A–B) mitochondrial and ER immunofluorescence results in HTMC and GTM3 cells. (C–D) After treatment of HTMC and GTM3 cells with 
PBS, TM and H2O2, respectively, the calcium channel and calcium ion current were detected. NC, negative control (PBS treated group); 
TM, tunicamycin treated group. 
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Next, the mitochondria and ER calcium channels of 
trabecular reticulum cells were examined. The results 
showed that tunicamycin could cause mitochondrial ac-
cumulation (Fig. 5A–5B) and ER enlargement (Fig. 5C–
5D). The results suggested that tunicamycin could in-
duce ER stress and apoptosis by increasing GRP78 and 
activating PERK-eIF2A-ATF4 /CHOP.

GRP78 protected cells from ER stress

In order to further clarify the effect of GRP78 on 
trabecular meshwork cells, protein expression of CHOP 
and PERK were increased after overexpressing GRP78. 
Meanwhile, the Co-IP detection showed that GRP78 
could bind and interact with eIF2a (Fig. 6A–6B), sug-
gesting that GRP78 may play a regulatory role by directly 
binding to eIF2a. Also, the apoptosis rate was decreased 
after over-expressing GRP78 (Fig. 6C).

DISCUSSION

The purpose of this study was to clarify the regula-
tory effect of tunicamycin on ER stress in trabecular 
reticulum cells and its molecular regulatory mechanism. 
The results showed that tunicamycin could significant-
ly increase the ROS content and the apoptosis rate of 
HTMC and GTM3. Tunicamycin could also increase the 
Ca2+ flow in the cells. However, the protein expressions 
of CHOP and PERK were significantly increased after 

overexpression of GRP78, and the co-IP test showed 
that GRP78 directly bound to eIF2. These results sug-
gest that GRP78 may play a regulatory role by regulating 
eIF2. 

The ER stress response is when the stability of the 
ER is unbalanced and the physiological function is dis-
turbed. The stable intracellular environment keeps the 
cell alive and activates the self-protection response 
mechanism (Kaira et al., 2016; Kaira et al., 2016). When 
the ER stress response is too strong and too long, the 
apoptotic pathway can be initiated, which leads to ab-
normal cell function and finally leads to cell death. When 
the ER stress response capacity is low, the effective cell 
protection mechanism is reduced, and the sensitivity of 
cells to injurious stimuli is increased, which leads to or 
accelerates cell death (Liu et al., 2020). In our study, it 
was found that tunicamycin could induce ER stress in 
trabecular meshwork cells and increased the cell apop-
tosis rate. 

The change in GRP78 expression is considered to be 
a marker of the ER stress due to unfolded protein re-
sponse. Transcriptional activity of the GRP78 gene is 
significantly increased during ER stress response, thus 
maintaining ER calcium homeostasis, internal environ-
ment stability, and cellular protection. GRP78 also re-
duced sensitivity of cells to killer T cells and prevented 
cell apoptosis (Peters et al., 2015). Therefore, it has 
been suggested in recent years that the response of 
high expression of GRP78 when cells are stimulated 
may be an important defense mechanism which has a 
protective effect on cells, thereby prolonging cell sur-
vival under various adverse factors. GRP78 also has a 
protective effect on tumor cells. GRP78 can reduce the 
lethality of cytotoxic T cells to tumor cells, promote 
tumor formation and the development of drug resist-
ance, and prevent tumor cell apoptosis (Lu et al., 2020; 
Borok et al., 2020). Similarly, in our research, expres-
sion of GRP78 was increased after treatment with tu-
nicamycin. 

Tunicamycin is a kind of protein glycosylation in-
hibitor, and also is an inducing factor of ER stress in 
cells. Previous research showed that after garment drug 
treatment the GRP78 expression quantity increased sig-
nificantly in NTM (normal trabecular meshwork cells) 
and GTM  (trabecular meshwork cells in patients with 
glaucoma) cells, , but  the increase in GRP78 expres-
sion level in GTM cells is still lower than that in NTM, 
while the NTM and GTM  cells under the stimulus of 
ER stress can produce the corresponding stress reac-
tion (Tsai et al., 2018). However, GTM cells to the ER 
stress response ability than NTM cells. After treatment 
with STS, GRP78 protein expression in both, the NTM 
and GTM cells was down-regulated, and the down-reg-
ulation rate in GTM cells was significantly higher than 
in NTM cells, suggesting that the protective GRP78 
protein was down-regulated in GTM cells, the intracel-
lular pro-survival factors were decreased, and the ER 
defense function was damaged, leading to increased 
sensitivity of GTM cells to apoptosis stimulation 
(Chern et al., 2019; Shah et al., 2019). In summary, the 
results of this study showed that expression of GRP78 
in GTM cells decreased and the response to ER stress 
stimulation was low, indicating that the ER stress re-
sponse defense system was damaged, which increased 
the sensitivity of cells to traumatic stimulation, and may 
accelerate or lead to trabecular cell death. In this study, 
tunicamycin was added to HTMC and GTM3 cells cul-
tured in vitro, and it was found that the expression of 

Figure 6. GRP78 protects cells during stress. 
(A) After overexpression of GRP78, protein expressions of CHOP 
and PERK were significantly increased. (B) Co-IP detection re-
vealed that GRP78 protein could bind and interact with the eIF2A 
protein. (C) Apoptosis rate was detected after over-expression of 
GRP78. Input was total protein, which served as a positive control.
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GRP78, VDAC1, ATF4, PERK, eIF2a, and CHOP 
were increased after addition of tunicamycin.

CONCLUSION

This study demonstrated that tunicamycin can induce 
oxidative stress in trabecular meshwork cells, that in-
creased GRP78 expression can protect cells during the 
stress process, and that GRP78 may play a protective 
role by regulating eIF2.
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