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Abstract  SARS-Cov-2 infection, which has caused 
the COVID-19 global pandemic, triggers cellular 
senescence. In this study, we investigate the role of 
the SARS-COV-2 spike protein (S-protein) in regulat-
ing the senescence of RPE cells. The results showed 
that administration or overexpression of S-protein in 
ARPE-19 decreased cell proliferation with cell cycle 
arrest at the G1 phase. S-protein increased SA-β-Gal 
positive ARPE-19 cells with high expression of P53 
and P21, senescence-associated inflammatory factors 
(e.g., IL-1β, IL-6, IL-8, ICAM, and VEGF), and ROS. 

Elimination of ROS by N-acetyl cysteine (NAC) or 
knocking down p21 by siRNA diminished S-protein-
induced ARPE cell senescence. Both administrated 
and overexpressed S-protein colocalize with the ER 
and upregulate ER-stress-associated BIP, CHOP, 
ATF3, and ATF6 expression. S-protein induced P65 
protein nuclear translocation. Inhibition of NF-κB by 
bay-11-7082 reduced S-protein-mediated expression 
of senescence-associated factors. Moreover, the intra-
vitreal injection of S-protein upregulates senescence-
associated inflammatory factors in the zebrafish 
retina. In conclusions, the S-protein of SARS-Cov-2 
induces cellular senescence of ARPE-19 cells 
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in vitro and the expression of senescence-associated 
cytokines in zebrafish retina in vivo likely by activat-
ing ER stress, ROS, and NF-κb. These results may 
uncover a potential association between SARS-cov-2 
infection and development of AMD.

Keywords  Spike protein · SARS-Cov-2 · RPE · 
Zebrafish · Senescence

Introduction

Age-related macular degeneration (AMD) affects 
approximately 0.4–8.7% of people over the age of 50 
(Jonas et al. 2017) and is a leading cause of blindness 
among the elderly in the developed world (Bourne 
et  al. 2013). The majority of affected individuals 
(about 80–85%) suffer from dry AMD, characterized 
by atrophy of photoreceptor cells, ganglia cells, and 
retinal pigment epithelial cells (RPE). An increase in 
the number of senescent cells in the RPE is associated 
with early onset AMD. This can be triggered by mul-
tiple risk factors such as UV and blue light radiation, 
hyperglycemia, retina ischemia, and viral infections 
(Urbanelli et al. 2016; Upadhyay et al. 2020; Cheng 
et  al. 2021). The severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) infection, which attacks 
multiple tissues including the eye fundus(Marinho 
et  al. 2020), can trigger cellular senescence in 
infected cells (Maremanda et  al. 2020, Meyer et  al. 
2021; Tripathi et al. 2021). This implies that SARS-
CoV-2 may be associated with retinopathy.

SARS-CoV-2 is a positive sense, single-stranded, 
enveloped, and non-segmented RNA virus that belongs 
to the coronaviridae family (Guan et al. 2020), and its 
infection has resulted in a pandemic around the world 
(Guan et al. 2020, Hoffmann et al. 2020; Lani-Louzada 
et al. 2020; Zhou et al. 2020). SARS-CoV-2 infects the 
target tissues via the S-protein and its interaction with 
the angiotensin-converting metallopeptidase 2(ACE2) 
on receptor cells (Hoffmann et  al. 2020). S-protein is 
proteolytically cleaved by cellular cathepsin L and the 
transmembrane protease serine 2(TMPRSS2) (Heu-
rich et  al. 2014; Song et  al. 2018). ACE2 is widely 
expressed in most tissues including the respiratory sys-
tem, eye, and gastrointestinal mucosa (Dimitrov 2003; 
Li et  al. 2003; Bonn 2004; Hamming et  al. 2004). 

Infection of SARS-CoV-2 causes an acute inflamma-
tion, which can result in organ dysfunction, such as 
lung collapse (Guan et  al. 2020). It also can promote 
senescence in infected cells and increase their expres-
sion of ACE2, which can in turn increase SARS-CoV-2 
infection (Camell et al. 2021; Duarte et al. 2021; Meyer 
et al. 2021; Tripathi et al. 2021). During SARS-CoV-2 
infection, S-protein is cleaved into S1 and S2 subu-
nits. The receptor-binding domain in the S1 subunit 
binds to ACE2. The heptad repeat 1(HR1) and 2(HR2) 
domains in the S2 subunits interact with each other to 
form a six-helix bundle (6-HB) fusion core, bringing 
viral and cellular membrane into proximity for fusion 
and infection(Yan et al. 2020). The S-protein of SARS-
CoV-2 is associated with cellular senescence of the 
lung (Maremanda et al. 2020), endothelial cells (Duarte 
et al. 2021; Meyer et al. 2021)and macrophages (Duarte 
et  al. 2021). SARS-CoV-2 virion and its S-protein 
promote cellular senescence by partially upregulating 
interferon-γ and toll-like receptor (Meyer et  al. 2021; 
Tripathi et al. 2021).

The eye is a potential window for transmission 
of SARS-CoV-2 (Reinhold et  al. 2021; Wan et  al. 
2021). ACE2 is expressed in the cornea, conjunctiva, 
iris, RPE, and retinal capillary (Marinho et  al. 2020; 
Araujo-Silva et  al. 2021; Martin et  al. 2021). SARS-
CoV-2 viral particles are found in the retina of post-
mortem donors (Marinho et  al. 2020) and associated 
with retinopathies such as hyperreflective lesions at the 
level of the ganglion cells and inner plexiform layers, 
subtle cotton wool spots, and visible microhemorrhages 
(Virgo and Mohamed 2020; Araujo-Silva et al. 2021). 
However, the association of retinopathy and SArS-
CoV-2 infection remain unclear.

In this paper, we studied the effect of S-protein of 
SARS-CoV-2 on ARPE-19 cells in  vitro and on the 
zebrafish retina in vivo. We found that ARPE-19 cells 
express ACE2. Overexpression of S-protein cDNA or 
administration of purified S-protein attenuates ARPE-
19 cell proliferation with cell cycle arrest in the G1 
phase. S-protein can activate ROS, ER stress and 
NF-κB in ARPE-119 cells, and promote cellular senes-
cence. The transient intravitreal injection of S-protein 
upregulates the senescence-associated inflammatory 
factors in the zebrafish retina. These results suggest 
SARS-CoV-2 infection may lead to chronic retinopathy, 
including AMD.
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Methods

Chemical reagents and antibodies

The SARS-CoV-2 S-protein was bought from Novo-
protein Scientific (Shanghai, China). NAC(N-Ace-
tylcysteine) and BAY-11-7082 were from Med-
Chem Express (New Jersey, USA). The rabbit 
antibody to ACE2 was from Abcam (Cambridge, 
MA, USA). The antibodies against P21, P53, BCL-
2, IκB, CHOP, ATF4, ATF6, Brg-1, and SARS-CoV-
2/S-protein were from Cell Signaling Technology 
(Shanghai, China). The antibodies against BIP, Cal-
nexin, GAPDH, β-actin, and P65 were from Protein-
tech (Wuhan, China). The antibody against ATF3 
and siRNA of p21cip1 were from Sigma-Aldrich 
(St. Louis, MO, USA). The senescence-associated 
β-galactosidase staining kit was bought from Beyo-
time Institute of Biotech (Shanghai, China). The 
transfection reagent Lipofectamine3000 was from 
Invitrogen (Carlsbad, CA, USA).

Plasmids

Plasmids p3xflag-cmv-7.1, pQCXIP-GFP1-10, 
pQCXIP-BSR-GFP11, pCMV-ACE2-Myc, and 
pDsRed2-ER were ordered from Addgene (MA, 
USA). Plasmid pSV-wuhan Spike was gifted by Dr. 
Jianqing Xu from Fudan Institute of Biomedical 
Research, Shanghai.

p3xflag-S was generated using the cDNA of 
S-protein amplified from the pSV-wuhan Spike plas-
mid with primers (Table 1). The PCR products were 
subcloned into the p3xflag-cmv-7.1 vector at the SalI 
and HindIII restriction sites, generating p3xFlag-
S. All recombinant plasmids were verified by DNA 
sequencing.

Zebrafish

Danio rerio zebrafish were maintained at 26–28.5 °C 
in a circulating water system with a light–dark cycle 
of 14:10 h (h) according to the zebrafish husbandry 
protocol. The fish were fed three times daily with 
newly hatched brine shrimp. The developmental 
stages were determined by month post fertilization 
(mpf). Handling of all animals used in this project 
followed the guidelines for use of animals in oph-
thalmic and vision research. The procedures used in 

our study were approved by the ethics committee of 
The First Affiliated Hospital, Zhengzhou University.

Cell culture and cell transfection

ARPE-19 cells were cultured in DMEM/F12 media 
containing 10% FBS with 1 × ampicillin and strep-
tomycin. HEK293 cells were maintained in our lab 
and cultured in DMEM media containing 10% FBS 
with 1× ampicillin and streptomycin.

For transfection, ARPE-19 or HEK293 cells were 
seeded on 6-well cell culture plates overnight. The 
cells were transfected with plasmids with Lipo-
fectamine3000 following the protocol with kit.

The cell syncytia

293 T cells were seeded at approximately 50% con-
fluence in a six-well plate overnight. The cells were 
transfected individually with p3xflag-S or pCMV-
ACE2-Myc. After transfection, the cells were 
trypsinized. HEK293/p3xflag-S cells were mixed 
with HEK293/pCMV-ACE2-Myc cells at a ratio of 
1:1, and the mixed cells were cultured for 24–48 h. 
The multinucleated giant cells were photographed.

The bimolecular fluorescence complementation 
(BiFC) assay (Kodaka et  al. 2015): HEK 293 cells 
were transfected either with p3xflag-S + pQCXIP-
GFP-11 or pCMV-ACE2-Myc plus pQCXIP- GFP1-
10. After transfection, the cells were trypsinized, 
mixed, and cultured for another 24 h. GFP positive 
cells were photographed and the GFP signal was 
used as a marker of the cell syncytia.

Cell proliferation

The proliferation of ARPE-19 cells that were treated 
with 0.5 ng/ml S-protein for up to 96 h was meas-
ured in a real-time cell analyzer (RTCA, Roche-
Applied Science, GmbH, Penzberg, Germany). 
2 × 103 cells were seeded in an E-plate 16 in 200 μl 
of F12/DMEM complete media, and cultured in 5% 
CO2 incubator at 37 °C for up to 120  h. The cell 
index (CI) was obtained to assess for cell prolifera-
tion using the RTCA software.
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Flow cytometry

For cell cycle analysis, 1 × 106 cells were collected 
and fixed with 70% ethanol. The cells were stained 
with PI solution with RNase A (BeyoTime, Shang-
hai, China) for 30  min and analyzed on the FACS 
cytometry machine (BD Biosciences). The data 
were analyzed using the FlowJo software (Tree 
Star).

For ROS analysis, cellular ROS was quantified 
using the cellular ROS Detection Assay Kit from 
Solarbio (Beijing, China). The cells were seeded in 
60  mm plates at 1 × 106 cells. After treatment, the 
cells were incubated with DCFH-DA for 30  min 

at 37  °C. ROS signal was measured and analyzed 
using flow cytometry.

Intravitreal injection of S‑protein zebrafish

S-protein (6.3 ng/100 nl PBS) was injected into the 
vitreous humor of the 7 mpf zebrafish. After recov-
ery for 2 and 3  days post injection, the zebrafish 
were euthanized. The retina was fixed in 4% Para-
formaldehyde overnight followed by cryosection. 
The tissue slide was 8 μM thickness. H&E staining 
was performed following the protocol provided with 
the kit.

Table 1   The primers for detecting P21, P53, and senescence-associated inflammation factors

*z zebrafish

Name Forward (5′ to 3′) Revers (5′ to 3′)

IL-1β AGT​ACC​TGA​GCT​CGC​CAG​T TGG​TGG​TCG​GAG​ATT​CGT​AG
IL-6 TGA​ACT​CCT​TCT​CCA​CAA​GCG​ CCG​TCG​AGG​ATG​TAC​CGA​AT
IL-8 GCT​CTG​TGT​GAA​GGT​GCA​GTT​ ACC​CAG​TTT​TCC​TTG​GGG​TC
MCP-1 CGC​CTC​CAG​CAT​GAA​AGT​CT AGG​TGA​CTG​GGG​CAT​TGA​TT
P21 AAG​TCA​GTT​CCT​TGT​GGA​GC GCC​ATT​AGC​GCA​TCA​CAG​TC
P53 ACC​TAT​GGA​AAC​TAC​TTC​CTGAA​ CTG​GCA​TTC​TGG​GAG​CTT​CA
Bcl-xl CCT​AAG​GCG​GAT​TTG​AAT​AAT​CTT​ CCA​AAA​CAC​CTG​CTC​ACT​CAC​
VEGFA CCC​ACT​GAG​GAG​TCC​AAC​ATC​ CTG​CAT​TCA​CAT​TTG​TTG​TGCTG​
ICAM GGT​AGC​AGC​CGC​AGT​CAT​AA GAT​AGG​TTC​AGG​GAG​GCG​TG
MMP3 AGC​CAA​CTG​TGA​TCC​TGC​TT CCA​CGC​CTG​AAG​GAA​GAG​AT
TGF-β GGA​AAT​TGA​GGG​CTT​TCG​CC CCG​GTA​GTG​AAC​CCG​TTG​AT
P14 CGC​GAG​TGA​GGG​TTT​TCG​TG AGT​AGC​ATC​AGC​ACG​AGG​G
GAPDH GAC​AGT​CAG​CCG​CAT​CTT​CT GCG​CCC​AAT​ACG​ACC​AAA​TC
Spike CCC​AAG​CTT​TTC​GTG​TTC​CTG​GTG​CTC​ CCC​GTC​GAC​TCA​AGC​GTA​ATC​TGG​AAC​ATC​

GTA​TGG​GTA​GGT​GTA​GTG​GAG​CTT​CAC​
GCC​

z-p53* GTA​CTT​GCC​GGG​ATC​GTT​TG GCG​GGA​ACC​TGA​GCC​TAA​AT
z-p21* TTC​AGG​TGT​TCC​TCA​GCT​CCT​ GTG​AAC​GTA​GGA​TCC​GCT​TGT​
z-p16* TGA​TCT​ACA​CAG​CCA​CAG​GA GCA​GTG​AGT​TTG​TTG​CCT​CTC​
z-il1b* CTG​AAA​TGA​TGG​CAT​GCG​GG TGC​AAG​CGG​ATC​TGA​ACA​GT
z-il6* CCT​CAG​TCC​TGG​TGA​ACG​AC GAA​CAG​GAT​CGA​GTG​GAC​CG
z-il8* GAA​AGC​CGA​CGC​ATT​GGA​AA TTA​ACC​CAT​GGA​GCA​GAG​GG
z-icam1* AGG​AAA​CTA​CAC​CTG​CAC​CG CGT​GGA​TGG​AAC​CAC​CAG​AA
z-vegfa* TGC​TGT​AAT​GAT​GAG​GCG​CT CAT​CTT​GGC​TTT​TCA​CAT​CTT​TCT​
z-bip* ACC​ACA​TAC​TCC​TGT​GTT​GGAG​ ATG​ACG​GAG​TGA​TGC​GGT​TT
z-chop* AGG​ACA​CGT​AGA​GAA​GGG​GAC​ TCC​GTT​GAG​CTC​CAC​ATT​CTT​
z-atf3* TTG​GGT​CCG​TCA​GAG​ATC​AGT​ GGT​CGT​TCT​CCT​CTG​GGA​CA
z-atf6* TAC​GCT​CCT​CAC​CGA​ACC​TA GGA​CCA​CTG​ACA​TCT​TGG​GG
z-atf6b* AGA​CGC​ATC​GCT​CCA​TTG​AA GGT​CGA​TGG​CGT​CTA​GGA​AG
z-ef1a* AAG​ATC​GGC​TAC​AAC​CCT​GC TTC​CAT​CCC​TTG​AAC​CAG​CC
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Immunoblotting and immunofluorescent staining

For immunoblotting, 30–50 µg of lysates were sepa-
rated by sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis, and the proteins were transferred to 
polyvinylidene difluoride membranes. After blocking, 
the membranes were incubated with primary antibod-
ies at 4  °C overnight. The membranes were washed 
and incubated with secondary antibodies. The The 
signals were detected by a CCD camera-based imager 
(Amersham Imager 680, GE).

For immunofluorescent staining, the treated 
ARPE-19 cells were fixed in 3.7% Polyformaldehyde/
PBS for 20 min, followed by permeabilization in 0.5% 
triton x-100 for 2 min. The cells were then incubated 
with 2% BSA/PBS block buffer for 1 h followed by 
incubation with primary antibodies for 1 h. The cells 
were washed and then incubated with secondary anti-
body 1 h. After mounting in buffer containing DAPI 
for nuclear staining, the fluorescent signals were pho-
tographed with a confocal microscope (Arial, Japan).

SA‑ß‑Gal staining assay

ARPE-19 cells were seeded into 12-well plates and 
incubated overnight. Cells were treated with 0.5 ng/
ml S-protein for 48  h or transfected with a p3xflag-
S recombinant plasmid, followed by recovery in 
complete medium for 48 h. The cells were fixed in a 
buffer containing 0.5% glutaraldehyde and 2% para-
formaldehyde in PBS for 20 min. After this, the cells 
were incubated with a solution containing X-gal for 
12 h at 37 °C to measure SA-ß-Gal activity. SA-ß-Gal 
positive signals were photographed under the micro-
scope (Zeiss, Oberkochen, Germany). The number of 
SA-ß-Gal positive cells was normalized to the total 
number of cells. The data represent mean ± SD, N = 3. 
The Student’s T-test was used for statistical analysis. 
*p < 0.05; **p < 0.01.

Quantitative real‑time PCR (qRT‑PCR)

Total RNA was extracted with RNAiso reagent fol-
lowing the manufacturer’s protocol (Takara, Beijing, 
China). One microgram of total RNA was used to 
synthesize cDNA (Takara). Equal amounts of cDNA 
were mixed with Fast start Universal SYBR Green 
Master Mix (Roche, San Francisco, CA, USA). 
qRT-PCR was performed using an ABI 7500 system 

(Applied Biosystems, Foster City, CA, USA). The 
primers for detecting P21, P53, and senescence-asso-
ciated inflammation factors are listed in Table 1.

Statistical analysis

All data are presented as mean ± SD and analyzed 
using the SPSS v17.0 (SPSS Inc.). The experiments 
were performed in triplicate. One-way ANOVA fol-
lowed by Tukey’s post hoc test was used to compare 
the differences between continuous data (> 3 groups), 
while differences between 2 groups were compared 
using an unpaired Student’s t-test. *p < 0.05 denotes 
significance.

Results

SARS‑CoV‑2 S‑protein induces the senescence of 
RPE cells in vitro

Infection of SARS-CoV-2 or pseudo-typed virus 
expressing spike protein induces senescence in 
human kidney endothelial and lung epithelial cells 
(Schuler et  al. 2021, Tripathi et  al. 2021). Since the 
SARS-CoV-2 virion was identified in postmortem ret-
ina tissues and retinal RPE cells express ACE (Martin 
et  al. 2021; Reinhold et  al. 2021), we proposed that 
S-protein was associated with RPE cellular senes-
cence. To do this, we firstly validated the activity of 
S-protein. The HEK293 containing plasmidp3xflag-S 
were cocultured with PCMV-HA-ACE2 -containing 
HEK293 cells (Fig. S1, A) and the giant fusion cells 
were observed (Fig. S1, C). This S-protein-mediated 
cell fusion was also confirmed by using the bimo-
lecular fluorescence complementation (BiFC) assay 
(Kodaka et al. 2015) (Fig. S1, D, materials and meth-
ods). Co-culturing the HEK293 cells with pGFP1-10 
plus p3xflag-S with HEk293 cells containing pGFP-
11 + CMV-ACE2-HA produced GFP positive cells 
(Fig. S1, E). No GFP signal was observed in the cells 
that expressed Flag-S + GFP1-10 or ACE2 + GFP-11 
alone (Fig. S1, E). These results suggested that the 
expressed Flag-S-protein is active and able to induce 
ACE2- expressed HEK293 cell fusion.

To determine the role of S-protein in RPE cells, 
we transfected p3xflag-S into ARPE-19 cells. After 
48 h recovery, the regulatory effects of Flag-S-protein 
on ARPE-19 cells were studied. The results showed 
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that ARPE-19 cells expressed low levels of ACE2 
at baseline (Fig.  1A, lane 1 and 2). Ectopic expres-
sion of Flag-S-protein attenuated ARPE-19 cells’ 
proliferation (Fig.  1D) and blocked cell cycle at the 
G1phase (Fig. 1C). In addition, we treated ARPE-19 
cells with purified S-protein for up to 96  h and the 
cell proliferation was tested. As the results indicated 
that the administrated S-protein could inhibit ARPE-
19 cells’ proliferation (Figs.  1B, E, and S2A). Both 
ectopic expression and administration of S-protein 
caused a low degree of cellular apoptosis (data not 
shown). To test whether S-protein induces cellular 
senescence, we mearsured that the senescence-asso-
ciated biomarkers in the 48  h-Flag-S-overexpressed 
cells or 48 h-S-protein-treated cells (Fig. 2) (Faragher 
2021). Ectopic Flag-S or direct administration of 
S-protein induced cell senescence, such as increasing 
the number of SA-β-Gal positive cells (Fig.  2A–D), 
the expression of 53, p21, and p14ARF at the protein 
and mRNA levels (Fig.  2E and H), the expression 
of senescence-associated inflammatory factors (like 
IL-1β, IL-16, IL-8, TGF-β1, VEGFA, and iCAM) 
(Fig. 2E) and cell survival factor BCL-2 (Fig. 2E and 
H). The ELISA results indicated that administration 

of S-protein increased the secretion of IL-1β and IL-6 
in ARPE-19 cells (Fig. 2F and G). But the expression 
of another two senescent cytokines of MMP-3 and 
MCP-1 varied between the Flag-S-expressed cells 
and S-protein-treated cells with unknown mechanism 
(Fig.  2E). Knocking down p21 by siRNA (Fig.  3A 
and B) reduced the number of S-protein-induced 
SA-β-Gal positive ARPE-19 cells (Fig.  3C–F). 
Taken together, these results suggested that S-protein 
induced ARPE-19 cell senescence by partially acti-
vating the p53-p21 pathway.

S‑protein increases ROS production in ARPE‑19 
cells

Reactive oxygen species (ROS) is a predominant 
cause of cellular senescence under stress conditions.
To determine whether ROS is involved in S-protein-
induced cellular senescence, we measured ROS by 
adding DCFH-DA fluorescent dye to the 48  h-Flag-
S-overexpressed or the 48 h-S-protein-treated ARPE-
19 cells. The results showed that the ROS produc-
tion increased in the cells at both treated conditions 
(Fig.  4A–C). Inhibition of ROS by NAC reduced 

Fig. 1   SARS-CoV-2 
S-protein inhibits ARPE-19 
cell proliferation in vitro. 
A Immunoblot of ACE2 
and β-actin in ARPE-19 or 
HA-ACE2-overexpressed 
ARPE-19 cells. B Real-
time cell analyzer (RTCA) 
detection of cell prolifera-
tion of ARPE-19 cells (wt), 
S-protein-treated ARPE-
19 cells (B), or Flag-S 
overexpressed ARPE-19 
cells (D). C and E Flow 
cytometry measurement of 
the cell cycle of ARPE-
19 cells (wt), S-protein-
treated ARPE-19 cells 
(+ S-protein), or Flag-S-
overexpressed ARPE-19 
cells (Flag-S). The black, 
gray and blank rectangles 
represent G1, S, and G2 
phases respectively. The 
data represent mean ± SD, 
n = 3. Unpaired Student’s 
T-test was used for statisti-
cal analysis. *p < 0.05
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the number of SA-β-Gal -positive cells (Fig. 4D–G) 
as well as the expression of p53 and p21 (Fig.  4H 
and I) in Flag-S-overexpressed or S-protein-treated 
ARPE-19 cells. These results indicated increased 
ROS is associated with S-protein-induced cellular 
senescence.

S‑protein induces ER stress in ARPE ‑19 cells

The SASR-CoV-2 infection causes cellular ER stress, 
which is important for virus replication and host cell 
injury (Rashid et al. 2021; Santerre et al. 2021). We 
further studied the association of S-protein and ER 

Fig. 2   S-protein induces senescence of ARPE-19 cells. A 
SA-β-Gal staining of ARPE-19 cells that were treated with 
media containing PBS (Con) or S-protein for 48  h. B Quan-
titation of the percentage of SA-β-Gal positive cells per view 
in A. Ten views were used for quantitation, and the experi-
ment was repeated three times. The data represent mean ± SD, 
n = 3, ***p < 0.001. C SA-β-Gal staining of the ARPE-19 cells 
that express empty vector or p3xFlag-S respectively for 48 h. 
D Quantitation of the percentage of SA-β-Gal positive cells/ 

total cells/view (a total of 10 views were used for quantitation). 
The data represent mean ± SD (n = 3), ***p < 0.001. E qPCR 
to quantitate the expression of cell cycle inhibitors (P53, p21, 
and p14arf), cytokines (IL-1β, IL-6, IL-8, MCP-1, TGF-β1), 
MMP3, and iCAM in the cells treated in A and C. F and G 
ELISA to measure the secretion of IL-1β and IL-6 in ARPE-19 
cells that were treated with S-protein for 48 h. H Immunoblot 
of the expression of p53, p21, Bcl-2, and GAPDH in ARPE-19 
cells that were treated with S-protein for 48 h
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stress in ARPE-19 cells. ARPE-19 cells were either 
transiently transfected with plasmid pKDEL-Ds-
Red (to specifically label intracellular ER and Golgi) 
followed by incubating with S-protein for 30  min 
(Fig. 5A), or transiently co-transfected with pKDEL-
Ds-Red and p3xflag-S for 48 h (Fig. 5B). The results 
of immunofluorescence assay indicated that both 
the overexpressed Flag-S-protein and administrated 
S-protein colocalized with ER (Fig.  5A and B). 
Administration of S-protein at 500  ng/ml S-protein 
for 24  h increased the expression of BIP, CHOP, 
ATF3, and cleaved ATF6 (Fig. 5C, lanes 1 and 2, and 
D), but slightly reduced the expression of calnexin 
and ATF4. To determine the association of ROS and 

ER stress, we added NAC to S-protein treated ARPE-
19 cells. The results showed that NAC did not change 
the S-protein-induced expression of BIP, CHOP, and 
ATF3, but restored the expression of ATF4 and cal-
nexin (Fig.  5C and D). These results suggested that 
S-protein colocalized with ER and induced ER stress, 
and this regulation was not associated with ROS 
induction in part.

S‑protein induces inflammatory factor expression via 
activating NF‑κB in ARPE‑19 cells

Activation of the NF-κB pathway is closely associ-
ated with SASR-CoV-2-induced acute inflammation 

Fig. 3   Knocking down p21 by siRNA reduces S-protein-
induced cell senescence. A qPCR to measure the expression of 
p21 in ARPE-19 cells expressing scramble siRNA or siRNA 
to P21 followed by treatment with S-protein for 48  h. The 
data represent mean ± SD, (n = 3), **p < 0.01, ***p < 0.001. 
B Immunoblot of p21 in ARPE-19 cells that expressed scram-
bled siRNA or siRNA against p21. C SA-β-Gal stain in ARPE-
19 cells that were transfected with scramble or siRNA-P21 

followed by treatment with S-protein for 72  h. D Quantita-
tion of the percentage of SA-β-Gal positive cells vs total cell 
number per view in C. The data represent mean ± SD, (n = 3), 
**p < 0.01, ***p < 0.001. E SA-β-Gal stain assay, ARPE-19 
cells were transfected with empty vector, Flag-S and Flag-
S + siRNA-P21 for 72  h. F Quantitation of the percentage of 
SA-β-Gal positive cells vs total cell numbers per view in E. 
The data represent mean ± SD, (n = 3), ***p < 0.001
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or the expression of senescence-associated inflam-
matory factors (Goel et  al. 2021; Zaffagni et  al. 
2022). We further studied the activity of NF-κB in 
S-protein-treated ARPE-19 cells by using immuno-
fluorescence and immunoblotting assays. The results 
showed that ectopic expression of Flag-S or admin-
istration of S-protein for 48 h increased P65 nuclear 
translocation, a symbol of NF-κB activation (Fig. 6A 
and B). Administration of S-protein reduced iκB 

protein expression, and this reduction of iκB protein 
was inhibited by ROS scavenger NAC (Fig.  6C and 
D). These results suggested that S-protein activated 
the NF-κB pathway by inducing ROS. Furthermore, 
we found that inhibition of NF-κB by inhibitor Bay-
11–7082 at 10  μM for 30  min reduced S-protein-
induced mRNA expression of p53, p14arf, IL-1β, 
IL-6, TGF-β1, and iCAM 1 as well as P53 protein 
expression, but not p21 expression (Fig.  6E, F, and 

Fig. 4   Removing ROS by NAC down-regulates S-protein-
induced senescence of ARPE-19 cells. A Flow cytometry 
assay measuring DCFH-DA-degenerated fluorescence level in 
ARPE-19 cells that were treated with S-protein for 24 h (upper 
panel) or transfected with plasmid p3xFlag-S (lower panel). 
B and C Quantitation of DCFH-DA fluorescence in A. The 
data represent mean ± SD (n = 3), ***p < 0.001. D SA-β-Gal 
stain of ARPE cells that were treated with S-protein or S-pro-
tein + NAC for 48 h. E Quantitation of the percentage of SA-β-

Gal positive cells in D. The data represent mean ± SD (n = 3), 
***p < 0.001. F SA-β-Gal stain of ARPE-19 cells that were 
transfected with p3xflag-S followed by NAC treatment for 
48 h. G, Quantitation of percentage of SA-β-Gal positive cells 
in F. The data represent means ± SD (n = 3), ***p < 0.001. 
H, immunoblot the expression of P53, P21 and GAPDH in 
ARPE-19 cells that were treated with media containing PBS 
(lane 1), S-protein (lane 2) and S-protein + NAC (lane 3)
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G). These results suggested that S-protein stimulated 
senescence-associated cytokines by inducing ROS-
activated NF-κB pathway, which is consistent with 
other reports (Chen et al. 2021).

S‑protein upregulates the expression of 
senescence‑associated cytokines in zebrafish Retina

Next, we studied the cytotoxicity of S-protein to 
the retina in a zebrafish model. Purified S-protein 
(6.3  ng/100  nl PBS) was intravitreally injected into 
the right eye of 7 mpf zebrafish followed by recov-
ery for 2 and 3 days. An equal amount of PBS was 
injected into the left eye as a control. The retina was 
cryosected followed by H&E staining. The results 
showed that S-protein did not change the structure of 
the retina compared to PBS (Fig. 7A). TUNEL assay 
showed no DNA damage in both S-protein- and PBS- 
treated retina (data not shown). However, the qPCR 
results showed that S-protein upregulated senescence-
associated genes’ mRNA expression such as P53, 
P21, P16, IL-1β, IL-6, IL-8 and ICAM-1 in both day 
2 and 3 recovery retina compared to PBS. No obvious 

change in the expression of UPR-associated protein 
such as BIP, ATG6, CHOP, and ATF3 (Fig. 7B and 
C). These results demonstrated that administration of 
S-protein trigger the senescent phenotype in zebrafish 
retinal tissues.

Discussion

SARS-CoV-2 infection attacks multiple organs, lead-
ing to acute inflammation(Guan et al. 2020) as well as 
the chronic complications such as chronic fibrosis in 
kidney and lung(Bui et al. 2021; Jansen et al. 2022). 
Aging increases SARS-CoV-2 infection incidence 
and inflammatory symptoms. On the other hand, 
infection of SARS-CoV-2 and its spike protein can 
trigger cellular senescence, a cellular process asso-
ciated with ageing and age-associated diseases such 
as tumor, neurodegenerative diseases, diabetics and 
AMD (Collado et al. 2007; Meyer et al. 2021; Trip-
athi et al. 2021). Here we show that the S-protein of 
SARS-CoV-2 can induce ARPE-19 cell senescence 
in vitro by upregulating cellular ROS, ER stress, and 

Fig. 5   S-protein induces 
ER stress in ARPE-19 cells. 
A and B Immunofluores-
cence staining of S-protein 
in S-protein-treated (B) 
or Flag-S overexpressed 
ARPE-19 cells (A) that 
were transfected with pDs-
Red-KDEL. C Immunoblot 
of the expression of CHOP, 
BIP, Calnexin, ATF3, 
ATF4, ATF6, and β-actin in 
ARPE-19 cells treated with 
S-protein or treated with 
S-protein S-protein + NAC 
for 24 h. D Densitom-
etry quantitation of those 
proteins in C. The data rep-
resent mean ± SD (n = 3), 
*p < 0.05, **p < 0.01
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NF-κB pathways (Figs.  3, 4, 5 and 6). Intravitreal 
administration of S-protein upregulates the expres-
sion of senescence-associated inflammatory factors 
in the zebrafish retina (Fig. 7). These results reveal a 
potential association of SARS-CoV-2 infection and 
retinopathy.

Accumulating evidence demonstrate that increased 
number of senescent RPE cells are associated with 
AMD by producing senescence-associated cytokines, 
injuring the retinal barrier, and losing its endocyto-
sis ability or vision cycle (Hjelmeland et  al. 1999; 
Ambati et al. 2003). The virus infection is coorelated 

with retinopathy, including development of AMD. For 
example, infection by latent CMV has been shown to 
promote neovascularization in VEGFA-overexpressed 
mice (Xu et al. 2020). Infection of HerPs/-virus -6A 
may be another virulent contributor to the develop-
ment of AMD by downregulating complement recep-
tor CD46 in RPE and choroid endothelial cells (Fierz 
2017). Our data suggest that the S-protein of SARS-
CoV-2 may be a virulent factor in triggering retin-
opathy. We find that both administration of purified 
S-protein and ectopic expression of Flag-S-protein 
induce ARPE-19 cell senescence (Figs. 1 and 2). This 

Fig. 6   S-protein activates NF-κB pathways in ARPE-19 cells. 
A Immunofluorescence staining of p65 protein in S-protein-
treated or Flag-S-overexpressed ARPE-19 cells. The nuclei 
were stained with DAPI. The scale bar represents 20  μm. B 
Cytosol-Nucleus fraction assay to determine the localization 
of p65 in ARPE-19 cells that were treated with PBS (Con) 
or S-protein for 48 h. BrgI and GAPDH were used as nuclear 
and cytosolic markers respectively. C Immunoblot of iκb and 
GAPDH in ARPE-19 cells that were treated with sham, S-pro-
tein and S-protein + NAC respectively. D Densitometry quan-

titation of iκb vs GAPDH in C. The data represent mean ± SD 
(n = 3), *p < 0.05. E Immunoblot of the expression of p53, p21 
and GAPDH in ARPE-19 cells that were treated with sham, 
S-protein and S-protein + Bay-11–7082 (NF-κB inhibitor) for 
24  h. F Densitometry quantitation of P53 and p21 in E. The 
P53 and P21 protein level was normalized to GAPDH. The 
data represent mean ± SD (n = 3), *p < 0.05. G qPCR meas-
uring the expression of p53, p14arf, IL-1β, IL-6, TGF-β1 
and iCAM in ARPE-19 cells treated in E. The data represent 
mean ± SD (n = 3), **p < 0.01, ***p < 0.001
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is consistent with previous report demonstrating that 
the Spike protein can cause senescence in lung tumor 
cells in  vitro (Tripathi et  al. 2021). The senescence 
induction by S-protein is associated with upregulation 
of ROS production (Fig. 3). Removing ROS by NAC 
reduces S-protein-induced cellular senescence and 
secretion of cytokines IL-1 and IL-6 (Fig. 3). SARS-
Cov-2 has been shown to increase ROS by decreas-
ing the glutathione (GSH) and increasing GSSG in 
infected cells. It accomplishes this by increasing GSH 
efflux and/or decreasing Cysteine uptake (Bartolini 
et  al. 2021). Our data suggest that the spike protein 
is one of the pathogenic factors of SARS-CoV that 
increases ROS.

Activation ER stress is also involved in SARS-
Cov-2-induced pathological change (Bartolini et  al. 
2022). SARS-Cov-2 virus activates the PERK/IRE 
pathway via S-protein interacting with ER (Versteeg 
et  al. 2007). We find both ectopic expression and 

administration of S-protein colocalized with the ER 
and activated ER stress by possibly activating ATF6 
(Fig. 5). S protein contains ER retention peptide, and 
its ER localization is regulated by viral membrane 
proteins E and M (Boson et al. 2021). However, the 
molecular mechanism underlying the traffic of admin-
istrated S-protein to ER remain unclear. Whether its 
receptor proteins such as laminin(Bamberger et  al. 
2021), ACE2, BIP are involved in the traffic of extra-
cellular S-protein to ER remain unclear.

In addition, we studied the role of S-protein in 
retina by artificially administering S-protein into 
zebrafish vitreous humor, and found that S-protein 
can induce the mRNA expression of senescence-
associated genes without impairing retina struc-
ture (Fig. 7). We did not observed DNA damage in 
S-protein treated zebrafish retina (data not shown). 
This suggest the administrated S-protein can trig-
ger the senescent phenotype, but which cell type in 

Fig. 7   S-protein induces 
the expression of senes-
cence-associated factors in 
the zebrafish retina. A H&E 
analysis of day 2 zebrafish 
retina post injection of 
PBS or 6.3 ng S-protein. 
B Quantitative RT-PCR 
measuring the expression of 
P53, P21, P16, IL-1β, IL-6, 
IL-8, ICAM1, VEGF-A, 
BIP, CHOP, ATF3, ATF6 in 
day 2 and day 3 recovered 
zebrafish retina post injec-
tion of S-proteins. The data 
showed mean ± SD, n = 6. 
The unpaired student t-test 
was used for statistical anal-
ysis. *p < 0.05, **p < 0.01
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retina undergo senescence still remain unclear. In 
this zebrafish model, we only administrated S-pro-
tein once, and observation time is short. Prolonged 
observation of the regulatory effects of S-protein 
on retinopathy is necessary, which is still under 
investigation.

Conclusions

SARS-COV-2 spike protein can induce ARPE-19 
cells to undergo senescence by increasing cellular 
ROS or ER stress in  vitro. The SARS-COV-2 spike 
protein may be associated with development of 
chronic retinal degeneration.
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