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Abstract
Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and has 
resulted in more than 4.4 million deaths worldwide as of August 24, 2021. Viral infections such as SARS-CoV2 are associ-
ated with endoplasmic reticulum (ER) stress and also increased the level of reactive oxygen species. Activating transcrip-
tion factor 4 (ATF4) is preferentially translated under integrated stress conditions and controls the genes involved in protein 
homeostasis, amino acid transport and metabolism, and also protection from oxidative stress. The GRP78, regulated either 
directly or indirectly by ATF4, is an essential chaperone in the ER and overexpressed and appears on the surface of almost 
all cells during stress and function as a SARS-CoV2 receptor. In this mini-review article, we briefly discuss the effects of 
SARS-CoV2 infection on the ER stress, and then the stress modulator functions of ATF4 and GRP78 as novel therapeutic 
targets were highlighted. Finally, the effects of GRP78 inhibitory components as potential factors for targeted therapies for 
COVID-19 critical cases were discussed.
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 COVID‑19 infection and ER stress

The SARS-CoV-2 is a member of Coronaviridae, a kind 
of enveloped viruses with positive-sense, single-stranded 
RNA [1]. This virus caused more than 4.4 million deaths 
worldwide up to August 2021. No specific therapeutic treat-
ment for COVID-19 has been approved so far which high-
lighting the urgent need to identify new antiviral strategies. 

After infection of cell by this virus, some events happen 
such as the massive production of viral proteins, virion 
budding-mediated ER membrane depletion, and the over-
loading capacity of protein folding lead to ER stress [2]. 
ER stress induced by three sensors located on the ER mem-
brane including activating transcription factor-6 (ATF6), 
protein kinase RNA-like endoplasmic reticulum kinase 
(PERK), and inositol-requiring enzyme-1 α (IRE1α) which 
activates the unfolded protein response (UPR). UPR activa-
tion decreases protein synthesis and increases ER folding 
capacity and restoring cell homeostasis [3]. Thus, pharmaco-
logical manipulation of the UPR or other factors involved in 
the ER stress pathway can be used as a therapeutic strategy 
against coronavirus infection.

Oxidative stress responses and COVID‑19 
progression

Oxidative stress is a physiological state in which the cellu-
lar antioxidant buffering capability is overwhelmed by free 
radicals and eventually causes damage to cellular macromol-
ecules [4]. Oxidative stress can increase the risk of severe 
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COVID-19 infection but there is no significant cause-effect 
relationship between oxidative stress and COVID-19 sever-
ity [5]. SARS-CoV-2 infection induces over-activation of 
immune responses in the infected organs especially lung 
tissues. Monocytes and macrophages in the infected tissues 
secret pro-inflammatory cytokines such as IL-1β, IL-6, 
TNF, IL-8 [6]. The lung endothelium is a target for both 
pro-inflammatory cytokines and the SARS-CoV-2 virus [7]. 
In response to cytokines, some adhesive molecules such as 
ICAM1, VCAM1, E-selectin are expressed on the surface 
of endothelial cells which enhances the adhesion and pen-
etration of leukocytes across the vascular wall into the body 
tissues. The endothelial cells themselves release pro-inflam-
matory cytokines and chemokines that recruit immune cells 
into the site of inflammation. The accumulation of immune 
cells is accompanied by inflammation and an elevated level 
of oxidative stress [8]. The high cellular count ratio of neu-
trophils than lymphocytes in critically ill COVID-19 patients 
indicated that the excessive levels of reactive oxygen species 
(ROS) are one of the main causative agents in the host path-
ological responses [9]. ROS change the tissue homeostasis 
and induce damages to the red blood cells which contribute 
to the severity of COVID-19 disease [9]. Therefore, these 
studies highlighted the strong relationship between oxidative 
stress and the severity of COVID-19 disease.

ATF4 as ER stress modulator in the cross‑talk 
with oxidative stress

Several studies have shown a remarkable association 
between endoplasmic reticulum (ER) stress and oxidative 
stress [10–12]. However, oxidative stress and ER stress have 
reciprocal cross-talk; generation of reactive oxygen species 
(ROS) is not considered a downstream phenomenon for ER 
stress [13].

The protein kinase RNA-like endoplasmic reticulum 
kinase (PERK) is one of the first proteins activated in 
response to ER stress [14]. Dissociation from ER chaperon, 
BiP, induces the oligomerization and then auto-phosphoryla-
tion of PERK. The phosphorylated and activated PERK then 
phosphorylates the eukaryotic initiation factor 2 (eIF2α) and 
the phosphorylated eIF2α binds tightly and thus inhibited the 
eIF2B (guanine nucleotide exchange factor). This results the 
general inhibition of protein synthesis and therefor reduces 
the protein influx to the endoplasmic reticulum [3]. Activat-
ing transcription factor 4 (ATF4) contain small ORF in its 
5´ and bypass the eIF2α-dependent translation block. ATF4 
is preferentially translated under integrated stress conditions 
[2]. Imbalance in the normal functions of the PERK and the 
induction of the activating transcription factor 4 (ATF4) can 
initiate ROS activation [15]. ATF4 is induced via stress sig-
nals, including anoxia/hypoxia, amino acid deprivation, ER 

stress, and oxidative stress [16]. In normal cells, the recip-
rocal interaction between these proteins can regulate ROS 
production through transcriptional regulation [17]. Moreo-
ver, while ATF4 controls oxidative stress, its depletion in 
different organs including liver and lungs causes malfunction 
and homeostasis impairment [12, 18].

Furthermore, it was shown that the GRP78 level is 
regulated either directly or indirectly by ATF4 [19]. Phos-
phorylation of eukaryotic initiation factor-2α (eIF2α) acti-
vates ATF4, which regulates the UPR by controlling the 
expression of UPR target genes that are linked to endo-
plasmic-reticulum-associated protein degradation (ERAD) 
and pro-apoptotic CCAAT/enhancer-binding protein (C/
EBP)-homologous protein (CHOP) [19]. In addition, a con-
served binding site (5′-TGA CGT GA-3′) for ATF4 is located 
upstream to the ER stress response element (ERSE) in the 
mammalian GRP78 promoter. This binding site is well 
defined and differ from the C/EBP-ATF composite site that 
was described previously for the CHOP. Notably, this path-
way is not affected by ER-stress so ATF4 activation might 
interfere the mutual cross-talk between ER stress and oxida-
tive stress [20].

GRP78 as an alternative receptor 
for SARS‑CoV‑2

Several studies have shown that angiotensin-converting 
enzyme 2 (ACE-2) acts as the primary receptor for SARS-
CoV-2 [21]. However, in certain tissues, such as endocrine 
cells of the prostate gland, astrocytes and pericytes in the 
central nervous system, and hepatocytes, there’s no asso-
ciation between the abundancy of ACE-2 and the sever-
ity of clinical complications [22]. Therefore, researchers 
have proposed alternative pathways for virus entry. Several 
receptors have been suggested including glucose-regulated 
protein 78 (GRP78), which has also been implicated in the 
pathogenesis of other members of the coronavirus family 
[23]. GRP78 is an essential chaperone in the endoplasmic 
reticulum (ER) and overexpressed and appears on the sur-
face of almost all cells during stress and function as a virus 
receptor known as cell surface GRP78 (CS-GRP78) [24]. 
ER stress is triggered after rapid fluctuations in the cellular 
microenvironment because of different pathologies such as 
viral infections [24].

Considering the above-mentioned points, the compo-
nents that can regulate ATF4 may be potential candidates to 
reduce GRP78 upregulation and it might be concluded that 
they can modulate ROS activation.

Chronic inflammation and/or over activity of ER stress 
could deteriorate the general hemostasis. In addition, oxida-
tive stress from protein overload could impair the mitochon-
drial function [10].
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Antioxidants can reduce mitochondrial ROS production 
by modulating ATF4 activity. Modulating ATF4 activity 
could moderate clinical complications of coronavirus dis-
ease 2019 (COVID-19) by cutting down GRP78 levels.

GRP‑78 and COVID‑19 infection

Virus glycoproteins are known the primary causes of ER 
stress in cells, causing unfolded protein buildup in the ER 
lumen and activating the UPR signaling pathway [25] that 
can lead to an increase in the synthesis of chaperone pro-
teins like GRP78 [26]. The GRP78 protein has been linked 
to the entry of a variety of viruses [27]. The association 
between the SARS-CoV-2 virus and the GRP78 protein has 
been shown in several studies, and taking the advantage of 
this association, GRP78 proposed as a potential therapeutic 
target [28, 29]. Several trial studies with smaller populations 
demonstrated that the GRP78 mRNA and protein levels were 
also elevated in the serum during COVID-19 infection [29, 
30]. Another trial with a large statistical population revealed 
that GRP78 level in COVID19 patients was approximately 
five times higher than the healthy control group[26]. There-
fore, there is a meaningful correlation between GRP-78 
elevation and COVID-19 severity. Moreover, GRP78 is an 
alternative receptor for SARS-CoV-2 entrance and infection, 
and it could be a potential target for innovative clinical set-
tings for combating different viruses that rely on GRP78 in 
combination therapy approaches [31].

GRP78 inhibition as a potential therapeutic 
approach for COVID19

GRP78 is a chaperone protein expressed in all cell types and 
it is believed that it could have therapeutic potential as a tar-
get for the treatment of certain diseases [32]. For example, it 
was shown that cancer progression associates with high level 

of GRP78 [33]. Some small molecules such as OSU-03012 
and HA15 that are capable of suppressing GRP78 [34]. Also, 
some natural components can inhibit the GRP78 protein, for 
example, (−)-Epigallocatechin gallate (EGCG) binds to the 
GRP78 and acts as a competitive inhibitor of the ATPase 
activity of GRP78 [35]. Luteolin (3′, 4′, 5′, 7′-tetrahydroxy-
flavone), a natural flavonoid produced in several plants can 
attenuate the up-regulation of GRP78/BiP, leading to the 
reduction of phospho-eIF2a, ATF4, and CHOP [36, 37]. 
Salidroside (p-hydroxyphenethyl-β-D-glucoside) is a phenol 
glycoside which can reduce the expression level of GRP78/
BiP and other ER stress markers [38]. Lithospermic acid is 
another natural component that can inhibit the up-regulation 
of GRP78/BiP protein [39]. Some proteins such as basic 
fibroblast growth factor (bFGF) can inhibit the up-regulation 
of ER stress response-proteins in Sprague–Dawley rats. This 
protein inhibits the expression of GRP78/BiP and CHOP 
proteins [40].

Conclusions

GRP78 is an important chaperone that translocate to the 
surface of irritated cells and can act as a viral receptor [24]. 
In addition, overexpression of ATF4 plays a substantial role 
in the interaction between ER stress and oxidative stress. It 
was shown that the GRP78 level is regulated by ATF4, thus, 
an elevated level of ATF4 can induce GRP78. When the 
GRP78 protein is overexpressed under ER stress conditions, 
it localizes on the surface of cells and functions as a virus 
receptor. Therefore, blocking or inhibition of GRP78 could 
be a potential therapeutic strategy for COVID-19. In the pre-
sent paper, we proposed a possible cross-talk between ATF4 
and its potential regulatory impact on GRP78, as a poten-
tial regulator of ER stress and oxidative stress in irritated 
cells. GRP78 targeted therapies could open new horizons 
on COVID-19 critical cases (Fig. 1).
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