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Abstract

A new coronavirus called SARS-CoV-2 (severe acute respiratory Syndrome-Coronavirus-2) first de-
tected in Wuhan, China, in December 2019, has spread to other regions of China and all over the world as of 
January, 2020. The coronavirus disease (COVID-19) is a global problem associated with infection caused 
by a newly discovered coronavirus and causes severe respiratory disorders. Accordingly, various studies 
have been conducted on it and different aspects of the disease have been identified. ACE2 (Angiotensin 
converting enzyme 2) is the main receptor for SARS-CoV-2. ACE2 protein allows the virus to re-enter a 
wide range of human cells and to manage and treatment the Covid-19, special attention should be paid to 
this feature. Angiotensin II has an inhibitory effect on the expression level of ACE2 through activation of 
two strategic proteins, ERK1 (extracellular signal-regulated kinase 1) and ERK2. Propagation of these 
viruses in permissive cells activates signaling pathways, which leads to activation of the MAPK (mito-
gen-activated protein kinase) superfamily. Accordingly, some studies have explored the molecular mech-
anisms of MAPK signal pathways involved with inhibitory treatment. Based on recent studies, this article 
summarizes the mechanisms of MAPK signal transduction pathways involved with inhibitory treatment. 
This adds great value to the research of molecular mechanisms of inhibitory treatment and also establishes 
an effective source for its clinical use.
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Резюме

През декември 2019 г. за първи път в Ухан, Китай беше открит нов коронавирус, наречен SARS-
CoV-2 (тежък остър респираторен синдром Coronavirus-2), който се разпространи в други региони 
на Китай, както и по целия свят от януари 2020 г. Болестта COVID-19 е глобален проблем, свързан с 
инфекция, причинена от новооткрития коронавирус и която води до тежки респираторни нарушения. 
В резултат на провежданите изследвания се установяват различни аспекти на заболяването. ACE2 
(ангиотензин конвертиращ ензим 2) е основният рецептор за SARS-CoV-2. ACE2 протеинът 
позволява на вируса да навлезе в широк спектър от човешки клетки. За да се управлява и лекува 
болестта, трябва да се обърне специално внимание на този отличителен белег. Ангиотензин II има 
инхибиращ ефект върху нивото на експресия на ACE2 чрез активиране на два стратегически про-
теина, извънклетъчна сигнално-регулирана киназа 1 (ERK1) и ERK2. Размножаването на виру-
са в пермисивни клетки активира сигналните пътища, което води до активиране на т.н. митоген-



178

Introduction
The coronaviruses’ structure is well known 

and they are single-stranded, enveloped and posi-
tive sense RNA viruses. The length of their genome 
is approximately 30 kb (29903 nucleotides). Stud-
ies based on electron microscopy have shown that 
these viruses range from 60 to 140 nm in diameter 
with spike-like projections on their surface giving 
them a crown-like appearance, that is why they are 
called coronavirus (Richman et al., 2016). The vi-
ral genome is packaged by proteins called nucleo-
capsid and this structure is surrounded by a bilayer 
lipid structure which consists of membrane, enve-
lope, and spike proteins (Bagca and Avci, 2020) and 
contains structural proteins that include: spike (S), 
nucleocapsid (N), envelope (E), and membrane (M) 
(Siddell et al., 2010). To infect the host cells, the S 
gene encodes the spike glycoprotein that binds to the 
human ACE2 receptor (Walls et al., 2020). While 
the membrane and envelope proteins encoded by 
the E and M genes join the bilayer lipid envelope 
structure on the exterior surface of the virus, the nu-
cleocapsid protein encoded by the N gene directly 
interacts with the viral genome (Zeng et al., 2020). 
Based on genetic properties, the classification of 
coronaviruses is into four sub-families, alpha, beta, 
gamma, and delta. Two important species, SARS-
CoV and MERS-CoV, belong to the subcategory 
beta-coronavirus and can cause severe respiratory 
diseases in humans (Hilgenfeld and Peiris, 2013).
Symptoms and pathogenesis

The systemic and respiratory disorders caused 
by COVID-19 infection include fever, cough, fa-
tigue, sputum production, haemoptysis, acute car-
diac injury, dyspnea lymphopenia, diarrhea, rhinor-
rhea, sneezing, sore throat, pneumonia, ground glass 
opacities, RNAemia and acute respiratory distress 
syndrome (Rothan and Byrareddy, 2020). Patients 
infected with COVID-19 show abnormal respiratory 
findings, higher leukocyte numbers, and increased 
levels of plasma pro-inflammatory cytokines. One 
COVID-19 case report showed a patient at 5 days of 
fever presenting with a cough, body temperature of 
39.0°C and coarse breathing sounds in both lungs. 
The patient’s sputum showed positive real-time 
polymerase chain reaction results that confirmed 

COVID-19 infection (Lei et al., 2020). Remarkably 
high blood levels of chemokines and cytokines were 
noted in patients with COVID-19 infection. Some 
patients in critical condition who were admitted to 
the ICU (intensive care unit) showed high levels of 
inflammatory cytokines, including IL2 and TNFα, 
which increased the severity of the disease (Huang 
et al., 2020).
Entrance mechanism and function

ACE2 is a monocarboxy-peptidase well 
known for cleaving different peptides surrounded by 
the renin–angiotensin system and other substrates 
such as apelin. This enzyme is widely expressed in 
different organs, such as the gastrointestinal tract 
and the kidneys, with comparatively low level of 
expression in the lungs, but barely present in the cir-
culation (Serfozo et al., 2020). ACE2 protein was 
recognized as the receptor for SARS-CoV on the 
surface of human cells (Letko and Munster, 2020) 
and it is a key component of the renin-angiotensin 
system (RAS). This protein is produced and secret-
ed by a widely different cells and tissues, includ-
ing the heart, gastrointestinal tissues, brain, and the 
kidneys (Donoghue et al., 2000; Diz et al., 2008). 
Recent studies showed that ACE2 is also required 
for 2019-nCoV entry (Letko and Munster, 2020) 
and plays an important function in the onset of lung 
disorder (da Silveira et al., 2010). SARS-CoV-2 ge-
nome sequencing has been performed, with its close 
resemblance to SARS suggesting that they originat-
ed from a similar source (Zhou et al., 2020). The 
COVID-19 pathogen, like other family members, 
uses a spike protein S1 that enables the insertion of 
the pathogenic agent into the cell membrane by in-
teracting with the host ACE2 receptor (Netland et 
al., 2008; Wrapp et al., 2020). An earlier study has 
demonstrated that the ACE2 protein binding affin-
ity of the 2019-nCoV spike protein ectodomain is 
10−20-fold higher than that of the SARS-CoV spike 
protein (Wrapp et al., 2020).

MAPKinase, a family of serine-threonine 
protein kinases, consists of three major members: 
growth factor-regulated ERK1/2, p38 and stress-ac-
tivated JNK, which play important functions in the 
regulation of certain cellular attributes (Severin et 
al., 2010; Yasuda, 2015). Previous studies have 

активирана протеин киназа (MAPK) от суперсемейството на МАР киназите. Ето защо, молекулярните 
механизми на MAPK сигналните пътища, свързани с инхибиторното лечение са обект на интензивно 
изследване. Настоящата статия обобщава най-новите данни, публикувани относно механизмите на 
активиране на пътищата на MAPK сигналната трансдукция, свързани с инхибиторното лечение. 
Настоящият обзор може да допринесе за изясняване на молекулярните механизми на инхибиторното 
лечение, а също така е и от полза за ефективната му клинична употреба.
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shown that MAPKs signaling pathway is activated 
in ALI (acute lung injury), and inhibiting MAPKs 
can effectively alleviate the disease (dos Santos et 
al., 2018; Zhang et al., 2018). Recent discoveries 
have indicated that inhibiting the MAPK/NF-kB 
pathway can protect against pulmonary fibrosis by 
up-regulation of ACE2 (Meng et al., 2014). NF-κB 
can be activated by MAPKs, a vital role in regulat-
ing the activation, survival and differentiation, and 
regulates transcription factors of inflammation and 
in ALI, activated NF-κB increases transcription of 
inflammatory factors and accelerates disease pro-
gression (Luo et al., 2010; Xie et al., 2012; Liu et 
al., 2017). Several studies indicated that all three 
MAPK families have a vital role in the regulation 
of apoptosis (Zhang et al., 2003). ERK is a surviv-
al mediator involved in the suppressive effects of 
growth factors in programmed cell death (Ballif and 
Blenis, 2001), also JNK and p38 MAPKs are usu-
ally involved in the inflammation and induction of 
apoptosis after exposure to various factors (Harp-
er and LoGrasso, 2001). MAPK cascades are vital 
signaling pathways that convert extracellular sig-
nals into cellular responses (Cohen, 2002). MAPK 
signaling transduction includes several members, 
including Raf/MEK/ERK, which cause many al-
terations in the cells, such as proliferation and dif-
ferentiation, stimulus-specific changes in gene ex-
pression and induction of programmed cell death 
(apoptosis). The induction of this pathway occurs 
due to extracellular agents and pathogens such as 
RNA viruses. At first there was little information 
about this, but today the correlation between RNA 
viruses and this signal transduction pathway is well 
known. This vital control center of cellular respons-
es operates by different mechanisms to protect the 
proliferation of several important human pathogen-
ic RNA viruses, including Ebola, hepatitis C, influ-
enza, and SARS corona viruses (Pleschka, 2008). 
Management and treatment by MAP-Kinase 
pathway inhibitors

In March 2003, a new case of CoV was isolat-
ed from patients who showed atypical pneumonia. 
This was subsequently recognized as the causative 
factor of the respiratory disease now referred to as 
SARS. By studying the effects of the transiently 
expressed viral spike protein (S) of SARS-CoV, 
it was indicated that the S protein plays a neces-
sary function in virus-stimulated COX-2 (cycloo-
xygenase-2) expression (Cai et al., 2007). COX-2 
is a prostaglandin synthetase enzyme involved in 
inflammatory processes (Wymann and Schneiter, 
2008) that is closely modulated by various factors 

as cytokines (Funk and FitzGerald, 2007). The 
upstream calcium-dependent PKCα (protein ki-
nase C type α) that regulates the downstream Raf/
MEK/ERK pathway is induced by the S protein of 
SARS-CoV. It was shown that ERK is involved in S 
protein-induced activation of the COX-2 promoter 
and the production of COX-2 protein in HEK293T 
cells. This result helps to describe the vital role of 
SARS-CoV S protein in SARS pathogenesis (Liu 
et al., 2007).

More information on the MAPK signaling 
pathway activated by coronavirus was obtained for 
MHV (mouse hepatitis virus). MHV infection of 
cultured cells resulted in activation of all members 
of this pathway such as Raf/MEK/ERK (Cai et al., 
2006) and inhibition of this signaling pathway by 
UO126, a highly selective inhibitor of both MEK1 
and MEK2 through inhibition of the catalytic ac-
tivity of the active enzyme, or knockdown of MEK 
and ERK by siRNAs remarkably destructed MHV 
progeny production (Battcock et al., 2006; Wang 
et al., 2018). Treatment by inhibitory properties of 
UO126 did not affect virus entry or cellular and vi-
ral mRNA synthesis. Nevertheless, production of 
viral genomic and sub-genomic RNAs was strongly 
suppressed by using UO126. These results clearly 
show that the MAPK signaling pathway is involved 
in RNA synthesis of MHV (Cai et al., 2007). One 
of the main reasons for the virus to activate the 
MAPK pathway is that this up-regulation seems to 
be involved in the downregulation of IFN synthe-
sis and thus suppresses the cellular innate immune 
response, which would be useful for viral prolifer-
ation (Battcock et al., 2006). There are studies that 
show that RNA viruses induce MAPK signaling via 
viral surface structures, which then can activate Ras 
or PKCs, leading to activation of Raf protein (Lud-
wig et al., 2004; James et al., 2015). 

It remains to be determined what specific in-
teractions between the viral factor and host com-
ponents trigger MAPK signaling. However, it can 
be predicted that the viral protein either recruits 
intracellular signaling factors or interacts with re-
ceptor kinases on the cell surface. Replication of 
the genome and transcription process seems to 
be modulated by the activity of the pathway. This 
demonstrates that MAPK cascade activation might 
be necessary for efficient virus proliferation and 
suggests that this signaling pathway can be consid-
ered an interesting cellular target for potent anti-vi-
ral approaches. For example, notable anti-viral ac-
tion against both types A and B influenza viruses in 
cell culture (Ludwig et al., 2004) and infected mice 
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(Ludwig et al., 2003) could be shown for MEK 
inhibitors, such as U0126, PD098059 and others. 
Moreover, these compounds have little toxicity in 
both culture medium (Planz et al., 2001) and mice 
(Sebolt-Leopold et al., 1999).

Various promising MAPK pathway inhibi-
tors, especially MEK protein, such as Cl-1040 are 
also being tested in clinical trials as anti-cancer ap-
proaches to be used over longer periods of time, 
supporting the idea that these compounds might be 
beneficial in anti-viral inhibitory treatment (Cohen, 
2002; Friday and Adjei, 2008). In addition, inhibi-
tors that involve MAPK signaling agents are being 
tested in clinical trials in the treatment of HCV-
caused HCC based on: this pathway is an important 
molecular mechanism involved in HCC consist of 
protection and proliferation. Thus, inhibition of the 
MAPK pathway would help to fight cancer cells 
and the causative agent, HCV. Furthermore, MAPK 
suppression blocks stimulation of the pathway by 
extracellular signals, such as TGFα and EGF (Pang 
and Poon, 2007). Furthermore, MEK inhibitors did 
not demonstrate any tendency to induce replication 
of resistant viruses (Ludwig et al., 2004). Accord-
ing to a study by Cai et al. (2007), two main in-
hibitors of MEK1/2 mean UO126 and PD98059 
suppressed MHV proliferation. In addition, the ef-
fects of the MEK1/2 inhibitors on virus replication 
closely correlated with their inhibitory effects on 
phosphorylation of the substrate ERK1/2, suggest-
ing a function for the MAPK signaling pathway in 
MHV proliferation.

Furthermore, studies showed that the expres-
sion of Egr-1 gene following MHV infection mean-
ingfully increases in DBT cells. Because Egr-1 
gene is a downstream substrate of the MAPK path-
way and based on induction by MHV, treating the 
cells was blocked when the MEK inhibitor UO126 
was used. These results strongly support the the-
ory that the components of MAPK pathway play 
an important function in MHV infection, probably 
through the induction of its downstream agents 
such as Egr-1 (Cai et al., 2006). Manipulating cells 
with UO126 inhibitor, often remarkably suppressed 
the propagation of influenza A virus, Borna disease 
virus, Coxsackie-virus B3, and HCMV (Johnson et 
al., 2001; Planz et al., 2001; Pleschka et al., 2001; 
Luo et al., 2002). Thus, it appears that the MEK1/2 
inhibitors have a broad effect on the propagation of 
viruses from various families, such as DNA virus-
es, retroviruses, positive-strand and negative-strand 
RNA-viruses (Cai et al., 2006). Based on a study 
by Kennedy et al. (2006), the MAP kinases JNK, 

p38, and ERK1/ERK2 are also activated by ET-1, 
microarray analysis of cardiac myocytes stimulated 
with ET-1 in the absence or presence of the ERK1/
ERK2 inhibitor UO126 suggested that the majori-
ty of alterations in the level of gene expression in 
response to ET-1 are regulated by induction of the 
ERK1/ERK2 signaling pathway. According to a 
study by Gallagher et al. (2008), it was shown that 
treatment of myocytes with two inhibitors com-
plex, such as PD-98059 and UO126, to prevent the 
MEK and ERK activation blocked both the ET-1 
and ANG-II mediated inhibition of ACE2. The re-
search results of Gallagher et al. (2008) show that 
activation of ERK1/ERK2 and the ERK-mediated 
regulation of gene transcription represent the mo-
lecular mechanism for the reduction of ACE2 by ei-
ther agonist. The 5´ upstream element of the ACE2 
promoter contains a number of putative sites for the 
binding of transcriptional factors regulated by ANG 
II, including sites for c-jun, c-fos, AP-1 and AP-2 
(activator protein) and nuclear factor-κβ.

Fig. 1: ACE2 is a receptor for the virus to enter 
the cell. But because of its protective role, 
decreased expression through the MAPKinase 
path can be associated with ARDS.
Conclusion

The COVID-19 virus is a new virus linked 
to the same family of viruses as SARS. ACE2 is a 
protein that sits on the surface of various types of 
cells in the human organs, including the lung, heart, 
and intestinal surface, and inside the nose. Also 
ACE2 is a key goal in biochemical-metabolisms 
that modulates wound healing, blood pressure and 
inflammation. Amino acid sequence of the ACE2 
forms a grooved pocket, allowing it to snag and 
chop up a destructive protein called angiotensin II, 
which drives up blood pressure and damages tis-
sues. But angiotensin II is not the only thing that fits 
in ACE2’s pocket. The structures of the coronavirus 
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and ACE2 protein are complementary so that this 
protein allows the virus to enter the cell, then infec-
tion begins by hijacking the cell’s protein-making 
agents to make copies of itself.

An increasing number of studies indicating 
the importance of RNA virus-induced MAPK sig-
naling cascade for viral propagation is emerging. 
Inhibition of MAPK pathways may provide novel 
anti-inflammatory therapies and this is connected 
to thorough exploration of virus and host interac-
tions and provides new avenues in virus pathol-
ogy. It can therefore be expected that our knowl-
edge of RNA virus-induced MAPK signaling will 
steadily increase over time. The main effects of 
the ERK signaling pathway are cell proliferation, 
differentiation and development. Previous studies 
have shown that ERK signaling plays a key func-
tion in lung injuries and ERK1/2 pathway can 
up-regulation the inflammatory cytokines as IL‐1β 
and TNF‐α during lung inflammation processes. 
Accordingly, pharmacologic inhibition of ERK 
molecule, as an inhibitory treatment, provides a 
promising new therapeutic strategy against lung 
inflammatory diseases, especially Covid-19. How-
ever, the properties of these mechanisms are not yet 
well understood and require further study; a better 
understanding of this issue will increase our un-
derstanding of the management of the disease. In 
confirmation of these results, the findings show that 
inhibition of MEK1/2 and ERK1/2 with specific 
siRNAs significantly suppressed MHV replication 
and knockdown of Egr-1 by siRNA inhibited MHV 
replication. Also, several studies showed that the 
MAPK p38 plays an important function in acute 
lung injury. The use of inhibitors such as UO126 
and similar compounds can be effective in manag-
ing the disease. According to results, it is expected 
that inhibitory treatment methods are recognized as 
a beneficial way against Covid-19.
Acknowledgements

The authors would like to acknowledge the 
Research Center for Molecular Medicine, Hama-
dan University of Medical Sciences, and Hamadan, 
Iran. The authors are gratefully acknowledged for 
their beneficial support.
References
Bagca, B. G., C. B. Avci (2020). Overview of the COVID-19 

and JAK/STAT pathway inhibition: ruxolitinib perspective. 
Cytokine Growth Factor Rev. 54: 51-61.

Ballif, B. A., J. Blenis (2001). Molecular mechanisms mediat-
ing mammalian mitogen-activated protein kinase (MAPK) 
kinase (MEK)-MAPK cell survival signals. Cell Growth 
Differ. 12: 397-408. 

Battcock, S. M., T. W. Collier, D. Zu, K. Hirasawa (2006). Neg-
ative regulation of the alpha interferon-induced antiviral 
response by the Ras/Raf/MEK pathway. J. Virol. 80: 4422-
4430.

Cai, Y., Y. Liu, X. Zhang (2006). Induction of transcription fac-
tor Egr-1 gene expression in astrocytoma cells by Murine 
coronavirus infection. Virology 355: 152-163.

Cai, Y., Y. Liu, X. Zhang (2007). Suppression of coronavirus 
replication by inhibition of the MEK signaling pathway. J. 
Virol. 81: 446-456. 

Clinical Virology 4th Edition (2016). Richman, D. D., R. J. 
Whitley, F. G. Hayden (Eds.). ASM Press, pp. 1489.

Cohen, P. (2002). Protein kinases - the major drug targets of the 
twenty-first century?. Nat. Rev. Drug Discov. 1: 309-315. 

da Silveira, K. D., F. M. Coelho, A. T. Vieira, D. Sachs, L. C. 
Barroso, V. V. Costa, T. L. B. Bretas, M. Bader, L. P. de Sou-
sa, T. A. da Silva (2010). Anti-inflammatory effects of the 
activation of the angiotensin-(1–7) receptor, MAS, in ex-
perimental models of arthritis. J. Immunol. 185: 5569-5576. 

Diz, D. I., M. A. Garcia-Espinosa, S. Gegick, E. N.Tommasi, 
C. M. Ferrario, E. Ann Tallant, M. C. Chappell, P. E. Gal-
lagher (2008). Injections of angiotensin-converting enzyme 
2 inhibitor MLN4760 into nucleus tractus solitarii reduce 
baroreceptor reflex sensitivity for heart rate control in rats. 
Exp. Physiol. 93: 694-700. 

Donoghue, M., F. Hsieh, E. Baronas, K. Godbout, M. Gosselin, 
N. Stagliano, M. Donovan, B. Woolf, K. Robison, R. Jeya-
seelan (2000). A novel angiotensin-converting enzyme–re-
lated carboxypeptidase (ACE2) converts angiotensin I to 
angiotensin 1-9. Circ. Res. 87: e1-e9. 

dos Santos, L. A. M., G. B. Rodrigues, F. V. B. Mota, M. E. 
R. de França, K. P. de Souza Barbosa, W. H. de Oliveira, 
S. W. S. Rocha, D. B. Lós, A. K. S. Silva, T. G. da Silva 
(2018). New thiazolidinedione LPSF/GQ-2 inhibits NFκB 
and MAPK activation in LPS-induced acute lung inflamma-
tion. Int. Immunopharmacol. 57: 91-101. 

Friday, B. B., A. A. Adjei (2008). Advances in targeting the Ras/
Raf/MEK/Erk mitogen-activated protein kinase cascade 
with MEK inhibitors for cancer therapy. Clin. Cancer Res. 
14: 342-346. 

Funk, C. D., G. A. FitzGerald (2007). COX-2 inhibitors and 
cardiovascular risk. J. Cardiovasc. Pharmacol. 50: 470-479.

Gallagher, P. E., C. M. Ferrario, E. A. Tallant (2008). Regula-
tion of ACE2 in cardiac myocytes and fibroblasts. Am. J. 
Physiol. Heart Circ. 295: H2373-H2379. 

Harper, S. J., P. LoGrasso (2001). Signalling for survival and 
death in neurones: the role of stress-activated kinases, JNK 
and p38. Cell Signal 13: 299-310.

Hilgenfeld, R., M. Peiris (2013). From SARS to MERS: 10 
years of research on highly pathogenic human coronavirus-
es. Antiviral Res. 100: 286-295. 

Huang, C., Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, 
G. Fan, J. Xu, X. Gu (2020). Clinical features of patients 
infected with 2019 novel coronavirus in Wuhan, China. 
Lancet 395: 497-506. 

James, S. J., H. Jiao, H. Y. Teh, H. Takahashi, C. W. Png, M. C. 
Phoon, Y. Suzuki, T. Sawasaki, H. Xiao, V. T. Chow (2015). 
MAPK phosphatase 5 expression induced by influenza and 
other RNA virus infection negatively regulates IRF3 acti-
vation and type I interferon response. Cell Rep. 10: 1722-
1734. 

Johnson, R. A., X. L. Ma, A. D. Yurochko, E. S. Huang (2001). 



182

The role of MKK1/2 kinase activity in human cytomegalo-
virus infection. J. Gen. Virol. 82: 493-497. 

Kennedy, R. A., T. J. Kemp, P. H. Sugden, A. Clerk (2006). 
Using U0126 to dissect the role of the extracellular sig-
nal-regulated kinase 1/2 (ERK1/2) cascade in the regulation 
of gene expression by endothelin-1 in cardiac myocytes. J. 
Mol. Cell. Cardiol. 41: 236-247. 

Lei, J., J. Li, X. Li, X. Qi (2020). CT imaging of the 2019 novel 
coronavirus (2019-nCoV) pneumonia. Radiology 295: 18. 

Letko, M., V. Munster (2020). Functional assessment of cell 
entry and receptor usage for lineage B β-coronaviruses, in-
cluding 2019-nCoV. Nat. Microbiol. 5: 562–569.

Liu, M., Y. Yang, C. Gu, Y. Yue, K. K. Wu, J. Wu, Y. Zhu 
(2007). Spike protein of SARS-CoV stimulates cyclooxy-
genase-2 expression via both calcium-dependent and calci-
um-independent protein kinase C pathways. FASEB J. 21: 
1586-1596.

Liu, T., L. Zhang, D. Joo, S. C. Sun (2017). NF-kappaB signal-
ing in inflammation. Sig. Transduct. Target Ther. 2: 17023. 

Ludwig, S., O. Planz, S. Pleschka, T. Wolff (2003). Influen-
za-virus-induced signaling cascades: targets for antiviral 
therapy? Trends Mol. Med. 9: 46-52.

Ludwig, S., T. Wolff, C. Ehrhardt, W. J. Wurzer, J. Reinhardt, 
O. Planz, S. Pleschka (2004). MEK inhibition impairs in-
fluenza B virus propagation without emergence of resistant 
variants. FEBS Lett. 561: 37-43.

Luo, H., B. Yanagawa, J. Zhang, Z. Luo, M. Zhang, M. Esfan-
diarei, C. Carthy, J. E. Wilson, D. Yang, B. M. McManus 
(2002). Coxsackievirus B3 replication is reduced by inhibi-
tion of the extracellular signal-regulated kinase (ERK) sign-
aling pathway. J. Virol. 76: 3365-3373.  

Luo, S. F., R. Y. Fang, H. L. Hsieh, P. L. Chi, C. C. Lin, L. 
D. Hsiao, C. C. Wu, J. S. Wang, C. M. Yang (2010). In-
volvement of MAPKs and NF-κB in tumor necrosis factor 
α–induced vascular cell adhesion molecule 1 expression in 
human rheumatoid arthritis synovial fibroblasts. Arthritis 
Rheumatism. 62: 105-116. 

Meng, Y., C.-H. Yu, W. Li, T. Li, W. Luo, S. Huang, P.-S. Wu, 
S.-X. Cai, X. Li (2014). Angiotensin-converting enzyme 2/
angiotensin-(1-7)/Mas axis protects against lung fibrosis by 
inhibiting the MAPK/NF-κB pathway. Am. J. Respir. Cell. 
Mol. Biol. 50: 723-736. 

Netland, J., D. K. Meyerholz, S. Moore, M. Cassell, S. Perl-
man (2008). Severe acute respiratory syndrome coronavirus 
infection causes neuronal death in the absence of encepha-
litis in mice transgenic for human ACE2. J. Virol. 82: 7264-
7275.  

Pang, R. W., R. T. Poon (2007). From molecular biology to tar-
geted therapies for hepatocellular carcinoma: the future is 
now. Oncology 72: 30-44.  

Planz, O., S. Pleschka, S. Ludwig (2001). MEK-specific inhib-
itor U0126 blocks spread of Borna disease virus in cultured 
cells. J. Virol. 75: 4871-4877.

Pleschka, S. (2008). RNA viruses and the mitogenic Raf/MEK/
ERK signal transduction cascade. Biol. Chem. 389: 1273-
1282. 

Pleschka, S., T. Wolff, C. Ehrhardt, G. Hobom, O. Planz, U. 
R. Rapp, S. Ludwig (2001). Influenza virus propagation is 
impaired by inhibition of the Raf/MEK/ERK signalling cas-
cade. Nat. Cell. Biol. 3: 301-305. 

Rothan, H. A., S. N. Byrareddy (2020). The epidemiology and 
pathogenesis of coronavirus disease (COVID-19) outbreak. 

J. Autoimmun. 109: 102433. 
Sebolt-Leopold, J. S., D. T. Dudley, R. Herrera, K. Van Bece-

laere, A. Wiland, R. C. Gowan, H. Tecle, S. D. Barrett, A. 
Bridges, S. Przybranowski, W. R. Leopold, A. R. Saltiel 
(1999). Blockade of the MAP kinase pathway suppresses 
growth of colon tumors in vivo. Nat. Med. 5: 810-816. 

Serfozo, P., J. Wysocki, G. Gulua, A. Schulze, M. Ye, P. Liu, J. 
Jin, M. Bader, T. Myöhänen, J. A. García-Horsman (2020). 
Ang II (angiotensin II) conversion to angiotensin-(1-7) in 
the circulation is POP (prolyloligopeptidase)-dependent 
and ACE2 (angiotensin-converting enzyme 2)-independent. 
Hypertension 75: 173-182. 

Severin, S., C. Ghevaert, A. Mazharian (2010). The mitogen‐
activated protein kinase signaling pathways: role in meg-
akaryocyte differentiation. J. Thromb. Haemost. 8: 17-26. 

Siddell, S. G., J. Ziebuhr, E. J. Snijder (2005). Coronaviruses, 
toroviruses, and arteriviruses. In: B. W. J. Mahy and V. Ter 
Meulen (Eds.), Topley & Wilson’s Microbiology and Micro-
bial Infections. Hodder Arnold, London. pp. 823-856.

Walls, A. C., Y. J. Park, M. A. Tortorici, A. Wall, A. T. McGuire, 
D. Veesler (2020). Structure, function, and antigenicity of 
the SARS-CoV-2 spike glycoprotein. Cell 181: 281-292

Wang, J. Z., C. Long, K. Y. Li, H. T. Xu, L. L. Yuan, G. Y. Wu 
(2018). Potent block of potassium channels by MEK inhib-
itor U0126 in primary cultures and brain slices. Sci. Rep. 8: 
8808. 

Wrapp, D., N. Wang, K. S. Corbett, J. A. Goldsmith, C. L. 
Hsieh, O. Abiona, B. S. Graham, J. S. McLellan (2020). 
Cryo-EM structure of the 2019-nCoV spike in the prefusion 
conformation. Science 367: 1260-1263. 

Wymann, M. P., R. Schneiter (2008). Lipid signalling in dis-
ease. Nat. Rev. Mol. Cell Biol. 9: 162-176. 

Xie, K., Y. Yu, Y. Huang, L. Zheng, J. Li, H. Chen, H. Han, 
L. Hou, G. Gong, G. Wang (2012). Molecular hydrogen 
ameliorates lipopolysaccharide-induced acute lung injury in 
mice through reducing inflammation and apoptosis. Shock 
37: 548-555. 

Yasuda, T. (2016). MAP kinase cascades in antigen receptor 
signaling and physiology. Curr. Top. Microbiol. Immunol. 
393: 211-231.

Zeng, W., G. Liu, H. Ma, D. Zhao, Y. Yang, M. Liu, A. Moham-
med, C. Zhao, Y. Yang, J. Xie (2020). Biochemical charac-
terization of SARS-CoV-2 nucleocapsid protein. Biochem-
ical and biophysical research communications. Biochem. 
Biophys. Res. Commun. 527: 618-623.

Zhang, D., X. Li, Y. Hu, H. Jiang, Y. Wu, Y. Ding, K. Yu, H. He, 
J. Xu, L. Sun (2018). Tabersonine attenuates lipopolysac-
charide-induced acute lung injury via suppressing TRAF6 
ubiquitination. Biochem. Pharmacol. 154: 183-192. 

Zhang, X., P. Shan, L. E. Otterbein, J. Alam, R. A. Flavell, R. J. 
Davis, A. M. Choi, P. J. Lee (2003). Carbon monoxide inhi-
bition of apoptosis during ischemia-reperfusion lung injury 
is dependent on the p38 mitogen-activated protein kinase 
pathway and involves caspase 3. J. Biol. Chem. 278: 1248-
1258.  

Zhou, P., X. L. Yang, X. G. Wang, B. Hu, L. Zhang, W. Zhang, 
H. R. Si, Y. Zhu, B. Li, C. L. Huang, H. D. Chen, J. Chen, Y. 
Luo, H. Guo, R. D. Jiang, M. Q. Liu, Y. Chen, X. R. Shen, 
X. Wang, X. S. Zheng, K. Zhao, Q. J. Chen, F. Deng, L. L. 
Liu, B. Yan, F. X. Zhan, Y. Y. Wang, G. F. Xiao, Z. L. Shi 
(2020). A pneumonia outbreak associated with a new coro-
navirus of probable bat origin. Nature 579: 270-273.  


