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COVID-19 (novel coronavirus disease 2019), caused by the SARS-CoV-2 virus, has various clinical manifestations
and several pathogenic pathways. Although several therapeutic options have been used to control COVID-19, none
of these medications have been proven to be a definitive cure. Transmembrane serine protease 2 (TMPRSS2) is
a protease that has a key role in the entry of SARS-CoV-2 into host cells. Following the binding of the viral spike
(S) protein to the angiotensin-converting enzyme 2 (ACE2) receptors of the host cells, TMPRSS2 processes
and activates the S protein on the epithelial cells. As a result, the membranes of the virus and host cell fuse.
Bromhexine is a specific TMPRSS2 inhibitor that potentially inhibits the infectivity cycle of SARS-CoV-2. Moreover,
several clinical trials are evaluating the efficacy of bromhexine in COVID-19 patients. The findings of these studies
have shown that bromhexine is effective in improving the clinical outcomes of COVID-19 and has prophylactic
effects by inhibiting TMPRSS2 and viral penetration into the host cells. Bromhexine alone cannot cure all of the
symptoms of SARS-CoV-2 infection. However, it could be an effective addition to control and prevent the disease
progression along with other drugs that are used to treat COVID-19. Further studies are required to investigate the
efficacy of bromhexine in COVID-19.
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BpomrekcuH Kak noteHuManbHbIKW npenapat npotus COVID-19:

OT runoTe3bl K KMMHN4YeCKUM nccnegoBaHusAam

Sara Bahadoram', Bijan Keikhaei', Mohammad Bahadoram’,
Mohammad-Reza Mahmoudian-Sani', Shakiba Hassanzadeh’,
Ali Saeedi-Boroujeni?3#4, Kosar Alikhani’

"MiccnenoBaTernbCKuin LLIEHTP TanacceMmnn u reMornobuHonatnm, VIHCTUTYT MeaguuMHCKUX ccneaoBaHni, YHMBepcuTeT
MeAULMHCKNX Hayk AxBasa [xyHauwanypa, Axeas, Mpak;

201pen uMmyHorornn, MeauumHckuin pakynsTteT, YHMBepCUTET MeaMLMHCKUX Hayk Axsasa [kyHauiuanypa, Axeas, VpaH;
SYHUBEpPCUTET MeAULIMHCKNX Hayk AbGanaHa, AbaaaH, VpaH;

‘ImmunologyToday, YHuBepcarnbHas ceTb Hay4yHoro obpasoBaHus u uccrnegosanuin (USERN), TerepaH, WpaH

HoBas kopoHaBupycHas nHdekuns (COVID-19), BbidbiBaemas Bupycom SARS-CoV-2, umeeT pasnuyHble KInHU-
Yyeckme NpPosIBNEHMS N HECKONBbKO MexaHn3MoB natoreHesa. Xota ans 6opboel ¢ COVID-19 ucnonbayercs Lenbin
psig TepaneBTUYECKMX NOAXOA0B, HU OAMH U3 NpenapaToB He sBnsAeTcs 3EKTUBHBLIM NIeKapCcTBOM. TpaHCMeM-
OpaHHasa cepuHoBas npoTeasa 2 (TMPRSS2) aBnsaetcs npoTeasoi, UrpatoLlen KrnoyeByto posib B MPOHUKHOBE-
HunM SARS-CoV-2 B kneTky. [Nocne npucoegnHeHus cnankosoro (S) 6enka Bupyca K peLenTopy Ha NoBEepXHOCTU
KNeTKM — aHrnoTeHanHnpespalatowemy pepmeHty 2 (ACE2), TMPRSS2 npoueccupyeT 1 aktuBupyeT S-6enok
Ha NOBEPXHOCTU ANUTENUanbHOM KNneTkn. B peaynsrate npoucxoguT crnusiine MembpaH KneTku 1 BUPYCHOW 060-
noykn. bpomrekcuH aensaetcs cneunguyHbiM nHrmbutopom TMPRSS2, noteHumanbHO cnocobHbIM NogaBnaTh
Xn3HeHHbIM umkn SARS-CoV-2. B HacTosilee Bpemsi B HECKOMbKMX KITMHUYECKUX UCCNEAOBaHUSAX NPOBOAUTCS
oueHka adpdekTnBHOCTM BpomrekcrHa y nauneHtoB ¢ COVID-19. Pesynbrathl 3TUX MCCNELOBaHUA NMOKa3bIBaoOT,
4YTO GPOMreKCUH MO3BONSET ynydwarb knuHudeckue ucxogbl COVID-19 n obnagaeTt npodunakTnyecknum gen-
cTBueM, uHrnoupys TMPRSS2 n npoHukHOBeHWE BMpyca B KreTky. bpomrekcuH B kayecTBe MoHOTepanuu He
No3BOMSET NEYNTb BCE CUMMNTOMbI MHMEKUMM, BbIdaBaHHOW SARS-CoV-2. OgHaKko OH MOXET BbICTYNaTb Kak ad-
eKTMBHOE AOMNONHEHNE ANns NPOUNaKTUKM 1 Tepanum NPorpeccMpoBaHns 3aborneBaHns B COMETaHUM C APYrUMN
npenapatamu, ucnonb3yemMbiMu ans nedeHns COVID-19. Heobxoammbl fanbHeENLWne nCCneqoBaHns A OLEHKM
acpdekTnBHOCTN BpomrekcrHa npu COVID-19.

Knroveenie cnoea: SARS-CoV-2, COVID-19, 6pomeexkcuH, TMPRSS2, npocunakmuka COVID-19, mepanus
COVID-19
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Over the last two decades, the coronaviruses SARS-CoV
(severe acute respiratory syndrome coronavirus) and
MERS-CoV (Middle East respiratory syndrome coronavi-
rus) have emerged and transmitted from animals to human
[1]. SARS-CoV-2 is the third emergence that has currently
led to a pandemic. COVID-19 (novel coronavirus dis-
ease 2019), caused by the SARS-CoV-2 virus, has various
clinical manifestations and several pathogenic pathways
[2]. The Center for Disease Control (CDC) classifies the
severity of COVID-19 into five categories: asymptomatic,

mild, moderate, severe, and critical. In symptomatic pa-
tients, about 81% experience amild to moderate COVID-19.
Furthermore, knowledge about the mutations and trans-
mission of the virus is still limited. For example, the emer-
gence of new variants of the virus has increased and more
effective treatment options are required. The recently
emerged SARS-CoV-2-Omicron variant encodes 37 amino
acid substitutions in the spike (S) protein, 15 of which are
in the receptor-binding domain (RBD). These have raised
concerns about the effectiveness of available vaccines and
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antibody therapies [3]. Several treatments have been im-
plemented to control COVID-19 including antimalarial
drugs, anti-HIV (human immunodeficiency virus) drugs,
corticosteroids, and antiviral drugs such as remdesivir
[4, 5]. Recently, the U.S. Food and Drug Administration
(FDA) has issued Emergency Use Authorizations (EUAs)
for using molnupiravir (from Merck) and Paxlovid (from
Pfizer) in the treatment of mild-to-moderate COVID-19.
Several monoclonal antibodies and a variety of immuno-
modulators are also used in the treatment of COVID-19
[6]. However, none of these medications have been proven
to be a definitive cure for the disease and the virus contin-
ues to take lives globally. The SARS-CoV-2 virus pene-
trates the host cell through two pathways; endocytosis and
non-endocytosis. In addition, each pathway has several
subsets with various mechanisms that depend on the topol-
ogy of the virus’s outer surface, protein content, and host
cell type [7, 8]. This virus has a single-stranded RNA (ribo-
nucleic acid) that encodes a class I fusion protein called the
‘spike (S) protein’ that has two main subunits. The S1 sub-
unit binds the virus to the receptors of the host cell. The S2
subunit is involved in the ongoing process and membrane
integration of the virus and host cell. Consequently, the vi-
rus penetrates the host cell. In addition, the virus also pen-
etrates the host cells through a non-endocytic pathway
[9 10]. Angiotensin-converting enzyme-2 (ACE2) acts as a
receptor for the virus S protein. ACE2 is present in most
organs including the throat, heart, kidneys, lungs, and in-
testines. About 85% of the cells that express ACE2 in the
lungs are type 2 alveolar epithelial cells (AEC 1I); there-
fore, the lungs are the most susceptible organ to SARS-
CoV-2 infection [11, 12]. Following the binding of the S
protein to the ACE2 receptor of the host cells, TMPRSS2
(type II transmembrane serine protease), which is a group
of proteases, processes and activates the S protein on the
epithelial cells. As a result, the membranes of the virus and
host cell fuse. After penetrating the cell, the coronavirus
recruits two cysteine proteases for replication; papain-like
protease (PLP°) and 3-chymotrypsin-like protease (3CLP™)
[13]. Therefore, in addition to TMPRSS?2, these proteases,
especially 3CLP™, can be an appropriate target for antiviral
drugs. This protease has been targeted by drugs such as
lopinavir-ritonavir and chloroquine [14]. As a result, inhi-
bition of this serine protease may be a suitable target to
control coronavirus infections [15, 16]. The TMPRSS2 in-
hibitors, camostat and nafamostat, have a role in inflamma-
tory reactions and have been used in treating pancreatitis
[17]. It has been reported that nafamostat has inhibitory
effects in MERS-CoV infection [16]. In addition, Hoff-
mann M. et al. reported that camostat may be effective in
COVID-19 due to its antiviral effects in addition to its po-
tential role in decreasing excessive cytokine release in se-
vere cases [18]. Bromhexine is effective in treating
COVID-19 as well as preventing this infection in high-risk
individuals by significantly inhibiting TMPRSS?2 in the ep-
ithelial cells of the lungs. The prophylactic effect of this
drug which is achieved by its ability to prevent viral pene-
tration into host cells can distinguish its effective mecha-
nism against SARS-CoV-2 infection from other standard
treatments. On the other hand, bromhexine has the poten-
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tial to improve the outcome of COVID-19 by inhibiting the
replication of cysteine protease 3CLP™ and disrupting the
viral replication by improving anti-inflammatory markers,
especially the C-reactive protein (CRP) level. Bromhexine
is a benzylamine derivative of the quinazoline alkaloid of
vasicine which is extracted from a plant called Adhatoda
vasica. For decades, it has been used as an over-the-count-
er (OTC) drug because of its mucolytic and cough suppres-
sant effects [19]. Bromhexine can be taken orally three
times a day with a dose range of 8—16 mg. Inhaled or nasal
forms of bromhexine are suitable alternatives to the oral
form since they have a more rapid effect and reduced first-
pass effect. Pharmacokinetically, bromhexine has an ap-
propriate distribution in the lung tissue and as a result, has
high concentrations in bronchial epithelial cells. Therefore,
bromhexine significantly inhibits the TMPRSS2s that are
present on the surface of the lung epithelial cells and pre-
vents viral penetration (shown in Figure). Lucas J.M. et al.
have reported that bromhexine has a selective inhibitory
effect on TMPRSS2 due to its bromide derivative. In addi-
tion, it has a high binding affinity to 3CLP™ and its inhibi-
tors [20]. Shen L.W. et al. reported that bromhexine, as an
inhibitor of TMPRSS2, has been effective in controlling
SARS-CoV and MERS infections [21]. Bromhexine is
generally a safe drug. The incidence of side effects caused
by bromhexine hydrochloride has been reported to be sim-
ilar in children and adults. Following the signs or symp-
toms of allergic reactions, patients should urgently termi-
nate bromhexine hydrochloride. In addition, bromhexine is
not recommended for use in children under 2 years of age
due to the risk of serious side effects [22]. Several clinical
trials are evaluating the efficacy of bromhexine in
COVID-19 and some of them are listed in Table. The clin-
ical trial with the registration number NCT04273763 was
the first clinical trial to investigate the effect of adding
bromhexine to the standard anti-coronavirus regimen in
patients with suspected or confirmed COVID-19. The re-
sults of this trial showed that the number of patients that
required oxygen inhalation as well as the required duration
of oxygen inhalation decreased by 50.01% and 50.0%, re-
spectively. This indicates the effectiveness of this drug on
the clinical improvement of patients even in the most se-
vere cases. In addition, the reduced incidence of COVID-19
in high-risk patients in this study confirmed the prophylac-
tic effect of bromhexine through its inhibitory mechanisms
on TMPRSS?2 and viral penetration into the host cells [23].
Another clinical trial that was conducted on 78 patients in
Iran examined the effect of bromhexine in addition to the
standard regimen in SARS-CoV-2 infection. The results
showed a decrease in the hospitalization rate by
about 22.92%, and the need for intubation and ventilation
by 20.5%. It also reported that the mortality rate of the
group that had received bromhexine dropped from 12.8%
to zero [24]. Moreover, symptoms such as cough and dys-
pnea, and inflammatory markers such as lactate dehydro-
genase (LDH), neutrophil-lymphocyte ratio (NLR), and
CRP improved significantly. These results indicate the pos-
itive effect of bromhexine on preventing excessive cyto-
kine release and controlling inflammatory reactions. In
addition, after two weeks of taking bromhexine, CRP was
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surprisingly negative in all of the respondents in the study
group (received bromhexine), while it was still positive
in 83.3% of the patients in the control group [24]. In an
open-label randomized controlled pilot study, patients with
moderate COVID-19 were randomly divided into brom-
hexine hydrochloride (BRH) or control groups. Both
groups received routine treatment according to China’s
Novel Coronavirus Pneumonia Diagnosis and Treatment
Plan. However, the patients in the BRH group were addi-
tionally given oral bromhexine hydrochloride (32 mg,
three times a day) for 14 consecutive days. The results sug-
gested that BRH had the advantage over placebo by im-
proved results of chest computed tomography (CT) scans,
need for oxygen therapy, and discharge rate within 20 days
[25]. The results of another open-label nonrandomized
comparative clinical trial showed that the combination of
bromhexine with spironolactone was effective in treating
COVID-19. The results of this study showed a faster nor-
malization of the clinical condition, faster decrease in tem-

OB30PbI

perature (one and a half times), and reduced explanatory
combined endpoint of the viral load or long duration of
hospitalization (>10 days) [26]. Another double-blind ran-
domized clinical trial was conducted with parallel alloca-
tion ata 1 : 1 ratio with placebo of low doses of hydroxy-
chloroquine plus bromhexine for 60 days. The results of
this study showed for the first time that hydroxychloro-
quine plus bromhexine could function in disease preven-
tion. This could help to provide prophylaxis to healthcare
professionals worldwide. Therefore, the use of hydroxy-
chloroquine and bromhexine in healthy healthcare profes-
sionals that are exposed to patients with confirmed or sus-
pected COVID-19 may significantly reduce SARS-CoV-2
infection in this population [27]. Although bromhexine
alone cannot cure all of the symptoms of SARS-CoV-2 in-
fection, it could be an effective addition to control and pre-
vent the disease progression along with other drugs that are
used to treat COVID-19. However, further clinical trials
are required for a definitive conclusion. Access to widely

Table. The most important clinical trials that evaluate the efficacy of bromohexine in COVID-19 (registered at Clinicaltrials.gov)

Tabauna. HanboJsiee BaskHble KJIMHUYECKHE HCCIe0BAHHUS, B KOTOPBIX OlleHNBaeTcs 3 pekTHBHOCTH OpoMorexcuHa npu COVID-19

(3aperucrpupoBaHbl Ha caiite Clinicaltrials.gov)

ClinicalTrials.gov
Study title Combinations studied Status " identifier
HasBanue uccienoBanus Hccnenyemblie koMOMHAIMN Craryc He}m@fl Karop
Ha caiite
ClinicalTrials.gov
Clinical Trial With N-acetylcysteine and Bromhexine Ipenapar: Vitamin C Not yet NCT04928495
for COVID-19 Drug: NAC recruiting
Knuanueckue ucnsitanns N-aneTHINNCTEHHA Drug: NAC + BMX Habop
u o6pomrekcuna npu COVID-19 Ipenapar: Butamun C YYaCTHHKOB
[penapar: NAC €Ile He MPOBO-
[penapar: NAC + BMX JTUTCS
Use of Bromhexine and Hydroxychloroquine for Treatment Drug: BMX oral tablet and/or Recruiting NCT04355026
of COVID-19 Pneumonia hydroxychloroquine tablet ITpoBoxurcst
[IpumeneHne OPOMIeKCHHA U THAPOKCUXIOPOXHHA [penapar: nepopansro Tadbinetka BMX Habop y4act-
Juts siedeHns maesMonuu ipu COVID-19 1/uiy TabJeTKa THAPOKCHXIIOPOXHHA HUKOB
Low-dose Hydroxychloroquine and Bromhexine: a Novel Drug: Hydroxychloroquine sulfate Enrolling by NCT04340349
Regimen for COVID-19 Prophylaxis in Healthcare Professionals Drug: BMX 8 mg invitation
Mautble 103bl THAPOKCHXJIOPOXHHA U OPOMIeKCHHA! Ipenapar: ruAPOKCUXJIOPOXHUHA CYyIIb(hAT YuacTHuKH
HOBBIH pexxuM npodunaktukn COVID-19 y MemuIuHCKHX Ipenapar: BMX 8 mr MIPUNIAIIAIOTCS
pabOTHHKOB
Evaluating the Efficacy and Safety of Bromhexine Drug: BMX Hydrochloride tablets Active, not NCT04273763
Hydrochloride Tablets Combined With Standard Treatment/ Drug: Arbidol hydrochloride granules recruiting
Standard Treatment in Patients With Suspected Drug: Recombinant human INF o2b spray Beimonssi-
and Mild Novel Coronavirus Pneumonia (COVID-19) [penapar: rugpoxnopug BMX, tabnerkn eTcs, Habop
OrieHka 3¢ GEeKTUBHOCTH 1 O€30MaCHOCTH OPOMIEKCHHA [penapar: ruapoxiaopus apouona, YYaCTHHKOB HE
THAPOXJIOpHU/IA B TaONETKaX B COYSTAHUH CO CTaHIAPTHBIM rpaHyIibl MPOBOAUTCS
neyennem/CTaHJapTHOE JICUCHHUE MAIIMEHTOB C MPE/Ioara- IIpenapar: pekoMOMHAHTHBIH
eMoii 1 JI€rkolt (hopMOit HOBOH KOPOHABHPYCHOI ITHEBMOHHU yenoseueckuii INF-a2b, cripeit
(COVID-19)
BromhexIne and Spironolactone for CoronavirUs Drug: BMX and spironolactone Recruiting NCT04424134
Infection requiring hospiTalization (BISCUIT) Drug: Base therapy IIpoBogurcs
Bpomrexcnn I CiupoHOTAKTOH 1151 JTIEUCHUS [Ipemapar: BMX u ciupoHOIaKTOH Habop
KopounaBupycuoit Undexunmu, Ipenapar: 6a3oBast Tepanus Y4aCTHUKOB
Tpeoyromreii rocruranusaiyu (BUCKBUT)
Prevention of Infection and Incidence of COVID-19 Drug: BMX hydrochloride Completed NCT04405999
in Medical Personnel Assisting Patients With New TIpenapar: ruxpoxsiopug BMX 3aBepuIeHO

Coronavirus Disease

IMpodunakruka 3apakenus u 3abonesaemoct COVID-19
MEAUIIHCKOTO IEPCOHAIA, OKA3bIBAIOIIETO IIOMOLIb
NalMeHTaM C HOBOM KOpOHABUPYCHOM nHpeKunei

Abbreviations: N-acetylcysteine (NAC), bromhexine (BMX) and interferon (INF), Milligram (mg).
Ao6pesunarypbl: N-anermiuctent (NAC), 6pomrexcrud (BMX) u untepdepon (INF), mumurpamm (Mr).
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Figure. TMPRSS2 inhibition by bromhexine. TMPRSS?2 is a protease that has a key role in the entry of SARS-CoV-2 into host cells. Follow-
ing the binding of the viral S protein to the ACE2 receptors of the host cells, TMPRSS2 processes and activates the S protein on the epithelial
cells. As a result, the membranes of the virus and host cell fuse. Therefore, bromhexine is a specific TMPRSS2 inhibitor that potentially
inhibits the infectivity cycle of SARS-CoV-2 [Abbreviations: Endoplasmic reticulum (ER), Transmembrane serine protease 2 (TMPRSS2),
Spike protein (S protein), and Angiotensin-converting enzyme 2 (ACE2)].

Pucynoxk. Uarnduposanne TMPRSS2 6pomrexcunom. TMPRSS2 — npoteasa, urparomnias KIH4YeBy0 poib B mpoHnkHOBeHNH SARS-CoV-2
B K1IeTKy. [Tocie cBs3piBanus BUupycHoro S-6einka ¢ pernentopom ACE2, TMPRSS2 nporieccupyer u akTuBHpyeT S-0€I0K Ha HOBEPXHOCTH
SMUTENNANBHON KIETKH. B pe3ynpraTe MpOMCXOANT CIUSIHIE MeMOpaH KIETKH U BUPYCHOM 00omouku. Takum oOpa3zom, OpoMIreKcrH sBIs-
etcs cnenupuuHbiM nHruonTopoM TMPRSS?2, noreHuanbHO ClIOCOOHBIM MOAABNATH )KU3HEHHBIN UK SARS-CoV-2. [AGOpeBUATYPBI:
sHpomIa3Marndecknii petukyinym (ER), TpancmemOpannas cepunosas npoteasa 2 (TMPRSS2), craiikoBslit 6enok (S-0e10Kk) 1 aHTHOTEH-
suHnpespammaronmii gepment 2 (ACE2)].

available and inexpensive oral medications such as brom-
hexine may provide another effective layer of protection
and help to end this pandemic soon, especially with the
emergence of new variants and the challenges of mass vac-
cination faced by developing countries. Further investiga-
tion is required to assess whether the new variants are sus-
ceptible to post-exposure prophylaxis with bromhexine,
and to gauge optimal dosing.

REFERENCES

1.  De Wit E., van Doremalen N., Falzarano D., Munster V.J. SARS
and MERS: recent insights into emerging coronaviruses. Nat.
Rev. Microbiol. 2016; 14(8): 523-34. https://doi.org/10.1038/
nrmicro.2016.81

2. Harrison A.G., Lin T., Wang P. Mechanisms of SARS-CoV-2
transmission and pathogenesis. Trends Immunol. 2020; 41(12):
1100-15. https://doi.org/10.1016/j.it.2020.10.004

3. Cameroni E., Bowen J.E., Rosen L.E., Saliba C., Zepeda S.K.,
Culap K., et al. Broadly neutralizing antibodies overcome SARS-
CoV-2 Omicron antigenic shift. Nature. 2022; 602(7898): 664—70.
https://doi.org/10.1038/s41586-021-04386-2

4. Depfenhart M., de Villiers D., Lemperle G., Meyer M., Di Somma
S. Potential new treatment strategies for COVID-19: is there a role
for bromhexine as add-on therapy? Intern. Emerg. Med. 2020;
15(5): 801-12. https://doi.org/10.1007/s11739-020-02383-3

5. ToK.K., Tsang O.T., Leung W.S., Tam A.R., Wu T.C., Lung D.C., et
al. Temporal profiles of viral load in posterior oropharyngeal saliva

130

10.

11.

12.

samples and serum antibody responses during infection by SARS-
CoV-2: an observational cohort study. Lancet Infect. Dis. 2020;
20(5): 565—74. https://doi.org/10.1016/s1473-3099(20)30196-1
Niknam Z., Jafari A., Golchin A., Danesh Pouya F., Nemati
M., Rezaei-Tavirani M., et al. Potential therapeutic options for
COVID-19: an update on current evidence. Eur: J. Med. Res. 2022;
27(1): 6. https://doi.org/10.1186/s40001-021-00626-3

Grove J., Marsh M. The cell biology of receptor-mediated virus
entry. J. Cell Biol. 2011; 195(7): 1071-82. https://doi.org/10.1083/
jcb.201108131

Weiss S.R., Navas-Martin S. Coronavirus pathogenesis and the
emerging pathogen severe acute respiratory syndrome coronavirus.
Microbiol. Mol. Biol. Rev. 2005; 69(4): 635-64. https://doi.
org/10.1128/mmbr.69.4.635-664.2005

Huang Y., Yang C., Xu X.F, Xu W,, Liu S.W. Structural and
functional properties of SARS-CoV-2 spike protein: potential
antivirus drug development for COVID-19. Acta Pharmacol. Sin.
2020; 41(9): 1141-9. https://doi.org/10.1038/s41401-020-0485-4
Astuti L., Ysrafil. Severe Acute Respiratory Syndrome Coronavi-
rus 2 (SARS-CoV-2): An overview of viral structure and host re-
sponse. Diabetes Metab. Syndr. 2020; 14(4): 407-12. https://doi.
org/10.1016/j.dsx.2020.04.020

Zhang H., Penninger J.M., Li Y., Zhong N., Slutsky A.S. Angioten-
sin-converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor: molec-
ular mechanisms and potential therapeutic target. Intensive Care Med.
2020; 46(4): 586-90. https://doi.org/10.1007/s00134-020-05985-9
Gheblawi M., Wang K., Viveiros A., Nguyen Q., Zhong J.C., Turn-
er A.J., et al. Angiotensin-converting enzyme 2: SARS-CoV-2 re-
ceptor and regulator of the renin-angiotensin system: Celebrating



BOMPOCHI BUPYCOJIOTUU. 2022; 67(2)
https://doi.org/10.36233/0507-4088-106

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

the 20" anniversary of the discovery of ACE2. Circ. Res. 2020;
126(10): 1456-74. https://doi.org/10.1161/circresaha.120.317015
WuC,, LiuY., Yang Y., Zhang P., Zhong W., Wang Y., et al. Analysis
of therapeutic targets for SARS-CoV-2 and discovery of potential
drugs by computational methods. Acta Pharm. Sin. B. 2020; 10(5):
766-88. https://doi.org/10.1016/j.apsb.2020.02.008

Sisay M. 3CL(pro) inhibitors as a potential therapeutic option
for COVID-19: Available evidence and ongoing clinical trials.
Pharmacol. Res. 2020; 156: 104779. https://doi.org/10.1016/j.
phrs.2020.104779

Sonawane K.D., Barale S.S., Dhanavade M.J., Waghmare S.R.,
Nadaf N.H., Kamble S.A., et al. Structural insights and inhibition
mechanism of TMPRSS2 by experimentally known inhibitors Ca-
mostat mesylate, Nafamostat and Bromhexine hydrochloride to
control SARS-coronavirus-2: A molecular modeling approach. In-
form. Med. Unlocked. 2021; 24: 100597. https://doi.org/10.1016/j.
imu.2021.100597

Hoffmann M., Schroeder S., Kleine-Weber H., Miiller M. A., Drosten C.,
P&hlmann S. Nafamostat mesylate blocks activation of SARS-CoV-2:
New treatment option for COVID-19. Antimicrob. Agents Chemother:
2020; 64(6): €00754-20. https://doi.org/10.1128/aac.00754-20
Yamamoto M., Matsuyama S., Li X., Takeda M., Kawaguchi Y.,
Inoue J.I., et al. Identification of nafamostat as a potent inhibitor of
Middle East respiratory syndrome coronavirus S protein-mediated
membrane fusion using the split-protein-based cell-cell fusion as-
say. Antimicrob. Agents Chemother. 2016; 60(11): 6532-9. https://
doi.org/10.1128/aac.01043-16

Hoffmann M., Hofmann-Winkler H., Smith J.C., Kriiger N., Arora
P., Serensen L.K., et al. Camostat mesylate inhibits SARS-CoV-2
activation by TMPRSS2-related proteases and its metabolite GBPA
exerts antiviral activity. EBioMedicine. 2021; 65: 103255. https://
doi.org/10.1016/j.ebiom.2021.103255

Zanasi A., Mazzolini M., Kantar A. A reappraisal of the muco-
active activity and clinical efficacy of bromhexine. Multidiscip.
Respir. Med. 2017; 12: 7. https://doi.org/10.1186/s40248-017-
0088-1

Lucas J.M., Heinlein C., Kim T., Hernandez S.A., Malik M.S., True
L.D., et al. The androgen-regulated protease TMPRSS2 activates
a proteolytic cascade involving components of the tumor microen-
vironment and promotes prostate cancer metastasis. Cancer Discov.
2014; 4(11): 1310-25. https://doi.org/10.1158/2159-8290.Cd-13-
1010

Shen L.W., Mao H.J., Wu Y.L., Tanaka Y., Zhang W. TMPRSS2:
A potential target for treatment of influenza virus and coronavirus
infections. Biochimie. 2017; 142: 1-10. https://doi.org/10.1016/].
biochi.2017.07.016

Rimsza M.E., Newberry S. Unexpected infant deaths associated
with use of cough and cold medications. Pediatrics. 2008; 122(2):
€318-22. https://doi.org/10.1542/peds.2007-3813

Huang C., Wang Y., Li X., Ren L., Zhao J., Hu Y., et al. Clinical
features of patients infected with 2019 novel coronavirus in Wuhan,
China. Lancet. 2020, 395(10223): 497-506. https://doi.org/10.1016/
S0140-6736(20)30183-5

Ansarin K., Tolouian R., Ardalan M., Taghizadieh A., Varshochi
M., Teimouri S., et al. Effect of bromhexine on clinical outcomes
and mortality in COVID-19 patients: A randomized clinical tri-
al. Bioimpacts. 2020; 10(4): 209-15. https://doi.org/10.34172/
b1.2020.27

LiT., SunL.,Zhang W., Zheng C., Jiang C., Chen M., et al. Bromhex-
ine hydrochloride tablets for the treatment of moderate COVID-19:
an open-label randomized controlled pilot study. Clin. Transl. Sci.
2020; 13(6): 1096—-102. https://doi.org/10.1111/cts.12881

Mareev V.Yu., Orlova Ya.A., Plisyuk A.G., Pavlikova E.P,
Matskeplishvili S.T., Akopyan Zh.A., et al. Results of open-label
non-randomized comparative clinical trial: BromhexIne and Spi-
ronolactone for CoronavirUs Infection requiring hospiTalization
(BISCUIT) [Rezul'taty otkrytogo prospektivnogo kontroliruemogo
sravnitel'nogo issledovaniya po lecheniyu novoy koronavirusnoy
infektsii (COVID-19): Bromgeksin I Spironolakton dlya lecheniya
KoronaVirusnoy Infektsii, Trebuyushchey gospitalizatsii (BISKVIT)].
Kardiologiya. 2020; 60(11): 4-15. https://doi.org/10.18087/car-
di0.2020.11.n1440

Granados-Montiel J., Hazan-Lasri E., Franco-Cendejas R., Chavez-
Heres T., Silva-Bermudez P., Aguilar-Gaytan R., et al. New pro-
phylaxis regimen for SARS-CoV-2 infection in health profes-

10.

11.

12.

13.

14.

15.

16.

OB30PbI

sionals with low doses of hydroxychloroquine and bromhexine: a
randomised, double-blind placebo clinical trial (ELEVATE Trial).
BMJ Open. 2021; 11(8): €045190. https://doi.org/10.1136/bmjop-
en-2020-045190

JUTEPATYPA

De Wit E., van Doremalen N., Falzarano D., Munster V.J. SARS and
MERS: recent insights into emerging coronaviruses. Nat. Rev. Microbiol.
2016; 14(8): 523-34. https://doi.org/10.1038/nrmicro.2016.81
Harrison A.G., Lin T., Wang P. Mechanisms of SARS-CoV-2 trans-
mission and pathogenesis. Trends Immunol. 2020; 41(12): 1100-15.
https://doi.org/10.1016/}.it.2020.10.004

Cameroni E., Bowen J.E., Rosen L.E., Saliba C., Zepeda S.K.,
Culap K., et al. Broadly neutralizing antibodies overcome SARS-
CoV-2 Omicron antigenic shift. Nature. 2022; 602(7898): 664—70.
https://doi.org/10.1038/s41586-021-04386-2

Depfenhart M., de Villiers D., Lemperle G., Meyer M., Di Som-
ma S. Potential new treatment strategies for COVID-19: is there
arole for bromhexine as add-on therapy? Intern. Emerg. Med. 2020;
15(5): 801-12. https://doi.org/10.1007/s11739-020-02383-3

To K.K., Tsang O.T., Leung W.S., Tam A.R., Wu T.C., Lung D.C., et
al. Temporal profiles of viral load in posterior oropharyngeal saliva
samples and serum antibody responses during infection by SARS-
CoV-2: an observational cohort study. Lancet Infect. Dis. 2020;
20(5): 565-74. https://doi.org/10.1016/s1473-3099(20)30196-1
Niknam Z., Jafari A., Golchin A., Danesh Pouya F., Nemati M., Re-
zaei-Tavirani M., et al. Potential therapeutic options for COVID-19:
an update on current evidence. Eur. J. Med. Res. 2022; 27(1): 6.
https://doi.org/10.1186/s40001-021-00626-3

Grove J., Marsh M. The cell biology of receptor-mediated virus
entry. J. Cell Biol. 2011; 195(7): 1071-82. https://doi.org/10.1083/
jcb.201108131

Weiss S.R., Navas-Martin S. Coronavirus pathogenesis and the
emerging pathogen severe acute respiratory syndrome coronavi-
rus. Microbiol. Mol. Biol. Rev. 2005; 69(4): 635-64. https://doi.
org/10.1128/mmbr.69.4.635-664.2005

Huang Y., Yang C., Xu X.F., Xu W., Liu S.W. Structural and
functional properties of SARS-CoV-2 spike protein: potential
antivirus drug development for COVID-19. Acta Pharmacol.
Sin. 20205 41(9): 1141-9. https://doi.org/10.1038/s41401-020-
0485-4

Astuti L., Ysrafil. Severe Acute Respiratory Syndrome Coronavi-
rus 2 (SARS-CoV-2): An overview of viral structure and host re-
sponse. Diabetes Metab. Syndr. 2020; 14(4): 407-12. https://doi.
org/10.1016/j.dsx.2020.04.020

Zhang H., Penninger J.M., Li Y., Zhong N., Slutsky A.S. Angio-
tensin-converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor:
molecular mechanisms and potential therapeutic target. Intensive
Care Med. 2020; 46(4): 586-90. https://doi.org/10.1007/s00134-
020-05985-9

Gheblawi M., Wang K., Viveiros A., Nguyen Q., Zhong J.C.,
Turner A.J., et al. Angiotensin-converting enzyme 2: SARS-
CoV-2 receptor and regulator of the renin-angiotensin system:
Celebrating the 20" anniversary of the discovery of ACE2. Circ.
Res. 2020; 126(10): 1456-74. https://doi.org/10.1161/circresa-
ha.120.317015

WuC,, LiuY., Yang Y., Zhang P., Zhong W., Wang Y., et al. Analysis
of therapeutic targets for SARS-CoV-2 and discovery of potential
drugs by computational methods. Acta Pharm. Sin. B. 2020; 10(5):
766—-88. https://doi.org/10.1016/j.apsb.2020.02.008

Sisay M. 3CL(pro) inhibitors as a potential therapeutic option
for COVID-19: Available evidence and ongoing clinical trials.
Pharmacol. Res. 2020; 156: 104779. https://doi.org/10.1016/j.
phrs.2020.104779

Sonawane K.D., Barale S.S., Dhanavade M.J., Waghmare S.R.,
Nadaf N.H., Kamble S.A., et al. Structural insights and inhibition
mechanism of TMPRSS2 by experimentally known inhibitors Ca-
mostat mesylate, Nafamostat and Bromhexine hydrochloride to
control SARS-coronavirus-2: A molecular modeling approach. /n-

Jform. Med. Unlocked. 2021; 24: 100597. https://doi.org/10.1016/].

imu.2021.100597

Hoffmann M., Schroeder S., Kleine-Weber H., Miiller M.A., Dro-
sten C., Pohlmann S. Nafamostat mesylate blocks activation of
SARS-CoV-2: New treatment option for COVID-19. Antimicrob.

131



PROBLEMS OF VIROLOGY (VOPROSY VIRUSOLOGII). 2022; 67(2)
https://doi.org/10.36233/0507-4088-106

REVIEWS

17.

18.

20.

21.

22.

132

Agents Chemother. 2020; 64(6): €00754-20. https://doi.org/10.1128/
aac.00754-20

Yamamoto M., Matsuyama S., Li X., Takeda M., Kawaguchi Y.,
Inoue J.I., et al. Identification of nafamostat as a potent inhibitor of
Middle East respiratory syndrome coronavirus S protein-mediated
membrane fusion using the split-protein-based cell-cell fusion as-
say. Antimicrob. Agents Chemother. 2016; 60(11): 6532-9. https://
doi.org/10.1128/aac.01043-16

Hoffmann M., Hofmann-Winkler H., Smith J.C., Kriiger N., Arora
P., Serensen L.K., et al. Camostat mesylate inhibits SARS-CoV-2
activation by TMPRSS2-related proteases and its metabolite GBPA
exerts antiviral activity. EBioMedicine. 2021; 65: 103255. https://
doi.org/10.1016/j.ebiom.2021.103255

Zanasi A., Mazzolini M., Kantar A. A reappraisal of the mucoact-
ive activity and clinical efficacy of bromhexine. Multidiscip. Respir.
Med. 2017; 12: 7. https://doi.org/10.1186/s40248-017-0088-1
Lucas J.M., Heinlein C., Kim T., Hernandez S.A., Malik M.S., True
L.D., etal. The androgen-regulated protease TMPRSS2 activates a pro-
teolytic cascade involving components of the tumor microenvironment
and promotes prostate cancer metastasis. Cancer Discov. 2014; 4(11):
1310-25. https://doi.org/10.1158/2159-8290.Cd-13-1010

Shen L.W., Mao H.J., Wu Y.L., Tanaka Y., Zhang W. TMPRSS2:
A potential target for treatment of influenza virus and coronavirus
infections. Biochimie. 2017; 142: 1-10. https://doi.org/10.1016/].
biochi.2017.07.016

Rimsza M.E., Newberry S. Unexpected infant deaths associated
with use of cough and cold medications. Pediatrics. 2008; 122(2):
e318-22. https://doi.org/10.1542/peds.2007-3813

23.

24.

25.

26.

27.

Huang C., Wang Y., Li X., Ren L., Zhao J., Hu Y., et al. Clinical
features of patients infected with 2019 novel coronavirus in Wuhan,
China. Lancet. 2020;395(10223): 497-506. https://doi.org/10.1016/
S0140-6736(20)30183-5

Ansarin K., Tolouian R., Ardalan M., Taghizadieh A., Varshochi
M., Teimouri S., et al. Effect of bromhexine on clinical outcomes
and mortality in COVID-19 patients: A randomized clinical tri-
al. Bioimpacts. 2020; 10(4): 209-15. https://doi.org/10.34172/
bi.2020.27

LiT., SunL., Zhang W., Zheng C., Jiang C., Chen M., et al. Bromhex-
ine hydrochloride tablets for the treatment of moderate COVID-19:
an open-label randomized controlled pilot study. Clin. Transl. Sci.
2020; 13(6): 1096-102. https://doi.org/10.1111/cts.12881

Mapeer B.1IO., Opnosa S.A., Ilmuctok A.T., ITaBnukosa E.IT.,
Mankermmmsumn - C.T., AxomstH JXK.A.,, m ap. Pesymsrarsr
OTKPBITOTO IPOCHEKTUBHOIO KOHTPOJIHPYEMOTO CPaBHHTEIBHOTO
HCCJICIOBAHUS IO JICUCHUIO HOBOH KOPOHABHPYCHON HH(MEKIUH
(COVID-19): bpomrekcun W CrHupOHONAKTOH Uil  JICUCHUS
KoponaBupycnoit Undekiun, Tpelyromeld rocnurain3aniu
(BUCKBUT). Kapouonoecua. 2020; 60(11): 4-15. https://doi.
org/10.18087/cardio.2020.11.n1440

Granados-Montiel J., Hazan-Lasri E., Franco-Cendejas R., Chavez-
Heres T., Silva-Bermudez P., Aguilar-Gaytan R., et al. New pro-
phylaxis regimen for SARS-CoV-2 infection in health profes-
sionals with low doses of hydroxychloroquine and bromhexine:
a randomised, double-blind placebo clinical trial (ELEVATE Trial).
BMJ Open. 2021; 11(8): €045190. https://doi.org/10.1136/bmjop-
en-2020-045190



