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ABSTRACT

The article is devoted to the possibility and prospects of using nitazoxanide in a wide range of diseases. Based on literature
data, the authors evaluate the pharmacological effectiveness and substantiate the potential of using nitazoxanide in bacterial,
helminthic, protean, viral and oncological diseases. This information is of interest and can be used to decide on the need to
conduct clinical trials of nitazoxanide in Russia. A systematic search for current information was conducted in four databases
until December 1, 2023: PubMed, EMBASE, Web of Science and Cochrane Library. The work included preclinical studies in vitro
and in vivo, as well as randomized clinical trials comparing the pharmacological effectiveness of nitazoxanide and placebo.
The broad-spectrum thiazolide drug nitazoxanide has antibacterial, antiprotozoal, anthelmintic, antiviral and antitumor activity.
This is achieved through its pharmacological properties, namely: regulation of the cell cycle, apoptosis, cell proliferation and
migration; activation of innate immunity; influence on the synthesis and activation of cell proteins, some of which are links in
cellular signaling pathways; binding to proteins of viruses, bacteria, protozoa and helminths with disruption of their vital func-
tions; immunomodulating effect by regulating the activity of pro- and anti-inflammatory cytokines. The article systematizes and
summarizes current information on the pharmacodynamics of nitazoxanide, as well as the results of preclinical and clinical
studies of the drug, and discusses further prospects.
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0630pHas cTatba

OueHka dapmakonormyecko appeKTUBHOCTH

U NOTEHUMaNa NpUMEeHeHUs HUTa30KCaHupa —
npenapata TUa30JIMAHOr0 pAja WMUPOKOro CNeKTpa
[eUCTBUA

B.B. PycaHoBckui, A.A. CaBenbeBa, 3.I. TaaTtaesa, E.C. Actyaun, A.E. KpuBowwenH,
A.A. Aknmos, H.A. KypuubiHa

CaHkT-eTepbyprckuin neamuaTpuUeckUin MeaUUMHCKUIA yHuBepcuTeT, CaHKT-letepbypr, Poccun

AHHOTALNA

CraTbsi MoCBSiLLlEHa BO3MOMHOCTW U MEpCreKTUBE MPUMEHEHUS HUTA30KCaHWAA MpWU LUMPOKOM CreKTpe 6GonesHeid.
Ha ocHoBaHWUM NuTepaTYpHBIX AaHHBIX aBTOPbI OLEHMBAIOT (hapMaKONorMyecKyo 3G EKTUBHOCTb M 060CHOBBLIBAT NOTEHLM-
an NpUMeHEHNs HUTa30KCcaHUAA NpY baKTepuanbHbIX, FENbMUHTHBIX, NPOTEMHBIX, BUPYCHBIX M OHKONOTYecKux 3aboneBaHusX.
37a uHbOpPMaLMA NPeLCTaBNAET MHTEPEC U MOXKET ObITb UCMONb30BaHa [N1S NPUHSATUS PELLEHUS 0 HeobXxoaUMocTH npoBe-
AEHUA KIIMHWYECKUX UCTbITAHWA HUTA30KCaHWAA Ha Tepputopumn Poccun. CucteMaTuyeckuii NOUCK aKTyanbHoM HbopMaLmmn
B yeTblpex 6asax paHHbix: PubMed, EMBASE, Web of Science n Cochrane Library npooaunu fo 1 nekabps 2023 r. PaboTbl
BKJIOYaNM AOKIMHUYECKWE UCCNIe0BaHMUSA in Vitro v in vivo, a TakKe paHAOMM3MPOBAHHbIE KIMHUYECKUMM UCCNef0BaHMS,
CpaBHMBaBLLUME (apMaKonor1yeckyl 3QMEeKTMBHOCTb HUTa30KcaHWaa 1 nnauebo. Mpenapat TMa30AMAHOTO pAAA LUMPOKO-
ro CreKTpa AeMCTBUA HUTA30KCaHUA 0bnafaeT aHTUOaKTepUanbHOW, NMPOTMBONPOTO30/HON, aHTUIeNIbMUHTHOM, NPOTUBOBM-
PYCHOI 1 MPOTMBOOMYXONEBON aKTUBHOCTBH. 3TO JOCTUraeTcs MOCPEACTBOM €ro GapMaKoNorMYecKux CBOWCTB: perynsuum
KNEeTOYHOro LMKNa, anonto3a, nponudepauuu U MUrpaLmn KNeToK; aKTUBUPOBAHMS 3BEHbEB BPOMAEHHOrO WMMYHUTETa;
BAMAVHUSA Ha CMHTE3 M aKTUBaLMIO BEIKOB KIETKY, YacTb KOTOPbIX — 3BEHbS KNETOUHbIX CUTHAbHBIX NYTeW; CBA3bIBAHUS
¢ 6enkamm BupycoB, aKTepuin, NPOCTEMLLNX W Fe/IbMUHTOB C HapyLLIEHUEM WX W3HEAeATENbHOCTY; UIMMYHOMOLENMPYIOLLEro
LENCTBUSA NyTEM PerynsiLMv aKTUBHOCTW NPO- W NPOTUBOBOCNANUTENIbHBIX LIMTOKMHOB. B cTaTbe cucTeMaTnanpoBaHsl 1 0606-
LLeHbl aKTyanbHas MHopMaLms o papMaKOAMHAMMKE HUTA30KCaHUAA, a TakKe pe3ynbTaThbl AOKIMHUYECKUX U KIMHUYECKMUX
uccnefoBaHUi npenapara, PaccMOTPEHb! JanbHeLLMe NeperekTUBbI.

KnioueBble cioBa: HUTa30KCaHWUA; TMA30MIbl; TUA30KCAHWL; NPOTUBOBUPYCHbIE; aHTUTE€JIbMUHTHbIE; I'IpOTVIBOﬂpOTOBOVIHbIe;
aHTVI6&KTepMBJ1beIe; npoTnBooMnyxonesble.
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CLINICAL PHARMACOLOGY

INTRODUCTION

Nitazoxanide (NTZ), the first thiazolid, was discovered
by French scientists Jean-Francois Rossignol and Ray-
mond Cavier in 1974. In 1976, they patented new deriva-
tives of 2-benzamido 5-nitrothiazoles, which exhibited
antiparasitic and fungicidal effects [1]. In 1984, Rossignol
published an article in the American Journal of Tropical
Medicine & Hygiene, which described the effect of NTZ
on patients infected with Taenia saginata and Hyme-
nolepis nana [2]. Subsequently, studies of NTZ against
cryptosporidial diarrhea in patients with HIV infection
were conducted in the USA in collaboration with Romark
Laboratories and Unimed Pharmaceuticals [3]. However,
because of issues with enrolment and study methodo-
logy, the US Food and Drug Administration rejected the
application for accelerated approval of this drug [4].
In 2003, NTZ was demonstrated to be efficacious in the treat-
ment of cyclosporiasis, isosporiasis, and amebiasis [5],
and in 2007, the International Journal of Infectious Di-
seases corroborated its effectiveness against Taenia
saginata [6]. In 2011, the successful use of NTZ in con-
junction with vancomycin was documented in a patient
with recurrent Clostridium difficile infection [7].

The need for new drugs has become increasingly
urgent because of the discovery of new viruses and
parasites and the increasing problem of antibiotic resis-
tance [8]. In recent years, the interest in NTZ as a po-
tential candidate drug for this role has increased, which
is reflected in the exponential growth in the number of
studies investigating its mechanisms of action, reporting
promising results [9, 10]. Moreover, recent studies have
demonstrated the antitumor activity of NTZ, which may
have a profound effect on the efficacy of cancer treat-
ment in the future [11].

Currently, NTZ is used in the USA under the brand
name Alinia® as oral suspension (for patients aged
=1 year) and tablets (for patients aged =12 years) for
the treatment of diarrhea caused by Giardia lamblia or
Cryptosporidium parvum [12]. The drug is not registered
in Russia.

Table 1. Effectiveness of nitazoxanide against parasitic protozoa
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ANTIPROTOZOAL ACTIVITY

NTZ exhibits antiprotozoal activity by interfering with
the pyruvate-ferredoxin/flavodoxin oxidoreductase-
dependent electron transfer reaction, which is required
for the anaerobic energy metabolism of various micro-
organisms. The growth of sporozoites and trophozoites
is inhibited consequently, which alleviates diarrhea. Fur-
thermore, NTZ induces cell membrane damage and mito-
chondrial membrane depolarization in parasitic protozoa
while inhibiting quinone oxidoreductase, nitroreductase 1,
and protein disulfide isomerase [13]. In an in vitro study,
the effect of NTZ on the ultrastructure of trophozoites
included swelling of cells and distortion, vacuole redis-
tribution, plasma membrane damage, and formation of
extensive empty areas in the cytoplasm of protozoa [14].
In a systematic review and meta-analysis of randomized
controlled clinical trials of NTZ in the treatment of in-
testinal infections, including those caused by protozoa,
M.R. Hashan et al. [15] present the data in Table 1. Clini-
cal trials have demonstrated the efficacy of NTZ in the
treatment of cryptosporidiosis and giardiasis, inclu-
ding in immunocompromised patients and patients aged
<12 years [16-18]. However, further studies are required
to substantiate this assertion [19]. In multiple studies,
NTZ exhibited high activity against amebiasis pathogens in
comparison with the placebo and metronidazole [20-22].
In addition, NTZ administration was reported to be as-
sociated with a significantly lower incidence of adverse
events than metronidazole therapy [22]. This was dem-
onstrated in a clinical study involving 60 patients with
amebiasis accompanied by liver abscesses (Table 2).
Group M received metronidazole at 2-2.5 g/day intra-
venously in an inpatient setting or 2-2.4 g/day orally
for outpatients three times daily for 14 days. Group N
received NTZ at 500 mg twice daily orally for 10 days.
In that study, the adverse event rates were significantly
higher in group M than in group N.

Ta6nuua 1. IhdeKTUBHOCTb HUTA30KCAHMAA B OTHOLLEHMN NapasuUTUYECKUX NPOCTEHLLIMX

Species |

In vivo efficacy of nitazoxanide

Giardia lamblia

High significant response compared with placebo, metronidazole,

and tinidazole with (95% Cl 1.08-2.64; p = 0.27)

Entamoeba hystolitica

Cryptosporidium parvum

Effective compared with placebo
(95% CI 1.35-2.40; p < 0.001)

Effective compared with placebo
(95% Cl 1.22-1.74; p < 0.0001)
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Table 2. Effectiveness of nitazoxanide against amoeba compared wit
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h metronidazole

Tabnuua 2. IPPeKTMBHOCTb HUTA30KCAHUAA B OTHOLLIEHMM NAPa3UTUYECKUX MPOCTEMLLMX

Indicators Group M (metronidazole) | Group H (nitazoxanide) | p
Symptomatic clinical response 80% 76.70% 0.1
Complete solution of the abscess 60% 73.30% 0.273

in 6 months

ANTIHELMINTHIC ACTIVITY

In nematodes, NTZ inhibits glutathione-S-transferase,
a key detoxification enzyme, resulting in the loss of re-
sistance to certain drugs and human immune protective
factors [13, 23]. NTZ also modulates Avr 74, which en-
codes the alpha-type subunit of the glutamate-regulated
chloride ion channel. This results in the formation of sub-
strates for antiparasitic drugs of the avermectin family,
which increases their efficacy. Avermectins enhance the
effect of glutamate on invertebrate-specific ion channels,
causing hyperpolarization and paralysis of invertebrate
neuromuscular systems [13, 24, 25]. In vitro NTZ de-
monstrated efficacy as a synergist of avermectin fam-
ily of anthelmintics. Clinical studies have corroborated
the effectiveness of NTZ against Hymenolepis nana [26]
and other soil-transmitted nematodes [27, 28]. Numerous
clinical cases have also been documented for the treat-
ment of patients with echinococcosis who had previously
failed conservative and surgical treatment for an extend-
ed period. NTZ was administered at a dose of 500 mg
every 12 h for 3-24 months. In two out of five cases,
the number of echinococcal cysts in the muscle tissue
decreased, and in another case, it decreased in soft tis-
sues and bones [29].

ANTIBACTERIAL ACTIVITY

NTZ can interfere with numerous metabolic pathways
of bacterial cells, which consequently affects their viabil-
ity and virulence. In Escherichia coli, it inhibits pyruvate

dehydrogenase, which results in the disruption of energy
metabolism [30]. It also disrupts biofilm formation and
hemagglutination by enteroaggregative strains by block-
ing the assembly of AafA fimbriae [31]. Furthermore, this
drug disrupts the membrane potential and acid—base
equilibrium of Mycobacterium tuberculosis [32], inhibits
the chaperone/usher pathway in Gram-negative bacte-
ria, and disrupts the formation of fimbriae that promote
colonization [13, 33]. According to M.A. Bailey et al. [34],
NTZ is an effective treatment against Mycobacterium lep-
rae. Administration of NTZ at a dose of 25 mg/kg through
a probe to mice infected with M. leprae resulted in anti-
mycobacterial activity equivalent to that of rifampicin at
a dose of 10 mg/kg [34]. Furthermore, NTZ exhibited su-
perior efficacy in improving clinical parameters and psy-
chological state in patients with hepatic encephalopathy
compared with rifaximin, a broad-spectrum antibacterial
drug [35].

The efficacy of NTZ against C. difficile has been in-
vestigated extensively. A clinical trial demonstrated that
NTZ was as effective as metronidazole in the treatment
of cryptosporidiosis (Table 3). Furthermore, a study re-
vealed activity of NTZ against metronidazole-resistant
C. difficile strains [37].

Data confirm the efficacy of NTZs against Helicobacter
pylori. In 2006, Antimicrobial Agents and Chemotherapy
published a study on NTZ activity against H. pylori [38].
The authors concluded that NTZ is a noncompetitive in-
hibitor of pyruvate, i.e., ferredoxin/flavodoxinoxidore-
ductase, which is one of the most important enzymes

Table 3. Randomized double-blind trial comparing nitazoxanide and metronidazole in the treatment of patients hospitalized for colitis

caused by C. difficile (USA, 2006)

Ta6nuua 3. PannoMu3npoBaHHoe BOMHOE Crienoe UcCeoBaH1e AA CPaBHEHUS HUTA30KCaHWAA U METPOHWAA30/1a NPU SIeYEHUN FOCnn-
TanM31pOBaHHBIX NALMEHTOB C KONUTOM, Bbi3BaHHbIM C. difficile (CLUA, 2006 r.)

Metronidazole

Indicators (250 mg every 6 h for 10 days)

Nitazoxanide
(500 mg every 12 h for 10 days)

Nitazoxanide
(500 mg every 12 h for 7 days)

Clinical response after 82.40%
7 days of therapy
Sustained clinical response 57.60%

after 31 days of therapy

Efficacy of nitazoxanide
compared with metronida-
zole

90% 88.9%

65.80% 74.3%

Effectiveness is comparable (95% Cl 0.87-1.69; p = 0.26)
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involved in energy metabolism in H. pylori and other an-
aerobic bacteria. Owing to the targeting of NTZ on the
activated cofactor of the enzymatic reaction rather than
on its substrate, this drug can avoid drug resistance for-
mation.

Subsequently, clinical trials were conducted in pa-
tients with a positive test for H. pylori. In 2016, a 2-week
study of a combination of NTZ (500 mg daily), levoflox-
acin (500 mg daily), omeprazole (40 mg twice daily),
and doxycycline (100 mg twice daily) was conducted at
the outpatient department of Tanta University Hospital.
The study included 100 patients who had previously
received standard triple therapy, which included the
use of levofloxacin (at a dose of 500 mg daily) in con-
junction with proton pump inhibitors and amoxicillin
(1 g twice daily). This treatment regimen had not yielded
any positive results. Eradication was confirmed by H. py-
lori antigen in feces 6 weeks after the treatment. In total,
94 (94%) patients completed the study with excellent
treatment compliance. Only 1 (1%) patient discontin-
ued the treatment because of intolerable side effects,
and 5 (5%) patients did not demonstrate good treatment
compliance. Nevertheless, 83 patients had successful
eradication of H. pylori with overall eradication rates of
83%. Side effects were reported in 21% of the patients,
which included abdominal pain (6%), nausea (9%), con-
stipation (12%), headache (2%), and dizziness (1%) [39].

In 2022, the European Review for Medical and Phar-
macological Sciences published the results of a clinical
trial investigating the efficacy of a combination of NTZ,
a proton pump inhibitor, and clarithromycin in pediatric
patients. The study enrolled 100 participants, which were
divided into group 1 that received triple therapy based
on NTZ (NTZ, proton pump inhibitor, and clarithromycin)
for 14 days and group 2 that received standard treat-
ment (metronidazole, omeprazole, and clarithromycin)
for 14 days. A total of 92% of patients in the NTZ group
and 84% in the metronidazole group recovered from
the infection, with no statistically significant difference.
The NTZ group exhibited a 54% lower risk of developing
a resistant infection (odds ratio, 0.5, 95% Cl 0.161-1.555)
than the metronidazole group. In that study, NTZ-based
therapy resulted in higher eradication rates than standard
treatment. However, the difference was not statistically
significant in this patient group [40].

ANTIVIRAL ACTIVITY

The initial documentation of the antiviral activity of
NTZ emerged in 2006, when preliminary data confirmed
its efficacy against rotavirus diarrhea in children [41].
In the same year, a double-blind placebo-controlled
study of NTZ was conducted on 50 adult patients diag-
nosed with viral gastroenteritis caused by norovirus,
rotavirus, or adenovirus. The results demonstrated

Vol. 22 (1) 2024
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a significant reduction in the disease course (rotavirus
subgroup, p = 0.0055; norovirus subgroup, p = 0.0295)
and the absence of undesirable effects from NTZ [42].
In subsequent years, NTZ trials against specific pathogens
of viral gastroenteritis were conducted. Thus, in 2009,
a blinded single randomized clinical trial demonstrated its
efficacy in combination with probiotics compared with a
placebo in children aged 28 days to 24 months diagnosed
with rotavirus infection. The duration of hospitalization
(p =0.017) and median duration of diarrhea (p = 0.009)
were evaluated [43]. NTZ also has a significant advan-
tage in controlling norovirus in immunocompromised pa-
tients because of its ability to inhibit viral replication and
act synergistically with ribavirin, thereby activating the
cellular antiviral response [44]. Two clinical cases have
been documented in which norovirus gastroenteritis was
successfully treated with NTZ in organ transplant recipi-
ents receiving immunosuppressants, without a reduction
in their dose [45, 46]. Furthermore, J. Morris et al. [47]
reported the successful treatment of norovirus infec-
tion in 14 hematopoietic stem cell recipients undergoing
chemotherapy and/or immunotherapy, with an average
time to diarrhea resolution of 2-4 days. Preliminary data
also indicate that NTZ may be effective in the treat-
ment of diarrhea caused by adenovirus and astrovirus
(48, 49].

NTZ garnered the attention of hepatologists in
a study conducted in 2008, wherein it demonstrated ef-
ficacy against viral hepatitis B (VHB) and C (VHC) in cell
cultures. Despite the lack of knowledge regarding its
pharmacodynamics, in vitro studies have indicated that
NTZ and its active metabolite tizaxonide exhibited se-
lective inhibition of intracellular replication of VHB and
VHC and extracellular virus production by cells. Several
other thiazolides were found to be effective inhibitors
of VHB replication in this assay system. Combinations
of NTZs with either of two drugs licensed for anti-VHB
therapy, such as lamivudine and adefovir, demonstrat-
ed synergistic interactions when used on VHB-infected
cell cultures, and with recombinant interferon alpha-2b
against VHC [50].

In 2009, the authors of the article “Potential for hep-
atitis C virus resistance to nitazoxanide or tizoxanide”
concluded from in vitro experiments that NTZ and ti-
zoxanide do not induce acquired resistance in VHC.
The authors corroborated previous suggestions that NTZ
and tizoxanide inhibit VHC replication through a cell-
mediated mechanism that differs from that of classical
virus-specific drugs but complements that of interferon
alpha. They concluded that this class has the potential to
be used for the treatment of chronic hepatitis C; however,
further clinical studies are required [51].

The search for the mechanism of antiviral activity
of NTZ and its efficacy against viral hepatitis continued.
In 2014, 0. Ashiru et al. [52] revealed that NTZ can lead to
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endoplasmic reticulum (EPR) stress and the depletion of
calcium ions accumulated in it and their release into the
cytoplasm. Accordingly, the authors concluded that this
process leads to the following consequences:

1. Increased cytoplasmic calcium levels promote the
activation of protein kinase R, which plays an important
role in the antiviral immune response by inducing inflam-
mation.

2. Protein kinase R phosphorylates the translation
factor elF2a, which inactivates it. This results in the
suppression of the synthesis of numerous cell proteins,
including cell cycle activator proteins.

3. elF2a blockage, in conjunction with the depletion
of calcium stores within the EPR, may impair the proper
folding and transport of proteins that are translated at
the EPR membrane. This may inhibit the assembly of sur-
face viral proteins, thereby reducing the viral load.

Apoptosis induction in response to EPR stress is thus
suppressed by various mechanisms, including the induc-
tion of mitophagy, reduction of intracellular reactive oxy-
gen species (ROS) concentration, and activation of cell
signaling pathways that promote cell survival [52].

In 2018, Cellular and Molecular Gastroenterology and
Hepatology published an article that provides the most
comprehensive description of the recently discovered
antiviral mechanisms of NTZ against VHB. These mecha-
nisms include its inhibition of the interaction between
HBx protein and DSB-1. A recent study demonstrated that
the HBx protein causes the degradation of the Smc5/6
complex, which impairs the repair of homologous recom-
bination of double-stranded DNA breaks and subsequent
cellular transformation [53]. The HBx protein stabilizes
viral DNA located in the nucleus of the host cell, which
affects mainly virus replication, translation, and tran-
scription of the viral genome [54]. K. Sekiba et al. [55]
tested 817 candidate drugs for their potential to control
VHB. Five candidate drugs were identified as having the
most promising results, namely, toremifene, loperamide,
pimozide, vinblastine, and NTZ. Some compounds did not
show significant effects on different cell lines, whereas
NTZ demonstrated the most consistent and pronounced
inhibitory function among these compounds in HEK293T
and HepG2 cells. Further experiments demonstrated
that NTZ successfully inhibited the interaction between
HBx and DSB-1, resulting in the restoration of Smc5/6
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chromosome structural maintenance protein levels and
suppression of viral transcription. The use of NTZ led to
a significant reduction in the replication and synthesis of
viral mRNA. These findings were corroborated by experi-
ments conducted on a natural infection model, namely,
a human hepatocyte cell line, which demonstrated that
NTZ can inhibit virus replication at the early stages of
reproduction [55].

Two pivotal studies of phase 2 clinical trials of NTZs
against hepatitis C are worthy of particular attention.
These studies are presented in the review article “Treat-
ment of chronic viral hepatitis with nitazoxanide and sec-
ond generation thiazolides,” published in the World Jour-
nal of Gastroenterology in 2009. The authors reported
that NTZ monotherapy resulted in a sustained antiviral
response in 17% of the patients studied. A comparison of
the standard treatment regimen and combination thera-
py with NTZ in combination with peginterferon alpha-2a
(double combination) and NTZ in combination with pe-
ginterferon alpha-2a and ribavirin (triple combination)
revealed a 29% difference in the rate of sustained viral
response 24 weeks after treatment (Table 4) [56].

Nevertheless, in 2013, an independent randomized
trial confirmed the efficacy of NTZ in the treatment of
VHC. Patients with genotype 4 VHC who had not previ-
ously received treatment were enrolled in the study.
Group 1 received weekly subcutaneous pegylated in-
terferon at a dose of 160 mcg in addition to ribavirin
in a weight-dependent manner (1200 and 1000 mg for
weight =75 and <75 kg, respectively) for 48 weeks. Group 2
received NTZ monotherapy (500 mg twice daily) for
4 weeks, followed by triple therapy including NTZ, pe-
gylated interferon, and ribavirin for a further 48 weeks.
The authors concluded that the addition of NTZ to pe-
gylated interferon and ribavirin did not improve the vi-
rologic or biochemical response rates in patients with
chronic HCV genotype 4 [57].

Regarding VHB, in 2008, The American Journal of
Gastroenterology published a report of two successful
cases of NTZ monotherapy and its combination with ad-
efovir. Patient 1 had VHB DNA and HBeAg before therapy.
He was treated with NTZ at a dose of 500 mg twice daily.
After 5 months of treatment, the patient discontinued
therapy for 3 months because of high alanine aminotrans-
ferase levels. He then resumed treatment with a dose of

Table 4. Dependence of the formation of a stable viral response on the type of therapy for viral hepatitis C genotype 4 according to Ref. [56]
Tabnuua 4. 3aBucuMOCTb (OPMMPOBaHMSA YCTOMYMBOMO BMPYCHOrO OTBETA OT BWAA Tepanuu fpu BUPYCHoM renatute C reHotwna &4

Mo AaHHbIM paboTbl [56]

Development of a sustained

Type of therapy viral response p
Standard therapy (peginterferon alpha-2a + ribavirin) 50%
Combination therapy (nitazoxanide + peginterferon alpha-2a) 61% 0.023
Combination therapy (nitazoxanide + peginterferon alpha-2a + ribavirin) 79%
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500 mg/day for 24 months. Patient 2 was HBeAg-positive
before NTZ and adefovir therapy, and VHB DNA was also
detected. He received adefovir at a dose of 10 mg/day for
2 years, in conjunction with 500 mg of NTZ twice daily
(Table 6) [58].

In the second trial, published in 2019 in Hepatology
Communications, the study enrolled nine men aged at
least 17 years with chronic hepatitis B without cirrhosis
with varying levels of detectable viral antigens. The drug
was well tolerated with rare mild-to-moderate side ef-
fects, mostly gastrointestinal effects, including diarrhea
and epigastric pain. These side effects were transient and
resolved during treatment. No adverse events required
treatment discontinuation. VHB DNA became undetectable
(<38 1IU/mL) in the serum of 8 of 9 (89%) patients after
4-20 weeks of NTZ therapy. The two patients who were
positive for HBeAg tested negative after 4 and 16 weeks
of treatment. HBsAg-negative results were observed in
3 of 9 (33%) patients, with two of these patients demon-
strating a response after 8 weeks and one after 48 weeks
of treatment (Table 7). The patient with delayed respons-
es (20 weeks with undetectable VHB DNA, 16 weeks
with an HBeAg-negative result, and 48 weeks with an
HBsAg-negative result) received NTZ at a dose of 500 mg
once daily [59].

The antiviral activity of NTZ was also demonstrated
in an in vitro study against Ebola virus. L.D. Jasenosky
et al. [60] validated previous hypotheses that NTZ en-
hances the innate antiviral cellular immune response.
Consequently, NTZ was found to inhibit viral replica-
tion by enhancing the activity of retinoic acid-inducible
gene 1 (RIG-T1), which induces interferon (IFN)-1 family
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proteins. Furthermore, NTZ increased the overexpres-
sion of MAVS, a mitochondrial antiviral signaling protein
that induces IFN-B expression through the activation of
NF-kB and IRF3, thereby enhancing antiviral immunity
[60-62].

NTZs have been tested against various airborne infec-
tions, including influenza viruses, paramyxoviruses, and
rubella virus. D. Tilmanis et al. [63] demonstrated that
NTZ exhibited high activity against 210 influenza viruses
of type/subtype A(HIN1)pdm09, A(H3N2), B(Victoria lin-
eage), and B(Yamagata lineage), including viruses re-
sistant to neuraminidase inhibitors. These data are cor-
roborated by the results of a double-blind, randomized,
placebo-controlled trial involving 650 individuals with
acute, uncomplicated influenza [64]. S. Piacentini et al. [65]
reported the efficacy of NTZ against Sendai virus, a
member of the paramyxovirus family, in cell cultures.
The results demonstrated that NTZ significantly sup-
pressed virus replication by inhibiting the synthesis
and functioning of F-protein, an important pathogeni-
city factor for this virus, and reduced its cytopathic ef-
fect. The efficacy of NTZ against the rubella virus was
demonstrated in an in vitro study that unveiled its dose-
dependent inhibitory effect on this virus, regardless of
the strain, and complete blocking of replication at a dose
of 10 pg/mL [66].

A significant proportion of patients enrolled in clini-
cal trials of NTZ exhibited an immunodeficient state, in-
cluding those with HIV infection. One of the mechanisms
of action of this drug is to enhance the innate antiviral
response; accordingly, recent studies have demonstrat-
ed that it may be effective against HIV because of its

Table 5. Dependence of the formation of a stable viral response on the type of therapy for viral hepatitis C genotype 4 according to Ref. [57]
Ta6nuua 5. 3aBucMMocTb (OPMMPOBAHKSA YCTOWYMBOTO BUPYCHOTO OTBETA OT BUAA Tepanuu npu BUpycHoM renatute C reHotuna 4

Mo AaHHbIM paboTsl [57]

Development of

Type of therapy a sustained viral response p
Peginterferon alpha-2a + ribavirin (48 weeks) 48% 0.8
Nitazoxanide for 24 weeks, then nitazoxanide + peginterferon alpha-2a + ribavirin (48 weeks) 50%
Table 6. Results of HCV treatment with NTZ and the combination of NTZ + adefovir
Ta6nuua 6. PesynbTathl nevenmns BupycHom renatute C (BIB) HT3 n komMbuHaumeii HT3 + anedosup
Patient VHB DNA | HBeAg HBsAg | HBSAt
No. 1 Negative Negative Negative Negative
No. 2 Negative Negative Negative Positive

Table 7. Activity of nitazoxanide in the treatment of nine patients with viral hepatitis B with different levels of detectable viral particles
Tabnuua 7. VccneaoBaHue aKTUBHOCTM HUTA30KCaHMAA NpY NieyeHnn 9 naLmMeHToB ¢ BUPYCHBIM renatutoM B (BI'B) ¢ pasnnyHbiM ypoBHEM

onpeaenaeMbliX BUPYCHbIX YacTul,

Viral antigen detected in the patients VHB DNA HBeAg | HBsAg
Before therapy 100% (9 u3 9) 22% (2 u3 9) 100% (9 3 9)
After therapy 11% (1m3 9) 00wus9) 77% (7 n3 9)
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anti-inflammatory effect on certain stages of the HIV
life cycle. This occurs through a synergistic interaction
with cortisol and reverse transcriptase inhibitors [67]
and a direct effect on proinflammatory cytokines. Thus,
NTZ has a robust immunomodulatory effect, suppress-
ing the production of proinflammatory mediators, includ-
ing tumor necrosis factor-a, interleukins (ILs)-2, IL-4,
IL-5, IL-6, IL-8, and IL-10 through various mechanisms
(68, 691.

A summary of data indicates that NTZ is a broad-
spectrum antiviral drug that enhances the innate antiviral
immune response, suppresses inflammation, and affects
key stages of the life cycle of some viruses by inhibiting
the synthesis and functioning of viral proteins.

ANTITUMOR ACTIVITY

In 2013, N. Di Santo and J. Ehrisman proposed the an-
titumor activity of NTZ in ovarian cancer [70]. The authors
posited that in ovarian tumor cells, the activity of protein
disulfide isomerase (PDI) was increased, which was in-
volved in the EPR stress response [71] and contributed to
the survival of cancer cells. During EPR stress, an unfold-
ed protein response is initiated to maintain the balance
of protein folding within the EPR [72]. If this response is
not initiated or the amount of unfolded proteins is exces-
sive, EPR stress will lead to programmed cell death by
apoptosis [73]. This mechanism could be employed in the
treatment of tumor diseases. P.E. Lovat et al. [74] dem-
onstrated that the antibiotic bacitracin induces the death
of melanoma cells due to EPR stress. The capacity of this
drug to inhibit PDI activity affects melanoma cells [75].
However, this drug has pronounced nephrotoxicity, which
limits its use. In 2007, NTZ was found to inhibit PDI and
induce apoptosis through EPR stress [76]. In contrast to
bacitracin, NTZ has no pronounced side effects.

In addition to PDI, IL-6 is highly expressed in type
2 ovarian cancer cells [77]. IL-6, a proinflammatory cy-
tokine, is involved in various inflammatory and autoim-
mune diseases, including cancer. In ovarian cancer, IL-6
increases tumor cell survival and enhances chemother-
apy resistance through JAK/STAT signaling [78]. In 2012,
a study demonstrated that NTZ directly suppressed IL-6
production in vitro and in vivo in laboratory mice [79],
suggesting NTZ as a potential drug for the treatment of
ovarian cancer.

In 2021, Biochemical Pharmacology published a study
of NTZ activity on tumor cells in bladder cancer [80].
The authors elucidated that NTZ, by damaging mitochon-
dria via PINK1-derived phospho-ubiquitinin and autoph-
agy receptor-mediated pathway, can initiate mitophagy,
which is a selective autophagy and leads to the selec-
tive removal of damaged or excess mitochondria [81].
Nevertheless, NTZ impedes the flux of mitophagy at the
late stages by inhibiting lysosomal degradation activity.

Tom22,N° 11,2024

DOl https://doiorg/10.17816/RCF624703

(0030pbl N0 KNMHWYECKOM (hapMaKonormv
W NIEKapCTBEHHON Tepanm

ROS produced by mitochondria are pivotal in this process.
Therefore, the use of N-acetylcysteine, an antioxidant and
cytoprotector [82], impeded PINK1-dependent initiation
of mitophagy and alleviated lysosomal dysfunction. The
concurrent use of nitazoxanide and chloroquine, a drug
used in treating malaria and can inhibit autophagy [83],
facilitated NTZ-induced apoptosis of bladder tumor cells.
The study was conducted on 2D and 3D cell cultures that
mimicked the in vivo situation. A significant reduction of
orthotopic bladder tumors without significant systemic
toxicity was found. The authors concluded that the use
of NTZ involving AFC-mediated modulation of mitophagy
at different stages is a potential therapeutic technique
for bladder cancer.

In 2021, Cancer Gene Therapy published a study
demonstrating the antitumor activity of NTZ in colorec-
tal cancer. The farnesoid X receptor, which inhibits the
production of hile acids, which can induce the develop-
ment of colorectal cancer [84], acts as a colorectal tumor
suppressor. Nevertheless, the high levels of f-catenin in
tumor cells significantly diminish the antitumor activity
of farnesoid X and obeticholic acid, which is its agonist.
The antitumor activity of NTZ is manifested by the inhibi-
tion of B-catenin expression caused by the stabilization
of PAD2, which is responsible for B-catenin citrulation
and turnover in tumor cells [85]. Thus, the combination
of obetichoic acid and NTZ may be a potential treatment
for colorectal cancer [86].

A study of NTZ activity on the Wnt/B-catenin signaling
pathway, which is involved in tumor cell proliferation and
multidrug resistance formation, was published in 2022.
Multidrug resistance is a significant challenge in the
treatment of tumor diseases because it is formed simul-
taneously to a large group of drugs belonging to different
classes [87]. ABCB1 overexpression plays a pivotal role
in the development of drug resistance, which results in
the production of P-glycoprotein, a transmembrane pump
that facilitates the elimination of numerous drugs from
cells [88]. C-Myc and cyclin D1 were identified as proto-
oncogenes downstream of the Wnt/B-catenin and MAPK
pathways. The MAPK pathway regulates cell prolifera-
tion, differentiation, motility, and survival [89]. LS174T
cell lines exposed to NTZ resulted in increased cell sen-
sitivity to oxaliplatin, which is used as a first-line drug in
the treatment of colorectal cancer. NTZ suppressed the
Wnt/B-catenin signaling pathway by decreasing ABCB1
activity and inhibiting c-Myc and cyclin D1 [90].

A study published in Biological Chemistry in 2022 in-
vestigated the effect of NTZ on human osteosarcoma (0S)
cells in vitro and in vivo. The in vitro results demon-
strated that NTZ inhibited cell proliferation, migration,
and invasion, stopped the cell cycle in the G1 phase, and
induced OS cell apoptosis. NTZ suppressed the activ-
ity of the AKT/mTOR signaling pathways, whose func-
tions include the activation of cell growth, proliferation,
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and angiogenesis, and Wnt/B-catenin signaling in 0S
cells. The results of the 143B orthotopic 0S cell im-
plantation model further confirmed that NTZ inhibited
0S cell growth and lung metastasis in vivo. Notably,
NTZ did not cause apparent damage to normal cells and
tissues [92].

In 2022, a study of NTZ as a radiosensitizing drug was
published [93]. In that study, NTZ selectively and syn-
ergistically sensitized tumor cells grown as spheroids
to radiation. Furthermore, NTZ similarly inhibited tumor
growth of HCT116 GFP xenograft cells in mice. NTZ was
also found to selectively affect resting glucose-deprived
tumor cells and increase their sensitivity to radiation
in vitro. Consequently, the authors concluded that NTZ
can be employed as a radiosensitizer.

Z. Lii et al. [94] demonstrated the effect of NTZ on 20S
proteosomes [94], which are responsible for the degrada-
tion of cellular proteins [95]. The inhibition of all proteo-
some subunits by NTZ results in EPR stress, triggers the
unfolded protein reaction, and induces autophagy at early
stages, ultimately leading to cancer cell death.

A.M. Ghaleb et al. investigated the effect of NTZ on
metastasis to bones in prostate cancer [96]. They con-
cluded that NTZ demonstrated a significant inhibitory
effect on bone metastases induced by the transcription
factor KLF5, which stimulates cell proliferation. NTZ
also inhibited osteoclast differentiation, a cellular pro-
cess responsible for KLF5-induced bone metastasis. NTZ
demonstrated the capacity to attenuate KLF5 function,
with the regulation of 114 genes exhibiting a negative
effect and 127 exhibiting a positive effect. In patients with
prostate cancer, alterations in the expression of specific
genes have been linked to poorer overall survival out-
comes. One such alteration is the activation of MYBL2,
which encodes a protein involved in cell cycle progres-
sion [97] and is involved in bone metastasis in prostate
cancer. KLF5-K369Q binds to the MYBL2 promoter, ac-
tivating its transcription. Further analysis demonstrated
that NTZ bound to the KLF5 protein, thereby inhibiting
the binding of KLF5-K369Q to the MYBL2 promoter [98].
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