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ABSTRACT: Since 2019, the novel coronavirus (SARS-CoV-2) has
caused significant morbidity and millions of deaths worldwide. The
Coronavirus Disease 2019 (COVID-19), caused by SARS-CoV-2 and its
variants, has further highlighted the urgent need for the development of
effective therapeutic agents. Currently, the highly conserved and broad-
spectrum nature of main proteases (Mpro) renders them of great
importance in the field of inhibitor study. In this study, we categorize
inhibitors targeting Mpro into three major groups: mimetic, nonmimetic,
and natural inhibitors. We then present the research progress of these
inhibitors in detail, including their mechanism of action, antiviral activity,
pharmacokinetic properties, animal experiments, and clinical studies. This
review aims to provide valuable insights and potential avenues for the
development of more effective antiviral drugs against SARS-CoV-2.

1. INTRODUCTION
The Coronavirus Disease 2019 (COVID-19) has significantly
impacted the global economy and public health systems.1,2

COVID-19, caused by the highly infectious and mutable
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2), has seen its Omicron variant supplant the Delta
variant, subsequently mutating into various new strains. This
evolution presents substantial challenges to healthcare systems
and the public health infrastructure.3−7 Despite the transition
of the COVID-19 outbreak toward a more normalized phase,
ongoing research into inhibitors remains crucial for the
preemptive prevention of future coronavirus pandemics.8,9

COVID-19, a respiratory ailment, is propagated by SARS-
CoV-2, a positive-sense single-stranded RNA virus.10 This
virus is composed of structural proteins, including the
nucleocapsid protein (N), spike protein (S), envelope protein
(E), and membrane glycoprotein (M), along with an RNA
genome. It, along with SARS-CoV, HCoV-OC43, HCoV-
HKU1, and MERS-CoV, is part of the β-coronavirus genus.11

The replication process of SARS-CoV-2 involves several
critical steps: initially, the virus’ S protein binds to the
angiotensin-converting enzyme 2 (ACE2) receptor on host
cells or enters directly via cytosis, releasing the viral RNA.
Subsequently, the host’s transmembrane serine protease 2
(TMPRSS2) cleaves and merges with the viral S protein,
facilitating entry and RNA release into the host cell. Viral
replication and assembly then occur with the assistance of
nonstructural proteases, such as the papain-like protease PLpro

(nsp3), the main protease Mpro (nsp5), and the RNA-
dependent RNA polymerase RdRp (nsp12).12−14 Finally,
newly formed viruses are released from the cell to infect
others, perpetuating the viral life cycle15,16 (Figure 1).

The above suggests that both viral (structural and
nonstructural) and host (ACE2 and TMPRSS2) proteins are
pivotal in the viral replication cycle. Targeting these proteins
provides a strategic approach to inhibiting viral replication.17,18

Structural proteins, particularly S proteins, are instrumental in
viral pathogenesis through receptor recognition and membrane
fusion. E proteins, despite being the smallest structural
proteins, play a crucial role in viral assembly, budding,
envelope formation, and pathogenicity. M proteins are key in
viral assembly, whereas N proteins serve multiple functions,
including packaging the viral RNA genome. In host proteins,
ACE2 acts as the primary gateway for the virus to enter cells,
making it a focal point for blocking viral entry. TMPRSS2,
prevalent in human gastrointestinal, genitourinary, and
respiratory epithelia, is essential for activating coronavirus S
proteins, thus facilitating SARS-CoV-2 infection. These
insights reveal that each protein plays a significant role in
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viral proliferation. However, challenges arise due to the virus’
propensity for mutation (e.g., S proteins) and the varied
expression of receptor proteins (e.g., ACE2) across different
tissues, complicating the development of effective inhibitors.
Interestingly, the nonstructural proteins of SARS-CoV-2, such
as Mpro and RdRp, are highly conserved across virus strains,
making them attractive targets for drug development that
minimize interference with host cell physiological pro-
cesses.19−21 Notably, Mpro’s unique substrate specificity�
cleaving peptides only after glutamine residues, a feature not
shared by any human protease�reduces the potential for host
cell toxicity from Mpro-targeting inhibitors. Leveraging drug
repurposing and design strategies, researchers have identified
numerous inhibitors targeting SARS-CoV-2 Mpro. Conse-
quently, this paper focuses on investigating anti-SARS-CoV-2
drugs targeting Mpro, highlighting its importance as a target for
therapeutic development.

2. STRUCTURE AND FUNCTION OF SARS-COV-2 MPRO

The main protease (Mpro) of SARS-CoV-2, a 33 kDa cysteine
protease, also known as Nsp5 or 3C-like protease (3CLpro), is a
crucial target for COVID-19 drug development.22 It shares a
remarkable 96% sequence similarity with SARS-CoV Mpro,
underscoring the potential for broad-spectrum antiviral

inhibitors.23 Mpro facilitates the cleavage of the pp1a and
pp1ab polyproteins at 11 distinct sites, yielding 12 functional
proteins essential for viral replication. Given its highly
conserved nature and specific function, Mpro stands out as a
prime candidate for therapeutic intervention against the
bacterium’s COVID-19. Inhibitors designed to target Mpro

could effectively halt the virus’ life cycle, offering a strategy to
combat the infection.

Mpro’s structure is divided into three domains: I, II, and III.
The active site of the protease is located at the junction of
domains I and II, where it is split into four subsites: S1, S1′, S2,
and S4. These subsites interact with specific fragments of
inhibitors (P1, P1′, P2, and P3) with a high binding affinity, a
crucial factor for inhibitory effectiveness (Figure 2). The S1′
pocket contains the nucleophilic −SH of Cys145, which can be
deprotonated by His41 to create activated thiolate ions,
forming a stable “oxyanion cave” for electrophilic reagent
binding. The S1 pocket, specific for glutamine, includes
Phe140, His163, His164, Glu166, and His172. The hydro-
phobic S2 (Met49, Tyr54, Met165, Pro168, Val186) and S4
(Gln189, Ala191, Gln192, Gly251) pockets interact with
corresponding functional groups.24 Mpro-type inhibitors require
small hydrophobic residues at the P1 subsite and Gln residues
at the P1′ subsite. Additionally, large hydrophobic residues,

Figure 1. Coronavirus particles are composed of four structural proteins, namely, S protein, E protein, M protein, and N protein. S, M, and E are
doped into the viral particle when the RNA genome is wrapped in N. Coronavirus particles bind to cell attachment factors, facilitating their uptake
and fusion in cell membranes or endosomal membranes. Upon entry, the RNA genome is released, decapsulated, and immediately translated by
ORF1a and ORF1b. The resulting polyproteins, pp1a and pp1ab, undergo cotranslation and post-translational processing into individual
nonstructural proteins (nsps) that form the viral replication and transcription complex (RTC). Then RTC replicates the viral genome to the
negatively stranded genomic RNA. Translated E and M facilitate virus assembly and budding by interacting with other viral proteins. Viruses
budding into the ERGIC lumen reach the plasma membrane by secretion, and virus-containing vesicles are released outside the cell after fusion
with the plasma membrane.
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like aromatic rings for π−π stacking interactions, are preferred
at the P2 site.25,26 Studies show that forming a covalent bond
between an inhibitor’s P1′ segment and the Cys-145 residue in
the S1′ subsite significantly boosts the inhibitor’s antiviral
activity.27,28

One of the key advantages of targeting Mpro is its highly
conserved substrate recognition site, which differs from that of
known human proteases. This unique feature results in
exceptional selectivity and safety for Mpro inhibitors, reducing
the likelihood of unintended side effects. Therapeutic options
for Mpro include both existing drugs like Paxlovid and those
currently being studied in clinical trials17,29 (Table 1). This
review will delve into the realm of Mpro inhibitors, covering

synthetic and naturally occurring compounds and shedding
light on their potential in combating COVID-19.

3. INHIBITORS TARGETING MPRO

3.1. Peptidomimetic Inhibitors. Peptidomimetic inhib-
itors, a class of inhibitors that mimic the natural structure of
peptides or proteins, have shown promise in drug develop-
ment.55 Specifically, covalent peptidomimetic inhibitors have
emerged as the most advanced, with a key feature being their
similarity to the natural peptide substrate of the Mpro. These
inhibitors interact with biological targets like the original
substrate. Many of these inhibitors contain electrophilic
“warhead” groups designed to covalently bind with the
nucleophilic SH group of Cys145, which is a common strategy
in the development of anti-COVID-19 drugs.56

3.1.1. Ketone-Containing Inhibitors. Chen’s team42

developed a potent Mpro inhibitor, RAY1216, featuring an α-
ketoamide warhead, aiming to improve inhibitor efficacy
(Figure 3A). Kinetic enzyme inhibition analysis revealed that
RAY1216 employs a slow-tight binding mechanism (Ki = 8.6
nM), significantly enhancing its inhibitory effect. Tested in
VeroE6 cells, RAY1216 exhibited minimal toxicity (CC50 =
511 μM) and demonstrated robust inhibitory activity across
various SARS-CoV-2 strains, including the original strain
(EC50 = 95 nM), Delta (EC50 = 97 nM), and Omicron
subvariants BA.1 (EC50 = 86 nM) and BA.5 (EC50 = 158 nM),
indicating its broad-spectrum potential against SARS-CoV-2.
In an ACE2 transgenic mouse model, RAY1216 markedly
reduced the viral load in lung tissue. Notably, its elimination
half-life ranged from 2.6 to 14.9 h across different animal
models, offering an improved pharmacokinetic profile
compared to PF-07321332. The crystallographic data show
RAY1216 covalently bonds to Mpro, forming a sulfur
thiohemiketal bond with Cys145 and facilitating an “oxygen
anion hole” through interactions at the P1′ site, enhancing its
antiviral mechanism (Figure 3E). As of March 21, 2023,
RAY1216 has been authorized as a COVID-19 therapeutic,

Figure 2. Crystal structure of Mpro (A) (PBD ID: 7BB2). The
structural region of Mpro (B) (PBD ID: 7ALH). The cavity structure
of Mpro (C).

Table 1. Marketed and Clinical-Stage Drugs Targeting Mpro

Drug name First R&D company
Highest R&D stage

worldwide Listed countries

nirmatrelvir +
ritonavir29−35

Pfizer Approval for listing USA, Korea, UK, Iceland, Liechtenstein, Norway, EU,
Japan, Israel, China

SIM-041736−38 Shanghai Institute of Pharmaceutical Sciences, Chinese
Academy of Sciences

Approval for listing China

ensitrelvir39−41 Shionogi, Inc. Approval for listing Japan
RAY-121642 Guangdong Zhongsheng Pharmaceutical Co., Ltd. Approval for listing China
GST-HG17143−45 Fujian Guangshengtang Pharmaceutical Co., Ltd. Approval for listing China
WPV-0146,47 Westlake University Phase III Clinical
FB-200148 Shanghai Institute of Materia Medica, Chinese Academy

of Sciences
Phase III Clinical

Carrimycin49 Shenyang Tonglian Group Co., Ltd./Chinese Academy
of Medical Sciences

Phase III Clinical

S-892216 Shionogi, Inc. Phase III Clinical
Pentarlandir
UPPTA50

SyneuRx International Corp. Phase II Clinical

masitinib51 AB Science SA Phase II Clinical
EDP-23552 Enanta Pharmaceuticals, Inc. Phase II Clinical
PF-0781788353 Pfizer Phase II Clinical
NK01-6354 Sorrento Therapeutics, Inc. Phase I Clinical
ABBV-903 AbbVie Phase I Clinical
GS221 Grand Medical Pty, Ltd. Phase I Clinical
ASC-11 Clarion Biologicals Phase I Clinical
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with Phase III trials indicating its efficacy in treating mild to
moderate SARS-CoV-2 infections, significantly shortening
recovery times for patients with high viral loads without
necessitating coadministration with ritonavir, thereby reducing
medication risk and offering a superior treatment option for
high-risk individuals.

Yang’s team57 identified four compounds that can inhibit the
activity of Mpro by fluorescence resonance energy transfer
(FRET) and structurally optimized Hit-1, the most potent of
these compounds, to obtain SY110 (Figure 3B). Strong in
vitro antiviral efficacy was demonstrated against SARS-CoV-2
Alpha (B.1.1.7), Beta (B.1.351), and Omicron (B.1.1.529)
BA.2 and BA.5 subspectra. Subsequent drug metabolism and
pharmacokinetics of SY110 were evaluated in beagle dogs,
monkeys, and mice with oral utilization of 131.99%, 24.36%,
and 67.42%, respectively. This was followed by an Ames
mutagenicity assay, a chromosomal aberration assay, an hERG
channel blocking assay, and a reproductive toxicity assay,
which demonstrated that SY110 has an excellent preclinical
safety profile. The investigators also evaluated the in vivo
antiviral activity of SY110 in a K18-Hace2 transgenic mouse
model infected with Omicron BA.2, which effectively inhibited
the production of infectious viral particles in the lungs of the
mice, and when SY110 was coadministered with Ritonavir, it
effectively inhibited Omicron infections in the airways and
attenuated viral-induced lung lesions due to the virus.

Unfortunately, the human liver microsome (HLM) stability
of SY110 still needs to be improved, but it is still a promising
antiviral candidate.

Most SARS-CoV-2 Mpro covalent inhibitors reported contain
amides as Gln mimics at P1. To develop a new inhibitor,
Shurtleff’s team58 chose difluorobutyl as a substituent at this
position, obtaining the compound MK-7845 (Figure 3C).
MK-7845 was highly potent in vitro (IC50 = 8.7 nM in WT)
and showed potent efficacy in an in vivo viral infection model.
SAR analysis and X-ray crystallographic studies have shown
that this moiety interacts with His163, which is the same
residue that normally forms hydrogen bonds with the amide
substituent found at P1. Compared to Nirmatrelvir, its
physicochemical properties and preclinical pharmacokinetic
profile facilitate easy-to-control predictive human oral dosing
without the need for augmentation by CYP3A4 inhibition.

The group of Rolf Hilgenfeld59 designed compounds
containing an α-ketoamide moiety (11r), and it had excellent
antiviral activity in Huh7 cells with MERS-CoV infection.
They then optimized based on 11r to obtain 13a,60 increasing
the compound’s half-life in plasma. To enhance the antiviral
activity of the inhibitor, the researchers replaced the P2
cyclohexyl group of 13a with the cyclopropyl group of 13b
(Figure 3D). Testing at the lung tissue level and observing the
pharmacokinetics of 13b revealed that it was well tolerated by
inhalation and produced no adverse effects. This suggests that

Figure 3. Molecular structure (A) and crystal structure (E) of RAY1216 (PBD ID: 8IGN). The molecular structures of SY110 (B) and MK-7845
(C) (red color indicates the modified moiety at P1). The optimization process from 11r to 13b (D) and crystal structure of 13b (F) (PBD ID:
6Y2F) (C) (Represent the evolution of 13b in turn in red, green, purple, and blue.) (All structural formulas were drawn in ChemDraw; 3D
representations were drawn in Pymol.)
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compound 13b can be administered directly to the lungs. In
addition, the group of Vincenzo Summa61 synthesized a set of
α-ketoamide derivatives via the PADAM (Passerini reaction−
Amine Deprotection−Acyl Migration) strategy of α-hydroxy-
β-aminoamides, confirming the affinity of the ketoamide
fraction for covalent binding to the catalytic residue Cys145
of Mpro. Their crystalline structures show the possibility of
inserting electron-withdrawing and -donating groups into the
phenyl ring of the ketoamide moiety (Figure 3F). To predict
their binding modes and mechanisms of action, the researchers
performed molecular docking studies on key molecules 9a and
9e (Figure 4A) and demonstrated the expected formation of
tetrahedral thiosemicarbazone adducts capable of mimicking
the hydrolyzable amide bonds of natural substrates. Cellular
experiments 9a and 9e showed the inhibitory potency of
nanomolar and the potential of both to act as broad-spectrum
coronavirus inhibitors. It certainly contributed to further
research on SARS-CoV-2 inhibitors in humans.
PF-00835231, a standout in the category of peptidomimetic

inhibitors, is an irreversible hydroxy ketone inhibitor targeting
the SARS-CoV-2 main protease, evolved from its precursor
PF-0730481462 (Figure 4D). In vitro assays on renal cell lines
revealed that its antiviral activity is notably enhanced
(achieving an EC50 of up to 0.23 μM) when combined with
a P-glycoprotein (P-gp) transporter protein blocker without
exhibiting cytotoxicity. Additionally, PF-00835231 presents a

low risk of interactions with other drugs, which is attributed to
its metabolic stability.

Building on PF-00835231, Damian W. Young’s team63

developed a compound with a trifluoromethoxymethyl ketone
warhead, achieving an over 3-fold potency increase and
significantly improved in vitro clearance (includes SARS-
CoV-2 Mpro IC50, HeLa-ACE2 CoV-2 EC50/90, etc.). Through
further experimentation with various P3−P2 combinations and
incorporation of proline at P2, they identified CMX990 as a
clinical candidate (Figure 4B). This compound, distinguished
by its α-hydroxy acid P2-cap and 4-spiral cyclopropyl proline at
P2, exhibited no significant inhibition of major CYP isoforms,
promising oral bioavailability and tolerability in preclinical
species. With its innovative covalent warhead, CMX990
exhibited remarkable antiviral properties (IC50 = 23.4 nM)
and low projected human clearance. This compound swiftly
progressed to Phase 1 clinical trials in just around 10 months,
showcasing rapid advancements in peptidomimetic inhibitor
development.
3.1.2. Aldehyde-Containing Inhibitors. Dai’s team64

synthesized an aldehyde, 11a (Figure 4G), which exhibited
significant anti-SARS-CoV-2 infection activity against SARS-
CoV-2-Mpro with EC50 of 0.53 Μm, respectively. In multiple
variants of in vitro treatment of infections, the best compound
11a showed good activity against omicron (EC50 = 0.26 μM),
delta (EC50 = 0.027 μM), beta (EC50 = 20.28 μM), and alpha
(EC50 = 3.39 μM) and no significant cytotoxicity.48 Crystallo-

Figure 4. Molecular structures of 9a and 9e (A); the molecular structures of CMX990 (B) and BBH-1 (C); the molecular structures of PF-
07304814 and PF-00835231 (D); the molecular structure (G) and crystal structure (E) of 11a (PBD: 6LZE); and the molecular structures of MI-
09 and MI-30 (F).
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graphic study of 11a shows that the amide bond on the 11a
chain makes a hydrogen bridge with His164, and the P3 indole
group is exposed at the S4 site and makes a hydrogen bridge
with Glu166. Its lactam ring amide group H-bonds with
His163, and its cyclohexyl moiety 11a at P2 enters the S2 site
and overlaps with the His41 imidazole nucleus. The oxygen
atom of this aldehyde group H-bonds to the backbone of
residue Cys145 via the S1 position, which has a key effect in
orienting the conformation of the inhibitor (Figure 4E).
Currently, 11a is a promising broad-spectrum drug inhibitor,
and it is being further investigated in the form of inhalation
nebulization. Of these, 11a (Clinical Trial Number: FB2001)
has shown safety and tolerance in a first-in-human study in the
US and is entering a Phase III clinical trial in the Chinese
population.

Yang et al. conceived and prepared 32 bicyclo proline
analogs based on boceprevir and telaprevir, of which MI-09
and MI-30 (Figure 4F) showed the most potent inhibitory
effect against SARS-CoV-2-Mpro.65 MI-09 and MI-30 use
aldehydes as P1 warheads, which bind covalently to the
catalytic site Cys145 and promote the molecules’ antiviral
activity. Evaluation of SARS-CoV-2 infected VeroE6 cells
showed that MI-09 and MI-30 had outstanding inhibitory
activity with an EC50 of 0.86 and 0.54 μM, respectively. In a
murine model of SARS-CoV-2 disease, intravenous MI-09 and

MI-30 were not significantly toxic to mice and efficiently
inhibited SARS-CoV-2 multiplication and reduced the area of
lung lesions caused by SARS-CoV-2 in vivo. In addition, both
have shown excellent pharmacokinetic characteristics and a
safe efficacy in rats.

Shang’s team66 reported the design and synthesis of a series
of peptidomimetic compounds, of which compound 10a
(Figure 5A) showed significant inhibitory activity to SARS-
CoV-2-Mpro with IC50 levels of 3.889, respectively. Crystallo-
graphic studies revealed that the aldehydic group of 10a binds
covalently to Cys145, and the γ-lactam nucleus interacts with
hydrogen with His163 and associates with the S1 pocket of
Mpro (Figure 5C), reflecting the tightness of the binding
between the molecule and Mpro and indicating that the
mimetic class of inhibitors still has much to be investigated.

Based on the lead compound 13b,60 the investigators used a
tetrapeptide simulation approach to design TPM16 (Figure
5B).67 It showed a potent inhibitory effect on SARS-COV-2-
Mpro (IC50 = 0.16 μM). The EC50 in the VeroE6 cell line was
2.82 μM. In addition, the inhibitor was not significantly toxic
in the cell toxicity assay (CC50 > 200 μM). Its structural
analysis indicated that TPM16 was successfully bound to the
dimeric histidine residue (His41) of Mpro and attenuated the
cellular viral burden of SARS-CoV-2, providing the basis for

Figure 5. Molecular structure (A) and crystal structure (C) of 10a (PBD: 7DHJ). The molecular structures of TPM16 (B). The molecular
structure (D) and crystal structure (G) of YH-6 (PBD: 7XAR). The molecular structure of D-4-77 (E) and MPI89 (F) (the warheads of YH-6, D-
4-77, and MPI89 are marked in red). The molecular structure of GC376 (H) and NK01-63 (I).
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the future development and optimization of various antiviral
protease inhibitors.
3.1.3. Haloacetyl-Containing Inhibitors. The inhibition

mechanism of compounds with halogenated warheads involves
a nucleophilic attack on the C−X bond by cysteine-SH, leading
to the formation of an irreversible S−C bond. Recently, there
has been significant research on this class of inhibitors,
focusing on α-haloacetamides, α,α-dihaloacetamides, and
α,α,α-trihaloacetamides as reactive groups.68,69

YH-6 (8a, Figure 5D), a class of covalent inhibitors targeting
Mpro,70 effectively inhibited SARS-CoV-2-Mpro at the nM level
(IC50 = 3.8 nM), showing promising activity. It also showed
little toxicity in 293T-VeroE6 cells (CC50 > 35 μM). The
protein and YH-6 complex crystal structure showed that
chlorofluoroacetamides (CFA) of YH-6 covalently bind to
Cys145 at the active site; in the oxygen anion pore, the
carboxylic acid amide oxygen of the CFA moiety forms two
hydrogen bonds with the Gly143 residue and the NH group of
the Cys145 backbone, which may be essential for the
stabilization of the covalent bond with the Cys145 residue
(Figure 5G). These results indicate that YH-6 has antiviral
activity at the nM level and good pharmacokinetic properties
and is a potential lead compound for use as a COVID-19
therapeutic agent.

Current studies on drug development targeting SARS-CoV-
2 Mpro have focused on the S4−S1′ site in its substrate binding
pocket. To increase the diversity of SARS-CoV-2-Mpro

inhibitors, Liu’s team71 developed novel SARS-CoV-2 Mpro

covalent inhibitors targeting the S1′−S3′ sites. By exploring
the substrate selectivity of the S1′−S3′ sites, the researchers

found that the S1′ site prefers Ala, S2′ prefers Lys/Ile, and S3′
prefers Phe/Trp and that the S1′−S3′ pockets of Mpro have a
high affinity for the peptide sequence Ala-Ile-Phe (AIF).
Therefore, they designed and synthesized the best active
inhibitor, D-4-77, using AIF as the backbone and bromoace-
tamide as the covalent warhead (Figure 5E). D-4-77 showed
excellent antiviral efficacy (EC50 = 0.49 μM) in Vero E6 cells
infected with SARS-CoV-2. Next, the researchers found that
D-4-77 can restore the host NF-κB immune response by
inhibiting Mpro, so D-4-77 can not only inhibit the replication
of SARS-CoV-2 but also be an immunoprotectant against the
damage of the innate immune response caused by SARS-CoV-
2. Although the D-4-77 series of inhibitors has not yet been
studied in animal or clinical studies, the studies described
above demonstrate the effectiveness of the S1′−S3′ pocket of
Mpro in the study of inhibitors. Therefore, the study of D-4-77
could provide a new direction for subsequent inhibitor
research.

Khatua’s team72 explored the inhibitory effect of azapeptides
in combination with various covalent warheads on SARS-CoV-
2. They obtained the most available compound, MPI89,
featuring an azido-2,2-dichloroacetyl warhead (Figure 5F). In
ACE2 A549 cells, MPI89 showed potent inhibition of SARS-
CoV-2 (EC50 = 10 nM). Crystallographic analysis showed that
these inhibitors covalently bind Cys145 and use the azamido
carbonyl oxygen to bind to the oxygen anion cavity.
3.1.4. Water-Soluble Aldehyde Bisulfite Adducts. GC376 is

a dipeptide bisulfite that inhibits some small RNA viruses and
coronaviruses (Figure 5H). GC376 was converted to GC373
in vivo after administration, thus inhibiting viral replica-

Figure 6. Molecular structure of Nirmatrelvir and its base structure (A) (different colors mark the main variations of the compounds). The crystal
structure of Nirmatrelvir (D) (PBD: 7RFS). The molecular structure of Simnotrelvir (B) (nitrile groups are shown in green). The molecular
structure of BBH series (C).
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tion.73−77 Studies have shown that GC376 successfully
reverses experimentally induced FIP (feline infectious
peritonitis) and naturally occurring FIP in cats, suggesting
that GC376 inhibits coronavirus infection in vivo.78 Xu’s
group74 treated VeroE6 cells infected with SARS-CoV-2 with
GC376 and observed protection against cytopathic effect
(CPE) and a dose-dependent decrease in viral CPE with an
EC50 of 0.91 μM, allowing further development into a broad-
spectrum anticoronaviral agent.

Brent R. Stockwell’s group54,79 identified NK01-63 as the
most promising of these compounds during the optimization
of GC376 analogues and named it coronastat. The
investigators tested the binding selectivity of NK01-63 to
human proteases and found that NK01-63 was consistently
more selective than the human protease chymotrypsin for
SARS-CoV-2-Mpro and highly selectively inhibited Mpro

(Figure 5I). NK01-63 consistently exhibited excellent antiviral
potency in human Huh-7 cells, EC50 = 146 nM. NK01-63
could effectively block the replication of human coronavirus
alpha OC43 and human coronavirus beta 229E with EC50 <
100 nM in Huh-7 cells. The investigators then conducted in
vivo toxicity and pharmacokinetic studies of NK01-63 using
C57BL/6 mice, which showed that NK01-63 was not toxic in
vivo by any of the routes of administration, and the
concentration of NK01-63 in the lungs of the mice was still
higher than its EC90 value at 24 h postdose. Therefore,
preclinical studies of NK01-63 are expected to be conducted
to evaluate its potential for clinical development. It is currently
in clinical phase I.
3.1.5. Nitrile-Containing Inhibitors. Nitrile warheads play a

crucial role in the study of Mpro inhibitors. Due to its different
electronegativity from the nitrogen atom, the carbon atom of
the nitrile is more susceptible to protease-catalyzed nucleo-
philic addition of cysteines to form reversible covalent adducts
of thiosemicarbazide esters.80 In addition, the electron-
attracting nature of the nitrile groups can alter the reactivity
of the surrounding molecules, contributing to the functional-
ization of adjacent positions.

To address PF-00835231’s limited bioavailability, research-
ers modified its structure by replacing the hydroxymethyl
ketone group with a cyano group, resulting in Compound a29

(Figure 6A). This alteration improved oral bioavailability in rat
models, albeit with a reduction in efficacy and antiviral potency
against SARS-CoV-2 Mpro. Further structural adjustments led
to Compound b (Figure 6A), which incorporated 6,6-
dimethyl-3-azabicyclo[3.1.0]hexane at the P2 site and featured
a benzothiazole-2-yl ketone warhead, enhancing its perme-
ability but compromising potency and metabolic stability. The
introduction of a methanesulfonamide group at the P3 position
in Compound c elevated its hydrogen bond affinity with
Glu166, improving both potency and antiviral activity (Figure
6A). The quest for enhanced antiviral activity led to the
development of Compound d (Figure 6A), which included a
trifluoroacetamide group at P3. This backbone, when
combined with a nitrile warhead, resulted in the creation of
Nirmatrelvir, a potent inhibitor against SARS-CoV-2 Mpro

with significant antiviral efficacy (Figure 6A, D). Given
Nirmatrelvir’s susceptibility to rapid metabolism by the
CYP3A4 isoenzyme, it is coadministered with Ritonavir, a
CYP3A4 inhibitor, to prolong its activity and maintain higher
concentrations in vivo.81 This combination, known as
Paxlovid, was authorized on December 27, 2021, for treating
adults and adolescents with mild to moderate COVID-19,

significantly reducing the risk of severe illness by 89%
compared to a placebo without notable safety concerns.
Paxlovid has received widespread approval for treating severe
COVID-19 in adults not requiring oxygen supplementa-
tion.30,31

However, the researchers found that the T21I (S4′ subsite)/
E166V (S1 subsite) and L50F (S2 subsite)/E166V mutants of
Mpro increase the enzymatic activity of the protease by directly
decreasing the binding affinity of SARS-CoV-2 to nirmatrelvir
(Ensitrelvir has a similar resistance pattern).82 Although
current clinical data indicate that nirmatrelvir remains
consistently effective against the most recent omicron
variants,83 it is imperative to monitor closely for amino acid
mutations and secondary adaptive mutations that confer
resistance to nirmatrelvir in the future. It may be beneficial
for investigators to consider inhibiting Mpro activity through
combination therapy (e.g., a mixture of a Mpro inhibitor, a PLpro

inhibitor, and an RdRp inhibitor) or other specific binding
strategies that do not require binding to any of the subsites of
Nirmatrelvir (e.g., natural inhibitors).84 If small-molecule
compounds that bind differently to the Mpro catalytic site are
developed in the future, they will be more effective in treating
COVID-19 and preventing the rise of SARS-CoV-2 resist-
ance.35,85

Xu and colleagues36−38 obtained the oral clinical candidate
Simnotrelvir (Figure 6B) by stepwise optimization of P1, P2,
and P4 based on the boceprevir warhead. Among them, the
biophysical, structural, and biochemical data of Simnotrelvir,
as well as its effective covalent binding to the SARS-CoV-2-
Mpro active site, provide a solid structural basis for anti-SARS-
CoV-2. Researchers then performed in vivo pharmacokinetic
characterization of Simnotrelvir in rats (15 mg/kg IV, 15 mg/
kg PO) and monkeys (5 mg/kg IV, 5 mg/kg PO), with 35.3%
of rats and 41.9% of crab-eating monkeys showing good oral
bioavailability. Next, the investigators evaluated the selectivity
of Simnotrelvir for human proteins, its toxicity to human
peripheral blood mononuclear cells (PBMCs), to human
hepatocytes, as well as to rats and monkeys, all of which
demonstrated that Simnotrelvir was well-tolerated and safe in
vivo. The in vivo antiviral activity of Simnotrelvir was
evaluated in a K18-Hace2 transgenic mouse model, and it
was found that Simnotrelvir protects mouse lung and brain
tissues from lesions and that there is a good correlation
between drug exposure and in vivo antiviral efficacy for the
combination of Simnotrelvir and ritonavir. Meanwhile,
Simnotrelvir was launched on January 29, 2023, in China.
BBH-1, BBH-2, and NBH-2 (Figures 4C and 6C) are a

series of reversible covalent inhibitors targeting Mpro designed
by Andrey Kovalevsky et al.86 The structure of this class
contains an electrophilic ketone slug that covalently binds to
Cys145 to produce a hemithioketal, which facilitates the tight
association of the compound with Mpro. The crystalline
structure resulting from the complex of Mpro with BBH-1
suggests that the reaction between Cys145 at the S1′ position
and the ketone group of this inhibitor generates an oxygen
anion, which facilitates the creation of hydrogen bridges and,
hence, the stabilization of the molecule. The results of the
BBH-1, BBH-2, and NBH-2 antiviral activity in Vero E6
TMPRSS cells showed that this class of compounds had a
significant antiviral effect showing an EC50 of 1.54, 0.88, and
1.82 μM, respectively, only slightly lower than that for PF-
07321332 (EC50 = 0.25 μM).
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3.1.6. Cyclic Peptide Inhibitors. Currently, most of the
research on Mpro inhibitors is done with linear analogs.87,88

The conformational stability and biological activity of cyclic
peptides often show significant advantages over linear analogs.
At the same time, this structural elephantine rigidity of the
cyclic peptide itself increases resistance to degradation by
endogenous proteases, thus further improving plasma
stability.89

UCI-190 is a cyclic pentapeptide, a cyclic peptide inhibitor
that generates Mpro directly from the crystal structure of a
linear peptide substrate (Figure 7A). Its structure is
characterized mainly by the addition of a methylene group
to the para-position of Phe309 of the linear peptide substrate,
which is then linked to the backbone carbonyl of Phe305 and
finally to the [4-(2-aminoethyl) phenyl]-acetic acid (AEPA)
moiety to form a rigid peptide macrocycle. This structure is
analogous to the conformation of the C-terminal autolytic
cleavage site of the naturally occurring Mpro substrate. In the
enzyme inhibition assay, the IC50 of UCI-1 was about 160 μM,
which showed a certain inhibitory effect at a micromolar
concentration. In HEK-293 cells, UCI-1 was not cytotoxic at
concentrations up to 256 μM. Although UCI-1 is not
particularly active, it provides a foundation for the develop-

ment of additional cyclic peptide inhibitor analogs with
enhanced Mpro activity.

Payne’s team91 used the random nonstandard peptide
integrated discovery (RaPID) technique to obtain the SARS-
CoV-2 Mpro target thioether-linked Cyclic peptide 1 (Figure
7B). Based on multiangle laser light scattering with size
exclusion chromatography (SEC-MALLS) and nuclear mag-
netic resonance (NMR) data, Cyclic peptide 1 selectively
binds and inhibits the active homodimer of the SARS-CoV-2
Mpro active homodimer but not the inactive monomer. In vitro
assessment of inhibitory activity showed that at a concen-
tration of 10 μM Cyclic peptide 1 was inactive against MERS-
CoV Mpro, SARS-CoV-2 PLpro, TMPRSS2, furin, and
cathepsins B and E, and it moderately inhibited histone L
(IC50 = 10.9 μM). It has a high stability in human plasma with
a residual rate of 85% after 24 h. It was inactive at a
concentration of 50 μM in the antiviral activity assessment, but
when combined with cell-penetrating peptide (CPP), it
enhanced cellular uptake and significantly improved antiviral
activity. This indicates that Cyclic peptide 1 has the potential
to be an effective antiviral agent when coupled with CPP.

The research team led by Hiroaki Suga92 discovered that
GM4 and GM4H3Q are highly potent cyclic peptides that
specifically target the Mpro enzyme (Figure 7C). Initially, the

Figure 7. Molecular structure of UCI-1 (A), Cyclic peptide 1 (B), GM4 (C) (the ring-forming portion is shown in red), Compound 15 and
Compound 16 (D), and 7d, 8e, and 9g (E).
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researchers constructed a comprehensive cγAA macrocyclic
peptide library. From this library, they identified seven
macrocyclic peptides containing cγAA that exhibited a strong
binding affinity, inhibitory activity, and protein hydrolysis
stability. Notably, GM4, which incorporates γ1, demonstrated
an exceptional Kd value of 5.2 nM, surpassing GM2, which
shared the same motif but had a Kd value of 71 nM. Employing
an ms-based approach, the researchers evaluated the inhibitory
effect of GM1 to GM7 on Mpro. Among these peptides, GM1,
GM4, and GM5, which share the yFHγX motif, exhibited
impressive IC50 values of 40, 50, and 40 nM, respectively.
Furthermore, when the team assessed the half-life of this
effective cγ aa-containing peptide and their mutants in human
serum, GM1, GM4 (containing γ1), and GM5 (containing γ2)
demonstrated remarkable resistance to peptidase degradation.
Specifically, these peptides had half-life (t1/2) values of 90, 126,
and 32 h, respectively. The presence of the yFH motif in GM4
appears to contribute significantly to its high potency and
stability, making it a promising candidate for further inhibitor
research and development.
3.1.7. Other Inhibitors. By drawing on the development of

molecules targeting protein−protein interactions (PPIs),
Trabocchi’s group93 was able to develop a molecule capable
of inhibiting SARS-CoV-2 ACE2/spiny interactions in the
micromolar range, Compound 15 and Compound 16 (Figure
7D). It was obtained through the researchers’ synthesis within
a few steps using iminium chemistry. Both compounds were
successfully incorporated into the short peptide epitope
EDLFYQ of the ACE2 α-helix 1 structural domain. This

demonstrated that they inhibited the ACE2/spike interaction
of SARS-CoV-2 in the micromolar range (IC50 values of 15 ±
6 and 127 ± 76 μM, respectively). Using the ACE2 epitope
and the c-terminal Q amino acid present in the Mpro

recognition motif, the investigators assessed the inhibitory
effect of the synthesized mimetic peptide on the main protease
activity of SARS-CoV-2 Mpro. This approach provides a new
avenue for developing multitargeted therapeutic agents against
coronavirus infections.

In addition, Azevedo’s team94 worked on peptidomimetic
analogs of statins (7d, 8e, and 9g) (Figure 7E). The three most
potent compounds (7d, 8e, and 9g) inhibited Mpro activity in
the submicromolar range and were not cytotoxic, inhibiting
about 80% of SARS-COV-2 replication. Molecular dynamics
simulations further confirmed the stability and persistent
interaction of the compounds binding to the Mpro site.

3.2. Nonpeptidomimetic Inhibitors. Nonpeptidomimet-
ic inhibitors, primarily originating from high-throughput
screening, are categorized as either covalent or noncovalent
inhibitors. These inhibitors have demonstrated favorable oral
bioavailability and prolonged half-lives, suggesting enhanced in
vivo efficacy and decreased potential for drug interactions.95,96

3.2.1. Covalent Inhibitors. Ebselen is a class of small-
molecule organoselenium compounds that were found to be
effective in inhibiting SARS-CoV-2-Mpro (Ki = 2 μM, IC50 =
0.67 μM) and showed potent antiviral effects on SARS-CoV-2
infected Vero cells by Jin et al. in 2020 (EC50 = 4.67 μM).97 In
the Ebselen-Mpro complex, Ebselen can form covalent bonds
with Cys145 and Cys44 of Mpro.98 On this basis, the Sun’s

Figure 8. Molecular structure of 1i and 2k (A), metal complexes (B), Y180 (C), Jun9-62-2R (D), CD-19 (E), 6a and 3a (F), 16a and 14a (G),
and GRL-0820 and GRL-0920 (H).
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group99 tested the inhibitory effect of Ebselen and Ebsulfur
derivatives, of which 1i and 2k (Figure 8A) showed better
enzyme inhibition than Ebselen with IC50 values of 0.074 and
0.11 μM, respectively. However, DTT-dependent inhibition
assays indicate that Ebselen and Ebsulfur are promiscuous
cysteine protease inhibitors of Mpro. Deval et al.100 questioned
the role of Ebselen as a protease inhibitor, finding that Ebselen
did not inhibit SARS-CoV-2 replication but was toxic to Vero
cells. Subsequently, Wang’s team101−103 demonstrated that
Ebselen is not a specific Mpro inhibitor. The study revealed that
Ebselen had no inhibitory effect in either the FlipGFP assay or
the Protease-Glo luciferase assay.

Metal complexes also have inhibitory activity against SARS-
CoV-2-Mpro, for example, competitive Hg2+ and Zn2+ coupling
inhibitors. Karges104 prepared and tested a series of Re1-
tricarbonyl complexes in which the ligand covalency of a single
Re1 could bind the tricarbonyl complex and thus inhibit the
action of Mpro. Enzymatic activity assays demonstrated that
these complexes exhibit IC50 values below 10 μM, with
Compound 34 (Figure 8B) displaying the highest activity.
Additionally, zinc ions have been shown to block the
replication of SARS-CoV-2 in the micromolar range with
limited cellular toxicity.105,106 The bismuth ion, a fringe metal
ion that binds cysteine, has also been explored. One analog,
colloidal bismuth subcitrate (CBS), combined with N-acetyl-L-
cysteine (NAC), inhibited the Mpro with an IC50 of 22.25

μM107 (Figure 8A). Currently, phase III clinical trials are
ongoing for oral bismuth-containing drugs, including CBS, for
the treatment of COVID-19.
Y180 (Figure 8C), a diamide derivative designed and

synthesized by Quan’s group,108,109 exhibits remarkable
antiviral activity against SARS-CoV-2 and its variants,
including B.1.1.7 (Alpha), B.1.617.1 (Kappa), and P.3
(Theta). In vitro tests conducted in VeroE6 cells and the
human lung epithelial cell line Calu3 demonstrated their
efficacy in inhibiting virus replication. Furthermore, in the K18
transgenic mouse model expressing human angiotensin-
converting enzyme 2 (K18-hACE2),110−112 Y180 exhibits
potent antiviral activity with EC50 values in the nanomolar
range for multiple virus variants. These findings suggest that
Y180 can effectively block virus replication, minimize tissue
damage, and enhance survival rates in infected animals.
Additionally, Y180 demonstrates good oral bioavailability in
mice, rats, and dogs, indicating its potential for oral
administration. However, preclinical safety evaluation raises
concerns regarding its toxicity, necessitating further inves-
tigation of its safety profile in humans.
Jun9-62-2R (Figure 8D) was obtained by ref 69 as an

improvement on 23R and is highly selective for Mpro. Jun9-62-
2R was applied to Caco2-hACE2 cells infected with SARS-
CoV-2 and showed good antiviral activity and no cytotoxicity
(EC50 = 2.05 μM, CC50 > 100 μM). The crystal structure of

Figure 9. Molecular structures (A) and crystal structure (G) of S-217622 (PBD: 7VU6). The molecular structure of WU-04 (B). The molecular
structure (C) and crystal structure (H) of Masitinib (PBD: 7JU7). The molecular structure of MAT-POS-e194df51-1 (D). The molecular
structure (E) and crystal structure (F) of LY1 (PBD: 7V1T) (the differences between the two forms of LY1 are marked in red).
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the complex of Jun9-62-2R with Mpro shows that the pyridine
ring of Jun9-62-2R binds to the S1 site of Mpro and forms a
hydrogen bond with His163, which is essential for the
coordination of its basal Gln side chain. Partial insertion of
Jun9-62-2R into the hydrophobic S2 pocket forms a nonpolar
contact and stacks with the catalytic base His41. The amide
group linking the pyridine ring to α-methylbenzene interacts
with the hydrogen bond of the Glu166 backbone, helping the
α-methylbenzene group to flip down into the core of the
substrate channel and interact with the biphenyl moiety as a
way of maximizing the effect of the inhibitor.
GD-9 is a nonmimetic class of covalent inhibitors using

cysteine as a targeting warhead113 (Figure 8E). The researchers
tested the antiviral effect of GD-9 in Vero E6 cells with an
EC50 value of 2.64 μM and tested its toxicity with a CC50 =
12.5 μM, indicating that the molecule is somewhat toxic. The
enzymatic kinetic and MALDI-TOF-MS studies indicate that
GD-9 is an irreversible covalent inhibitor of SARS-CoV-2 Mpro

with a good affinity for Mpro. At the same time, GD-9 has fewer
side effects as it shows target selectivity toward coronavirus
proteases. Therefore, addressing the toxicity of GD-9 is a
prerequisite for its further development as a clinical candidate
for the therapy of COVID-19.

Ren’s team114 discovered a series of 2,3,5-substituted
[1,2,4]thiadiazole analogs that act as nonmimetic covalent
inhibitors of Mpro, demonstrating promising inhibitory activity
at the molar level. To further explore the efficacy of these
inhibitors, they focused on compound 6a (Figure 8F). Using
the FRET protease assay, they determined that compound 6a
exhibited an IC50 of 0.193 μM. Analysis of the frontier
molecular orbitals (FMOs) and the molecular electrostatic
potential (MEP) of 6a indicated that the 2,3,5-substituted
[1,2,4]-thiadiazole moiety has the potential to serve as a
covalent warhead, thereby enhancing its inhibitory activity
against Mpro. Based on the above, they also designed and
synthesized inhibitor 3a115 using a scaffold hopping strategy
with thiocyanate as a covalent warhead (Figure 8E). At the
enzyme level, it showed good activity with an IC50 of 2.214
μM. The mechanism of action showed that compound 3a
binds tightly to the active pocket of Mpro while forming a
disulfide bond with Cys145. Its carbonyl group formed a
hydrogen bond with Mpro through water. At the S1′ and S2
sites, the tricyclic moiety by 3a occupies these sites by
interacting with His41, Met49, and Met165. Thus, this novel
skeleton can be a probe molecule for future covalent chemistry.
To some extent, this provides a new direction for the research
and development of drugs targeting Mpro or other covalent
drug candidates.

Based on compound X77, Nicolas Moitessier’s team68 used
the Fitted docking technique, replacing the X77 reactive group
with an imidazole ring to form a hydrogen-bonding interaction
with the backbone of Gly143, which increased the inhibitor’s
potency against the virus. Subsequently, the inhibitors 16a and
14a (Figure 8G) were assayed for activity at the enzyme level
(IC50 values of 0.42 and 0.41 μM, respectively) and shown to
be more potent than X77 (IC50 = 4.1 μM).

Hattori’s team116 found that the indole-chloropyridyl ester
derivatives GRL-0820 and GRL-0920 (Figure 8H) also
exhibited inhibitory activity against SARS-CoV-2, particularly
GRL-0920, which effectively blocked SARS-CoV-2 infection
and cytopathic lesions (EC50 = 2.8 μM) with low
toxicity.117−119 In addition, the ketal covalently bound to
GRL-0920-Mpro may be reversibly converted to a carbonyl

group that is not covalently bound to Mpro. Therefore, it is
unlikely that GRL-0920 and its analogs will interact covalently
to cause severe toxicity. These need to be further investigated
and validated.
3.2.2. Noncovalent Inhibitors. S-217622 (Figure 9A), also

called Ensitrelvir, is a nonpeptide oral medicine approved for
marketing in Japan on November 22, 2022. Ensitrelvir has
antiviral activity against all variants of SARS-CoV-2 and
inhibits viral replication by inhibiting Mpro protease activity. It
also shows good pharmacokinetic properties when adminis-
tered orally once a day in humans. The half-maximal inhibitory
concentrations (EC50) of Ensitrelvir in monkey kidney cells
(Vero E6) expressing human transmembrane serine protease
(TMPRSS2) against wild-type (WT), gamma, beta, alpha, and
omicron variants of SARS-CoV-2 were 0.37, 0.33, 0.40, 0.50,
and 0.29 μmol/L, respectively.39 Most importantly, Ensitrelvir
is highly bioavailable orally and has a prolonged half-life in
vivo. The crystal structure of the complex of Ensitrelvir with
Mpro shows that at the S1 site the 1-methyl-1H-1,2,4-triazole
unit forms a hydrogen binding with NH of the side chain of
His163. In the Ensitrelvir complex, their interaction maintains
the His41 flipping feature, and the 2,4,5-trifluoromethyl
portion of Ensitrelvir dominates the hydrophobic S2 pocket
with overlapping His41 side chains. The P1′ ligand 6-chloro-2-
methyl-2H-indazole fraction holds a hydrogen phase link with
the Thr26 backbone NH and contacts Met49 hydrophobically
(Figure 9G). In Phase II/III clinical trials, Ensitrelvir also
demonstrated rapid clearance of the infectious SARS-CoV-2
virus, with the percentage of patients with positive virus titers
on day 4 of treatment (after the third dose) reduced by
approximately 90% compared to placebo; compared to
placebo, Ensitrelvir reduced the duration of shedding of
SARS-CoV-2 by 1−2 days. More importantly, five key
COVID-19 symptoms of SARS-CoV-2 omicron variant
infection (nasal congestion or sore throat, runny nose,
cough, low energy or fatigue, fever or body temperature)
were relieved for the first time after the patient took
Ensitrelvir.41,120

WU-04 (WPV01)46 is an orally administered, noncovalent
inhibitor that is a potent inhibitor of SARS-CoV-2 by research
at Westlake University (Figure 9B). The investigators
evaluated the antiviral activity of the inhibitor in A549-
hACE2 cells, which showed good inhibition with an EC50 of 12
nM. Meanwhile, it also showed efficient inhibitory activity in
NHBE and Vero E6 cells (EC50 of 3 and 10 nM, respectively).
Moreover, WU-04 showed excellent inhibition effects in
various variants of SARS-CoV-2. In Caco-2 and A549-
TMPRSS2-ACE2 cells, the EC50 values of the inhibitor acting
on the Delta variant were 21 and 10 nM, respectively. WU-04
showed a better EC50 of 24 nM against the Omicron variant in
Caco-2 cells compared to PF-07321332 (EC50 = 33 nM). At
the same time, WU-04 exhibited antiviral activity similar to
that of Nirmatrelvir in K2-hACE07321332 mice under the
same conditions of oral dosing. The crystal structure shows
that the nitrogen atom and the carbonyl group attached to it
on the isoquinoline ring of WU-04 form hydrogen bonds with
His163 and Asn142, respectively. Its pharmacokinetics showed
that WU-04 exhibited antiviral activity similar to that of
Nirmatrelvir in K2-hACE07321332 mice under the same
conditions of oral dosing. It formed a hydrogen bond between
the carbonyl oxygen of the methylcarbamoyl group and the
Glu166 backbone amide. At the same time, the nitro group has
a powerful electron-withdrawing capacity, which further
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enhances interactions of the halogen bond between the
Thr190 carbonyl group and the bromide. In conclusion,
WU-04 showed excellent results in terms of both antiviral
action and oral efficacy. Currently, WU-0447 is in the clinical
phase III.
Masitinib (Figure 9C) is an oral c-Kit inhibitor currently in

phase II and III cancer clinical studies. Masitinib was also
studied to exhibit significant inhibitory activity against SARS-
CoV-2-Mpro (IC50 = 2.5 μM).51 Studies at the cellular level
have shown that the incorporation of Masitinib 2 h after
SARS-CoV-2 infection effectively inhibits the replication of
SARS-CoV-2 wild-type and several major prevalent variants of
the virus. The crystal structure shows that Masitinib binds
noncovalently to Mpro structural domains I and II and inhibits
the key active site residues of the dimer, with the pyridine
nucleus binding to the S1Mpro peptide-recognizing site and the
toluene nucleus forming a stable π−π conjugation effect with
the S2 pocket (Figure 9H). In a randomized, double-blind,
placebo-controlled Phase II clinical trial, Masitinib demon-
strated antiviral activity in symptomatic people with mild to
moderately severe COVID-19.

Frank von Delft’s group121 successfully introduced a
tetrahydropyran ring into the P2 pocket of the SARS-CoV-2
main protease, effectively converting the P2 substituent into a
chromane moiety. The compound, designated as MAT-POS-
b3e365b9-1, was initially synthesized with an IC50 value of 360

nM for the racemic mixture VLA-UCB-1dbca3b4-15. In their
subsequent investigations, the researchers further explored the
P2 pocket by replacing tetrahydroisoquinoline with chro-
manes. They introduced a functionalized handle, MAT-POS-
3ccb8ef6-1, and constructed a focused library through
sulfonamide Schotten Baumann coupling. A comprehensive
evaluation of the antiviral activity, absorption, distribution,
metabolism, excretion (ADME), and pharmacokinetic (PK)
properties of compound MAT-POS-e194df51-1 was con-
ducted (Figure 9D). Notably, the EC50 of MAT-POS-
e194df51-1 was determined to be 64 nM in A549-ACE2-
TMPRSS2 cells and 126 nM in HeLa-ACE2 cells. Moreover,
this lead compound exhibited good cross-reactivity against
known SARS-CoV-2 variants, including Alpha, Beta, Delta, and
Omicron, demonstrating its potential as a favorable therapeutic
candidate.

Yu’s team122 investigated a dual-target (Mpro and PLpro)
covalent inhibitor, LY1 (Figure 9E). Among other things, due
to the specificity of LY1, the investigators tested its kinact/Ki
values (Mpro with kinact/Ki values of 710 M−1 S−1 and PLpro

with kinact/Ki values of 500 M−1 s−1). Next, the researchers
verified the selectivity of LY1 for two cysteine proteases and a
group of serine proteases. Their results showed that the
inhibitors exhibited significant inhibitory activity against the
two cysteine proteases and essentially had no inhibitory
activity against the serine proteases tested. Thus, LY1 has some

Figure 10. Molecular structure of ML188 (A). The molecular structure (B) and crystal structure (C) of 23R (PBD: 7KX5). The molecular
structure of X77 (D), GC-14 (E), C1, C2 (F), C7 (G), C5 and C5a (H) (differences between the two molecules are marked in red), and
Compound 19 (I).
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high selectivity. The crystal structures of the open form of LY1
(LY1-O) and SARS-CoV-2-Mpro show that the inhibitor forms
π−π stacking with His41 and hydrogen bonding with Gly143,
respectively, thus further strengthening their interaction. In the
S1′ and S2 sites, the sulfonamide group of LY1 forms
hydrogen bonds with Thr25 and Cys44, respectively. At the S1
site, the amino group of the piperazine ring of LY1-O forms
hydrogen bonds with His164 and Asn142, respectively (Figure
9F). While LY1 demonstrates modest activity, its structural
analysis offers promising opportunities for optimization.
Particularly, the potential exists to enhance its inhibitory
potency through modifications at the S1 and S4 sites. This
positions LY1 as a strong foundation for future inhibitor
research, paving the way for the development of more effective
inhibitors against Mpro and PLpro.
ML188 (Figure 10A) emerged from high-throughput

screening as a potent noncovalent inhibitor of SARS-CoV
Mpro, demonstrating notable antiviral activity in SARS-CoV
Urbani-infected Vero E6 cells (EC50 = 12.9 μM). The crystal
structure shows that the pyridine at the S1 site in ML188 can
form hydrogen bonds with the imidazole His163 in the side
chain and that both the furan oxygen and its amide oxygen can
form hydrogen bonds with the amide Gys143 in the main
chain, enabling ML188 to achieve stable binding to Mpro.123

The Lockblum group124 found that ML188 has a better affinity
for SARS-CoV-2-Mpro than SARS-CoV-Mpro. Based on the
ML188 structure, 23R (Figure 10B), designed and synthesized
by Naoya’s group,125 showed significant inhibitory activity
against SARS-CoV-2-Mpro with an IC50 value of 0.20 μM. It
was effective in inhibiting the replication of SARS-CoV-2 in
Calu-3 cells (EC50 = 3.03 μM) and was noncytotoxic at 100
μM. The furan-based portion of 23R binds to a portion of the
P1′ site, which normally accommodates small hydrophobic
residues. Although the furan amide carbonyl of 23R does not
insert into the oxygen anion cavity, it forms a divergent
hydrogen bond with the apical residue Gly143 of this oxygen
anion cavity. The amide bond connecting the pyridine ring and
the α-methylbenzyl moiety forms a hydrogen bond with the
backbone of Glu166. The benzyl ring moiety of the α-methyl
benzyl moiety is in the S2 and S4 pockets, a novel binding pose
that has not been observed in existing Mpro inhibitors (Figure
10C). In particular, the binding site of 23R has continuous
intramolecular π-stacking in which the phenyl group is
sandwiched between the furan and benzyl groups, which may
contribute to its effective inhibition of Mpro.

Andrianov et al.126 used a computer to design a noncovalent
compound X77 with a high affinity for SARS-CoV-2-Mpro

(Figure 10D). Using a combination of molecular docking,
quantum chemical calculations, and MD simulations, the
researchers showed that X77 has a high affinity for the catalytic
site of SARS-CoV-2-Mpro. Thus, X77 mimetic drug candidates
could be used as a novel backbone for designing pockets of
activity targeting SARS-CoV-2-Mpro.
GC-14 (Figure 10E) is a noncovalent inhibitor designed

based on MCULE-5948770040.127 The crystal structure of
GC-14 with Mpro shows128 that the newly introduced nicotinic
acid moiety perfectly occupies the S1 pocket and binds to the
imidazole NH of His163 via hydrogen bonding, and this
optimization enhances the antiviral action of the compound.
Experiments in Vero E6 cells have shown that GC-14 has some
antiviral effects (EC50 = 1.1 μM) and did not exhibit
cytotoxicity (CC50 > 100 μM). At the same time, its specificity
for Mpro makes it much less risky to produce side effects in a

treatment. Unfortunately, its oral availability is low. Therefore,
further enhancement of studies on the oral availability of GC-
14 will help to facilitate research on oral inhibitors of SARS-
COV-2.

The 9,10-dihydrophenanthrene derivative129 is a non-
covalent inhibitor of SARS-CoV-2-Mpro. The investigators
screened the internal compound library using FRET
(fluorescence resonance energy transfer) and found the best
inhibitory activity for C1 and C2 (Figure 10F) (IC50 values of
1.55 and 1.81 μM, respectively; Ki values of 6.09 and 7.64 μM,
respectively). Molecular docking studies showed that an
essential reason for its inhibitory SARS-CoV-2-Mpro activity
was the hydrogen bond formation between the phenolic
hydroxyl group of C1 and the critical residue Glu290 at the
dimer interface. Meanwhile, hydrophobic interactions with
Phe3 and Tyr126 residues increase the affinity of C1 for Mpro.
For the substrate binding pocket, the 4-bromophenyl moiety is
inserted deeply into the S2 site of Mpro, which is large enough
to accommodate large hydrophobic fragments. In addition,
compound C1 showed excellent metabolic stability in the
human gastrointestinal tract, plasma, and liver microsomes. It,
therefore, has high potential as a new oral drug.

Xiangyu Zhang’s research group130 has identified a series of
SARS-CoV-2 Mpro inhibitors based on quinazolin-4-one by
modifying the core chromium-4-one of baicalein into
quinazolin-4-one (initially employing a scaffold hopping
strategy). Among these inhibitors, compound C7 (Figure
10G) demonstrated excellent target specificity. In vitro DMPK
analysis revealed that C7 exhibited high metabolic stability in
human liver microsomes when it was incubated with NADPH
alone as a cofactor. The FRET enzyme assay demonstrated
significant inhibitory activity of C7 against various human
proteases (IC50 > 10 μM), while the CCK-8 assay indicated
low cytotoxicity of C7 toward Vero E6 cells (CC50 > 50 μM)
and an EC50 value of 1.10 μM in Vero E6 cells infected with
SARS-CoV-2. Notably, C7 displayed superior Mpro inhibitory
potency and antiviral activity compared to baicalein, making it
a promising lead compound for further development as an
Mpro inhibitor.

François Jean’s team131 used free energy perturbation (FEP)
simulations to design and synthesize a series of C1−C5
compounds, with C5 and C5a showing better activity and high
synthetic treatability (Figure 10H). C5 and C5a were found to
be potent inhibitors of the hydrolytic activity of SARS-CoV-2
-Mpro endoproteins in cellulose as assessed by a live cell assay
with IC50’s of 70 and 30 nM, respectively. The researchers then
tested it in Calu-3 and caco-2 cells, and C5 had EC50’s of 0.2−
0.7 and 0.1−0.3 μM when stained with dsDNA and
nucleocapsid, respectively. The EC50 of C5a, on the other
hand, was 28−95 nM and 30−69 nM, suggesting that both
showed better inhibition of SARS-CoV-2 Omicron BA.5,
BQ.1.1, and XBB.1.5 in Calu-3 and caco-2 cell lines. During
dosing for the treatment of SARS-CoV-2 Omicron BA.5, C5a
can synergize with N-0385 or bafilomycin D. It is believed that
the oral efficacy of the drug will be more significant after
improving pharmacokinetic and safety issues.

Jens Carlsson’s team132 developed a noncovalent host
protein inhibitor, Compound 19 (Figure 10I), by optimizing
lead compounds and incorporating optimal substituents at the
S1 and S2 sites. The compound exhibited increased potency
and affinity with the introduction of a phenyl ring with an o-
chloro substituent in the aliphatic tail, using pyridinyl-
hydantoin as a scaffold (IC50 = 0.077 μM, Kd = 0.038 μM).
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Cell-based assays and in vitro pharmacokinetic analyses
demonstrated that Compound 19 effectively inhibited SARS-
CoV-1 (EC50 = 0.39 μM, Vero E6 cells) and MERS-CoV
(EC50 = 0.20 μM, Huh7 cells) while maintaining good
metabolic stability.

The principal distinction between covalent and noncovalent
inhibitors is that covalent inhibitors irreversibly “switch off” the
target protein by forming a covalent bond with the target
protein. This results in a longer binding time with the target
protein and stronger binding ability, which can effectively
reduce the number of times the patient takes the drug and
lower the required effective concentration. However, covalent
inhibitors carry the risk of unpredictable toxicity or irreversible
damage. On the contrary, noncovalent inhibitors engage with
the target protein through reversible interactions such as
hydrogen bonds, ionic interactions, and hydrophobic inter-
actions. These weaker interactions may help minimize
potential side effects and off-target effects.133,134

3.3. Natural Product Inhibitors. Hypericum perforatum
(Figure 11A) is a widely distributed herbal plant with anti-
inflammatory and antibacterial properties.135 Researchers136

obtained quantitative dried extracts (HP1) of the flowering
place of Aconitum perforatum by methanol−water extraction,
drying, and treatment of the flowering place of Hypericum
perforatum, the main component of which is hypericin.
Subsequent antiviral testing of Vero cells by the investigators
found that 25 ng/mL chrysin completely blocked the
multiplication of early SARS-CoV-2. Hypericin also had the
same viral inhibitory effect on SARS-CoV-2 variants B.1.351,
B.1.1.7, and B.1.617.2. In vitro studies showed that only
hypericin treatment of cells after SARS-CoV-2 infection

reduced viral load significantly. This suggests that hypericin
may have a direct antiviral activity against SARS-CoV-2
particles in newly produced or secreted supernatants.
PGG and EGCG are a class of natural inhibitors with

developmental value in a variety of diseases137−140 (Figure
11B). Huang’s group tested the inhibition of SARS-CoV-2-
Mpro by PGG and EGCG in different concentrations of the
protease with the help of FRET, and their IC50 values were
3.66 and 4.24 μM, which showed their potential in the
inhibition of SARS-CoV-2.141 On this basis, the Shi team50

developed a new inhibitor, Pentarlandir UPPTA, whose active
pharmaceutical ingredient (API) is tannic acid with varying
amounts of galloyl moieties, which have antioxidant properties
(Figure 11C). It can effectively inhibit the replication of SARS-
CoV-2, and it has an EC50 of 0.585 μM in Vero E6 cells. In
lung experiments, oral Pentarlandir UPPTA did not adversely
affect the lungs when it reached its highest concentration in the
lungs. Toxicological studies have shown that this inhibitor is
safe and has no significant adverse effects at doses of up to
2000 mg/kg in rats. Pentarlandir UPPTA is currently in
clinical phase II (NCT04911777) and requires further
exploration of its safety and pharmacological efficacy in
humans.

Withania somnifera is an important medicinal plant in
mainland India.142 Goutam Chowdhury’s group143 obtained
two natural products withaferin A (wifA) and withanone
(win) from the herb using docking studies and CMap analysis
(Figure 11D). The activity assay showed that wifA and win
had good activity with IC50 values of 0.54 and 1.8 μM,
respectively. The study of both structures shows that both
wifA and win have the potential to bind and form covalent

Figure 11. Molecular structure of Hypericum perforatum (A), PGG and EGCG (B), Pentarlandir UPPTA (C), and Win and WifA (D).
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complexes with Cys145 thiols of Mpro and increase stability by
binding to Cysteine (Cys) and Glutathione (GSH).

Emetine, a tetrahydroisoquinoline alkaloid, consists of five
loops and exhibits potent inhibitory effects on various
coronaviruses without inducing drug resistance.144 Research
by Yan’s team revealed that Emetine effectively suppressed
SARS-CoV-2 replication in Vero E6 cells, with an EC50 value
of 0.46 μM145,146 (Figure 12A). However, Valipour’s team
showed that while the drug displayed antiviral activity against
SARS-CoV-2 it also caused heart-related side effects, leading to
significant restrictions in its clinical application.
Baicalin and Baicalein (Figure 12B) were applied to the

study of SARS-CoV-2 Mpro inhibitors.147−149 Xu’s team found
that both exhibited a dose-dependent inhibition of SARS-CoV-
2 replication in VeroE6 cells with EC50 values of 27.87 and
2.94 μM, respectively.150 However, investigators have not
published insights into Baicalin and Baicalein in clinical trials
in animal models or as clinical agents for COVID-19 patients.
Meanwhile, methods to improve its oral bioavailability as an
anti-SARS-CoV-2 and anti-inflammatory agent remain defi-
cient. Therefore, the possibility of using it as a lead compound
in the future needs to be further evaluated.151

Rao’s team97 utilized FRET to screen for the natural
naphthoquinone shikonin, which was found to be toxic.
Subsequently, Cui’s team152 employed a skeleton simplification
strategy to optimize it, resulting in the synthesis of 2-acetyl-8-
methoxy-1,4-naphthoquinone (Compound 15) (Figure 12C).
The cytotoxicity of Compound 15 was evaluated on human
normal fibroblast HFF-1 cells using a standard MTT assay,
revealing lower toxicity with an IC50 of 41.2 μM. In vitro
antiviral activity assessment demonstrated some antiviral
potential with an EC50 of 4.55 μM. Crystal structure analysis
revealed that Compound 15 exhibited strong binding and
interaction with Mpro, suggesting its potential as an Mpro

activity inhibitor.
Huang’s group153 conducted an in-depth study on the

pharmacological mechanism of the macrocyclic diterpenoid
ovalbumin (OVA) in inhibiting SARS-CoV-2 infection and

pulmonary fibrosis in vitro and in vivo (Figure 12D). The
study finds that OVA significantly impeded the proteolysis
activity of SARS-CoV-2-Mpro by interacting stably with three
core pharmacophore anchors and the catalytic dyad (H41 and
C145) of SARS-CoV-2-Mpro. Evaluation of Vero E6 cells
showed that when treated with OVA alone it reduced SARS-
CoV-2 infection in a dose-dependent manner (EC50 = 7.9
μM), with 15 μM OVA reducing viral infection by more than
90%. In contrast, synergistic inhibition was produced when 10
μM of the OVA was combined with 1 μM of the REM (CI =
0.767 μM), which was more inhibitory than OVA alone. When
OVA was administered to mice with BLM-induced pulmonary
fibrosis, it improved inflammatory cell infiltration and collagen
deposition in the lungs of mice and reduced the levels of
profibrotic and proinflammatory biomarkers in mice. However,
the therapeutic effect of OVA in patients with COVID-19
pulmonary fibrosis needs to be further elucidated.

Judith M. Rollinger’s team154 found that mulberry Diels−
Alder-type adducts (MDAAs) are a novel class of Mpro

inhibitors and have strong anti-SARS-CoV-2 activity through
screening of natural product databases. First, the investigators
used 5-FAM-AVLQSGFR-Lys (Dabcyl)-K-amide as a sub-
strate in 20 and 100 μM of SARS-CoV-2-Mpro to detect the
protease activities of the virtually predicted 19 Mpro VHs (11−
29) using a fluorescence resonance energy transfer quenching
method. Among them, 12−16 showed a better inhibitory effect
with IC50 values of 7.24, 6.70, 13.85, 4.82, and 5.25 μM,
respectively. After that, the researchers tested their antiviral
activity against SARS-CoV-2 in Calu-3 cells, and Compounds
12, 13, and 15 (Figure 12E) significantly inhibited the
replication of SARS-CoV-2 with IC50 values of 4.6, 8.0, and 7.6
μM. The three were cytotoxic at higher concentrations, even so
they showed good selectivity against SARS-CoV-2 with SIs of
5.1, 3.1, and 6.5, respectively, and the three showed excellent
binding ability in molecular docking analyses as well as NMR
experiments. Meanwhile, MDAA has been shown to possess
certain anti-infective and anti-inflammatory characteristics in
previous studies.155 Therefore, it is expected to be a new drug

Figure 12. Molecular structure of Emetine (A), Baicalin and Baicalin (B), Compound 15 (C), OVA (D), Compound 15 (E), and Eupatin (F).
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for the treatment of COVID-19 but still needs further clinical
evaluation.156

Junsoo Park and colleagues157 isolated Eupatin from Inula
japonica flowers and showed that this compound inhibited
SARS-CoV-2-Mpro as well as SARS-CoV-2 replication (Figure
12F). First, the researchers chromatographically separated the
extract and identified it as Eupatin, and second, using enzyme
kinetic analysis, they showed that the compound could bind
stably to the Mpro active site. Molecular dynamics studies
showed that the two could move stably and fluidly. The effect
of Eupatin on coronavirus replication was subsequently
assessed with the aid of a plaque formation assay. The results
of RD cells treated with mock or Eupatin and infected with
HCoV-OC43 showed that high concentrations of Eupatin
(≥10 μM) resulted in cytotoxicity, whereas lower concen-
trations (0.5−5 μM) significantly inhibited coronavirus
replication. Unfortunately, due to strict regulations, SARS-
CoV-2 was not used in this experiment, and HCoV-OC43,
which belongs to the same β-coronavirus family, was chosen
instead.

Furthermore, the researchers used in silico and in vitro
methods to investigate the potential efficacy of cranberry fruit
in the treatment of COVID-19. Cyanidin epicatechin, β-
carotene, and 3-O-galactoside were found to be the three most
prominent compounds in cranberry that showed robust
interactions with the Mpro through molecular docking and
molecular dynamic simulation analyses.158 Meanwhile, Jin’s
team discovered natural products obtained from Traditional
Chinese Medicine (TCM) that could also be useful for anti-
COVID-19 research. Active compounds in TCM have similarly
demonstrated the advantages of their action with Mpro through
noncovalent interactions with critical amino acids (e.g., HIS
41, ASN 142, GLY 143, MET 165, GLU 166, or GLN 189) by
occupying different subsites (S1, S2, S3, and S4) of the SARS-
CoV-2 Mpro active site in a specific stance.159

These findings illustrate the diverse array of natural
compounds being investigated for their antiviral properties
against SARS-CoV-2, each offering unique mechanisms of
action and therapeutic potentials. The exploration of these
natural inhibitors continues to provide valuable insights into
the development of effective treatments for COVID-19.

4. CONCLUSIONS AND OUTLOOK
Throughout the COVID-19 pandemic, significant strides have
been made in vaccine development, leading to several vaccines
being widely administered. Despite these advancements, the
high mutation and recombination rates of SARS-CoV-2
present ongoing challenges as the virus evolves at a pace that
can outstrip vaccine development efforts. As a result, there is a
pressing need to create anti-COVID-19 drugs to address both
present and future outbreaks. Small-molecule oral drugs are
particularly advantageous in this regard.

The SARS-CoV-2 Mpro has emerged as a significant target
for the development of novel broad-spectrum antiviral drugs
due to its high conservation throughout evolution. So far,
hundreds of crystal structures of SARS-CoV-2 Mpro have been
reported, which have greatly accelerated the development of
SARS-CoV-2 Mpro inhibitors. Of these, most of the potent
inhibitors are peptidomimetic compounds with electrophilic
“warheads” that covalently bind to Cys145, and researchers
have designed more potent inhibitors based on the character-
istics of each warhead. For example, although the nitrile-
containing warhead is less reactive, it usually has excellent

target specificity and metabolic stability. Nonpeptidomimetic
compounds tend to resist enzyme-mediated hydrolysis and can
improve pharmacokinetics. In addition, noncovalent inhibitors
can bind to target proteins through reversible interactions and
may help minimize potential side effects and off-target effects.
However, the limitations inherent in some of the nonspecific
classes of drugs have seriously hampered the research of
inhibitors, such as Ebselen’s multitargeting action of toxic side
effects, which makes it greatly limited for clinical use. The
emergence and widespread application of many specific
inhibitors not only has provided significant support for the
control of the current outbreak but also has the potential to
open new directions for future research on novel inhibitors.
For example, nirmatrelvir reduces the risk of hospitalization or
death by 89% in patients with novel coronary venous
pneumonia, as well as has the advantages of being less likely
to be resistant to the drug and being effective against mutant
strains, which makes it considered the golden inhibitor.

However, the virus’s high mutation rate poses a challenge to
current drug development endeavors; thus, multitarget antiviral
inhibitors can more effectively overcome drug resistance. At
present, some of the existing marketed drugs have a high
degree of scaffold similarity; therefore, researchers are advised
to explore the use of AI technology or seek out more potent
compounds with entirely new scaffolds derived from natural
sources, thus enriching the diversity of drug classes. Numerous
promising inhibitors are still in the preclinical stages,
highlighting the need for additional clinical validation. Natural
products are essential in identifying potential SARS-CoV-2
Mpro drug candidates. First, most natural products are primarily
assessed at the molecular and cellular levels, lacking evaluation
at the animal level, a crucial step toward clinical drug
development. Second, challenges persist in the total synthesis
of natural products. Discovering superior lead compounds and
effectively optimizing them are key challenges in drug research
and development. In addition to the above, other effective
strategies, such as cyclic peptides, dual-targeted drugs,
proteolysis targeting chimera (PROTAC), and combined
treatment, have great potential. Among them, PROTAC is
an advanced technology in precision medicine that enables
targeted protein degradation. There is significant potential in
utilizing PROTAC-mediated protein degradation to develop
antivirals targeting Mpro, which could be effective against drug-
resistant viral variants.

In the future, we believe that with continuous technological
advancement and research progress, novel and efficient small-
molecule inhibitors can be used for the treatment of novel
coronavirus infections. At the same time, we also need to
strengthen international cooperation to jointly respond to the
spread of viruses and epidemics and to make greater
contributions to the maintenance of global public health
security.
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