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Pyrazoles is a five-membered heterocycle bearing two adjacent nitrogen atoms. Both pharmaceutical agents and natural
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products with pyrazole as a nucleus have exhibited a broad spectrum of biological activities. In the last few decades, more

than 40 pyrazole-containing drugs have been approved by the FDA for the treatment of a broad range of clinical conditions

including celecoxib (anti-inflammatory), CDPPB (antipsychotic), difenamizole (analgesic), etc. Owing to the unique

physicochemical properties of the pyrazole core, pyrazole-containing drugs may exert better pharmacokinetics and

pharmacological effects comparing with drugs containing similar heterocyclic rings. The purpose of this paper is to provide

an overview of all the existing drugs bearing pyrazole nucleus that have been approved or in clinical trials, involving their

pharmacological activities and SAR studies.

Introduction

Pyrazole is an important heterocyclic motif in medicinal
chemistry and organic synthesis. Although not many pyrazole-
containing compounds exist in nature, recent trends show that
the pyrazole ring is playing an increasingly important role in
drug pipelines. There are over 50 pyrazole-containing synthetic
medicines on the market globally. Specifically, the United States
Food and Drug Administration (US FDA) has approved more
than 30 pyrazole-containing drugs since 2011, with the
maximum number of six drugs approved solely in 2019 (Fig. 1).
These marketed drugs with pyrazole moiety target a wide range
of clinical disorders, including hereditary angioedema, non-
small cell lung cancer (NSCLC), sickle cell disease, cystic fibrosis,
rheumatoid arthritis, etc.
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Fig. 1 The number of pyrazole-containing drugs approved by the FDA (as of April 2022).
For the drugs that have been approved by the FDA for the treatment of different
indications many times, only one time is counted.
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Pyrazole is a five-membered aromatic heterocycle with two
adjacent N heteroatoms (Fig. 2).» 2 Its N-1 atom has similar
properties to the NH of pyrrole which can sever as a hydrogen
bond donor, and its N-2 atom behaves similarly to the nitrogen
atom of pyridine which can sever as a hydrogen bond acceptor.
Due to different chemical environments, all five bonds have
different bond lengths. The aromaticity of pyrazoles lies at an
intermediate level among the other aromatic heterocycles (Fig.
3).3 4
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Fig. 2 The structure of pyrazole.
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Fig. 3 The aromaticity rank of aromatic heterocycles.

Pyrazole has a pKa of 2.5, but it is significantly less basic than
imidazole with a pKa of 7.1. With an adjacent heteroatom
connected to the N atom, the basicity of the nitrogen being
connected is reduced because of the inductive effect exerted by
the adjacent heteroatom. Nevertheless, pyrazoles are basic
enough to be protonated by most strong inorganic acids. When
pyrazole is substituted with an unsymmetric substituent, it may

exist as a mixture of two tautomers. For example, 5-


mailto:duyunfeier@tju.edu.cn
mailto:huangniu@nibs.ac.cn
mailto:huangniu@nibs.ac.cn

RSC Medicinal Chemistry

methylpyrazole and 3-methylpyrazole often coexist in a
solution, and there is an equilibrium relationship between
them. The result of tautomerism is that the alkylation of
unsymmetrically substituted pyrazoles produces a mixture of
two isomers (Fig. 4), one is the N-1 alkylation and the other is
the N-2 alkylation. The ratio depends on the nature of the
substituent and the solvent. The pyrazole-containing
pharmaceuticals discussed in this article include their
tautomers. In drug design applications, the unique properties of
the pyrazole ring compared to other aromatic rings are often
considered to be critical in improving the biological activity and

physicochemical properties.
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Fig. 4 Tautomerization of pyrazole.

This review summarized versatile pyrazole-containing drugs
in the market or under clinical development in the following
aspects: target, pharmacological activity, and their structure-
activity relationship. However, some withdrawn or veterinary
drugs, as well as investigational and experimental drugs, are not
discussed here. These pyrazole-containing drugs were
categorized based on their therapeutic areas. We expect that
this review could provide a useful reference to both medicinal
chemists and organic chemists in the aspects of rational drug
design and chemical synthesis.

1. General Drug Design Strategies for Introducing
Pyrazole Skeleton

Generally, pyrazole can serve as a bioisostere to replace an
arene, leading to enhanced potency and improved
physicochemical properties, such as lipophilicity and water
solubility. Considering the aromaticity, pyrazole (61) and
benzene (100) are quite different, but the lipophilicity of the
pyrazole (CLogP = 0.24) is significantly lower than that of the
benzene (CLogP = 2.14). At the same time, containing an H-bond
donor, pyrazole can also be considered as a bioisostere for more
lipophilic and metabolically incompetent arenes, such as phenol
and other heterocycles.

For example, losartan (1) was the first selective non-peptide
angiotensin |l receptor antagonist on the market for treating
hypertension. It was soon discovered that its carboxylic acid
metabolite, imidazole acid 2, was significantly more potent than
losartan with similar or longer duration of action. Ashton’s
group switched to pyrazole as the bioisostere of losartan’s
imidazole moiety. To that end, they discovered a series of
pyrazole compounds as represented by pyrazole 3, which had
similar potency as the imidazole derivatives.®

This journal is © The Royal Society of Chemistry 20xx

losartan (1) Imidazole (2) Pyrazole (3)
rabbit aorta AT; IC5p =40 nM  rabbit aorta AT; ICs = 0.55 nM  rabbit aorta ATy ICsy = 0.35 nM
Fig. 5 Pyrazole as a bioisostere for arene core.

On the other hand, pyrazole can serve as a hydrogen bond
donor and an acceptor. Its N-1 can be employed as a hydrogen
bond donor, and its N-2 can be employed as a hydrogen bond
acceptor to form a hydrogen bond interaction with the amino
acid in the active site of the enzyme. The first D;/Ds antagonist
with high affinity and selectivity, SCH-23390 (4), was reported
in the 1980s.5 7 However, benzazepine 4 has a short duration of
action and obvious off-target effects, which indicates that there
may be problems in
evaluations suggested that extensive O-glucuronidation of the
phenol and N-dealkylation of the N-Me group in vivo may
contribute to the poor PK profile. In general, the heterocyclic
bioisosteres of phenol are more lipophilic and less sensitive to

metabolic vivo. Pharmacokinetic

phase | and Il metabolisms than phenol itself. Therefore, an
replace the metabolically
problematic phenol with a pyrazole that can provide a hydrogen
bond function. Indazole 5 was tested to be approximately 10
times less potent than SCH 23390 (4), but began to display
improved PK profile. As a demonstration of the importance of
the hydrogen bond donor, the affinity of methylated indazole 6
for the D; receptor was significantly reduced (Fig. 6).2

attempt has been made to

SCH 23390 (4) pyrazole (5) methylated pyrazole (6)
Dy K =1.4nM Dy K; = 14 nM D4 K; =183 nM
Ds K = 2.8 nM Ds K; = 30 nM

Fig. 6 Improving the PK profile by introducing the pyrazole motif.

2. Pyrazole-Containing Drugs Targeting
Cardiovascular System Diseases

Berotralstat (BCX-7353) (7) was approved by the FDA in
2020, and it is a selective inhibitor of plasma kinase releasing
the prevention of episodes of hereditary
angioedema (HAE), a rare genetic disorder associated with
severe swelling of the skin and upper respiratory tract (Fig. 7a).°
It is caused by mutations in the regulatory or coding region of
the gene encoding the C1 inhibitor, resulting in C1 inhibitor
deficiency (type |) or dysfunction (type Il). C1 inhibitor is a serine
protease inhibitor that regulates the production of bradykinin,
usually by covalently binding to and inactivating plasma

enzyme for
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kininase. The plasma kinin release enzyme is a protease that
cleaves high molecular weight kininogen (HMWK) to produce
cleaved HMWK. During HAE onset, plasma kinin release enzyme
levels decrease, leading to cleavage of high molecular weight
kininogen and release of bradykinin, a potent vasodilator that
increases vascular permeability. Bradykinin plays a major role in
promoting edema and pain associated with HAE. Patients with
HAE are unable to properly regulate plasma kininase activity
due to lack or dysfunction of serum inhibitors of C1 inhibitors,
resulting in uncontrolled increases in plasma kininase activity
and recurrent angioedema episodes.!? Berotralstat (7) works by
binding to plasma kininase and blocking its proteolytic activity,
thereby controlling excess bradykinin production, which is used
strictly to prevent rather than treat these attacks. In the drug
structure, the pyrazole-benzylamine portion is a factor Xa (FXa)
serine protease inhibitor that has an integral role in the overall
drug structure. The protonated benzylamine forms hydrogen
bonds with Asp572, Gly601, and Ala573 in the S1 pocket and
forms a trifluoro substitution in the pyrazole carbon stacking at
the top of the disulfide bond (Cys609). The pyrazole ring forms
a m—T interaction with Trp598, which is essential for drug
binding (Fig. 7b). 11
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Fig. 7 (a) The structure of berotralstat (7); (b) The key target interactions.

Apixaban (BMS-562247) (8) was approved by the FDA in
2012, and it is an oral, direct, and highly selective FXa inhibitor!?
that inhibits free and bound FXa and prothrombin,’3
independent of antithrombin Ill, for the prevention and
treatment of thromboembolic disease (Fig. 8a).* Concerning
the structure of Apixaban, the pyrazolo-piperidone is critical in
that it allows the carbonyl group of the piperidone to form
hydrogen bonds with Gly216 and structural water molecules,
enhancing the affinity of the drug to the target site.’® It also

This journal is © The Royal Society of Chemistry 20xx
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enables the adjacent amino group to form hydrogen bonds with
Glu146, which further enables the drug molecule to occupy the
target pocket (Fig. 8b).

Razaxaban (BMS-561389) (9) is also an orally active, 1,2-
benzisoxazole-containing inhibitor!®> of FXa with anticoagulant
activity. It can form an isoxazole ring-opening stable metabolite
of benzamidine, which is subsequently excreted through the
bile (Fig. 8a).1® The most important core of the drug structure is
the C-3 methylamino pyrazole part,'” which allows the carbonyl
group on the amide bond to form H-bond interactions with
structural water and Gly216, while allowing the imidazole
moiety to form n—tinteractions with Trp215 and Phel74, which
greatly enhances the affinity of the drug molecule to the target.
The pyrazole 3-trifluoromethyl portion fits into a small lipophilic
pocket above the S1 pocket near the Cys191-220 disulfide bond,
which provides a favorable protein-ligand binding interaction
(Fig. 8b).18
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Fig. 8 (a) The structure of apixaban (8) and razaxaban (9); (b) The key target
interactions.
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Idiopathic thrombocytopenia (ITP) is a condition that may cause
abnormal bruising or bleeding due to an abnormally low number of
platelets in the blood.’® Eltrombopag (SB-497115) (10) is a
thrombopoietin receptor agonist approved by the FDA for the
treatment of ITP or aplastic anemia associated with various
etiologies.?C It has also been approved (late 2012) for the treatment
of thrombocytopenia (low platelet count) in patients with chronic
hepatitis C to allow them to initiate and maintain interferon-based
therapy. Eltrombopag (10) is an orally bioavailable, small molecule
TPO receptor agonist that interacts with the transmembrane
structural domain of the human TPO receptor. The molecule docking

J. Name., 2013, 00, 1-3 | 3
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of thrombopoietin and eltrombopag reveals its combination action
mode and the pyrazole moiety forms a m—m interactions with
Phe261.2

Me Eltrombopag (10)
(SB-497115)

Fig. 9 The structure of eltrombopag (10).

Riociguat (BAY-412272) (11) is a soluble guanylate cyclase (sGC)
agonist?? for the treatment of patients with PAH (pulmonary arterial
hypertension)?® and inoperable patients with CTEPH (chronic
thromboembolic pulmonary hypertension)?* or persistent PAH after
pulmonary endarterectomy (Fig. 10a). Riociguat (11) is a stimulator
of sGC, an enzyme and receptor for nitric oxide (NO) in the
cardiopulmonary system. When NO binds to sGC, the enzyme
catalyzes the synthesis of the signaling molecule cyclic guanosine
monophosphate (cGMP). Intracellular cGMP plays an important role
in the regulation of processes affecting vascular tone, proliferation,
fibrosis, and inflammation. Pulmonary hypertension is associated
with endothelial dysfunction, impaired nitric oxide synthesis, and
inadequate stimulation of the NO-sGC-cGMP pathway.?> Riociguat
(11) stimulates the NO-sGC-cGMP pathway and leads to an increase
in cGMP production and subsequent vasodilation. This mechanism of
action is also used by another drug, vericiguat (BAY-1021189) (12),
which alleviates the need for a functional NO-sGC-cGMP axis?® and
thus contributes to the prevention of myocardial and vascular
dysfunction?” associated with reduced sGC activity in heart failure
(Fig. 10b).28 Thus, vericiguat (12) is used to reduce cardiovascular
death in patients with chronic systolic heart failure, and the drug was
approved by the FDA in 2021. The molecular docking results
suggested riociguat (11) and vericiguat (12) possessed a similar
binding fashion with guanylate cyclase via reversible noncovalent
interactions involving hydrogen bond and n-m interaction. 2° Pyrazole
mainly acted as a bioisostere of the aryl group to improve
lipophilicity.

OMe OMe
Me\N’&o HN/&O
HZNYS/NHZ HZ"‘W/S/NHZ
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Riociguat (11)
(BAY-412272)

structure  of

Vericiguat (12)

(BAY-1021189)
Fig. 10 The riociguat  (11) and

vericiguat  (12).

This journal is © The Royal Society of Chemistry 20xx

Deoxygenated sickle hemoglobin (HbS) aggregation is the
causative factor in sickle cell disease3°. Mutations in genes associated
withthis disease result in the formation of abnormal sickle-shaped
red blood cells that accumulate and block blood vessels throughout
the body, leading to a vaso-occlusive crisis3l. To treat sickle cell
disease, voxelotor (GBT-440) (13) received accelerated approval
from the FDA in 2019 because it may be a promising treatment for
the 20 million people worldwide who have the disease (Fig. 11). For
the mechanism of action of voxelotor (13), it irreversibly binds to the
N-terminal valine of the hemoglobin alpha chain, leading to a
metamorphic modification of Hb20, which increases the affinity for
oxygen. Due to oxygen-containing HbS does not polymerize, by
directly blocking HbS polymerization, voxelotor (13) can successfully
treat sickle cell disease by preventing the formation of abnormally
shaped cells that eventually lead to hypoxia and blood flow to
organs.32 Pyrazole ring mainly plays the role of localization, causing
the N of pyridine ring to form hydrogen bond interaction with
Phel75.

HO.
O,
@
H (@) N
Me
% N/(
/ Me
—N
Voxelotor (13)
(GBT-440)

Fig. 11 The structure of voxelotor (13).

Sildenafil (HIP-0908) (14) is a phosphodiesterase 5 (PDES5)
inhibitor that is used for two main indications.33 One is the treatment
of erectile dysfunction (ED) 34 and the other is the treatment of PAH
(Fig. 12a).3°> The physiological mechanism of penile erection involves
the release of NO from the corpus cavernosum during sexual
stimulation. Nitric oxide then activates guanylate cyclase, leading to
increased levels of cGMP, which produces smooth muscle relaxation
in the corpus cavernosum and allows blood to flow in.3¢ Sildenafil
(14) has no direct relaxing effect on isolated human cavernous
bodies, but effectively enhances the relaxing effect of NO on this
tissue. In addition, PDES5 is also present in the pulmonary vascular
system, which is the reason for its second indication.?” It increases
cGMP in pulmonary vascular smooth muscle cells, which leads to
relaxation. In the structure of sildenafil (14), pyrazole and pyrimidine
are crucial.3® The pyrazole ring can form mn—m interactions with
Try612, the pyrimidine ring forms n—mn interactions with Phe820, and
the NH and carbon groups also form H-bonding interactions with
GIn817 (Fig. 12b). This makes the drug molecule well bound to the
hydrophilic pocket. It is also reported that potent and selective PDE5
inhibitors could be achieved using basic alkyl or heteroaryl N-2
pyrazole substituents. However, if the pyrazole ring is substituted,
the selective inhibition of PDES is lost, suggesting an important role
for the pyrazole ring in drug interactions with PDES5.3° Udenafil (DA-
8159) (15) is also a new PDES5 inhibitor used to treat ED.*° It has been
approved in South Korea but not yet approved for use in the U.S. The
inhibition of PDE5 by udenafil (15) enhances erectile function by
increasing the amount of cGMP, which is similar to sildenafil.*! Due
to the different positioning effects of other groups, udenafil (15)
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forms m-1t interactions with Tyr612 and Phe820 on different sides at
the same time.
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Fig. 12 (a) The structure of sildenafil (14) and udenafil (15); (b) The key target
interaction.

3. Pyrazole-Containing Drugs Targeting Endocrine
System Diseases

3.1.Drugs to treat endocrine organs

Niraparib (MK-4827) (16) was approved by the FDA in 2017 for
the treatment of recurrent epithelial ovarian,*? fallopian tubes,*? or
primary peritoneal cancer that responded to platinum-based
chemotherapy (Fig. 13a). For the mechanism of action, niraparib (16)
is an inhibitor of the poly ADP-ribose polymerase (PARP) enzymes
PARP-1 and PARP-2, which play a role in DNA repair. In vitro studies
suggest that niraparib-induced cytotoxicity may involve inhibition of
PARP enzyme activity and increased PARP-DNA complex formation,
leading to DNA damage, apoptosis, and cell death.** Several [6,5]
dense aromatic azabicycles were designed in which a nitrogen atom
in the five-membered ring is placed to interact with the amide's anti-
NH to form a critical intramolecular hydrogen bond.*> This
demonstrated that the drug had the highest PARP-1 inhibitory
activity when the five-membered ring was a pyrazole ring and Y=N
(Fig. 13b).

(a)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 13 (a) The structure of niraparib (16); (b) [6,5] fused aromatic azabicycles.

Marginal zone lymphoma (MZL) is a rare, slowly progressive
form of non-Hodgkin's lymphoma that is initially treated with
rituximab (an anti-CD20 drug) alone or in combination with
chemotherapy.*® Unfortunately, many patients relapse or develop
resistance to these drugs. Treatment options then become limited,
and alternative treatments for lymphoma are needed to control
disease progression.*’” In 2021, the FDA accelerated approval of
umbralisib (TGR-1202) (21), a kinase inhibitor of PI3K-delta and
casein kinase CK1l-epsilon, for the treatment of relapsed and
refractory marginal cell lymphoma and follicular lymphoma in adults
(Fig. 14a).*® The PI3K pathway is dysregulated in malignant tumors,
leading to overexpression of p110 isoforms (p110a, p110B, p1108,
p110y), which induces malignant transformation of cells.*®
Umbralisib mainly inhibits PI3K& and the casein kinase CKlg, the
former is expressed in both healthy and malignant B cells, and CKle
is thought to be involved in the pathogenesis of malignant cells,
including lymphoma. Pyrazolopyrimidines play a crucial role in
conformational studies, where the N of the pyrimidine can form H-
bond interactions with Leu85 and the amino group can form H-bond
interactions with Glu83, which allows the drug molecule to be well
bound in the target pocket (Fig. 14b).

(a)

Umbralisib (21)
(TGR-1202)
Kd (PI3Kd) = 6.2 nM

(b)
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Fig. 14 (a) The structure of duvelisib (21); (b) The key target interaction.

Darolutamide (BAY-1841788) (22) is a nonsteroidal androgen
receptor (AR) antagonist that received FDA approval in 2019 for the
treatment of desmoid-resistant nonmetastatic prostate cancer
(nmCRPC) (Fig. 15a).>° AR is a key target for rational drug design for
the treatment of prostate cancer, and androgens can enhance the
growth and survival of prostate cancer cells by binding to the AR.5!
Darolutamide (22) competitively inhibits the binding of androgens to
their receptors and suppresses AR nuclear translocation as well as
AR-mediated transcription. The result of these processes is a
reduction in prostate cancer cell proliferation and tumor size. The
androgen receptor target is a narrow pocket, and the two pyrazole
structures before and after can better bind to the target. One of
them can form a r—t interaction with Arg840, while N can form an
H-bond interaction with Phe673 (Fig. 15b). For the mechanism of
action, the face-to-face stacking interaction of the eastern pyrazole
portion with the indole group of Trp742 was identified as the key
interaction,>? which allows darolutamide (22) to bind more tightly to
the AR receptor than other AR antagonists, such as apalutamide and
enzalutamide.>3

(a)
OH

Q Me

Darolutamide (22)
(BAY-1841788)
IC50 = 26 nM

(b)

e

Fig. 15 (a) The structure of darolutamide (22); (b) The key target interaction.
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3.2. Drugs to regulate hormone levels

Since 2012, several new drugs have been approved by FDA to
treat type2 diabetes mellitus (T2DM), including anagliptin (23)
(2012), teneligliptin (24) (2013) and omarigliptin (25) (2015) (Fig.
16a). They are orally effective and selective inhibitors of dipeptidyl
peptidase 4 (DPP-4) that improve glycemic control in patients with
T2DM by prolonging the half-life of glucagon-like peptide 1 (GLP-1)
and glucose -dependent insulinotropic peptide (GIP). Alogliptin (23)
produces a longer-lasting inhibition of DPP-4 activity than earlier
approved DPP-4 drugs like vildagliptin. In the DPP-4 structure
complexed with alogliptin (23),°* the pyrazolopyrimidine ring
interacts with the benzene ring of Phe357 in a m—m stacking
interaction, which not only enhances the potency of the drug but also
increases its selectivity (Fig. 16b). Teneligliptin (24) occupies the
active site in a linear conformation, and its binding leads to a
conformational change involving Arg358, which adopts a unique
side-chain orientation that opens the hydrophobic pocket known as
the extended S2 pocket.>> Teneligliptin (24) induces the same
conformational change involving Arg358 and occupies the extended
S2 pocket with their phenyl and trifluoromethyl portions in a similar
manner. The structure optimization process of omarigliptin (25) is
shown in Fig. 16¢, where the trans-2,5-difluorophenyl-3-amino group
is essential for binding to the active site of the DPP-4 protein.>¢ The
substitution of 2-pyrazole hydrogen with a methylsulfonyl group
resulted in omarigliptin, which had a shorter half-life compared to
the corresponding  methylsulfonyl analog in  preclinical
pharmacokinetic studies.’” Based on these three drugs, the
importance of pyrazole for the development of DPP-4 inhibitors is
demonstrated, including improvements in affinity and druggability.

(a)

W SR )3

Anagliptin (23)
(SK-0403)
Me IC50 = 3.3 nM

@\N/\:\/Nn G

{1
//’ NS
o
Teneligliptin (24)
(MP-513)
IC50 =1 nM
=0

-~

Omarigliptin (25)
(MK-3102)
IC50=0.8 nM

(b)

SER
PHE”
r? " i

205 & 0 Rav
> / lw\
SL) @ N oLy
195
¥, ‘w .
\)'\ &
_Q /X iy
TH
oL ]1;';’ & \,5;,“ 5t
m ILB 131

J. Name., 2013, 00, 1-3 | 6

Please do not adjust margins




Medicinal Chemistry,|,-

Journal Name

()
HoN
R 2 N oFs R HN N %
N N
o
3
26 27
F HoN O\
“_o
Oy — O CEy
o) Me O
F
Omarigliptin (25) 28

Fig. 16 (a) The structure of anagliptin (23), teneligliptin (24) and omarigliptin (25); (b) The
key target interaction; (c) The structure optimization process of omarigliptin (25).

4. Pyrazole-Containing Drugs Targeting Lymphatic
System Diseases

4.1. Drugs to treat lymphoid cells

Bruton's tyrosine kinase (BTK) is a non-receptor kinase that is a
signaling molecule for B-cell receptors expressed on the surface of
peripheral B cells.>® The BCR signaling pathway plays a critical role in
normal B cell development as well as in the proliferation and survival
of malignant B cells in many B cell malignancies, including mantle cell
lymphoma (MCL).>® Once activated by upstream Src family kinases,
BTK phosphorylates phospholipase-Cy (PLCy), leading to Ca?*
mobilization and activation of NF-kB and MAP kinase pathways.
These downstream cascades promote the expression of genes
involved in B cell proliferation and survival.® Ibrutinib (PCI-32765)
(29) is an irreversible, potent BTK inhibitor (Fig. 17a) that has
received FDA approvals (2012, 2013, and 2017) for the treatment of
MCL,%'chronic lymphocytic leukemia (CLL) and Waldenstrom's
macroglobulinemia (WM), chronic graft-versus-host disease (GVHD).
Ibrutinib (29) forms a covalent bond with cysteine residue in the BTK
active site (Cys481), leading to irreversible inhibition of the
enzymatic activity with sub-nanomolar IC50. It also forms four H-
bonds with Thr474, Glu475, and Cys481 and several water bridges
with adjacent residues in the pyrazolopyrimidine core (Fig. 17b).

(a)
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Ibrutinib (29)
(PCI-32765)
IC50 = 0.5 nM

(b)

Fig. 17 (a) The structure of ibrutinib (29); (b) The key target interaction.

Zanubrutinib (BGB-3111) (30) is a BTK inhibitor that received
accelerated approval from the FDA in 2019 for the treatment of adult
patients with MCL who have received at least one treatment®? (Fig.
18a). Compared to ibrutinib, the first-in-class BTK inhibitor,
zanubrutinib (30) is more potent and selective for BTK, with fewer
off-target effects.®3 . In the active site of BTK (Fig. 18b), the a, B-
unsaturated carbonyl group in zanubrutinib forms a covalent bond
with Cys481. Three critical hydrogen bonds with hinge residues
Glud75 and Met477 were observed in the pyrazole group.®*
Compared to the cocrystal structure of Ibrutinib with BTK, one more
hydrogen bond is formed between the backbone carbonyl moiety of
Met477 with zanubrutinib. In addition, a T-shape m—m stacking
between terminal phenyl group and Phe540 and a water bridge
between nitrogen atom of the pyrazolyl ring and Lys430.

(a)

H,N

Zanubrutinib (30)
(BGB-3111)
IC50 = 1.8 nM

(b)
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Fig. 18 (a) The structure of zanubrutinib (30); (b) The key target interaction.

Asiminib (ABL-001) (31), received FDA approval in 2021, is a
tyrosine kinase inhibitor (TKI) indicated for the treatment of chronic
phase Philadelphia chromosome-positive chronic myeloid leukemia
(Ph+ CML). More specifically, it is an allosteric inhibitor of the BCR-
ABL1 tyrosine kinase, which binds to the myristyl pocket of the ABL1
portion of the fusion protein and locks it into an inactive
conformation, preventing its oncogenic activity. Therefore, Asiminib
(31) has also been shown to benefit to the T315I mutation in Ph+
CML, which produces a BCR-ABL1 mutant that is generally treatment-
resistant compared to wild-type BCR-ABL1. The N-H of the pyrazole
ring can form a hydrogen bond interaction with Glu481, which also
plays a positioning role of the n—t interaction between the pyridine
ring and Tyr454.

(a)

Asiminib (31)
(ABL-001)

(b)

Fig. 19 (a) The structure of asminib (31); (b) The key target interaction.

5.2. Drugs to treat lymphatic organs

The Janus kinase (JAK) family of protein tyrosine kinases
includes JAK1, JAK2, JAK3, and non-receptor tyrosine kinase 2
(TYK2).%% JAKs play a key role in intracellular signaling pathways for
various cytokines and growth factors essential for hematopoiesis,
such as interleukins, erythropoietin, and thrombopoietin.6® JAKs

This journal is © The Royal Society of Chemistry 20xx
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have multiple functions: JAK1 and JAK3 promote lymphocyte
differentiation, survival, and function, while JAK2 promotes signaling
of erythropoietin and thrombopoietin.

Ruxolitinib (INCB-018424) (32), a JAK inhibitor, was first
approved by the FDA in 2011 for the treatment of adult myelofibrosis
(MF) and subsequently by the EMA in 2012 (Fig. 20a). It can
selectively inhibit JAK2 and JAK1, with some affinity for JAK3 and
TYK2. The anticancer effect of ruxolitinib (32) was attributed to its
inhibition of JAK and JAK-mediated STAT3 phosphorylation. By
downregulating  the  JAK-STAT  pathway, it inhibited
myeloproliferation and suppressed plasma levels of pro-
inflammatory cytokines such as IL-6 and TNF-a. Activated JAKS
stimulates T-responsive cells, leading to increased proliferation of
effector T cells and increased production of pro-inflammatory
cytokines.®” By blocking JAK1 and JAk2, ruxolitinib (32) inhibits donor
T cell expansion and suppresses pro-inflammatory responses.

In 2017, Ohlson's group disclosed that maintaining pyrrolizidine
nitrogen is critical as it provides a donor-acceptor interaction with
the JAK2 kinase hinge.8 To obtain optimal JAK potency in this family,
an alkyl or cycloalkyl group may need to be attached near the
pyrazole moiety (Fig. 20b). Alkyl chains attached to pyrazoles are
flexible and can adopt a conformation that allows polar
isohydroxamic acids to occupy a tolerant position near the solvent
(Fig. 20b). In addition, the hydrophobic interactions of
pyrrolopyrimidines and pyrazoles with the surface residues His500,
Pro501, and Phe620 are also an important part of the drug-target

interactions.
N
%

</ | ~
~
H N

Ruxolitinib (32)
(INCB-018424)
IC50 = 2.7 nM

(a)

z

A\

(b)

Fig. 20 (a) The structure of ruxolitinib (32); (b) The key target interaction.

Belumosudil (SLX-2119) (33) is an inhibitor of Rho-associated
convoluted helix kinase 2 (ROCK2),%° a protein that plays an
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important role in the pathogenesis of immune and fibrotic diseases
(Fig. 21a). Inhibition of ROCK2 has been shown to resolve immune
dysregulation by downregulating pro-inflammatory Th17 cells and
upregulating regulatory T cells by manipulating phosphorylation of
STAT3 and STAT5.79 In the structure-activity relationship,
benzopyrazoles formed H-bond interactions with Glu170, while also
allowing better binding of the entire molecule to the drug pocket
(Fig. 21b).

(a)

S0

Belumosudil (33)
(SLX-2119)
IC50 = 105 nM

(b)
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Fig. 21 (a) The structure of belumosudil (33); (b) The key target interaction.

4.3. Drugs to treat autoimmune conditions

Baricitinib (INCB-028050) (34) also is a selective and reversible JAK1
and JAK2 inhibitor approved by the FDA in 2017 for the treatment of
moderate to severe rheumatoid arthritis that has responded poorly
to at least one TNF antagonist (Fig. 22a). Rheumatoid arthritis is a
progressive autoimmune disease. While there are several disease-
modifying antirheumatic drugs available for treatment, patients
often experience inadequate therapeutic responses to these drugs.
Baricitinib (34) selectively and reversibly inhibits JAK1 and JAK2 to
modulate their signaling pathways, thereby reducing the
phosphorylation and activation of STATSs. In isolated enzyme assays,
baricitinib (34) also exhibited an inhibitory effect on other types of
JAK enzymes, Tyrosine Kinase 2 and JAK3, at higher concentrations
needed for JAK1/2 inhibition.

(a)
N
N//_ \ 0
|l
— N—5—/
HN_ ~ (e}
Baricitinib (34)
(INCB-028050)

JAK11C50 = 4.0 nM
JAK21C50 = 6.6 nM
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Fig. 22 (a) The structure of baricitinib (34); (b) The key target interaction.

4.4. Anti-inflammatory drugs

Cyclooxygenase, is a member of the animal-type heme
peroxidase family, also known as prostaglandin G/H synthase.”*
Cyclooxygenases (including COX-1 and COX-2) are essential for the
production of beneficial prostaglandins, especially those produced in
the stomach, platelets, and kidneys.”? Inhibition of COX-1 leads to
decreased production of beneficial prostaglandins and is thought to
be associated with the development of side effects such as gastric
ulcers,”® decreased renal blood flow,”* and primary hemostasis
disorders.” COX-2 production is induced during active inflammation
and leads to the production of prostaglandins that amplify pain,’®
produce edema,’”” and promote the production of other
inflammatory mediators.”® Since the last century, the FDA has
approved a variety of non-steroidal anti-inflammatory drugs
(NSAIDs) that inhibit the COX, including antipyrine (1884) (35),
bendazac (AF-1934) (36) , benzydamine (AF-864) (37), celecoxib (SC-
58635, 1998) (38), metamizole (1977) (39), phenylbutazone (1994)
(40), etc (Fig. 23).

Antipyrine (35) inhibits both COX-1 and COX-2 isoforms.”®
Bendazac (36) is an oxyacetic acid that has nonsteroidal anti-
inflammatory effects, as well as analgesic, antipyretic, and platelet
inhibitory effects. These effects may be accounted for in part by the
substance's capability to inhibit prostaglandin synthesis by inhibiting
cyclooxygenase activity in converting arachidonic acid to cyclic
endoperoxides.8? Despite its anti-inflammatory, antinecrotic,
anticholinergic, and antilipidemic properties, most research revolves
around investigating and demonstrating the agent's primary role in
inhibiting protein denaturation.8! Benzedamine (37), available as the
hydrochloride salt, is a locally acting NSAID with local anesthetic and
analgesic properties.®? It has a variety of physicochemical properties
and pharmacological activities different from traditional aspirin-like
NSAIDs, but is beneficial to the mechanism of action of benzydamine
(37) as an effective topical NSAID with local anesthetic and analgesic
effects.®3

Celecoxib (38) is a selective inhibitor of COX-2.,8* so it causes
fewer stomach-related side effects. In 2016, Dong's group
demonstrated that the orientation of pyrazole provides favourable
interaction between the COX-2 and celecoxib (38).8> Metamizole (39)
is an antipyretic and analgesic used for the relief of severe and
persistent fever and pain. In an aqueous solution, metamizole (39) is
immediately hydrolyzed to 4-formylaminoantipyrine (MAA), which
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can be further metabolized to 4-aminoantipyrine (AA), 4-
formylaminoantipyrine (FAA), or 4-acetylaminoantipyrine (AAA). The
mechanism of action of metamizole (39) may involve increasing the
availability of arachidonic acid as a substrate for the synthesis of
endogenous molecules.®
Phenylbutazone (40) binds to and inactivates prostaglandin H
synthase and prostacyclin synthase through peroxide (H,0,)-
mediated inactivation.?” The pyrazole ring of all these anti-

cannabinoids or other related

inflammatory drugs has some common effects. On one hand, the
pyrazole ring itself acts as an aryl bioisostere, improving the lipophile
and solubility of the drug. On the other hand, although the pyrazole
ring does not form direction interaction with the target protein, it
facilitates the better binding of the drug to the receptor binding
pocket. For some pyrazolinone drugs, carbonyl groups can often
form hydrogen bonds with nearby amino acid residues to further
strengthen the binding force between the drug and the receptor.

l\‘/le
O N\Me
Me ;
ﬁ\ " Q\( Q\(
Bendazac (36) Benzydamine (37)
Antipyrine (35) (AF- 1934) (AF-864)
N
_ N—N
N Me
H2N \o Me
Celecoxib (38) O
(SC-58635) Metamizole (39) Phenylbutazone (40)

Fig.23 The structure of antipyrine (35),
(38),

bendazac (36), benzydamine (37),

celecoxib metamizole (39), and phenylbutazone (40).

5.5. Antibacterial drugs

Ceftolozane (CXA-101) (41) is a semisynthetic broad-spectrum
fifth-generation cephalosporin that was approved by the FDA in 2014
in combination with tazobactam for the treatment of serious
infections such as intra-abdominal infections® and complicated
urinary tract infections (Fig. 23a). Tazobactam and cefazoxane (41)
broaden their spectrum by making them effective against organisms
that express B-lactamases and would normally degrade them. This
occurs through irreversible inhibition of B-lactamases. In addition,
tazobactam may covalently bind to plasmid-mediated and
chromosome-mediated pB-lactamases. Tazobactam is primarily
effective against the OHIO-1, SHV-1, and TEM moieties of B-
lactamases, but may also inhibit other B-lactamases. Ceftolozane
(41) exerts antimicrobial effects, prevents cell wall formation,
protects bacteria from injury, and confers resistance to certain
antibiotics. For structure-activity relationship, pyrazole ring provides
stability against AmpC B-lactamase-overproducing Pseudomonas
aeruginosa and oxime confers PB-lactamase stability.8® 2-
Methylpyrazole group was found to have the best activity against
Pseudomonas aeruginosa and 2-aminoethylureido group has the

This journal is © The Royal Society of Chemistry 20xx

optimal balance of activity (Fig. 24b).

Aminothiadiazole ring enhances
activity against Grem-negative
bacilli i

Dimethylacetic acid
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antlpseudo onal activity >\

2-Aminoethylureido group has
the optimal balance of activity
HoN 2-Methylpyrazole group
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best activity against P.

aeruginosel

_N
H30 NH2
>—NH

\

*Z—Z

Oxime confers

b-lactamase stability Pyrazole ring provides stability against

AmpC b-lactamase-overproducing
P.aeruginosa

Fig. 24 The structure activity relationship of ceftolozane (41).

Sulfaphenazole (42) is a sulfonamide antibacterial.®® In bacteria,
antibacterial sulfa drugs act as competitive inhibitors of
dihydropterophanate synthase (DHPS), an enzyme involved in folic
acid synthesis.?? In this way, the microbes die due to the lack of folic
acid. The role of the pyrazole ring in Sulfaphenazole (42) is to improve
the lipophilicity of the drug, making it easier to cross the bacterial cell
membrane.*?

Sulfaphenazole (42)

Fig. 25 The structure of Sulfaphenazole (42).

5. Pyrazole-Containing Drugs Targeting Central
Nervous System Diseases

Genetic rearrangements of the mesenchymal lymphoma kinase
(ALK) are genetic alterations that drive the progression of NSCLC in
many patients.”’” Normally, ALK is a naturally occurring endogenous
tyrosine kinase receptor that plays an important role in brain
development and triggers the activity of various specific neurons in
the nervous system.

Lorlatinib (PF-06463922) (43) was approved by the FDA in 2018
for the treatment of ALK-positive and ROS1-positive NSCLC (Fig. 26a),
which demonstrated in vitro activity against multiple mutant forms
of ALK enzymes, including some mutations detected in tumors upon
disease progression with crizotinib (PF-2341066) (44) and other ALK
inhibitors. In addition, loratinib (43) can cross the blood-brain barrier
(BBB), allowing it to reach and treat progressive or worsening brain
metastases. Lauratinib (43) contains an N-methylamide that
crizotinib (44) lacks. This methyl group points upward to the P-ring
and the carbonyl group of Leu1951.%3 The difference in the stability
of the ALK Leu1196 P-ring may be related to specific protein-ligand
interactions. During optimization of loratinib (43) against ALK and
activating ALK mutants, cis-N-methyl amides are used as macrocyclic
connectors to provide efficient interactions for the G-ring and
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stabilize structural water. The pyrazole ring makes the methyl
reaches the contact distance to TrkB Tyr635 in the ALK structure.
What’s more, it also brings the cyanide group closer to Tyr635,
creating a dipole interaction.®?

Crizotinib (44) was approved by the FDA in 2011 for the
treatment of ALK-positive and ROS1-positive NSCLC (Fig. 26a). In
addition to ALK, it also inhibits the hepatocyte growth factor receptor
(HGFR, ¢-MET) and Recepteur d'Origine Nantais (RON).%*
Abnormalities in the ALK gene caused by mutations or translocations
may lead to the expression of oncogenic fusion proteins. In patients
with non-small cell lung cancer, they have the EML4-ALK gene.®>
Crizotinib (44) inhibits ALK tyrosine kinase, which ultimately leads to
reduced proliferation and tumor survival in cells carrying the gene
mutation.®® ALK gene site mutations and insertions are fully
characterized mechanisms of resistance, with Leu1196M, Glu1269A
and Glu1202R in direct contact with crizotinib (44).°7 Ser1206Y is in
close proximity to the crizotinib (44) binding site (Fig. 26b). As for the
role of its pyrazole scaffold, molecular docking analysis disclosed that
the Gly2032 residue sits at the solvent front in the distal end of the
kinase hinge and creates a turn, putting the Gly2032 alpha carbon in
position to engage in a van der Waals interaction with the pyrazole
ring of crizotinib.%’

(a)

~Me

HoN

Lorlatinib (43)
(PF-06463922)
IC50 = 1.3 nM

Crizotinib (44)
(PF-2341066)
IC50 = 30 nM

Fig. 26  The structure of lorlatinib (43) and  crizotinib  (44).
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In addition to the two ALK inhibitors mentioned above, for the
treatment of NSCLC, the FDA has approved kinase inhibitors
including entrectinib (RXDX-101, 2019, TRK inhibitor) (45),
larotrectinib (46) (ARRY-470, 2018, TRK inhibitor), pralsetinib (47)
(BLU-667, 2020, RET inhibitor) and selpercatinib (48) (LOX0-292,
2020, RET inhibitor) over the past few years.

Entrectinib (45) is a tropomyosin receptor tyrosine kinase (TRK)
TRKA, TRKB, TRKC, proto-oncogene tyrosine protein kinase ROS1°8
and anaplastic lymphoma kinase (ALK) inhibitor for the treatment of
ROS1-positive metastatic non-small cell lung cancer with NTRK gene
fusion-positive solid tumors (Fig. 26a).°® This therapy is superior to
similar ALK inhibitors such as erlotinib, ceritinib, and loratinib due to
the broader range of targets. TRK receptors generate cell
proliferation through downstream signaling by mitogen-activated
protein  kinase,'®  phosphatidylinositol ~ 3-kinase,'®®  and
phospholipase C-y.192 Inhibition of these pathways inhibits cancer
cell proliferation and alters the balance in favor of apoptosis, leading
to tumor size reduction. In 2021, Wang's group disclosed that the
nitrogen atom on the pyrazole ring can form hydrogen bonds with
Met592 in the hinge region (Fig. 26b). The fluorophenyl part, which
is well integrated into the hydrophobic pocket, maintains a vertical
conformation with the whole backbone and has hydrophobic
interactions with the surrounding Phe521, Leu657, Gly667 and
Asp668.

Selitrectinib (LOX0-195) (49) and repotrectinib (TPX-0005) (50)
are two multi-kinase inhibitors designed from entrectinib (45) that
are in clinical trials (Fig. 27a). Selitrectinib (49) shows strong binding
to the structural domains of wild-type TRKA, TRKB, and TRKC kinases
and has potent inhibitory activity in kinase assays.!?® Repotrectinib
(50) is a multi-kinase inhibitor with potent effects on ROS1, TRK, and
JAK2.1%4 Both of them have shown significant efficacy in clinical trials
in patients resistant to first-generation TRK inhibitors. In 2021, Wang
's group also noted that the oxygen atom on the amide forms a
hydrogen bond with Met592 in the hinge region via a water
molecule.' If the amide group in repotrectinib is substituted by the
sulfonamide group, resulting in the loss of its activity. There is a
hydrophobic interaction of the tetrahydropyrrole between the
gatekeepers Phe589 and Phe521 (Fig. 27b). The methyl group at the
same position of repotrectinib also has a hydrophobic effect on
Phe521.1% The remaining methyl groups of selitrectinib and
repotrectinib have the same hydrophobic interaction with P-loop
Val524 and Gly517.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 27 (a) The structure of entrectinib (45), selitrectinib (49) and repotrectinib (50); (b) The structure activity relationship of selitrectinib (49) and repotrectinib (50).

Larotrectinib (LOXO-101) (46) is an oral TRK inhibitor that was
approved by the FDA in 2013 (Fig. 28). In vitro and in vivo tumor
models, larotrectinib (46) has shown antitumor activity in cells with
constitutive activation of TRK protein due to gene fusions,% deletion
of the protein regulatory domain,®” or in cells with TRK protein
overexpression.1% The docking results illustrate that the “linker”
moiety of pyrazolo[1,5-a]pyrimidine is anchored to the hinge region
through a key H-bond with the NH of Met592 while forming a CH-1t
with Val524.10%

Larotrectinib (46)
(LOXO-101)

structure

interaction

Fig. 28 The of larotrectinib (46).

Rearranged during transfection (RET) is a transmembrane
receptor tyrosine kinase (RTK) containing extracellular,
transmembrane, and intracellular structural domains whose activity
is required for normal kidney1® and nervous system development.11!
Constitutive RET activation is achieved by chromosomal
rearrangements that produce a fusion of the 5' dimerizable structural
domain with the 3' RET tyrosine kinase structural domain,'2 leading
to constitutive dimerization and subsequent autophosphorylation.

Selpercatinib (LOX0-292) (47) is a RET receptor tyrosine kinase
inhibitor approved for the treatment of RET-driven NSCLC and
medullary thyroid carcinoma by the FDA in 2020 (Fig. 28a). It has
enhanced specificity for the RET kinase compared to other RTK

This journal is © The Royal Society of Chemistry 20xx

classes. Enhanced RET oncogene expression is a hallmark of many
cancers.!3 Pralsetinib (48), similar to the previously approved
selpercatinib (BLU-667) (47), is a kinase inhibitor with greater
specificity for the RET kinase than other RTK classes.'* Selpercatinib
(47) and pralsetinib (48) represent the first generation of specific RET
RTK inhibitors for the treatment of RET-driven cancers. Information
based on natural and induced resistance mutations and molecular
models suggests that selpercatinib (47) directly inhibits RET
autophosphorylation by competitively binding ATP.1%5 It binds to RET
by forming an H-bond with Ala807 and three water-mediated H-
bonds with Glu734, Asp771, and Gly810, with the pyrazole portion
forming a hydrogen bond with Ala807. Pralsetinib (48) was
developed by screening over 10,000 agnostic-designed kinase
inhibitors followed by extensive chemical modifications to improve
their properties.® For the structure-activity relationship study, both
pyrazoles play a crucial role in target interaction, with one of them
forming  hydrogen bonds with Glu805 and  Ala807.

(a)
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Fig. 29 (a) The structure of selpercatinib (47) and pralsetinib (48); (b) The key target

interaction.

Rimonabant (SR-141716) (51) was the first drug to target the
endocannabinoid (CB) pathway by inhibiting the action of
anandamide and 2-archidonyl-glycerol on the CB1 receptor for the
treatment of anorexic obesity (Fig. 30a).17 It is an inverse agonist of
the cannabinoid receptor CB1 and its primary pathway of action is
appetite reduction. Rimonabant (51) blocks the central effects of this
neurotransmitter pathway involved in obesity and weight control,
and also blocks the direct effects of CB on adipocyte and hepatocyte
metabolism, thereby improving insulin resistance, triglycerides, and
high-density lipoprotein cholesterol (HDL-C). The spatial overlap of
the H atom of the chain amide and the methyl group on the pyrazole
core and the electrostatic force between the lone pair of electrons of
the pyrazole-N2 atom and the oxygen atom repel the carboxamide
part,118 but can be further stabilized by weak hydrogen bonding
interactions between the NH part of the formamide and the nitrogen
atom in the pyrazole core (Fig. 30b). Surinabant (SR-147778) (52) is
also a novel cannabinoid receptor 1 (CB1) antagonist that inhibits
various tests!? such as heart rate, body sway, and sensory highs (Fig.
30a). Surinabant (52) inhibits all THC responses, including almost
complete inhibition of body sway and VAS alertness, but its effects
on heart rate and high sensation are submaximal.?® The pyrazole
ring acts to improve pharmacological activity in both drugs, serving
as a key "hub" in the center of the scaffold, which allows for better
positioning of the drug pocket and improved lipophilicity.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 30 (a) The structure of rimonabant (51) and surinabant (52); (b) The key target
interaction.

Zaleplon (CL-284846) (53) is a sedative that is primarily used in
insomnia and is known as a non-benzodiazepine hypnotic (Fig. 30),
which exerts its effects through subunit modulation of the y-
aminobutyric acid-benzodiazepine (GABAg;) receptor chloride
channel macromolecular complex.12! Zaleplon (53) also selectively
binds to brain omega-1 receptors located on the alpha subunit of the
GABA,/chlorine channel receptor complex'?2 and enhances the
binding of tert-butyl-dicyclophosphorothioate (TBPS).123 Indiplon
(NBI-34060) (54) is also a non-benzodiazepine hypnotic sedative that
was developed in two formulations, i.e., an immediate-release
formulation for falling asleep and an extended-release form for
maintaining sleep (Fig. 30).12* It acts as a high-affinity orthosteric
modulator of the GABA, receptor, enhancing GABA-activated
chloride currents in a dose-dependent and reversible manner.12> As
the molecular docking results suggested zaleplon (53) and indiplon
(54) possessed a similar binding fashion with GABAg; via reversible
noncovalent interactions involving hydrogen bond and n-n
interaction. Pyrazole ring mainly forms a -t interaction with nearby

amino acid residues.
0 Me O Me
Zaleplon (53) Indiplon (54)
(CL-. 284846) (NBI-34060)
IC50 = 167 nM

Fig. 31 The structure of zaleplon (53) and indiplon (54).
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Edaravone (55) is a free radical scavenger that was approved in
2017 for the treatment of amyotrophic lateral sclerosis (ALS) (Fig.
32a). Clinical studies have shown that the treatment reduced disease
progression compared to placebo.’?® As a low molecular weight
molecule with good water and lipid solubility, it has therapeutic
advantages in crossing the blood-brain barrier to mediate the pro-
intellectual and neuroprotective effects. The pro-intellectual and
neuroprotective effects are mediated through inhibition of lipid
peroxidation and scavenging of free radicals.'?” Edaravone (55)
works by increasing prostacyclin production, reducing lipoxygenase
metabolism of arachidonic acid by capturing hydroxyl radicals, and
inhibiting tetraoxapyrimidine-induced lipid peroxidation and
quenching reactive oxygen species. It targets a variety of cells,
including neurons, endothelial cells, and cardiomyocytes. There is
also evidence that neuronal nitric oxide synthase (nNOS) levels are
reduced and SOD1 levels are enhanced after transient ischemia in
rabbits, thereby preventing spinal cord injury. For this mechanism,
edaravone (55) and its derivatives can exist in three reciprocal
isomeric forms a, b, and c (Fig. 32b).128 It is now well established that
the anionic form is most relevant for scavenging free radicals in polar
media via a single electron transfer mechanism (Fig. 32b, pathway
A). The most successful derivatives in such media are those with a
good balance between the amount of anionic form and oxidation
potential. In contrast, it has been hypothesized that the mechanism
of H-atom extraction dominates in the lipid phase (Fig. 32b, pathway
B).12° For the structure-activity relationship, the pyrazole forms a m-
Tt interaction with Tyr202 and the hydroxyl group forms an H-bond
interaction with Glu200, allowing the whole molecule to be well

bound within the target pocket.
(a)
(¢]
Me
Edaravone (55)
(MCI-186)
IC50 = 21.8 nM
(b)
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Fig. 32 (a) The structure of edaravone (55); (b) The action mechanism of edaravone (55).

Granisetron (APF-530) (56) is a 5-HT; antagonist used in cancer
therapy and postoperative treatment of nausea and vomiting.13° A
serotonin receptor (5-HT3 selective) antagonist for antiemetic and
drug resistance in cancer chemotherapy patients. Granisetron (56) is
a potent and selective 5-HT; receptor antagonist.!3! The antiemetic
activity of the drug is achieved by inhibiting the central and
peripheral 5-HT; receptors. The serotonin receptor protein is a
pentamer that can bind to five molecules, where the benzopyrazole
ring can form a m-m interaction with Arg65 of the D chain, and the
amino group on the bridged ring can form a hydrogen bond
interaction with different amino acids on the D chain and E chain,
respectively, strengthening the affinity between the drug and the
receptor.132

(a)

\
Me
Granisetron (56)
(APF-530)

(b)
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Fig. 33 (a) The structure of Granisetron (56); (b) The key target interaction.

Fibrodysplasia ossificans progressiva (FOP) is an unusually rare
genetic disorder, which is caused by gain-of-function mutations in
the ACVR1/ALK2 gene that lead to progressive heterotopic
ossification.!33 Palovarotene (RG-667) (57) is a selective retinoic acid
receptor gamma (RARy) agonist belonging to a class of drugs known
as retinoic acids, similar in mechanism to trefoil, which is a derivative
of vitamin A.13* In a structure-activity relationship study, in addition
to the carboxyl group required by such RARy agonists, the pyrazole
ring also plays a crucial role, which forms the n-mt interaction with
Phe304.

(a)

Palovarotene (57) OH

(RG-667)

(b)

Fig. 34 (a) The structure of Palovarotene (57); (b) The key target interaction.

6. Pyrazole-Containing Drugs Targeting
Gastrointestinal Tract Diseases

Avapritinib (BLU-285) (58), a selective tyrosine kinase inhibitor
of KIT and platelet-derived growth factor receptor alpha
(PDGFRa),13> was approved by the FDA in 2020 for the treatment of
unresectable metastatic gastrointestinal mesenchymal tumors
(GIST) carrying 18 mutations in PDGFRa activating fragment exons
(Fig. 35).13¢ These activation fragment mutations are resistant to
imatinib, sunitinib, regifitinib, and ramitinib and represent the initial
small molecule targeted therapies. Avapritinib (58) has a negative

This journal is © The Royal Society of Chemistry 20xx
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regulatory effect on the transporter proteins ABCB1'3” and ABCG2,138
which may be due to the interaction of avapritinib (58) with the drug-
binding pocket of these transporter proteins. As the molecular
docking results suggested avapritinib occupies a longer, thinner
region within the active site, and is predicted to form a hydrogen
bond with residue Cys673.139

Me

[

%
N ~— N=
/

N N N .,
NN N/ d N2

Avapritinib (58)
(BLU-285)

Fig. 35 The structure of avapritinib (58).

Betazole (59) is a histamine H2 agonist used as a diagnostic
agent to measure gastric acidity or maximum gastric acidity
production (Fig. 36).14° Thus, this agonist action increases the
amount of gastric acid produced. This measurement can be used to
diagnose diseases such as Zollinger-Ellison syndrome.l#!
Alternatively, betazole (59) can be used as a gastric secretory
stimulant instead of histamine, with the advantage that it does not
cause side effects and therefore does not require the use of

antihistamine compounds.
@\/\NHz

H

Betazole (59)
Fig. 36 The structure of avapritinib (59).

Cystic fibrosis (CF) is the result of a mutation in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene.'*? The CFTR
protein produced by this gene is a transmembrane ion channel that
carries sodium and chloride ions across the cell membrane - water
follows chloride ions to the cell surface, thus helping to hydrate the
cell surface and dilute pericellular secretions. Mutations in the CFTR
gene produce insufficient amounts and functions of CFTR proteins,
resulting in defective ion transport and accumulation of mucus
throughout the body, leading to multi-organ diseases involving the
lung, gastrointestinal tract, and pancreatic system.*3 In 2019, the
small molecule CFTR corrector elexacaftor (VX-445) (60) was
approved by the FDA for the treatment of CF patients with one
F508del-CFTR mutation (Fig. 37). Unlike first-generation correctors
such as tezacaftor and ivacaftor, elexacaftor (60) is considered a
next-generation CFTR corrector because it has a different structure
and mechanism. Elexacaftor (60) promotes transport to the cell
surface for incorporation into the cell membrane, which increases
the amount of mature CFTR proteins present on the cell surface, thus
improving ion transport and CF symptoms. SAR studies have
implicated that the 2,2,4-trimethylpyrrolidinyl group acts as the
critical anchor in the pocket characterizing this site, in particular, mt-1t
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Fig. 37 The structure of elexacaftor (60).

Telotristat ethyl (LX-1032) (61) is a tryptophan hydroxylase
inhibitor that was approved by the FDA in 2017 for carcinoid
syndrome diarrhea (Fig. 38).14° Telotristat ethyl is an ethyl ester
prodrug that can be hydrolyzed in vivo and in vitro to its active part,
LP-778902 (62). The systemic exposure of telotristat ethyl is
relatively low because of the rapid rate of hydrolysis to the active
fraction. LP-778902 (62) is a potent inhibitor of TPH, which belongs
to the drug under investigation. While existing treatments for
carcinoid syndromes reduce the release of serotonin outside tumor
cells, telotristat ethyl reduces the production of serotonin inside
tumor cells at its source.!*® By specifically inhibiting serotonin
production, telotristat ethyl attempts to control this important driver
of carcinoid syndrome, thereby providing patients with more control
over their disease.

Telotristat ethyl (61)
(LX-1032)

N_ N

LP-778902 (62)

ARTICLE

Fig. 38 The structure of telotristat ethyl (61) and LP-778902 (62).

7. Pyrazole-Containing Drugs Targeting Urinary
System Diseases

Uroepithelial cancer is statistically the fourth most common
cancer in the world. Genetic mutations or changes, such as
dysregulation of the fibroblast growth factor receptor (FGFR)
pathway and FGFR aberrations are associated with the pathogenesis
of uroepithelial carcinoma, including all four FGFR genes. Thus, it is
believed that changes in FGFR genes promote cell proliferation,
migration, angiogenesis, and resistance to apoptosis in many
cancers, including uroepithelial carcinoma. Erdafitinib (63), an oral
selective pan-FGFR kinase inhibitor that inhibits the enzymatic
activity of expressed FGFR1, FGFR2, FGFR3, and FGFR4, was
approved by the FDA in 2019 for the treatment of locally advanced
or metastatic uroepithelial cancer (Fig. 39). For the mechanism of
action, erdafitinib (63) exhibited inhibition of FGFR phosphorylation
and signaling and reduced cell viability in cell lines expressing altered
FGFR genes, including point mutations, amplifications, and fusions
(Fig. 39). Erdafitinib (63) showed antitumor activity in FGFR-
expressing cell lines and in xenograft models derived from tumor
types, including bladder cancer.

In addition to erdafitinib (63), axitinib (64) is a second-
generation tyrosine kinase inhibitor (Fig. 39) that treats advanced
renal cell cancer after failure of prior systemic therapy by selectively
inhibiting vascular endothelial growth factor receptors (VEGFR-1,
VEGFR-2, VEGFR-3).17 In 2019, Liu's group noted that axitinib (64)
could fit well into the DFG-in conformation,1® with the indazole
portion forming two hydrogen bonds with Cys673 and Glu671 in the
hinge-binding region, allowing for tighter binding to the VEGFR
receptor. Pazopanib (65), also a small molecule inhibitor of multiple
protein tyrosine kinases, was approved by the FDA in 2009 for the
treatment of advanced renal cell carcinoma and advanced soft tissue
sarcoma in patients on prior chemotherapy (Fig. 39). Pazopanib (65)
is a second-generation multi-target tyrosine kinase inhibitor
targeting VEGFR-1, -2, and -3, platelet-derived growth factor
receptor-alpha, platelet-derived growth factor receptor-beta, and c-
kit.14° These receptor targets are part of the angiogenic pathway that
promotes tumor angiogenesis to facilitate tumor survival and growth
(Fig. 39).

This journal is © The Royal Society of Chemistry 20xx
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8. Pyrazole-Containing Drugs for Other Indications

Encorafenib (LGX-818) (66) is a serine/threonine protein kinase
inhibitor.?0 It inhibits the BRAF gene that encodes B-raf protein, a
proto-oncogene involved in mutations in multiple genes (Fig. 40).
This protein functions in the regulation of the MAP kinase and ERK
signaling pathway,’! affecting cell division, differentiation and
secretion. Mutations in this gene, most commonly the V600E
mutation, are the most common oncogenic mutations in
melanoma.’2 On June 27, 2018, the FDA approved encorafenib (66)
and binimetinib in combination for patients with unresectable or
metastatic melanoma with BRAF V600E or V600K mutations.
Molecular docking studies disclosed that the drug binds tightly to the
cavity of BRAF mainly through the hydrophobic stacking contact t-it

interaction between the pyrazole group and Phe583.
encorafenib (66)
(LGX-818)
Fig. 40 The structure of encorafenib (66).
Fomepizole (67) is a competitive inhibitor of alcohol

dehydrogenase,>3 which catalyzes the initial steps in the metabolism
of ethylene glycol and methanol to their toxic metabolites (Fig.
41).1%% Fomepizole (67) was approved as an antidote in confirmed or
suspected methanol or ethylene glycol poisoning.’> For the
structure-activity relationship, pyrazoles form m-m interactions and
H-bond interactions with nearby amino acid residues (Fig. 41).

e

Fomepizole (67)

Fig. 41 The structure of erdafitinib (67).

Conclusions

In summary, among the drugs approved by the FDA each year,
the number of drugs containing pyrazole rings is increasing, and the
introduction of pyrazole rings into drug molecules has become a
common strategy in medicinal chemistry and drug design. On the one

This journal is © The Royal Society of Chemistry 20xx

hand, due to its good physicochemical properties, pyrazole ring can
be used as a biological isostere for other aromatic rings to improve
the drugability and lipophilicity of drugs.. On the other hand,
pyrazole ring is both a hydrogen bond acceptor and donor, which
allows it to better bind to drug targets, changing its affinity for
different receptor pockets for optimal therapeutic effects. However,
there are also some challenges to introducing pyrazole rings into
drug molecules. Unlike 1,2,3-triazole, which can be synthesized by
click reaction, the introduction of pyrazole rings is often required
through ready-made blocks. In addition, the in vivo metabolic toxicity
of pyrazoles is also a concern for medicinal chemists when
introducing this group.

With the in-depth understanding of the interaction between
pyrazole rings and receptor proteins, it is expected to develop more
pyrazole ring-containing drug molecules substituted by bioisosteres.
In the future, the pyrazole ring replacement strategy could also be
widely applied to develop next-generation drugs with less resistance.
We hope this review will shed some light on the drug discovery of
pyrazole ring-containing chemical entities for organic chemists and
medicinal chemists.
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