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Abstract: A significant number of the anti-inflammatory drugs currently in use are becoming obso-
lete. These are exceptionally hazardous for long-term use because of their possible unfavourable
impacts. Subsequently, in the ebb-and-flow decade, analysts and researchers are engaged in devel-
oping new anti-inflammatory drugs, and many such agents are in the later phases of clinical trials.
Molecules with heterocyclic nuclei are similar to various natural antecedents, thus acquiring immense
consideration from scientific experts and researchers. The arguably most adaptable heterocyclic
cores are benzimidazoles containing nitrogen in a bicyclic scaffold. Numerous benzimidazole drugs
are broadly used in the treatment of numerous diseases, showing promising therapeutic poten-
tial. Benzimidazole derivatives exert anti-inflammatory effects mainly by interacting with transient
receptor potential vanilloid-1, cannabinoid receptors, bradykinin receptors, specific cytokines, 5-
lipoxygenase activating protein and cyclooxygenase. Literature on structure—-activity relationship
(SAR) and investigations of benzimidazoles highlight that the substituent’s tendency and position
on the benzimidazole ring significantly contribute to the anti-inflammatory activity. Reported SAR
analyses indicate that substitution at the N1, C2, C5 and C6 positions of the benzimidazole scaf-
fold greatly influence the anti-inflammatory activity. For example, benzimidazole substituted with
anacardic acid on C2 inhibits COX-2, and 5-carboxamide or sulfamoyl or sulfonyl benzimidazole
antagonises the cannabinoid receptor, whereas the C2 diarylamine and C3 carboxamide substitution
of the benzimidazole scaffold result in antagonism of the bradykinin receptor. In this review, we
examine the insights regarding the SARs of anti-inflammatory benzimidazole compounds, which
will be helpful for researchers in designing and developing potential anti-inflammatory drugs to
target inflammation-promoting enzymes.
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1. Introduction

Inflammation is derived from the Latin word “inflammare”. The body’s immune
system initiates an immediate response to harmful stimuli, such as infections or any type
of irritation [1]. The inflammatory responses entail several biochemical events (Figure 1).
They are a defensive attempt by the body to heal infections; however, if inflammation
is not controlled, it can prompt a cluster of acute, chronic and systemic inflammatory
disorders [2,3]. The major symptoms of inflammation are redness, pain and swelling [4].
Some diseases, such as cardiovascular disease, autoimmune diseases, periodontal disease,
Alzheimer’s disease, asthma, diabetes and COPD, are related to chronic inflammation [1,2].
Steroid drugs have traditionally been used to treat inflammation, but their use has gradually
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decreased due to their adverse effects [5]. Non-steroidal anti-inflammatory drugs have been
introduced to overcome the adverse effects of steroidal drugs. The role of cyclooxygenase
and its coenzyme in the inflammatory process was an uncreditable discovery [6,7]. In recent
years, elucidating the various complex mechanisms behind the inflammatory process has
indicated new methods for its treatment [8,9].
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Figure 1. The biochemical process of inflammation. COX—cyclooxygenase; LOX—lipoxygenase;
PG—prostaglandin; LT—leukotriene; Tx—thromboxane; NO—nitric oxide; IFN-y—interferon; TNF—
tumour necrosis factor; NF-kB—nuclear factor-xB; MAPK—mitogen activated protein kinase; JAK—

Janus kinase; IL—interleukin.

Over 75% of the medications currently used have heterocyclics containing nitrogen,
oxygen or sulphur, and nitrogen heterocyclics are present in various therapeutically active
compounds [10,11]. Pyrazole/pyrazoline, benzimidazole, indole and pyrimidine are
important nitrogen-containing heterocyclics in anti-inflammatory research [12].

Benzimidazole is bicyclic, comprising a benzene fused with an imidazole ring, a
heteroaromatic compound with an amphoteric property (Figure 2). This privileged scaf-
fold exhibits anti-convulsant, antioxidant, anti-microbial, anticancer, anthelmintic, anti-
inflammatory, anti-fungal, antiviral, antipsychotic and antihistaminic effects, among oth-
ers [13]. Research on the benzimidazole nucleus has resulted in drugs such as albendazole,
mebendazole, thiabendazole, omeprazole, lansoprazole, pantoprazole, astemizole, envirox-
ime, candesartan, cilexitil, telmisartan and numerous other compounds for treating other
diseases (Figure 3) [14].

N
\y
v T ULy
H N

Figure 2. Structure of benzimidazole.
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Benzimidazole Analogues
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Figure 3. Clinically approved drugs with a benzimidazole nucleus.

The various targets for benzimidazole are shown in Figure 4. The NH group of
benzimidazole is strongly acidic as well as weakly basic in nature. The ionisation constant
(pKa) of benzimidazole is 12.8, and its conjugate acid is 5.6 [15].

Topoisomerase — I and II Inhibitors

Protein Tyrosine Kinase and Phosphatase Inhibitors

Beta-glucuronidase Inhibitors

Androgen Receptor Antagonist

Dihydrofolate Reductase Inhibitors

Microtuble Inhibitors

DNA Intercalation & Alkylating Agents

Figure 4. Various biological targets for benzimidazole.

Benzimidazoles perform their anti-inflammatory activity mainly by interacting with
transient receptor potential vanilloid-1, cannabinoid receptors, bradykinin receptors, specific
cytokines and 5-lipoxygenase activating protein and cyclooxygenase (COX) (Figure 5).
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Figure 5. Benzimidazole’s interactions with clinically approved targets.

Even though benzimidazole derivatives are widely used to treat various diseases,
including inflammation, they show some side effects, low potential and physicochemical
problems. Therefore, discovering new, safer and more potent anti-inflammatory benzimi-
dazoles with reduced side effects is urgently warranted. In recent decades, there have been
various reports on the anti-inflammatory activity of benzimidazoles. Hence, the goal of this
review was to collect the existing data related to the anti-inflammatory activity of benzimi-
dazoles and assess the obtained results, thus facilitating the discussion of structure-activity
relationships (SARs).

2. Method

A literature search was carried out using the Web of Science citation indexing, PubMed
and Google Scholar by using the terms “Heterocyclic”, “Benzimidazole”, “Structure activity
relationship” and “Anti-inflammatory” in combination with the words “cyclooxygenase”,
“cannabinoid”, “cytokine” or “lipoxygenase”, finding thousands of publications. Addition-
ally, the terms “Benzimidazole” and “Anti-inflammation action” were searched alone, and
the results were reduced to 75 hits. The publications were reviewed by title, abstract and
text and reduced to those dealing with benzimidazoles with anti-inflammatory action and
their structure-activity relationships (SARs). Furthermore, studies without structural and
proper pharmacological study information were excluded. The data from the remaining
publications were collected and categorised according to the actions of benzimidazoles on
different enzymes responsible for inflammation.
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3. Structure—Activity Relationships of Benzimidazole Derivatives as
Anti-Inflammatory Agents

The reported SAR analysis indicates that substitutions at the N1, C2, C5 and C6
positions of the benzimidazole nucleus greatly influence the anti-inflammatory activity.
Various heterocycle substitutions at N1 of benzimidazole account for the effective anti-
inflammatory effects of various agents.

3.1. Cyclooxygenase Inhibitors

Cyclooxygenase (COX) is a crucial enzyme in the biosynthesis of prostaglandins and
thromboxanes. COX-1 is a constitutive enzyme produced in many tissues, while COX-2
is inducible and is expressed during inflammation. Hence, drugs that inhibit COX-2 are
better anti-inflammatory agents.

Paramashivappa et al., in the year 2003, prepared 2-[[2-alkoxy-6-pentadecyl-pheny]l)
methyl]thio]-1H-benzimidazoles by incorporating benzimidazole with anacardic acid and
evaluated its COX-2-inhibitory activity in humans (Figure 6). A compound with R = H and
R1 = methoxy moiety showed potent anti-inflammatory activity, with 384-fold selectivity
for COX-2 over COX-1 inhibition. Meanwhile, the other compound with R = methyl
and R1 = H moiety showed 470-fold selectivity, comparable to the 375-fold and 200-fold
selectivity of celecoxib and rofecoxib, respectively. The study also confirmed the importance
of the “NH” moiety of benzimidazole in anti-inflammatory activity. However, substitution
of -CHj or -NO, at C5 of benzimidazole showed moderate inhibition, whereas -OCHF,
did not show favourable inhibitory action [16].

| Linker is necessary for COX inhibition |

No substitution or methoxy

group at R results in potent COX
inhibition. Difluoro methoxy
substitution at R leads to complete
loss of inhibition

Replacing -NH with -O- -OH is necessary for inhibition
results in complete loss Replacement of -OH with

of inhibition, but replacement methyl or ethyl group

with -S- results in moderate results in moderate activity
COX inhibition

Figure 6. Structure-Activity Relationships (SARs) of anacardic acid-conjugated benzimidazole derivatives.

In 2016, Bukhari et al. studied COX and 5-lipoxygenase inhibition by a few 2-phenyl-
substituted benzimidazoles. As shown in Figure 7, unsubstituted at R?, R3 and R? is
preferred for COX-1 and 2, and 5-lipoxygenase inhibition, whereas the amine group at R!
enhanced the inhibition of all three enzymes. However, the lipophilic group at R® favours
COX-1 inhibition, a hydrophilic group enhances COX-2 inhibition and a methoxy substi-
tution favours 5-lipoxygenase inhibition. One of the compounds with R2-CHj;, R'-NH,
and R? and R*-H showed better COX-1 inhibition, with ICsp = 0.72 4 0.77 uM. However,
another compound bearing a nitrile group at position R> was a dual (COX-1 and -2) in-
hibitor with ICsps of 8.17 £ 2.85 and 6.79 £ 1.46 uM, respectively. Another compound,
having 2-aminopyridin-4-yl at R>, showed better 5-lipoxygenase inhibition, with an ICs of
8.41 £ 1.22 pM. Opverall, the substitution of recommended groups at the above-mentioned
position favours potent COX-1 and 2, and 5-lipoxygenase inhibition [17]. The SAR of the
compounds is shown in Figure 7.
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Introduction of amine
group enhances
COX-1and 2,
5-lipoxygenase inhibition.

Unsubstituted at R® favours
COX-1 and 2, and 5-lipoxygenase
inhibition.

Unsubstituted at R* favors COX-1 and 2

.7 |inhibition.

Oy LR
R3 R*
N
N RS Substitution of small lipophilic
R2 N groups at R® favours COX-1 inhibition.
\ H \

Methoxy substitution enhances
5-lipoxygenase inhibition while
substituted pyridyl moiety provides

Unsubstituted or methyl
substitution at R? results in SR
potent COX-1 and 2, moderate inhibition.

5-lipoxygenase inhibition.

Figure 7. SARs of 2-phenyl-substituted benzimidazoles.

3.2. Cannabinoid Receptor Agonist

Cannabinoid receptor agonists are effective for the treatment of inflammation. These
effects are mediated via two subtypes of cannabinoid receptors: CB1, located centrally and
peripherally, and CB2, on immune cells or peripheral tissues.

Scientists from AstraZeneca reported cannabinoid receptor agonist, CB2 agonist and
CB1/CB2 dual agonist activity for benzimidazole derivatives as selective for the manage-
ment of pain and inflammation. A compound having a carboxamide substitution at C5
of benzimidazole was a highly selective CB2 agonist, with 970-fold selectivity over CB1
receptors. It also showed Ki values of 3170 and 3.3 nM for the human CB1 and CB2 receptors,
respectively. The replacement of the carboxamido group in the previous compound with the
sulfamoyl group produced another comparable cannabinoid receptor agonist (Figure 8).

Substitution of tertiary butyl group results in potent]
cannabinoid receptor inhibition, but isopropyl or
ethyl groups shows moderate inhibiton, which
indicates steric bulkiness at R! is essential for potent

inhibition of cannabinoid receptors Isobutyl group at this position
\ is necessary for potent inhibition.
PERREI / Replacement of isobutyl group
RO o . )
2 with lesser alkyl or cyclic groups
results in reduced activity

Methylene linker is essential for inhibition.
Cyclopropyl group at this position is Substantial reduction in inhibition
necessary for potent inhibition. was observed when the linker was
Replacement of cyclopropyl with l removed or replaced with any other groups.
open chain alkyl or higher cyclic
groups results in substantial reduction

in inhibition

Figure 8. SARs of 5-sulfamoyl substituted benzimidazoles.

Furthermore, an AstraZeneca scientist also studied the CB1/CB2 dual agonist activity
of benzimidazoles with a large polar 5-N-sulfonamide substituent for the management of
pain [18]. In 2011, scientists from Pfizer reported CNS-penetrant, selective CB2 agonist
activity for a few sulfonyl benzimidazole derivatives as potential analgesic and anti-
inflammatory agents with fewer side effects [19]. A tertiary butyl substituent at R! resulted
in potent cannabinoid receptor antagonism. However, a methyl linker between C2 of
benzimidazole and an isobutyl group, and benzimidazole N1 and a cyclopropyl group, is
essential for potent agonistic activity (Figure 8).
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Gijsen and co-workers, in 2012, evaluated the CB2-receptor agonist activity of 5-
sulfonyl benzimidazole derivatives. One of the compounds having a 2-ethoxypyridin- 4-yl
sulfonyl moiety substitution at C5 of benzimidazole showed good selectivity, with a decent
drug-like profile. Further studies by the same research group led to the development of
two potent compounds with methyl-cyclopropyl and thiazole moieties, respectively, made
by replacing the 2-ethoxypyrimidin-4yl group in the compound shown in Figure 9 [20].

'O’ is essential for cannabinoid receptor
agonist activity. Replacement of '-O-'
with -N-, -NOH, -50,, and -NCOOH
results in loss of agonist action.

Any other higher ether, amine -
or alcoholic subtitution results | ¢ o
in loss of agonist action N Replacement of -O- with -NCOCH,
results in better pharmacokinetic
. properties
! CH,
CH,
A CH,

Substitution of cyclo propylmethyl
or 2-thazolyl shows better

Y

pharmacokinetic properties

Replacement of this group with any alkyl,
substituted aromatic group results in
moderate agonist activity

Figure 9. SARs of 2-isbutyl-5-sulfonylbenzimidazole derivatives.

3.3. Bradykinin Receptor Antagonists

Several acute and chronic inflammatory pathways resulting in pain, oedema and
vasodilation are aggravated by kinins, bradykinin and kallidin [21-23]. G-protein-coupled
receptors for bradykinins Bl and B2 mediate these effects [24]. In most cell types, the
bradykinin B2 receptor is expressed under normal conditions, whereas the bradykinin Bl
receptor is expressed in infections, inflammatory diseases and traumatic tissue injury.

Guo et al., in 2008, introduced a benzimidazole nucleus into a benzodiazepine deriva-
tive with potent bradykinin B1 receptor antagonistic activity, by replacing the phenethyl
benzodiazepine moiety, and reported anti-inflammatory activity. Their study showed
a potent antagonistic effect at bradykinin B1 receptors with better bioavailability. The
combination of the (3-alanine linker and 2-imidazoline-5-aminopyridine group at the C2 of
benzimidazole resulted in excellent potency, with ICs5y = 2 nM. They also revealed that the
2-carboxamide group on benzimidazole was necessary for the activity. Still, the activity
was reduced when the ethyl linker between the two carboxamide groups was replaced
with a methyl or any other longer alkyl group [25] (Figure 10). They concluded that the
hydrogen bond acceptor in these compounds seemed to enhance the effect.

As in a previous study, Zischinsky et al. (2010) also studied the bradykinin B1 receptor
antagonist activity of small benzimidazole derivatives (Figure 11). They found a compound
containing an acetamide moiety with better activity, with ICsg = 15 nM, than the parent
compound, with an ICsy value of 3500 nM. They performed further optimisation in the
substituted moieties and obtained a compound with ICsy = 0.7 nM. A chloroimidazole
derivative with IC5¢ = 0.3 nM was the most active compound in their study [26].



Pharmaceuticals 2021, 14, 663

8 of 31

Ethyl bridge is necessary for bradykinin B1 antagonist activity.
Replacing with methyl or higher alkyl groups results in
complete loss of antagonist activity.

Replacing this linker with cyclic
linker results in loss of antagonist
action potential

Introduction of any other aromatic

or cyclic substitution results in complete
loss of antagonist activity

Amide linker shows better antagonist
activity than methylamide

Figure 10. SARs of 2-substituted N-benzyl benzimidazoles.

Sustitution is essential for bradykinin B1 receptor
antagonist action. Lack of substitution leads to
reduction in activity

Open chain substituents are

not favour for antagonist activity

-Cl group favours
antagonist action

Figure 11. SARs of 2-aminobenzimidazole as bradykinin B1 receptor antagonists.

3.4. Anticytokines

Anticytokine therapies are used in the treatment of chronic inflammatory diseases, par-
ticularly autoimmune diseases such as rheumatoid arthritis. Based on the first introduced
principle of cytokine blockade in the 1990s, tumour necrosis factor (TNF)-« antagonists
still represents the leading anti-cytokine therapy.

A number of N-acridin-9-yl-4-benzimidazo-2-ylbenzamides (Figure 12) were synthe-
sised and screened for anti-inflammatory and CDK-inhibitory activities. The study revealed
that the substitution at C5 of benzimidazole plays a crucial role in anti-inflammatory and
CDK-inhibitory activities. Pronounced activity against CDK1 and CDK5 was shown by a
compound bearing a nitro group at C5. By contrast, an amino or methyl group at C5 led to
the complete loss of the anti-inflammatory and CDK-inhibitory activity [21].

A series of 550 benzimidazol-2-one compounds bearing five positions with substituted
5-membered heteroaryls containing one to two heteroatoms of nitrogen, sulphur or oxygen
(Figure 13) was synthesised by Dombroski et al. (2006) and found to be potent inhibitors of
p38 MAP kinase [22]. In 2007, Anderskewitz et al. reported that the compound shown in
Figure 14 inhibited the CCR3 receptor, with a binding constant (Ki) of 100 nM. However,
substituting the C2-position of benzimidazole with trifluoroethane resulted in better CCR3
receptor inhibition, with Ki = 19 nM [23].
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Introduction of nitro group enhances anti-inflammatory
potential, but introduction of amine or methyl groups
are detrimental to activity

Figure 12. SARs of benzimidazole-acridine derivatives.

N
[ Y-
N

o 7

R! or R?or R® are methyl, ethyl, aromatic,
heterocyclic, substituted aromatic, and cyclic
group for potent p38 MAP kinase inhibition

Figure 13. Benzimidazol-2-one compounds bearing five positions with substituted imidazole.

Presence of halogen is
prefered at these positions
for potent anti-inflammatory

activity

Introduction of -CH,CF; results in
good anti-inflammatory activity

Figure 14. SARs of 1,2,5-trisubstituted benzimidazole as CCR3 receptor inhibitor.

Mader et al. (2008) introduced 2-amino-1-isopropylsulfonyl 6-substituted benzimida-
zole (Figures 15 and 16) as a potent TNF-oc and p38cc MAP kinase inhibitor. A 2,6-dichloro
or difluoro phenyl moiety at the 2-position of imidazole substituted at C6 of benzimidazole
enhanced the inhibition of TNF-« and p38« MAP kinase activity. However, 2- and 4-fluoro
phenyl moieties at the 4-position of imidazole substituted at C6 of benzimidazole enhanced
the inhibition potential for TNF-oc and p38ax MAP kinase activity [24].

Amino goup shows no effect on
inhibition potential

R , Replacement or removal of sulfonyl group
T results in diminished inhibition potential.

Figure 15. SAR of 2-amino-1-isopropylsulfonyl 6-substituted benzimidazole.
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Replacement of tertiary butyl with electronegative atom (pyridyl)
is well tolerated. Substitution of an electron withdrawing group

at the ortho position is comparable to that at para

Introduction of
2,6-dichloro benzene
group results in more
potent p38alpha kinase Substitution of fluoro at C2 or
inhibitory activity C4 results enhanced inhibition

Figure 16. SARs of 2-amino-1-isopropylsulfonyl 6-substituted benzimidazole.

In 2005, Dios et al. studied the importance of the N-sulfonyl group incorporated
2-aminobenzimidazole as a p38x MAP kinase inhibitor. The compound with a piprid-4-yl
at R® showed the highest efficacy and selectivity. A 2,4-difluoro substitution at R? led to
better inhibition than mono-fluoro substitution; moreover, optimum steric bulky groups
with three carbons at R! favoured p38ax MAP kinase inhibition [27]. However, bulkier
groups at R! led to a reduction in the inhibition of p38c MAP kinase activity. The SAR of
the compounds is shown in Figure 17.

Substitution of -H or -alkyl group favours

for activity. Phenyl groups substitution shows
substantial reduction in inhibiton. Introduction
of 4-piperidiyl group results in more potent

inhibition.
T Substitution of isopropyl group at R!
/ results in potent p38alpha MAP Kinase
R3 Rl inhibition. But the inhibition got
7 ~NH 0=%=0 reduced if the substitution having
>3 carbon chain.

N, _ N
Sos:
N

Q Introduction of -F either at C2 or C4

R? of phenyl ring shows potent
inhibition, but substitution of -F at both
C2 and C4 of phenyl ring shows better
inhibition than mono substitution.

Figure 17. SARs of sulfonyl group incorporated 2-aminobenzimidazoles.

Amgen Inc. (South San Francisco, CA, USA) carried out high-throughput screening
and SAR studies of small molecules, and they found that compound 1 (R = 3-NO;,) was
a potent inhibitor of interleukin-1 (IL-1) receptor-associated kinase-4 (IRAK4). They also
studied the significance of an amide linker at the benzimidazole C2 position by removing
the amide carbonyl, which resulted in a substantial reduction in inhibition. Furthermore,
their study continued by replacing the amide with urea and sulphonamide groups, which
resulted in the loss of IRAK4 inhibition, which indicates the need for an amide bridge
between the two aromatic groups for good activity (Figure 18) [28]. As a continuation of
the previous research, the Frankel and Powers team obtained a US patent for their study on
similar N-acyl 2-aminobenzimidazole derivatives containing various aroyl and hetero aroyl
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substituents at the C2 position as potent IRAK4 inhibitors (Figure 18) [29]. Abbott Corporate
also performed high-throughput screening through binding studies to identify potent
1,2-disubstitutedbenzimidazole derivatives as CXCR3 antagonists, inhibiting CXCL10’s
binding to CHO cell membranes. A compound having a methyl group at R3, chlorine at R?
and no substitution at R (Figure 19) showed maximum CXCR3 antagonism. Furthermore,
substitution with a methoxy group at R® did not reduce the activity, but substitutions at
the 5- and 6-positions were unfavourable for activity (Figure 19) [30].

Replacement of this group with dimethylamine or diethylamine or
-COOH group results in decrease of IRAK4 inhibition activity

Replacement of ethyl

linker with -CH, or higher
alkyl groups results in loss ‘
of activity

| Amide linker is essential for activity |

Replacement of amide group
Any substituition in with urea or sulfonamide
aromatic ring results in substantial reduction

is unfavourable for / \ g in inhibition

activity

Replacement of

C4 or C5 carbon of
benzimidazole

with nitrogen shows
complete loss of
activity

Replacement of phenyl group
with 5-NO,-furanyl results in
enhanced inhibitory action

B
;

Substituition at C4 of phenyl ring
shows no inhibition. Substituition

at C3 with -Cl, -CN or

disubstituition at C3 and C4 of phenyl
results in complete loss of inhibition

activity

Figure 18. SARs of 2-acetamidopheny-1-(N-substituted) benzimidazoles.

Substitution at C4 with -CF, or
-OCHj results in moderate CXCR3
inhibition

Introduction of -H or -Cl or -CH; or
-CH,CHj; group at C4 of benzimidazole
results in potent IRAK4 inhibition

N

/CH

3 3

BN o
: NR! Substitution other than H
N

at R! shows no activity
Acetyl linker is ~—
essential for activity

Imino group is essential
for activity

o

RZ
Introduction of -Cl or -Br at C4
of phenyl ring shows
enhanced CXCR3 inhibition

Substitution at C2 or C3 position
of phenyl group results in
complete loss of activity

Figure 19. SARs of 3-methyl-1,2-disubstituted benzimidazoles.

In 2006, Sabat et al. reported the anti-inflammatory effects of a few benzimidazoles
that were 1-substituted with pyrimidin-2-yl. They found that compound 2 (Table 1), by
its lymphocyte-specific kinase (Lck) blocking activity, showed a potent anti-inflammatory
effect [31]. Compound 2 had an anti-inflammatory effect and was potent at 3 nM in Lck
kinase inhibition and potent at 0.054 mM for inhibiting IL-2 cytokine production. They
also reported that small group substitutions at R® of the pyrimidine moiety led to a loss
of the Lck-inhibitory effect. In the same year (2006), Chen et al. identified compound 3
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(Table 1), with a substitution on C6 of benzimidazole, as a potent inhibitor of Janus kinase
3 (JAK3), from their extensive SAR studies [32]. Compound 3 exhibited JAK3-inhibition
potency at 45 nM. They found that the substitution of a nitrile group at the 6-position
of benzimidazole resulted in excellent JAK3 inhibition. The SARs of the compounds are
depicted in Figure 20.

Table 1. N1-substituted benzimidazoles with pyrimidin-2-yl.
RrR2

ﬂﬁ

\75N
N

T

Compound 2 Compound 3
R! CN

H
HO
2 »AO’CHS
R CH, HN
,>~ﬂ’

HN};

)
N
R3 § H
hS
Introduction of the following group
enhances Lck inhibition
HO Introduction of -Cl, -NH,,
-NHCH;, -OCH; group
at R? reduces Lck 0
N OB inhibition R @
\2 o
. . Substitution of the above grou
Pyrimidine is essential for WR3 group
Lyk inhibiti e N/ increases the Lck inhibition
ck inhibition —N
R! N
/ />
N Introduction of the following
Introduction of CN groups increases Lck inhibition
reduces JAK3 inhibition
HN N\ﬁ N s NH
X | N _N
N
I » CH;  CH,
N~
N
Introduction of the above
group reduces the JAK3,
Lck inhibition

Figure 20. SARs of 2-benzimidazole substituted with pyrimidine.

In another study, the activity of pyrimido benzimidazoles in inhibiting lymphocyte-
specific protein tyrosine kinase (Lck) was explored by Martin et al. (2008) [33]. The



Pharmaceuticals 2021, 14, 663

13 of 31

SAR studies revealed that 6-(2,6-dimethyl phenyl)-2-((4-(4-methyl-1-piperazinyl)phenyl)
amino) pyrimido [5,4":5,6]pyrimido-[1,2-a]benzimidazol-5(6H)-one was the most potent
Lck inhibitor, with ICsy = 0.007 uM.

Replacing the 2,6-dimethyl phenyl group with chlorine at the 6-position of the fused
pyrimidobenzimidazole nucleus resulted in a low impact on activity, but shifting the
methyl groups to the meta or para position was unfavourable for Lck inhibition (Figure 21).
Hunt et al. (2009) reported potent inhibition of Lck kinase and cellular IL-2 release by 4-
benzimidazolyl-N-piperazinethyl-pyrimidin-2-amines. The compound shown in Figure 22
inhibited Lck, with IC5y = 0.12 nM, and cellular IL-2 release, with IC5y = 8 nM [34]. The
SARs of the compounds are given in Figure 22. Substitution at the 2-position of benzimi-
dazole was unfavourable for Lck inhibition. Furthermore, the author stated that the S, S
enantiomers are more potent than the racemic forms of 4-benzimidazolyl-N-piperazinethyl-
pyrimidin-2-amines.

Retain unsubstituted or
introduction of -OCHj,
group results in enhanced Replacement of -CH,
Lck inhibition group with -Cl shows
little impact on inhibition

Introduction of -CHj; group at
meta or para position of phenyl
ring shows no effect on
inhibition potential

Introduction of ethoxamide
linker shows little impact
on inhibition

Figure 21. SARs of pyrimido-benzimidazoles.

Introduction of -CHj or -NH, in -N- results in
. / substantial reduction of inhibition, but six
I;T/‘ '\ | membered aromatic heterocyclic substitution

enhances inhibition activity

> , / Replacement of naphthyl with

methyl, phenyl or cyclohexyl
Introduction of any i
group at this position ﬁ\ b\l\ CH, i ‘

activity.

groups results in loss of inhibition|
shows no inhibition

,

S,S—ena.ntu.)rr‘le.r shows N\J ..........
potent inhibition than H,C
raecemic form

Urea linker is essential
for inhibition

Methyl or ethyl substitution
at this N enhances
leukotriene inhibition potential

Figure 22. SARs of 4-benzimidazolyl-N-piperazinethyl-pyrimidin-2-amines.
3.5. FLAP Inhibitors

Leukotrienes are responsible for initiating and amplifying the inflammatory response
by regulating the recruitment and activation of leukocytes in inflamed tissues, and they
are lipid mediators. The inhibition of leukotriene biosynthesis may also be achieved by
targeting FLAP.
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Banoglu et al. (2012) examined benzimidazoles as 5-lipoxygenase (5-LO)-activating
protein (FLAP) inhibitors. They performed virtual screening using combined ligand- and
structure-based pharmacophore modelling to find compounds targeting FLAP. Their study
led to the identification of 1-(2-chlorobenzyl)-2-(1-(4-isobutylphenyl)ethyl)-1H-benzimidazole,
which inhibited leukotriene biosynthesis with IC5p = 0.31 mM. In order to optimise the
above compound, the authors synthesised a few potent benzimidazole derivatives, with
IC5p = 0.12-0.19 mM for intact neutrophils [35]. They also stated that no substitution at
C5 of benzimidazole, a methyl linker between the N of benzimidazoleand the aryl or
heteroaryl groups favoured the inhibition of leukotriene biosynthesis (Figure 23).

Unsubstituted at C5 of benzimidazole shows potent
activity. Introduction of methoxy group shows better
inhibition than unsubstituted compounds.
Substitution of hydroxyl or pyridylmethoxy groups

shows euqipotent inhibition as mehtoxy group. H,C
/ ) . CH,
." =N \". Methylene linker is crucial for
. (OX g N inhibition. Replacement of methylene
I - '>©[ N with ester or ketone results in complete
N loss of activity

Repl t of phenyl ri ith
Nt acerr}en of pheflyt Hng wi o-chlorophenyl substitution is
meta pyridyl group

. . essential for good inhibition of leukotriene
shows equipotent inhibition

.. .-" | biosynthesis. Meta and para
as phenyl group i —\ substitutions of phenyl group shows no activity.
Other electron withdrawing (-CN, -F, -CF;)
and donating (-OH,-CH,, -COOCH;) groups
at ortho position shows enhanced inhibition.

Figure 23. SARs of 2-isobutylphenylethyl benzimidazoles.

AMS803, AM643 and AM103 are recently developed FLAP inhibitors that have, pre-
clinically, been shown to be efficacious in inflammatory diseases. They have an indole
scaffold that, structurally, is deficient in one nitrogen atom compared to the benzimidazole
nucleus [36-40].

3.6. TRPV-1 Antagonists

TRPV-1 is a member of the ion channels that allow the transient influx of Ca?* ions
when activated and predominantly expressed in peripheral sensory neurons involved in
nociception and neurogenic inflammation.

Ognyanov et al. (2006) evaluated the TRPV-1-antagonising property of 2-(4-pyridin-2-
ylpiperazin-1-yl)-1H-benzo-[d]imidazoles, which blocked capsaicin-induced flinch in rats
in a dose-dependent manner. One of the compounds, (R,S)-1-(5-chloro-6- ((R)-3-methyl-4-(6-
(trifluoromethyl)-4-(3,4,5-trifluorophenyl)-1H-benzo[d]Jimidazol-2-yl)piperazin-1-yl)pyridin-
3-yl)ethane-1,2-diol, was the most effective orally bioavailable TRPV-1 antagonist [41].
Conclusively, the simultaneous introduction of bulky lipophilic groups at position 4 of
the benzimidazole, a methyl group at R*, hydrophilic groups at R® and CF; or Cl at R”
was favourable for potent TRPV-1-antagonising activity (Figure 24). Additionally, a patent
from Amgen has also demarcated the TRPV-1-antagonising action of a piperazine-linked
benzimidazole derivative, W0O04035549 [42].
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Methyl (R and S) group
at R*and R® results in potent

'N' is essential for potent

TRPV1 antagonist activity.
Bulky groups shows no favour

TRPV1 antagonist

for activity.

activity

Substitution at R®is
well tolerated.
Introduction of
hydrophilic groups
at R® shows enhanced

solubility /

B

\ Rt \R4

>_< N R3
N_</ T~ |benzimidazole
\—/ N RZ
Rl

'

Introduction of phenyl or heterocyclic
group at C4 of benzimidazole results in
increased activity. Hydrophobic
eroups are preferred for better activity.

Benzyl group

Introduction of -CF, or -Cl at R
enhances TRPV1 antagonist
activity, but lack of substitution
results in moderate activity

substitution is
not prefered at
R! for better

activity

Substitution of any
group at C5 of

shows no favour

\ for activity.

Introduction of -CF; or -Br

or tertiarybutyl group at R?
results in potent antagonist
activity, but substitution with
'F' shows less activity

Figure 24. SARs of 2-(4-pyridin-2-ylpiperazin-1-yl)-1H-benzo-[d]imidazoles.
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N I\ p—
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F.C g __/ N

3
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In 2006, Fletcher et al. studied the affinity of compounds containing a para-substituted
phenyl at C2 of benzimidazole for the hTRPV-1 receptors (Figure 25). The compound
shown in Figure 25 is potent in antagonising hTRPV-1 receptors, with IC5y = 22 nM, as
measured in a FLIPR-based assay. Moreover, minor changes, such as replacing the 4-CF3
group of the phenyl moiety at C2 of benzimidazole with tert-butyl, -CH3 or F, led to
decreased activity, with ICsy values of 224, 170 and 320 nM, respectively [43].

Introduction of -F or -CHj or tertiarybutyl group
shows reduction in TRPV1 antagonist activity.

.
\>—©+CF3 ——| -CF; group is preferred for TRPV1
N | /

H NP antagonist activity.

Figure 25. SARs of 6-(3-trifluoromethylpyridin-2-yl) benzimidazoles.

3.7. Protein Kinase Inhibitors

Protein kinases add a phosphate group to a protein in a process called phosphorylation,
which can turn a protein on or off and, therefore, affect its level of activity and function.

In a study, thiophene substitution at position 1 of benzimidazole resulted in a very
potent inhibitor of serine-threonine kinase 3 (IKK3). Moreover, the IKK3-inhibitory ac-
tivity was reduced when one of the hydrogen atoms of R'—namely, CHy—was replaced
with -CHj. This indicates that the methylene bridge at R! is essential for potent IKK3
inhibition. However, electronegative groups substituted at the phenyl ring of R! resulted
in better IKK3 inhibition than the substitution of electron-donating groups. However, the
inhibitory effect on IKK3 was decreased by replacing the nitrile group with an amide group
(compound 4) [44]. The SARs of the compounds are shown in Figure 26.
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Introduction of -CH,(2-CF;Ph) or
—CH,(2-SO,MePh) at this position
results in promising IKK3 inhibition

Replacement of -CN group by -CONH?
function results in decreses of IKK3 inhibition ~— NC R!

|
o} \
Substitution of RZwith -OCH; and R3 =

S
with -O(CH,),-4-morpholinyl or = — -
-O(CH,);0H gives comounds with R2 N Substitution with -CH,-cyclopropyl or
remarkable IKK3 inhibition in - j@[ /> _ClePh or _;H2(4‘CONH2I?h.) group
comparision to no substitution or R3 N at R" results in moderate activity
-OCH; group at R? and R?

Figure 26. SARs of benzimidazole substituted with thiophene.

CH,

H,NOC o

Sz

oy

Compound 4

3.8. Miscellaneous

A study reported that benzimidazole linked to oxadiazole via a thioacetamide linker
exhibited strong anti-inflammatory activity (Compound 5). A reduction in activity was
observed when the phenyl ring was substituted with a hydroxy group at the ortho position.
Meanwhile, the thioacetamide linker is essential for anti-inflammatory activity [45]. The
SARs of the compounds are shown in Figure 27.

N
@[ \> Replacement of pyridyl group
/N‘N with p.heinyl shows same action
tent
O / / potentia
Replacement of pyridyl group with
/N . .
substituted phenyl group results in
Electron rich linkers are =N reduction of anti-inflammatory
essential for better activity action
Compound 5

Figure 27. SARs of benzimidazole substituted with oxadiazole.

Rao et al. (2013) reported anti-inflammatory activities for 20 N-Mannich bases of substi-
tuted 2-mercapto-1H-benzimidazoles using Swiss albino rats as test animals, and the phlo-
gistic agent was 0.1 mL of carrageenan suspension (1% carrageenan in Normal saline). Var-
ious substituents in the aromatic ring did not result in much inhibition, but non-substituted
benzimidazoles were shown to be inferior to the substituted compounds. A compound
bearing an electron-releasing methoxy group at position 6 and a two-pyrrolidine substi-
tution at the nitrogen of benzimidazole (Compound 6) showed strong anti-inflammatory
activity; the percentage inhibition for the paw oedema volume was 43.5. A compound
bearing an electron-withdrawing nitro group at the 6-position was more active than the
remaining compounds, whereas electron-donating groups led to lower potency [46]. The
SARs of the compounds are shown in Figure 28.
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Replacement of R with -H or -OCH; or -NO,
group results in promising anti-inflammatory
activity, but replacement with -CH; group NO
results in complete loss of activity 2

Dinitro substitution is

N . ..
\ /@[ \>_ S essential for activity
R

N NO,

.

RZ
> Compound 6:
R=-0OCH,4

Introduction of alkyl groups at R!,R?
results in a reduction of the activity. RIR2= I:;N_
Introduction of pyrolidino or !

piperalidino or morpholino

group at R1,R? results in enhanced
anti-inflammatory action

Figure 28. SARs of N-Mannich bases of substituted 2-mercapto-1H-benzimidazoles.

Another study by Kankala et al. (2012) explained the synthesis, anti-inflammatory ac-
tivity and SARs of 3,5-disubstituted isoxazole at the 1-position of benzimidazole. Inflamma-
tion and, consequently, oedema in the hind paws of mice were induced using carrageenan
at 100 mg/kg body weight. Compounds 7 and 8 possess the electron-withdrawing groups
4-fluorophenyl and 4-cyanophenyl at the C3 position of the isoxazole moiety, which re-
sulted in excellent anti-inflammatory activity, inhibiting the hind paw oedema volume by
60.76 and 58.46%, respectively. However, electronegative groups at C5 of the benzimida-
zole scaffold resulted in more potent anti-inflammatory activity than the substitution of
electron-donating groups or no substitution at the same position [47]. The SARs of the
compounds are shown in Figure 29.

Introduction of -Br or -NO, group Linker is essential for activity |
at R results in enhanced activity

\ NO,
R N
~ >
N NO,

Replacement of R with -OCH, o

or -H group shows I N

loss of activity 7
Rl

Introduction of electron
withdrawing groups
results in enhanced
anti-inflammatory activity.

Figure 29. SARs of 3,5-disubstituted isoxazole at N1 of benzimidazole.

geiacH

Compound 7 Compound 8
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Mariappan and his co-researchers, in 2011, studied the anti-inflammatory activity of
a few Mannich bases of 1-(N-substituted amino)methyl-2-ethylbenzimidazoles in mice
with carrageenan-induced rat paw oedema. The amount of compound administered was
100 mg/kg p.o. Compounds with 4-fluoro or bromo substituted aniline at R (Figure 30)
showed substantial anti-inflammatory effects, with 23 and 25% inhibition of rat paw
oedema. Moreover, 2- or 3-halogenated aniline was conducive to anti-inflammatory ac-
tivity; this may be due to steric hindrance. Overall, electron-withdrawing groups with
lipophilicity were preferable for activity [48]. The SARs of the compounds are shown
in Figure 30.

N CH
"
Introduction of ortho or N
kR —

meta halogenated aniline Para halogenated aniline

results in reduction - enhances anti-inflammatory
of anti-inflammatory activity
activity

Introduction of diethylamine group shows
more potent anti-inflammatory activity

Figure 30. SARs of Mannich bases of 1-(N-substituted amino)methyl-2-ethylbenz—imidazoles.

In 2010, Gaba et al. studied the anti-inflammatory activity of 5-substituted-1-(pheny-
Isulfonyl)-2-methyl benzimidazole derivatives using carrageenan-induced paw oedema
in a rat model at 200 mg/kg body weight. Compounds substituted with ortho amino
(37% reduction) and para amino (39.7% reduction) groups at R (Figure 31) exhibited good
anti-inflammatory activity with low ulcerogenic potential due to being neutral molecules
bearing -NHj. The introduction of -CH; between the amino and aryl moieties of benzimi-
dazole did not influence the anti-inflammatory action [49]. The SARs of the compounds
are shown in Figure 31.

Ortho and para amino pnenyl
substituents at R exhibits

anti-inflammatory activity
\ Introduction of alkyl
H

substituition at R shows

=N no activity

N
\>_CH3
I N

Substitution of ortho and para 0=5=0
nitro or chloro phenyl group shows @

potent anti-inflammatory activity

Figure 31. SARs of 5-substituted-1-(phenylsulfonyl)-2-methylbenzimidazoles.

Dunwel and his research team tried to evaluate the anti-inflammatory effects of a
new series of compounds synthesised by the bio-isosteric replacement of benzoxazole with
benzimidazole and benzothiazole, in the context of carrageenan-induced paw oedema in
rats. The resulting compounds did not reduce rat paw oedema; this may be due to lower
solubility or altered drug-receptor interactions (Figure 32) [50]. Many researchers have tried
to develop novel anti-inflammatory agents by introducing substituents simultaneously
at C2 and C5 of benzimidazole. Evans et al., in 1996, taking benoxaprofen as a lead,
synthesised 72 benzimidazoles and evaluated their anti-inflammatory activities in rat
adjuvant arthritis [51]. Only two compounds—a compound with a diethylamino ethoxy
moiety at the 6-position and a compound bearing a substitution with 1-methoxy ethyl at
C5 of benzimidazole—were comparable to indomethacin, with 43 and 33% improvement,
respectively (Figure 33). In 2004, Terzioglu et al. introduced VUF6002 (Figure 34), a potent
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anti-inflammatory agent with strong antinociceptive effects, using JNJ7777120 (Figure 34)
as a lead [52].

Introduction of -Cl at R! shows moderate anti-inflammatory activity.
Substitution of -H or -ethyl group results in loss of anti-inflammatory
activity

COOH

Substitution of 'O’ instead of X results in high-potential
anti-inflammatory activity. If X is replaced with

-NH or -NCHj; or -S results in loss of anti-inflammatory
activity

Figure 32. SARs of bio-isosteric replacement of benzoxazole.

Introduction of -H or -CHj results in enhanced
anti-inflammatory activity. Ethanol or alkylaamine groups
at R! results in loss of anti-inflammatory activity.

\

-Cl at this position is essential for activity.
Replacement of -Cl with -OCH; or -OH

R]

ILI shows complete loss of action potential.
Cry-Oa
R N \_/l

Substitution at C5 of benzoimidazole shows good anti-
inflammatory activity, but substitution at C4, C6 and C7
position results in loss of activity.

-CH(CH,4)-O-CH; group substituted at C5 exhibits potent anti-
inflammatory activity.

Figure 33. SARs of 4- or 5-position-substituted benzimidazoles.

Substitution of X with N (VUF6002) shows better
anti-inflammatory activity than When X = C (JN]J7777120)

T Replacement of piperazinyl with
a acyclic group results in complete
/ X\ O loss of anti-inflammatory action

Removal of -Cl group N !N . Linker is essential for potent
leads to minor reduction H ; &%\;\ anti-inflammatory activity.

in anti-inflammatory ' N Replacement of -CO- with
potential CH;  |-NH-CO- results in drastically
reduced anti-inflammatory
activity (Compound VUF6007)

Figure 34. SARs of piperazinyl-substituted benzimidazoles.

However, introducing an amide moiety instead of a carbonyl group between the C2
position of benzimidazole (Figure 34) and piperazine resulted in VUF6007, failing to show
any such activity. This result conflicts with a few reports indicating the significance of the
benzimidazole C2-position amino group [53].

In another study, Avanir Pharmaceuticals developed a compound with potent anti-IgE
activity, AVP 13358 [2-(4-adamantanecarboxamido)phenyl)-N-(pyridin-2-yl)-1H-benzoi-
midazole-5-carboxamide], bearing an amide linker; IgE plays a role in various inflammatory
conditions (Figure 35) [54].
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Introduction of 1-adamantyl / 2 or 3 or 4-chlorophenyl
substitution at R! results in good anti-IgE activity, but the
same susbstitution at R? shows moderate activity.

b oo Q j
R N Mg
L

|
Replacement of -NHCO- linker X \l X = H shows potent anti-IgE activity |
with -CONH- shows no significant
change in anti-IgE activity

Figure 35. SARs of adamantane-substituted benzimidazoles.

The compound 2-cyclohexylamino-1(4-methoxyphenyl)benzimidazole exhibited potent
anti-inflammatory activity according to Taniguchi et al. (1993) [55]. The anti-inflammatory
activity of the compounds at 100 mg/kg p.o. doses was evaluated using the carrageenan-
induced rat paw oedema model. 2-cyclohexylamino-1 (4-methoxy phenyl) benzimidazole
exhibited 53.2% inhibition of rat paw oedema. Replacing the amino group with methylene
at C2 of benzimidazole significantly reduced the activity, indicating the significance of
the guanidine fraction in the activity. Moreover, a bulkier aromatic substitution at the
N1 position of benzimidazole was not suitable for activity (Figure 36). Furthermore, they
extended their study to designing, synthesising and evaluating the anti-inflammatory
activity of 2-iminocycloheptimidazole derivatives and reported that these compounds
showed inferior anti-inflammatory action compared to benzimidazole analogues. They
concluded that the substitution of hydrophilic groups at the N1 position of cycloheptimi-
dazole resulted in a loss of activity, but 4-methoxyphenyl substitution at the C2 position of
cycloheptimidazole did not reduce the anti-inflammatory potential.

Introduction of bulkier aromatic groups shows
loss of anti-inflammatory activity

/' OCH, T

@t‘z@o‘;

Amine linker is essential for anti-inflammatory activity.
Replacing amine with methyl group results in
complete loss of activity

Figure 36. SARs of 1,2-disubstituted benzimidazoles.

Shen et al. (2010) incorporated the imidazole nucleus with the phenyl ring of an
active metabolite isolated from Curvularia verruculo, a synthetic analogue of f152A1. The
synthetic analogue had the in vitro inhibitory effect of {152A1 on TNF-« transcription and
showed good therapeutic effects in arthritis [56].

Analog of f152A1
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Conjugated benzimidazoles of 2-methyl-N-sugar (Figure 37) were synthesised and
evaluated for analgesic and anti-inflammatory activity by El-Nezhawy et al. in 2009 [57].
The anti-inflammatory activity of the compounds at 100 mg/kg p.o. doses was evaluated
using the carrageenan-induced rat paw oedema model. The effects of the systemic adminis-
tration of each of the test drugs at doses of 15, 30 and 60 mg/kg (0.5 mL, i.p., n = 6/group)
were studied; they found that the methoxy connector between the N of benzimidazole and
the hydroxy group of the sugar was essential for potent anti-inflammatory action. A sugar
moiety with free hydroxy groups has been reported to result in greater potency than a
protected or derivatised moiety. A sugar connected at its position N3 with benzimidazole
was found to result in greater activity (67.8% at 60 mg/kg) than that bridged at position 5
(33.3% at 60 mg/kg) (Figure 37).

Free hydroxyl groups are essential for
potent anti-inflammatory activity.
Any protective or substitutive groups
results in loss of activity

| Methoxy linker is essential for potent anti-inflammatory activity

Figure 37. SARs of sugar-linked benzimidazoles.

A series of 1,2,6-trisubstituted benzimidazoles were synthesised and evaluated for anti-
inflammatory activity by Thakurdesai et al. in 2007 [58]. The C2 position was substituted
with various carboxylic acids, whereas the C6 position was substituted with electron-rich or
poor groups. The activity mainly depends on the groups substituted at C6 of benzimidazole.
The activity was inversely related to the length of the linker between the carboxyl group
and C2 of benzimidazole (Figure 38). The substitution of the benzyl group at the 1-position
enhanced the anti-inflammatory action.

Introduction of
electron witdrawing

group results in Benzyl substitution at R?

enhanced shows potent activity
anti-inflammatory

activity /
2
N (m R
W Linker length is crucial for
COOH

N n anti-inflammatory activity.
Activity gets reduced when the
acid group is far from

basic scaffold

Figure 38. SARs of 1,2,6-trisubstituted benzimidazoles.

The anti-inflammatory activity displayed by benzimidazole compounds bearing dif-
ferent substituents has encouraged researchers to concentrate on fused benzimidazoles.
Toja et al. (1984) first reported the anti-inflammatory activity of fused imidazole derivatives
substituted at the 1- and 2-positions (Figure 39), which were non-acidic agents [59]. The
anti-inflammatory activity of the compounds at 100 mg/kg p.o. doses was evaluated using
the carrageenan-induced rat paw oedema method. The SARs of the naphthimidazoles
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revealed that 4-methoxyphenyl substitution at the 2-position of the imidazole nucleus
favoured anti-inflammatory activity (45-50% paw oedema inhibition), while a chloro-
or hydroxy-substituted phenyl moiety at this position reduced the activity (1-20% paw
oedema inhibition).

Replacement of -OCH; with -Cl, -OH and -NH,
group results less activity

Replacement of phenyl ring

| with 4-pyridyl group retains
the activity as 4-methoxyphenyl
substituent

-CH; group is crucial for

anti-inflammatory activity.

Replacing methyl with ethyl or vinyl substituent
shows little impact on activity

Figure 39. SARs of 1,2-substituted naphthimidazoles.

In another study, benzimidazole-NSAID conjugates were screened for anti-inflammatory
activity. The synthesised conjugates matched the parent NSAIDs in potency, while the
conjugates with better antioxidant activity notably reduced gastric ulcers. Among the
synthesised benzimidazole-NSAID conjugates, benzimidazole-mesalamine showed the
most potent anti-inflammatory activity [60].

HO
L,
N
N
H NH,
Benzimidazole-mesalamine

In 2010, Achar et al. incorporated substituted anilines at the 2-position of 6-substituted
benzimidazoles, and screened their anti-inflammatory activity in carrageenan-induced
inflammation/oedema in rat hind paws, performing a SAR study (Figure 40). N-(1H-
benzimidazol-2-ylmethyl) aniline and N-(1H-benzimidazol-2-ylmethyl)-3-chloroaniline
showed potent anti-inflammatory (100% at 100 mg/kg) activities compared to nimesulide
(100% at 50 mg/kg) [61]. The incorporation of electron-taking groups at the benzimidazole
6-position reduced the anti-inflammatory activity. However, a meta chloro (40-50% paw
oedema inhibition) or para methoxy group (30-40% paw oedema inhibition) at R resulted
in potent anti-inflammatory activity (Figure 40).

For potent anti-inflammatory activity
the molecule must have -H at 1st position
of benzimidazole

Substitution of m-Cl group results
potent activity

Introduction of 0-Cl group shows
reduction in activity

\

Introduction of electron withdrawing Introduction of p-OCHj group shows potent
group at C5 of phenyl ring results anti-inflammatory activity
in loss of activity

Figure 40. SARs of substituted anilines at C2 position of 6-substituted benzimidazoles.

The Pharmaceutical Research Centre of Kanebo Ltd. (Japan) developed a few 2-(2-
pyridinyl)benzimidazoles by the isosteric replacement of the thiazole ring in thiabendazole,
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since thiabendazole has moderate anti-inflammatory effects [62—-64]. They also found
that one of the developed compounds, 2-(5-ethyl-2-pyridinyl)benzimidazole (KB-1043),
showed better anti-inflammatory activity than phenylbutazone and tiaramide. KB-1043
also showed slightly less gastrointestinal irritation and a 2-3-fold-better therapeutic index
than the reference. A compound with a 6-ethyl-2-pyridinyl moiety at the C2 position of ben-
zimidazole also showed comparable activity to KB-1043. However, electron-withdrawing
groups at C5 of benzimidazole resulted in a loss of anti-inflammatory activity (Figure 41).

No substitution, methyl or methoxy
substitution at R! results in potent
anti-inflammatory activity.

Chloro, hydroxyl, amide or nitro
substitution results in loss of activity.

T
[S8 e Wi

Introduction of 6-ethyl or 5-ethyl group
results in potent anti-inflammatory
activity. 6-methoxy substitution

shows moderate activity. Methyl,

alcohol, ester or amide substitution at R?
results in complete loss of activity.

Figure 41. SARs of 2-(2-pyridinyl)benzimidazoles.

Ravindernath and Reddy (2017) reported the anti-inflammatory activity of benzo[d]-
imidazolyl tetrahydropyridine carboxylates in carrageenan-induced inflammation/oedema
in rat hind paws. They found that all the synthesised compounds had moderate anti-
inflammatory activity (0.18 to 0.43 at 4 h, volume of oedema (mL)) compared to the
standard drug diclofenac sodium (0.60 = 0.02 at 4 h; control, 3.25 & 0.03 at 4 h, volume of
oedema (mL)). An unsubstituted phenyl or phenyl substituted with 2-position electron-
withdrawing groups or 4-position electron-donating groups at R! resulted in potent anti-
inflammatory activity. Meanwhile, an ortho phenolic substitution at R? favoured anti-
inflammatory activity (Figure 42) [65].

H
HS\«N
g
NH O

N “OCH,CH,

Introduction of phenyl moiety
with C2 electron withdrawing
or C4 electron donating group

shows potent anti-inflammatory | RL N7/ °Rr2
activity. If the substitutions are
opposite in position shows \ Replacement with phenyl or
minor loss in activity N o-phenolic group enhances
>\——NH anti-inflammatory activity.
o-chloro substitution
HS .
shows moderate action.

Figure 42. SARs of benzo[d]imidazolyl tetrahydropyridine carboxylates.

In another study, a fused pyrimido[1,2-a]benzimidazole with phenylsulfonyl moiety
was evaluated for its effect on anti-inflammatory activity. A compound with a fused
pyrimido ring exhibited less anti-inflammatory activity than indomethacin (Figure 43) [66].
Both electropositive and negative groups at the phenyl group, which is directly connected
to the fused pyrimido moiety, were tested.
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Introduction of eletro positive or negative groups
are not suitable for anti-inflammatory activity

Replacement with fused ring system shows no favour
for anti-inflammatory activity

Figure 43. SARs of pyrimido[1,2-a]Jbenzimidazoles.

El-Nezhawy et al. (2013) reported the synthesis and anti-inflammatory activity of
compounds with a few pyrid-2-yl moieties substituted and polyhydroxy sugar conjugated
to the N-benzimidazole moiety. The compounds 2-methyl-N-((3,4-dimethoxy pyridin-
2-yl)methyl)-1H-benzimidazol-5-amine and 1-(1,2,3,5-tetrahydroxy-a-D-mannofuranose)-
5-(((3,4-dimethoxypyridin-2yl)methyl) amino)-2-methyl-1H-benz-imidazole significantly
reduced the inflammation in the paw oedema model by 62 and 72%, respectively, which is
comparable to the effect of diclofenac (73%). These compounds also showed significant
antiulcerogenic activity. They also showed that electron-donating methoxy groups in
the pyrid-2-yl moiety mainly contributed to the compounds’ potency. A benzimidazole
bearing a polyhydroxy sugar at position one had a potent anti-inflammatory effect, with
remarkable anti-ulcer activity (Figure 44) [67].

Introduction of -CH; or -OCH;
group results in reduced activity

Introduction of -OCH; groups
at R! and R? position results in
potent anti-inflammatory activity

activity

No substitution at R, R?and R? HN N
results in least anti-inflammatory C[l\?_CH3
[N

Substitution of polyhydroxy sugar shows
remarkable anti-ulcer effect in comparable to
unsubstituted benzimidazole

Figure 44. SARs of 5-aminopyridinyl substituted benzimidazoles.

Earlier in 2002, Sodhi et al. studied the anti-inflammatory activity of tetrahydropy-
rimido[1,6-a]Jbenzimidazol-1(2H)-thione derivatives with 50 mg/kg p.o. in the model of
carrageenan-induced inflammation/oedema in rat hind paws. One of the reported com-
pounds, 3-methyl-8-nitro-3,4,4a,5-tetrahydropyrimido[1,6-a]benzimidazol-1(2H)-thione,
showed comparable anti-inflammatory activity (46.0, maximum % reduction in oedema)
to ibuprofen (51.0, maximum % reduction in oedema). Electron-rich groups at R! and
R?, and an electron-withdrawing group at R? were unfavourable for anti-inflammatory
activity, whereas an -NO, group at R! resulted in moderate anti-inflammatory activity
(Figure 45) [68].
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Introduction of electron donating or withdrawing
groups at this position shows no favour for
anti-inflammatory activity

R NH
(R’ I\?\>‘J/CH3
|I/ Ri\ N

\ Substitution of -NO, group results in
moderate anti-inflammatory activity,

but electron rich groups (-CHj,) shows
decreased action potential.

Figure 45. SARs of tetrahydropyrimido[1,6-a]Jbenzimidazol-1(2H)-thione.

Sondhi et al. (2010) reported the microwave-irradiation synthesis and anti-inflammatory
activity of tricyclic benzimidazoles. The anti-inflammatory activity of the compounds was
evaluated by using the method of carrageenan-induced inflammation/oedema in rat hind
paws. Two of the synthesised compounds, one having a methyl substituent at each posi-
tion R? and R® (39.4, maximum % reduction in oedema) and another having a hydroxy
group at R! (39.2, maximum % reduction in oedema), displayed anti-inflammatory activity
comparable to that of ibuprofen (39.0, maximum % reduction in oedema) (Figure 46) [69].

Substition with electron- - T -
Introduction of -OH group at R" results in

equipotent anti-inflammatory
activity as of ibuprofen, but the -CH; group
shows moderate action

withdrawing group

is detrimental to activity, but
electron-rich groups shows
moderate activity

\
\

B |R1 )

Substitution at R? and R3 N --
with -CHj group shows
potent anti-inflammatory | -

0

action similar to ibuprofen

Subshtutlon of the -CH; group shows
potent anti-inflammatory activity

Figure 46. SARs of tricyclic benzimidazoles.

Another series of fused benzimidazole ring compounds, 1,2,4-triazolobenzimidazol -3-
yl acetohydrazide derivatives, were reported by Mohammed et al. in 2013. The synthesised
compounds exhibited significant anti-inflammatory activity, which was evaluated using
carrageenan-induced inflammation/oedema in rat hind paws. Two compounds showed
potent analgesic and anti-inflammatory (84.2 and 89.3, maximum % reductions in oedema)
activity. They also showed GI safety comparable to that of indomethacin (78.8, maximum
% reduction in oedema) [70].

In 2006, the same researchers reported the anti-inflammatory and analgesic activities
of a few 1-acyl-2-alkylthio-1,2,4-triazolo [3,2-a]benzimidazole derivatives. A compound
containing N-acetyl-2-isopropylthio-1,2,4-triazolo [3,2-a]benzimi-dazole exhibited the most
potent anti-inflammatory activity. This study highlighted the importance of the amino
group at C2 of the benzimidazole nucleus for anti-inflammatory activity (Figure 47) [71].
The compounds showed better GI safety profiles than indomethacin. The SARs of the
1,2 4-triazolobenzimidazoles are depicted in Figure 47.
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Introduction of methyl and ethyl groups for R
results in reduced anti-inflammatory action,

but n-propyl or cyclopropyl group shows potent
activity, and aromatic alkyl groups produce
moderate anti-inflammatory activity.
R!'=H, R =-CH,-CO-NH-N
\ N CH,
N
R=CH,, R'= | )—s
N ~SR N
N \|/ T I{IH
N 2
Crre—
N
/ R = CH,, R =-CH,-CH,-CH,
Substitution of acetyl or benzoyl groups shows
reduction in anti-inflammatory action potential, The above-mentioned substitutions at
but the parachlorobenzoyl group shows more potent R and R’ shows potent anti-inflammatory
anti-inflammatory activity. activity with least ulcerogenic activity

Figure 47. SARs of 1,2,4-triazolobenzimidazoles.

Soni et al. (2011) reported the anti-inflammatory activity of N-substituted benzimida-
zole derivatives at doses of 200 mg/kg p.o. in the carrageenan-induced model of inflamma-
tion/oedema in rat hind paws. One of the synthesised compounds, 1-[1H-benzimidazol-1-
yl(phenyl)methyl]-5-methyl-2-phenyl-1,2-dihydro-3H-pyrazol-3-one, showed a higher log
P value and anti-inflammatory activity (75.0, maximum % reduction in oedema) than cele-
coxib (83.3, maximum % reduction in oedema). As shown in Figure 48, a 2-aryl substitution
at the 5-methyl-substituted pyrazol-3-one at the benzimidazole-1-yl methyl moiety en-
hanced the anti-inflammatory activity, whereas an amide substitution in the same position
resulted in moderate activity [72].

N
activity, but amide substitution exhibits moderate 4_( B N
activity. Lack of substitution shows no favour for anti- S N‘N

inflammatory activity. O\

Substitution of any group at the phenyl ring enhances

CH,

Figure 48. SARs of benzimidazol-1-yl (phenyl)methyl derivatives.

Arora et al. (2014) suggested that electron-deficient groups (—Cl or —Br) favour, whereas
electron-rich groups (-OCH3) reduce, the anti-inflammatory potency of 2-acetamidoben-
zimidazoles. They also stated that the amide linkage in the molecule was not favourable
for anti-inflammatory activity (Figure 49) [73].

Introduction of electron-withdrawing groups
(-Cl or -Br) results in enhanced anti-
inflammatory potency, but electron-donating
groups show a decrease in potency.

Replacement or removal of amide linker
has an impact on the anti-inflammatory activity

Figure 49. SARs of 2-acetamidobenzimidazoles.
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In another study, Sharma et al. (2017) evaluated methanesulphonamido-benzimidazoles
for their gastro-sparing anti-inflammatory effects using a carrageenan-induced model of in-
flammation/oedema in rat hind paws. Compounds substituted with n-hexyl, n-pentyl and
n-butyl at N1 of benzimidazole showed better anti-inflammatory activity (92.73, 95.64 and
97.62, maximum % reduction in oedema) than rofecoxib and indomethacin (78.95 and 75.00,
maximum % reduction in oedema). All the synthesised compounds were non-ulcerogenic
at the tested doses. The methane-sulphonamido substitution at C5 of benzimidazole is
essential for potent anti-inflammatory activity (Figure 50) [74].

Sulphonamido function is essential for better
anti-inflammatory activity. Replacement of
sulphonamido group with amine or nitro group
results in a decrease of the action potential.

N CH,
(Lo~
N

Introduction of alkyl substitution shows
Substitution with -H exhibits — | execellent anti-inflammatory activity.
moderate action potential R Longer alkyl groups shows better activity

than smaller groups (n-hexyl > n-pentyl

> n-butyl).

Figure 50. SARs of methanesulphonamido-benzimidazoles.

4. Summary and Perspectives

The substituent groups in benzimidazole favoured for potent anti-inflammatory activity
are shown in Figure 51. For developing benzimidazoles as anti-inflammatory agents, substi-
tutions at N1, C2, C5 and C6 were preferable. Specifically, an aryl/heteroaryl substitution
at C5 or C6 enhances the anti-inflammatory activity, while being unsubstituted at C4 and
(7 is better for anti-inflammatory activity. However, an amine group at C2 consistently
enhanced the anti-inflammatory activity, while a methyl or ethyl linker between the N1 of
benzimidazole and the substituent groups was essential for potent anti-inflammatory activity.

Polar linker Cyclicmoiety

No substitution

groups

No substitutionor substituted with
electronwithdrawing or donating
groups bearing aryl/heteroaryl

Substituted aryl/heteroaryl, alkyl,
bulky lipophilic

No substitution or substituted with methyl or
aryl/hetero aryl or cycloalkanes or heterocyclic or
polyhydroxy sugar for potent anti-inflammatory activity

No substitution

Figure 51. Summary of substituents at benzimidazole nucleus favourable for potent anti-inflammatory activity.

Worldwide, NSAIDs have been successfully used to relieve pain and inflammation and
continue to be used every day by thousands of people. There has been tremendous growth
in the last two to three decades in the design and development of anti-inflammatory agents.
However, safe and effective therapy for inflammatory conditions remains challenging in
many ways. The chronic use of NSAIDs is linked to adverse effects on cardiovascular health.
Therefore, a benzimidazole scaffold-containing compound may be used since it possesses
analgesic and anti-inflammatory action along with angiotensin II-receptor-blocking activity.
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Benzimidazole derivatives act through different mechanisms, such as reducing cytokines,
TRPV-1 antagonism, cannabinoid receptor agonism and FLAP inhibition. Hence, there is a
possibility that a single benzimidazole derivative can be optimised to act through multiple
pathways involved in pain and inflammation.

This approach may provide benefits over the use of combinations of analgesic anti-
inflammatory drugs, with different mechanisms and fewer side effects. A benzimidazole
scaffold may be the best pharmacophore for designing active small molecules with good
anti-inflammatory effects based on the above-mentioned unique properties.

5. Conclusions

Benzimidazole is a vital scaffold in medicinal chemistry because of its diverse biologi-
cal activities. Benzimidazoles act via different mechanisms in treating numerous diseases,
as discussed in the Introduction of this review. Omeprazole, lansoprazole, pantoprazole,
albendazole, mebendazole, thiabendazole, astemizole, enviradene, candesartan, cilexitil
and telmisartan are clinically approved drugs that contain benzimidazole nuclei. Several
researchers have explored the synthesis, structure-activity relationships, QSARs, molecular
modelling and other physicochemical and pharmacokinetic profiles of benzimidazoles. In
our view, a complete understanding of the structural, physical and chemical properties of
the benzimidazoles may help researchers to better determine their potential use in treating
inflammation. However, some severe side effects associated with benzimidazoles can be
identified and need to be rectified. Further research in this field is need using advanced
techniques, such as QSAR analysis, pharmacophore mapping and docking studies, and
known SAR information reported in the literature will bring about novel benzimidazoles
with considerable scope for use. These methods can provide a much more direct picture of
the structural features contributing to the SARs of benzimidazoles.
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