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Synthesis and Anti-Inflammatory Activity of 2-Amino-
4,5,6,7-tetrahydrobenzo[b]thiophene-Derived NRF2
Activators
Kit-Kay Mak,[a, b, c] Zhang Shiming,[c] Ola Epemolu,[d] Albena T. Dinkova-Kostova,[e, f]

Geoffrey Wells,[g] Irina G. Gazaryan,[h, i, j] Raghavendra Sakirolla,[k] Zulkefeli Mohd,[a, b] and
Mallikarjuna Rao Pichika*[a, b]

This is the first study investigating the nuclear factor (erythroid-
derived 2)-like 2 (NRF2) activity of compounds containing a new
scaffold, tetrahydrobenzo[b]thiophene. Eighteen compounds
were synthesised and confirmed their NRF2 activation through
NQO1 enzymatic activity and mRNA expression of NQO1 and
HO-1 in Hepa-1c1c7 cells. The compounds disrupted the
interaction between Kelch-like ECH-associated protein 1
(KEAP1) and NRF2 via interfering with the KEAP1’s Kelch
domain. The compounds exhibited anti-inflammatory activity in
Escherichia coli Lipopolysaccharide (LPSEc)-stimulated RAW

264.7 cells. The anti-inflammatory activity of the compounds
was associated with their ability to activate NRF2. The
compounds reversed the elevated levels of pro-inflammatory
cytokines (IL-1β, IL-6, TNF-α, and IFN-γ) and inflammatory
mediators (PGE2, COX-2, and NF-kB). The compounds were
metabolically stable in human, rat, and mouse liver microsomes
and showed optimum half-life (T1/2) and intrinsic clearance
(Clint). The binding mode of the compounds and physicochem-
ical properties were predicted via in silico studies.

Introduction

Inflammation involves complex molecular pathways and plays a
pivotal role in the aetiology of all chronic diseases. Individuals
threatened with infections, tissue damage, allergens, irritants, or
non-infectious diseases will innately show pathophysiological
responses via inflammatory reactions.[1] The immune system will
respond to the threat via a chain of anti-inflammatory

mechanisms.[2] Discovering effective anti-inflammatory drugs is
still an unmet need and challenges medicinal chemists.
Inflammatory responses at the cellular level are executed via
classical and non-classical pathways. The classical pathway
activation includes the degradation of a protein inhibitor of NF-
kB transcription factor, which upon activation eventually leads
to the increased expression of NF-kB as a feedback regulation.
The non-classical pathway is executed through NIK-kinase
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activation and has no feedback regulation. The NF-kB pathway
coordinates adaptive immunity, inflammation, and apoptotic
cell death. NF-kB is a redox-sensitive transcription factor
activated by reactive oxygen species, in addition to typical
inflammatory stimuli.

The advancement in understanding the inflammatory path-
ways links them to activation of the antioxidant pathway
regulated by nuclear factor erythroid 2-related factor 2
(NRF2).[3–7] NRF2 negatively controls the NF-kB signalling path-
way by multiple mechanisms still under investigation.[8] The
protein stability of NRF2, the master regulator of genetic
antioxidant responses,[9] is constitutively regulated via its
interaction with a redox sensor protein – Kelch-like ECH-
associated protein 1 (KEAP1), an adapter in Cul III ubiquitin
ligase complexes.[10] Chemical modification of redox-active
cysteine residues in KEAP1 or competitive displacement of
NRF2 from KEAP1 results in NRF2 stabilisation,[11,12] followed by
the translocation of NRF2 into the nucleus and enhanced
expression of genes encoding cytoprotective proteins and
suppression of genes encoding pro-inflammatory proteins.[13]

The upregulation of pro-inflammatory cytokines such as
interleukin (IL)-6 and IL-1β transcription induced by Escherichia
coli lipopolysaccharide (LPSEc) was reported to be prevented by
NRF2 activation.[14–16] Thus, it has become an approach to
discovering new NRF2 activators as anti-inflammatory agents.

Various endogenous or exogenous stressors inhibit KEAP1
and result in NRF2 accumulation. In cruciferous vegetables like
broccoli, sulforaphane is a classical NRF2 activator that inhibits
KEAP1 by covalently binding to cysteine 151.[17] However, the
flexible linear long-chain in the sulforaphane molecule and the
presence of the isothiocyanate group make it target cysteine
thiols in numerous proteins,[18,19] resulting in undesirable side
effects.[20] In this study, we have attempted to develop non-
electrophilic NRF2 activators by 1) restricting the chain‘s
flexibility in sulforaphane via cyclisation to a cyclohexane ring
and 2) replacing the isothiocyanate group in sulforaphane with
amino thiophene. The concept of the design of
tetrahydrobenzo[b]thiophene derivatives (THBTs) is shown in
Figure 1. The THBTs were synthesised using microwave and
investigated their NRF2 activation and anti-inflammatory activ-
ity ability using in vitro models.

Results and Discussion

Synthesis of THBTs

All target compounds were synthesised using the route shown
in Scheme 1, and the results are tabulated in Table 1. Using

Gewald’s reaction, the key intermediates (1 and 2) were
synthesised[21,22] via condensation of cyclohexanone, ethyl-2-
cyanoacetate or malononitrile, and elemental sulfur. This
reaction produces a 2-amino-THBT nucleus with an ethyl ester
(1) or nitrile (2) at R1.

[23]

The selective acylation of the thiophene amine was carried
out using microwave irradiation.[24] In the literature, acylation of
similar aminothiophenes using acid chlorides required long
reaction times (4–12 h) at reflux and resulted in low yields (8–
50%).[25,26] In this work, the microwave-assisted synthesis
resulted in higher yields (71–88%) (1a–f (Series 1), 2a–f
(Series 2)) and required a shorter duration of reaction
(25 min).[27] Initially, compound 3 failed to form using cyano-Figure 1. Design of tetrahydrobenzothiophene.

Scheme 1. General synthetic scheme for THBT derivatives. Reagents and
conditions: (a) EtOH, diethylamine, 60 °C, 2 h; (b) pyridine, acid chloride, MV
400 Watts, 25 min, under nitrogen; (c) NaOH/EtOH, 85 °C, 1.5 h.

Table 1. The effect of THBTs on NO in LPSEc-stimulated RAW264.7 cells.

Compound R1 R2 NO Inhibition [%]

1a -COOEt -4-H 31.96�8.17****
1b -COOEt -4-F 21.75�9.35**
1c -COOEt -4-Cl 28.49�8.45****
1d -COOEt -4-Br 24.22�7.28***
1e -COOEt -4-NO2 11.97�5.22ns

1f -COOEt -3-CF3 10.11�4.7**
2a -CN -4-H 78.04�2.86****
2b -CN -4-F 41.94�2.17****
2c -CN -4-Cl 33.35�3.38****
2d -CN -4-Br 35.20�9.38****
2e -CN -4-NO2 14.16�4.75ns

2f -CN -3-CF3 11.99�0.24***
3a -COOH -4-H 87.07�1.22****
3b -COOH -4-F 80.39�5.89****
3c -COOH -4-Cl 64.74�6.26****
3d -COOH -4-Br 44.26�7.35****
3e -COOH -4-NO2 39.28�6.51****
3f -COOH -3-CF3 44.58�7.61****
Sulforaphane [10 μm] 91.57�11.76****

Note: The NO production in RAW 264.7 cells by LPSEc (negative control) is
100%. The data are expressed as the mean�SD (n=3). All the test
compounds (except for 1e and 2e) have decreased the NO production to
various degrees. The significance level of the results are indicated as such:
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and ns=not significant.
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acetic acid in place of ethyl cyanoacetate in the first step.
However, simple hydrolysis of the ethyl ester group at the C-3
position of series 1 with 1.0 m NaOH/EtOH solved the demise,
producing compounds of 3a–f (Series 3).

The cytotoxicity of THBTs

The cytotoxicity of the test compounds and standard com-
pound (sulforaphane) to murine hepatoma (Hepa-1c1c7) and
murine macrophage (RAW264.7) cells was determined using a
well-established [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide] (MTT) assay. The cytotoxicity of the Escherichia
coli Lipopolysaccharide (LPSEc) alone and together with either
the test compounds or sulforaphane was tested on RAW
264.7 cells. The maximum concentration of sulforaphane used
in this study is 10 μm, whereas the maximum concentration of
test compounds used is 100 μm. The concentration of LPSEc
used in this study is 100 ngmL� 1. Two-fold serial dilutions of the
test compounds were made to produce different concentra-
tions (100, 50, 25, 12.5, 6.25, 3.12, 1.56, and 0.78 μm). The
sulforaphane (at 10 μm), LPSEc (at 100 ngmL� 1), and test
compounds (at 100 μm) did not show cytotoxicity on both cells.
However, in the presence of LPSEc, the test compounds were
non-toxic to RAW264.7 cells until 50 μm. The results are shown
in the Supporting Information.

The NRF2 activity of THBTs

The NRF2 activation effect of THBTs was determined by
measuring the enzymatic activity of NAD(P)H quinone dehydro-
genase 1 (NQO1), RNA expression of NQO1 and heme oxygen-
ase 1 (HO-1), and inhibition of KEAP1-NRF2 interaction. The
NQO1 enzymatic activity was carried out at different concen-
trations (100, 50, 25, 12.5, 6.25, 3.12, 1.56, and 0.78 μm) of test
compounds, whereas the remaining activities were carried out
at only one concentration (50 μm) of test compounds. The
NQO1 enzyme activity was determined using Hepa1c1c7
following a well-established Prochaska bioassay method.[28] The
expression of these two genes (NQO1 and HO-1) depends upon
NRF2 activation.[29,30] The mRNA levels of the genes were
quantified using the 2� ΔΔCt method[31] with β-actin as a
reference gene. The ability of THBTs (at 50 μm) to disrupt NRF2
and KEAP1 interaction via the kelch domain of KEAP1 was
assessed using a commercially available fluorescence polar-
isation assay kit.[32] The effect of THBTs on NQO1 activity is
shown in Figure 2A, NQO1 expression in Figure 2B, HO-1
expression in Figure 2C, and KEAP1-NRF2 inhibition in Fig-
ure 2D.

The reference compound, sulforaphane, was the most
potent, with a CD (concentration required to double the levels
of NQO1) value of 1.3�0.38 μm. Three THBTs (3a, 3b, and 2a)
are the most active compounds (Figure 2A), whose CD values
are 8.54�0.71 μm, 13.22�0.53 μm and 64.32�1.04 μm, respec-
tively, and their IC50 values are 14.78 μm, 30.42 μm and
46.52 μm respectively. Compound 3a is the most potent,

whereas compound 2a is the least potent. A similar trend was
observed in the expression of genes NQO1 (Figure 2B) and HO-
1 (Figure 2C). 3a and 3b have upregulated the expression of
both genes by 3-fold, whereas compound 2a has upregulated
them by about 2-fold. The effect of compounds on the
inhibition of KEAP1-NRF2 interaction (Figure 2D) followed the
same trend observed in the NQO1 enzymatic assay and RNA

Figure 2. The effect of compounds on A) NQO1 activity, B) NQO1 gene
expression, C) HO-1 gene expression, D) Keap1-NRF2 inhibitory activity, and
E) dose-response (Keap1-NRF2 inhibition) curves of 2a, 3a, and 3b. The data
are expressed as the mean�SD (n=3). The significance level of the results
are indicated as such: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and
ns=not significant.
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expression of NQO1 and HO-1. The compounds 3a, 3b, and 2a
are the most active, with inhibitions of 82.07�3.06%, 74.83�
8.71%, and 64.98�7.01%, respectively. All other compounds
showed less than 50% inhibition.

Anti-inflammatory activity of THBTs

NRF2/HO-1 is also involved in the modulation of inflammation,
and it is believed that NRF2 activators could trigger the
mechanism of action and escalate the anti-inflammatory
process. The anti-inflammatory activity of the compounds was
evaluated in LPSEc-induced inflammation in RAW 264.7 cells by
measuring the nitric oxide (NO) production using the Griess
assay.[32] The anti-inflammatory activity of the compounds was
tested at 50 μm concentration, and the results are shown in
Table 1. The LPSEc-induced NO production was considered
100%, and the anti-inflammatory activity of THBTs was assessed
by measuring their ability to reverse the LPSEc-induced NO
production. All the tested compounds (except for 1e and 2e)
have reversed the LPSEc-induced NO production. The THBTs 3a,
3b, and 2a showed higher anti-inflammatory activity with an
NO inhibition of 87.07�1.22%, 80.39�5.89%, and 78.04�
2.86%, respectively. All other THBTs inhibited NO production by
less than 50%. Sulforaphane (10 μm), a reference compound,
showed 91.57% NO inhibition. The anti-inflammatory activity of
the THBTs followed a similar trend observed in their ability to
activate NRF2.

The effect of 3a, 3b, and 2a on pro-inflammatory cytokines
(IL-1β, IL-6, TNF-α, and IFN-γ) and inflammatory mediator
(PGE2)

The above studies found that 3a, 3b, and 2a possess the
highest NRF2 activation and anti-inflammatory activities. So, the
mechanism studies are investigated only for these three THBTs.
The release of inflammatory mediators such as cytokines in
inflammatory events is an innate response. The net effect of
pro-and anti-inflammatory cytokines then modulates the
inflammation.[33] However, the surge release of pro-inflamma-
tory cytokines was associated with inflammatory diseases.[34,35]

The effect of the THBTs (3a, 3b, and 2a at 50 μm) and
sulforaphane (at 10 μm) on pro-inflammatory cytokines: inter-
leukin (IL)-6, IL-1β, tumour necrosis factor-alpha (TNF-α), and
interferon-gamma (IFN-γ)) and inflammatory mediator, prosta-
glandin E-2 (PGE2) was evaluated using commercially available
ELISA microplates. The results are shown in Figure 3. LPSEc has
upregulated all the cytokines and PGE2 in RAW264.7 cells, and
its upregulation is assumed as 1. The THBTs reversed the LPSEc-
induced levels of cytokines and PGE2. The compounds’ activity
is in the order of 3a>3b>2a, and the trend is similar to that
observed in NRF2 activation and anti-inflammatory studies.

The effect of 3a, 3b, and 2a on inflammatory mediators
(NF-kB and COX-2)

The nuclear factor-kappa B (NF-kB) is an upstream regulator of
inflammation, and its upregulation also upregulates the cyclo-
oxygenase-2 (COX-2) expression. Detailed studies over the
decades have shown that the modulation of upstream inflam-
matory regulators coupled with the neutralisation of inflamma-
tory mediators and genes can effectively reduce
inflammation.[36] The effect of compounds on COX-2 and NF-kB
is shown in Figure 4.

Metabolic stability of 3a, 3b, and 2a in liver microsomes

The metabolic stability of the compounds was carried out in
liver microsomes (mouse, rat, and human) to predict the in vivo
dose and the right animal model.[37] The half-life (T1/2) and
intrinsic clearance (Clint) of the compounds were determined
using the well-established protocol.[38] The results are shown in
Table 2. The compounds have moderate to high intrinsic
clearance ranging from 3.46 to 11.35 mLmin� 1/g liver, with T1/2

values ranging from 5.29 to 16.03 min. In human liver micro-
somes, theT1/2 values of 2a, 3a, and 3b are 7.73, 12.59, and
11.14 min, respectively. In comparison, theT1/2 values in the
rodents (mouse and rat) are in increasing order of 2a, 3a, and
3b. The compounds were rapidly cleared in mice compared to
rats and humans. Thus, the rat model (compared to the mouse
model) could be the most appropriate model to test the in vivo
activity of these compounds.

Figure 3. The effect of THBTs on pro-inflammatory cytokines and PGE2 in
LPSEc-stimulated RAW 264.7 cells. The data are shown as the mean�SD
(n=3). The effect of compounds on pro-inflammatory cytokines and PGE2
was determined by calculating the fold change with respect to (w.r.t.)
negative control (LPSEc)-treated RAW 264.7 cells. The fold change by LPSEc is
considered 1. All the NRF2-activating THBTs have downregulated the LPSEc-
stimulated expression of pro-inflammatory cytokines and PGE2. The
significance level of the results is indicated as such: *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 and “no annotation” denotes the results are not
significant.
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In silico studies

The in silico studies were carried out using Schrödinger Drug
Discovery Suite 2021-4 software. The molecular interactions
between the active compounds (2a, 3a, and 3b) and the amino
acid residues in the KEAP1 Kelch domain were investigated via
molecular docking studies, induced-fit docking studies, MM-
GBSA calculations, and molecular dynamics[39] (MD, for 100 ns).
The compounds were docked into the Kelch domain (PDB ID:

4IQK) of KEAP1. The docked poses were visually inspected, and
the poses with the appropriate conformation were selected for
induced-fit docking studies, MM-GBSA calculations, and MD
simulations. The physicochemical and drug-like properties of
the test compounds were also predicted.

The docking scores, binding energies, and drug-like proper-
ties of the compounds are shown in Table 3. The negative
docking scores in molecular docking (g score) and induced-fit
docking (g score and IFD score) studies suggested that the
binding of these compounds in the Kelch domain of KEAP1 is
favourable. The negative free binding energies (from MM-GBSA
calculations) further confirm the stability of the compounds in
the Kelch domain of KEAP1. The MD simulation results suggest
that these compounds form a relatively stable complex with the
Kelch domain of KEAP1. The compounds’ physicochemical and
drug-like properties are within the recommended range for oral
drugs.[40] The key amino acid residues involved in the molecular
interactions with the compounds (from molecular docking
studies) are listed in Table 4. Figure 5 depicts the 2D- and 3D-
poses of the compounds in the binding pocking of the Kelch
domain of KEAP1 from molecular docking studies. Figure 6
depicts the results from MD simulations that include relative
mean square deviation (RMSD) of the complex (Kelch domain
with 2a, 3a, and 3b), the amino acids that are involved in the
interaction with the compounds, and the key atoms of the
compounds involved in the binding. The full reports of the MD
simulations were provided in the Supporting Information.

Figure 4. The effect of THBTs on COX-2 and NFkB expression in LPSEc-
stimulated RAW 264.7 cells. The data are shown as mean�SD (n=3). The
effect of compounds on inflammatory regulators was determined by
calculating the fold change with respect to (w.r.t.) negative control (LPSEc)-
treated RAW 264.7 cells. All the compounds have downregulated the LPSEc-
stimulated expression of COX-2 and NF-kB. The significance level of the
results is indicated as such: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
and “no annotation” denotes the results are not significant.

Table 2. The metabolic stability of THBTs in human, rat, and mouse liver microsomes.

Cpd[a] Clint [mLmin� 1/g liver][b] T1/2 [min][c]

HLM[d] RLM[e] MLM[f] HLM[d] RLM[e] MLM[f]

Ver[g] 11.82�0.07 14.72�0.03 13.31�0.08 6.34 5.29 5.74
2a 9.41�0.03 5.52�0.04 11.35�0.03 7.73 13.18 6.41
3a 5.78�0.02 5.47�0.02 6.34�0.03 12.59 13.30 11.48
3b 6.53�0.02 4.54�0.04 5.50�0.03 11.14 16.03 13.23

[a] Cpd: compounds; [b] Clint: intrinsic clearance; [c] T1/2: half-life; [d] HLM: human liver microsomes; [e] RLM: rat liver microsomes; [f] MLM: mouse liver
microsomes; [g] Ver: Verapamil. The data are shown as mean�SD (n=3).

Table 3. The docking scores, binding energies, and physicochemical and drug-like properties of THBTs.

XP
docking

Induced-fit docking MM-
GBSA

Physicochemical and Drug-like properties

gscore gscore IFD[a]

Score
ΔG QPlogPo/w[b] QPlogS[c] QPlogBB[d] CNS[e] QPPCaco[f] QPlogHERG[g] PercentHOA[h] QPlogKhsa[i]

3a � 4.37 � 6.94 � 12886.35 � 47.2 3.71 � 4.43 � 0.59 � 1 194.53 � 2.97 89.64 0.19
3b � 3.52 � 7.66 � 12892.36 � 56.46 3.95 � 4.80 � 0.49 � 1 194.89 � 2.86 91.04 0.23
2a � 4.44 � 6.08 � 12844.38 � 50.72 3.11 � 5.55 � 0.55 0 973.65 � 5.23 100.00 0.26

[a] IFD: Induced Fit Docking; [b] QPlogPo/w: predicted octanol/water partition coefficient: recommended range � 2.0 to 6.5; [c] QPlogS: prediction of
aqueous solubility level: recommended range � 6.5 to 0.5; [d] QPlogBB: predicted brain/blood partition coefficient: recommended range � 3.0 to 1.2; [e]
CNS: central nervous system activity: � 2=completely inactive, � 1=very low activity, 0= low activity, 1=medium activity, 2=completely active; [f]
QPPCaco: predicted apparent gut-blood barrier permeability: <25=poor, >500=good; [g] QPlogHERG: predicted IC50 value for blockage of HERG
K+channels: < � 5=concern; [h] PercentHOA: percentage of human oral absorption level: >80%=high absorption, <25%=poor absorption; [i]
QPlogKhsa: prediction of binding to human serum albumin: � 1.5 to 1.5.
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Conclusion

Eighteen compounds containing a new scaffold, tetrahydroben-
zothiophene (THBT), were designed based on sulforaphane.
Sulforaphane is the most potent natural NRF2 activator. It is an
electrophilic activator. The isothiocyanate functional group in
sulforaphane forms covalent interaction with the thiol group in
CYS151 of KEAP1 and thus activates NRF2. At the same time, it

also reacts with cysteine thiols in numerous proteins. The
carbon chain in sulforaphane is straight, and thus it is highly
flexible. THBTs were designed so that the straight carbon chain
and isothiocyanate group in sulforaphane were constrained in
the form of fused bicyclic tetrahydrobenzothiophene.

The amino thiophene nucleus (1 and 2) was synthesised
using Gewald’s reaction. The series 1 (1a–f) and Series 2 (2a–f)
compounds were synthesised via N-alkylation of 1 and 2 with
acyl using microwave irradiation. Series 3 (3a–f) were synthes-
ised by the hydrolysis of series 1 (1a–f). Compared to conven-
tional reflux, microwave irradiation resulted in faster acylation
and higher product yields with a purity of >95%.

The NRF2 activation ability of the THBTs was preliminarily
evaluated using Hepa-1c1c7 cells by determining their ability to
induce NQO1 activity and upregulate the mRNA expression of
NQO1. All the eighteen compounds were non-toxic to the
Hepa-1c1c7 cells up to a concentration of 100 μm. Three THBTs
(2a, 3a, and 3b) had shown significant increase in NRF2
activation in the order of 3a>3b>2a. The THBTs containing
the ester group (ethyl carboxylate) on core moiety at C-2 did
not activate NRF2, whereas the cyano and carboxyl group
showed NRF2 activation. The substituents (fluoro, chloro,
bromo, nitro, and trifluoromethyl) on the aromatic ring of the
amide group have decreased the NRF2 activation. However,
these compounds were not as potent as sulforaphane. Thus,
the anti-inflammatory activity of these three THBTs (2a, 3a, and
3b) was further studied.

The anti-inflammatory activity of the compounds was
evaluated using LPSEc challenged RAW 264.7 cells by measuring
NO production, pro-inflammatory cytokines (IL-1β, IL-6, TNF-α,
and IFN-γ), and inflammatory mediators (PGE2, COX-2, and NF-
kB). All three THBTs had shown significant inhibition of NO, pro-
inflammatory cytokines, and inflammatory mediators. The order
of anti-inflammatory activity is the same as that shown in NRF2
activation. The compounds were non-toxic up to the concen-
tration of 100 μm. Since these compounds have shown
promising anti-inflammatory activity, these compounds have
further proceeded to metabolic stability studies.

The metabolic stability of these compounds was assessed
using human, rat, and mouse liver microsomes and determined
the intrinsic clearance and half-life. The compounds 3a and 3b
were moderately stable in human and mouse microsomes.
Therefore, mice can be used to confirm these compounds’
in vivo NRF2 activation ability.

Table 4. The key amino acids involved in the molecular interactions between the compounds and the Kelch domain of KEAP1 from XP docking studies.

Compound H-bond
interactions

Hydrophobic interactions Van der Waal’s interactions

2a SER555 TYR525,
ALA 556, TYR572

GLY364, ARG415, GLY462, ARG483, GLN530, GLY574, GLY603, GLY509,

3a SER602 ILE416,
ALA510, VAL463, VAL512,
ALA556, LEU557

SER363, GLY364, ARG415, GLY416, GLY417, GLY464, GLY509, SER508, GLY511, ALA556,
LEU557, SER602, GLY603

3b VAL463, VAL465, ALA510,
VAL512,
ALA556, LEU557, ILE559,
VAL604

ASN414, ARG415, GLY462, GLY464, SER363, GLY364, GLY558, GLY603, SER602,

Figure 5. The molecular interactions (XP Glide docking) of 2a, 3a, and 3b in
the Kelch domain of KEAP1 (PDB ID: 4IQK). The first column shows the 3-
dimensional (3D) interaction diagrams. The second column shows the 2D
interactions (pink, hydrogen bond; red, cation bond) between the functional
groups of the compounds with the specific amino acids.
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The binding poses of the compounds in the KEAP1’s kelch
domain (PDB code: 4IQK) were determined using molecular
docking and induced-fit docking studies, and the complexes’
stability was determined using MD simulation studies. The
docking scores for all three compounds were negative,
suggesting the compounds form favourable interactions with
the amino acids in the kelch domain. The favourable binding of
the compounds with the kelch domain was further confirmed
by the negative binding energies observed in MM-GBSA
calculations. However, molecular dynamics studies have re-
vealed that compound 3a is more stable in the binding pocket
compared to compounds 2a and 3b. 3a is stable for the entire
100 ns simulation time. Compound 3b is stable for about half
of the simulation time (100 ns), whereas compound 2a is not
stable in the binding pocket. The MD simulations have provided
insights into why compound 3a is the most active NRF2
activator and anti-inflammatory compound.

Experimental Section

Chemicals and instruments for the synthesis of the
compounds

All the chemicals and reagents for synthesis were purchased from
Acros Organics. The compounds’ melting point was recorded using
Stuart Melting Point Apparatus, SMP11 (Cole Parmer, UK). The NMR
spectra of the compounds were recorded on a Bruker 600 MHz
spectrometer. The elemental analysis was performed using a CHN
Elemental Analyzer (Perkin Elmer, USA).

Synthesis of compounds

Ethyl-2-amino-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxyl-
ylate/carbonitrile/carboxylic acid (1, 2)

Cyclohexanone (1 mmol) and ethyl cyanoacetate or malononitrile
(1.2 mmol) were added to a clean beaker. The mixture was heated
to 60 °C with stirring. To the mixture was added sulfur (1 mmol).

Figure 6. Molecular dynamics (MD) simulation (100 ns) of 2a, 3a, and 3b complexes with the Kelch domain of KEAP1 (PDB ID: 4IQK). The first column depicts
the protein-ligand complex‘s RMSD (root mean squared deviation) plots. The left y axis shows the RMSD values of the protein. The right y axis indicates the
RMSD values of the compound with respect to the protein in its binding pocket. The RMSD changes of 1–3 Å units are considered acceptable. The protein-
ligand complex for 3a is stable throughout the MD simulation, whereas the protein-ligand complexes for 2a and 3b are not stable. The second column
depicts the plot of protein interactions with the compounds. Compound 2a mainly interacts with Arginine 354 (hydrogen bonding, water bridges, and
hydrophobic interactions for 60% of the simulation time). The compound 3a mainly interacts with Serine 508 (water bridges for 100% of the simulation time),
Arginine 415 (water bridges, hydrogen bonding, hydrophobic and ionic bonding 90% of the simulation time), Alanine 556 (hydrophobic and water bridges for
55% of the simulation time), Leucine 385 (water bridges for 60% of the simulation time) and Serine 555 (water bridges for more than 55% of the simulation
time). The third column shows the schematic of detailed atom interaction(s) with protein residue(s) for more than 30% of the simulation time. In 2a, the
amino group forms an interaction with Arginine 354 for 30% of the simulation time. In 3a, the carbonyl of the amide group forms a water-mediated
interaction with Leucine 365 for 60% of the simulation time. In addition, it also forms a hydrophobic interaction with Alanine 556 for >30% of the simulation
time. In 3b, the aromatic ring forms a hydrophobic interaction with Alanine 556 for >30% of the simulation time. The MD simulation studies showed that 3a
engages with the protein amino acids longer than that of 3b, which is longer than 2a. The order of interaction duration between the compounds and protein
is 3a>3b>2a, the same as that of NRF2 inducing activity.
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The mixture was allowed to stir for 2 h or until light orange crystals
were observed. The progress of the reaction was monitored using
thin-layer chromatography. The residue was filtered using Büchner
filtration, washed with ethanol, and recrystallised from 95%
ethanol. The yield of 1 is 78%, and that for 2 is 85%.

Alkylation of the 4,5,6,7-tetrahydrobenzo[b]thiophene
derivatives (1, 2) at the amino group with acid chlorides via
microwave synthesis

Zarecki et al. (41) adapted the green synthesis using microwave-
synthesiser. To the microwave synthesiser vessel containing either
1 or 2 (1 mmol) in pyridine were added acyl chlorides (1.5 mmol).
The mixture was clamped tight and placed in the microwave
synthesiser with parameters of 400 W and 25 min holding time and
stirring. Once the mixture cooled, the solids were vacuumed and
recrystallised with 95% ethanol. The microwave synthesiser,
MonowaveTM 450 (Anton Paar GmbH, Germany), was used to
synthesise six compounds in each series 1a–f and 2a–f. In general,
the yield is >70%.

Hydrolysis of ethyl ester group in the series of compounds
1to form 3

In a clean round bottom flask containing 1a, 1b, 1c, 1d, 1e, or 1f,
was added 1.0 m NaOH in 95% ethanol. The ethyl ester group was
then hydrolysed to carboxylic acid giving rise to the third series of
compounds (3a–f). The compound was filtered under vacuum
using a Büchner filter, washed, and recrystallised with 95%ethanol.
In general, the yield is >75%.

Cell Culture

Murine macrophage, RAW264.7 cell line was purchased from
American Type Culture Collection (ATCC, Manassas, USA). RAW
264.7 cells were cultured and maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco, USA) supplemented with 10% fetal
bovine serum (FBS; Sigma Aldrich, USA.) and 1% penicillin-
streptomycin (100 UmL� 1 penicillin and 100 μgmL� 1 streptomycin;
Sigma Aldrich, USA). The cells were maintained in a 37 °C and 5%
CO2 incubator.

Preparation of the test compounds and Escherichia coli
Lipopolysaccharide (LPSEc)

The required amounts of test compounds and LPSEc were dissolved
in molecular biology grade DMSO to prepare a 10 mm stock
solution. The stock solution was diluted with phosphate buffer
saline (PBS, pH 7.4) to produce the required concentrations of test
solutions. In all in vitro experiments, the final concentration of
DMSO was not more than 0.1% (v/v); thus, 0.1% DMSO in PBS was
used as a vehicle.

Effect of test compounds on cell viability

Vybrant® MTT Cell Proliferation Assay Kit was used to determine the
non-toxic concentration range of test compounds on RAW 264.7
and Hepa-1c1c7 cells following the manufacturer’s instructions.
Cells were incubated for 24 h in a 96-well microplate at a density of
1×104 cells/well, followed by the addition of test compounds at a
concentration range: of 0.39 to 100 μm. The cell viability was
calculated using Equation (1), and the results are presented as the
mean�SD of triplicate.

Percent %ð Þ cell viability ¼
Optical Density treated

Optical Density untreated

� �

� 100 (1)

MTT reagent was added at 10 μL per well under dark conditions,
and the cells were incubated for 4 h. Upon incubation, the contents
in all wells were aspirated, and DMSO was added at 100 μL per
well. The absorbance was measured at 570 nm (630 nm as
reference) using a Molecular Devices Spectramax M3 Multi-Mode
microplate reader; Sunnyvale, CA, USA. The MTT assay at each
concentration was performed in triplicates. The replicates of micro-
plates were carried out to confirm the results.

Fluorescence polarisation assay

The effect of THBTs in inhibiting Keap1-NRF2 binding was
determined using a Keap1-NRF2 inhibitor screening assay kit (BPS
Bioscience, USA) following the instructions in the product insert in
a 96-well plate. The THBTs were dissolved in molecular biology
grade DMSO and diluted with assay buffer provided in the assay
kit. Five microlitres of the THBT solutions were incubated at room
temperature for 30 min in the peptide mixture containing 0.5 μL
NRF2 peptide (1 μM) and 20 μL Keap1 (15 ng/μL). The fluorescence
polarisation (FP) was measured using a microplate reader at λex=

485 nm and λem=530 nm. The FP values of the blank wells,
consisting of only assay buffer, were subtracted from other values.
The relative FP intensity of the NRF2 positive control and THBT
solutions was measured with reference to the NRF2 negative
control. The effect of the THBT compounds in inhibiting Keap1-
NRF2 interaction was calculated using Equation (2).

Keap1 � Nrf2 inhbitory activity %ð Þ ¼

1 �
Relative FP of THBT

Relative FP of positive control

� �

� 100
(2)

NRF2 activation activity

Effect of THBT on NQO1 activity in Hepa1c1c7 cells

The determination of NQO1 activity was carried out using
“Prochaska” Microtiter Plate Bioassay for Inducers of NQO1. This
well-established method was reported by Fahey et al.[28] using
hepatoma cells (Hepa-1c1c7). Hepatoma cells (1×104 cells/well)
were seeded into a 96-well plate and incubated with THBTs at 100–
0.78 μm for 48 h. Upon incubation, the medium was discarded, and
the cells were washed with PBS. Firstly, the treated cells were lysed
with 75 μL digitonin solution. From the cell lysate, 20 μL were used
to determine the protein concentration using Bradford’s reagent,
while 55 μL were used to determine the NQO1 activity. The assay
reagent mixture prepared comprise 200 μL 0.5 m Tris-Cl buffer
containing 10% w/v bovine serum albumin and 1.5% v/v Tween-
20, 7.5 mm FAD, 150 mm glucose-6-phosphate 150 mm, 2 UmL� 1

glucose-6-phosphate dehydrogenase, 50 mm NADP+, 25 mm mena-
dione and 0.7 mm MTT. The reaction mixture was mixed with the
cell lysate and incubated at 37 °C for 5 min to develop purple
colour. Next, dicumarol suspension (50 μL; 0.3 mm dicumarol, 5 mm

potassium phosphate, 0.5% DMSO) was added to stop the reaction.
The optical density of the solution was measured at 610 nm using a
Spectramax M3 microplate reader and was normalised to the total
protein content.
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Anti-inflammatory activity of test compounds in LPSEc stimu-
lated RAW 264.7 cells

RAW 264.7 cells (3×105 cells/well) were seeded in a 96-well micro-
plate with complete media. The cells were allowed to adhere for
24 h. The cells were treated with test compounds 4 h before LPSEc
(100 ngmL� 1) stimulation and incubated further for 20 h at 37 °C
under a 5% CO2 incubator. At the end of the experiment, the levels
of NO, pro-inflammatory mediators (IL-1β, IL-6, TNF-α, IFN-γ and
PGE2) were determined from the supernatant solution; while the
levels of inflammatory regulators (NF-kB and COX-2) were deter-
mined from the cell pellets.

Griess assay

Griess assay was prepared by mixing equivalent volumes of 1% (w/
v) sulphanilamide in 5% (w/v) phosphoric acid and 0.1% (w/v) of N-
(1-naphthyl)ethylenediamine (NED) in water. The standard sodium
nitrate (NaNO2, �97.0%; Sigma Aldrich, USA) was used as a
reference to plot the standard curve. The optical density was
measured at 540 nm using a Molecular Devices Spectramax M3
Multi-Mode microplate reader (Sunnyvale, CA, USA). The percent-
age of NO production concerning (w.r.t.) LPSEc was calculated using
Equation (3). The experiment to determine the percentage NO
production of test compounds was repeated twice, each performed
in triplicate.

NO inhibition %ð Þ ¼

1 �
Optical Density treated � Optical Density blank

Optical Density LPSEc � Optical Density blank

� �� �

� 100
(3)

From the dose-response curve, the concentration of the test
compounds to reduce the LPSEc induced NO production by half
(IC50) was calculated, and the results are presented as mean�SD of
two experiments.

Effect of test compounds at 50 μM on pro-inflammatory
mediators (IL-1β, IL-6, IFN-γ, TNF-α, and PGE2) expression in
LPSEc-stimulated RAW 264.7 cells

The cell supernatant was collected, and the quantification of pro-
inflammatory mediators was measured using Single-Analyte ELI-
SArray kits (Qiagen, Germany) containing 96-well plates pre-coated
with target-specific capture antibody the manufacturer’s instruc-
tions using. The OD values and standard reference curve deduce
the pro-inflammatory cytokine levels (pg/ml). The fold change in
cytokine expression was calculated using Equation (4), and the
results are presented as mean�SD from two experiments.

Fold change ¼
inflammatory mediator level LPSEc or treated cells
inflammatory mediator level untreated cell

(4)

NF-kB/COX-2assay

The COX-2 and NF-kB level was measured in the cell lysate of RAW
264.7 following the manufacturer’s instructions using 96well plates
pre-coated with target-specific immobilised antibody (Abcam,
abID# ab210574 and abID# ab176648, respectively). The OD values
and standard reference curve determined the pro-inflammatory
cytokine levels (ngmL� 1). The fold change in cytokine expression
was calculated using Equation (5), and the results are presented as
mean�SD from two experiments.

Fold change ¼
NF � KB or COX � 2 level in treatment cells
NF � KB or COX � 2 level in LPSEc cells (5)

NRF2 Gene Expression Profiling

The primers for the NQO1, HO-1, and β-actin genes were designed
using the Integrated DNA Technologies (IDT) PrimerQuestTM Tool.
(https://sg.idtdna.com/pages/tools/primerquest) and further con-
firmed with the reported literature.[41] The primer forward and
reverse sequences used in this experiment are shown in Table 5.

RNA was isolated from the Hepa-1c1c7 cells using the RNeasy® Mini
Kit (Qiagen, Germany; Catalogue number: 74004) according to the
manufacturer’s protocol. The purity of the isolated RNA was
determined using NanoQuant PlateTM (Tecan Trading AG, Switzer-
land) and Spectramax M3 Multi-Mode microplate reader (Molecular
Devices, Sunnyvale, USA). The nucleic acid purity in the isolated
RNA was determined by assessing the 260/280 ratio (ideal range:
~2.0) and 260/230 (ideal range: 2.0–2.2). The purified RNA samples
were first converted into cDNA using the ReverTra AceTM qPCR RT
Master Mix with gDNA remover (Toyobo, Japan; catalogue number:
FSQ-301). Next, qPCR was performed in a CFX96 thermal cycler
(Bio-Rad Laboratories, CA, USA) using THUNDERBIRD Next SYBR®
qPCR Mix (Toyobo, Japan; Catalogue number: QPX-201) with the
PCR cycling conditions: 1) pre-denaturation step at 95 °C for 60 s, 2)
40 cycles of denaturation at 95 °C for 15 s, followed by annealing at
60 °C for 30 s, and 3) extension at 72 °C for 55 s. The relative
changes in gene expression were calculated using the 2� ΔΔCt

method with results normalised to the reference gene, β-actin.

Metabolic Stability of THBT compounds

The metabolic stability of THBTs was determined using human, rat,
and mouse liver microsomes. Firstly, 5 μL of THBTs (0.5 μm effective
concentration (EC)) was mixed well with 445 μL of liver microsomes
(0.5 mgmL� 1). Verapamil (0.5 m EC) was used as the positive control
in this experiment. The mixture was added 50 μL of NADPH (1 mm)
in a microcentrifuge tube and was incubated at 37 °C for 0, 3, 6, 15,
30, 45, and 60 min. At each time point, 20 μL of the mixture was
sampled and quenched with 180 μL of acetonitrile with internal
standard (Donepezil 50 ngmL� 1) to terminate the metabolic
reaction. Ultrapure water (80 μL) was added, and contents in the
microcentrifuge tubes were centrifuged at 3800 rpm at 4 °C for
10 min. After centrifugation, the concentration of THBTs found in
the supernatant layer was quantified using Agilent 1290 coupled
with Q-TOF. Each set of experiments was repeated three times in
human, rat, and mouse liver microsomes. The THBTs concentration
versus time was plotted to determine the elimination rate constant
(Kel). The intrinsic clearance (Clint) and half-life (t1/2) were calculated
using Equation (6) and Equation (7), respectively. The intrinsic
clearance was calculated with scaling factors of microsomal protein
(52.5 mg microsomal protein/g liver).[42]

Table 5. Primer pair sequences for NQO1, HO-1, and β-Actin genes.

Gene Gene Sequence

NQO1 Forward GAGAAGAGCCCTGATTGTACTG
Reverse ACCTCCCATCCTCTCTTCTT

HO-1 Forward GTGATGGAGCGTCCACAGC
Reverse TTGGTGGCCTCCTTCAAGG

β-Actin Forward CGGTTCCGATGCCCTGAGGCTCTT
Reverse CGTCACACTTCATGATGGAATTGA
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Clint ¼
Kel
0:5 � 52:5 (6)

t1
=2
¼

0:693
Kel (7)

Statistical analysis

The results were represented as mean�SD (n=3). The statistical
analyses were carried out using GraphPad Prism 9.0.0. The
significance was calculated using ordinary ANOVA, followed by the
Dunnett test. The four levels of significance were determined. p<
0.05 is denoted as *, p<0.01 is denoted as **, p<0.001 is denoted
as ***, and p<0.0001 is denoted as ****.

Molecular docking studies

The in silico molecular docking studies were carried out using
Schrödinger Drug Discovery Suite (2021-4) according to the
instructions described in the user manual. The structures of the
compounds were drawn using a 2D sketcher and imported into
Maestro as 3D structures. The structures were minimised using the
‘LigPrep’ wizard at pH 7.2�0.2. The protein crystal structure (PDB
ID: 4IQK) was downloaded from the RCSB PDB website (https://
www.rcsb.org/). The protein was prepared using the ‘protein
preparation’ wizard at pH 7.2�0.2 with default settings. The grid
was generated around the inbound ligand using the ‘receptor grid
generation’ tool with default settings. Following the extra precision
(XP) protocol, the compounds were docked into the receptor grid
using the ‘GLIDE’ wizard. The docking protocol was validated by
determining the RMSD between the poses of the co-crystallised
ligand and the docked ligand. The interactions between the
compounds and the amino acid residues in the receptor were
generated using a 2D interaction diagram tool. The 2D and 3D
interactions were captured as images.

Prediction of binding free energies

Prime MM-GBSA was used to predict the free energy of binding
between the receptor and the compounds.[43] The binding free
energy (DGbind) was calculated using the default parameters. The
docked complexes were used as input files with implicit VSGB
solvation model, OPLS3 force field, and all other settings as default
in Prime MM-GBSA. The binding free energy of the compounds is
calculated using Equation (8):[44]

DGbind ¼ EcomplexðminimisedÞ �

ðEligandðminimisedÞ þ EreceptorðminimisedÞÞ
(8)

Molecular dynamics (MD) simulation

MD simulations were performed with the Desmond package in
Schrödinger Drug Discovery Suite. The selected compound-receptor
complexes were first immersed in SPC (simple point charge) water
box, extending 10 Å beyond any of the complex’s atoms. Counter
ions (33 Na+, and 29 Cl� ions) were added to neutralize charges.
The MD was performed in the NPT ensemble at a temperature of
300 K and 1.63 bar pressure over 20 ns with recording intervals of
1.2 ps for energy and 100 ns for trajectory. Simulations were run
with the OPLS-3e force field. The root means square deviation
(RMSD), root means square fluctuations (RMSF), and ligand contacts

were obtained to monitor the stability of the compounds in their
dynamic form along with simulated trajectory.

Prediction of physicochemical and drug-likeness properties

The ADMET and drug-likeness properties of the compounds were
predicted using the QikProp module with default settings.
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