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ABSTRACT: Nrf2 is one of the important therapeutic targets studied
extensively in several cancers including the carcinomas of the colon and
rectum. However, to date, not many Nrf2 inhibitors showed promising results
for retarding the growth of colorectal cancers (CRCs). Therefore, in this study,
ﬁrst, we have demonstrated the therapeutic eﬀect of siRNA-mediated
downmodulation of Nrf2 on the proliferation rate of CRC cell lines. Next,
we have designed, synthesized, characterized, and determined the crystal
structures for a series of tetrahydrocarbazoles (THCs) and assessed their
potential to modulate the activity of Nrf2 target gene NAD(P)H:quinone
oxidoreductase (NQO1) activity by treating colorectal carcinoma cell line
HCT-116. Later, the cytotoxic potential of compounds was assessed against cell
lines expressing varying amounts of Nrf2, viz., breast cancer cell lines MDAMB-231 and T47D (low functionally active Nrf2), HCT-116 (moderately
active Nrf2), and lung cancer cell line A549 (highly active Nrf2), and the lead compound 5b was tested for its eﬀect on cell cycle
progression in vitro and for retarding the growth of Ehrlich ascites carcinomas (EACs) in mice. Data from our study demonstrated
that among various compounds 5b exhibited better therapeutic index and retarded the growth of EAC cells in mice. Therefore,
compound 5b is recommended for further development to target cancers.

■

INTRODUCTION
Global cancer statistics have positioned cancer in the second
place among various noncommunicable diseases as the total
number of deaths due to cancers has reached ∼10 million in
the year 2018 worldwide. Among various cancers, breast and
lung carcinomas (∼2 million cases each in the year 2018) are
the major ones contributing signiﬁcantly to the total deaths
due to cancers.1 Likewise, colorectal cancer (CRC) is another
major malignancy in men (third most common) and women
(second most common) globally.2 The number of deaths due
to CRC has increased approximately to 694 000 worldwide,
making CRC the fourth most common one among diﬀerent
cancer types.3 Even though colorectal cancers are detected in
the early age of life, the incidence (∼90% of total cases) is
more in individuals aged 50 years or above.4 However,
recently, a rising trend has been reported in the incidence rates
of breast and colorectal cancers even among the younger
individuals.5
In general, cancers are progressive diseases.6 Early detection
and eﬀective therapeutic interventions help to mitigate cancers
in a better manner. However, currently, not many sensitive
© XXXX The Authors. Published by
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early detection markers exist for identifying breast, lung, and
colorectal cancers.7 For instance, CRC occurs over decades
from early development of adenomatous precursor lesions to
invasive metastatic stages.8 Early stages of CRC are curable by
surgical resection and chemotherapy; however, the advanced
malignant stages are diﬃcult to treat. The chemotherapeutic
drugs commonly used in the therapy of CRC are 5-ﬂuorouracil
(5-FU), oxaliplatin, capecitabine, and irinotecan.9 Recently,
US-FDA has approved targeted therapies such as bevacizumab,
cetuximab (Erbitux), and panitumumab for the treatment of
CRCs. Bevacizumab prevents angiogenesis in the tumor by
targeting vascular endothelial growth factor (VEGF). Along
with cetuximab (Erbitux) and panitumumab, which interfere
with cancer cell growth by targeting the epidermal growth
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Figure 1. continued
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Figure 1. Cancer cell lines exhibited variations in the expression of Nrf2 compared to normal lung epithelial cell line BEAS-2B. To determine the
expression level and cellular localization status of Nrf2 and its downstream target NQO1, ﬁrst, immunocytochemical (ICC) analysis was carried out
on cell blocks prepared as detailed in section Experimental Section. (A) Elevated Nrf2 expression in cancer cell lines compared to that in normal
cell line BEAS-2B. The expressed Nrf2 is primarily localized in the nuclei of cancer cells (A). Unlike ICC, the analysis of nuclear and cytosolic
fractions using western blotting showed elevated cytosolic and nuclear Nrf2 in the A549 cell line compared to that in BEAS-2B (B, top panel).
However, the breast and colorectal carcinoma cell lines showed expression of Nrf2 only in the cytosol (B, bottom panel). Nrf2 target protein
NQO1 is expressed in the cytosol of lung and colorectal cancer cell lines but not in breast cancer cell lines (B). Very low NQO1 was detected even
in normal lung epithelial cell line BEAS-2B (B, top panel).

and binds to the antioxidant response element (ARE) in the
promoter regions of various genes involved in controlling
oxidative stress.17,18 For instance, Nrf2-induced activation of
antioxidant and phase II-detoxiﬁcation target genes such as
heme oxygenase 1 (HO1), γ-glutamyl cysteine synthetase
(catalytic subunit; GCLC), glutathione reductase, glutathione
peroxidase (GPx), thioredoxin reductase, and peroxiredoxins is
well reported.19 Upon re-establishment of cellular redox
homeostasis, Keap1 translocates to the nucleus to dissociate
Nrf2 from the ARE, resulting in the degradation of Nrf2.20,21
Overall, Nrf2 is an important transcription factor of the
antioxidant response and a good sensor of cellular redox
status.22 Hence, activation of Nrf2 is essential to prevent the
transformation of normal cells to cancer cells.23,24
However, paradoxically, Nrf2 behaves as a “double-edged”
sword in cancers.25,26 Overexpression of Nrf2 has been
reported in many cancers including the breast, colon, rectum,
and lung carcinomas.27 Elevated Nrf2 in cancer cells protects
tumors from chemotherapeutic agents as well as radiationinduced damage.27 Therefore, targeting Nrf2 is one of the
important strategies for treating cancers where Nrf2 plays a
vital role in tumorigenesis and drug resistance. In this
direction, eﬀorts have been made by many investigators to
purify and or synthesize novel compounds to either promote

factor receptor (EGFR) or proteins involved in tumor
development, bevacizumab showed a better therapeutic eﬀect
against CRCs.10 However, certain tumors with genetic
mutations (like EGFR, K-RAS, or B-RAF) fail to respond to
these drugs, especially, cetuximab or panitumumab.11 Thus,
more eﬀective strategies for early intervention and treatment
are in high demand for better management of breast, lung, and
colorectal carcinomas.11
In this direction, identiﬁcation of key proteins regulating
cancer cell growth and metastasis is very critical for the
development of more eﬀective, potent, nontoxic, targeted
therapies to inhibit breast, lung, and colorectal cancers. One
such important target recently identiﬁed in various cancers is
nuclear factor (erythroid-derived 2)-like 2, also known as
NFE2L2 or Nrf2.12 While activators of Nrf2 prevents the
transformation of normal cells to cancer cells, the inhibitors of
Nrf2 help in sensitizing the tumor cells to radiation and
chemotherapeutic agents.13 Nrf2 is one of the important
regulators of redox status in cells. Under normal conditions,
Nrf2 is kept in its inactive state by Keap1; however, when cells
are exposed to oxidative stress, Keap1 undergoes polyubiquitination and degradation by the 26S proteasome pathway to
release Nrf2.14 Thus, Keap1 is a negative regulator of Nrf2.15,16
Once released from Keap1, Nrf2 translocates to the nucleus
C
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staining intensity scores of 2 or above, both in the cytosol and
nuclear regions, which are higher compared to that of
colorectal cancer cell line HCT-116 (Figure 1A). To test
further this data and provide a more accurate assessment, next,
the distribution of Nrf2 in the cytosol and nucleus was
estimated using a method (detailed in the Experimental
Section), which separates these two fractions with purity.
Experimentally, the cytosolic and nuclear fractions were
collected and analyzed by western blotting (Figure 1B, top
panel). Analysis of the data showed that Nrf2 was expressed
predominantly in the cytosol of normal lung epithelial cell line
BEAS-2B and lung carcinoma cell line A549. However, only
the A549 nuclear fraction showed Nrf2 expression, indicating
the diﬀerential distribution of Nrf2 in normal and cancer cell
lines. This data is in good correlation with the ICC analysis,
wherein the intensity of staining was very low in the nuclear
region of the BEAS-2B cell line compared to that in the A549
cell line (Figure 1A). Interestingly, Nrf2 is localized in the
cytosolic region in breast (MDA-MB-231 and T47D) and
colorectal (HCT-116) carcinoma cell lines (Figure 1B, bottom
panel). This data correlates well with ICC analysis of MDAMB-231 and HCT-116 cell lines for Nrf2 expression (Figure
1A). However, in the case of T47D, a discrepancy was
observed when the Nrf2 expression was compared between
ICC and western blotting. Whereas ICC analysis showed more
nuclear staining, the analysis by western blotting showed no
nuclear expression (compare Figure 1A with Figure 1B,
bottom panel). Further studies using immunoﬂuorescence
and confocal microscopy examination might help in addressing
this discrepancy. Nrf2 target gene NQO1 expression was
observed only in the cytosolic fraction of all of the cell lines
tested. NQO1 was almost undetectable in T47D and MDAMB-231 breast cancer cell lines (Figure 1B, bottom panel).
Next, to check whether the expressed Nrf2 is functionally
active or is just expressed, the NQO1 activity in breast, lung,
and colorectal cancer cell lines was compared to that in normal
platelet cells (Table 1). NQO1 is a well-reported direct target

the activity of Nrf2 in normal cells or to inhibit the Nrf2 and its
target genes in cancer cells.28 For example, natural chemopreventive agents such as carotenoids, curcumins, cyclic
lactones, diterpenes, dithiolethiones, epithionitriles, ﬂavonoids,
indoles, isothiocyanates, organosulﬁdes, and phenols that
induce the Nrf2 pathway and thereby prevent the transformation of normal cells to cancer cells have been puriﬁed and
characterized by many investigators.29 A recent study
demonstrated that induction of Nrf2 using pharmacological
agents protected the colon from inﬂammation-induced
cancer.27 Besides protecting normal cells from oxidative stress
and chemotherapeutic drugs, Nrf2 also extends its protective
eﬀects even on cancer cells, thereby promoting tumor
growth.30,31 Therefore, targeted inhibition of Nrf2 in tumor
cells is highly essential for retarding tumors.32 However, to
date, not many Nrf2-modulating pharmacological agent(s)
showed better anticancer activity in preclinical animal models
and clinical trials. Possible reasons for the minimal success of
Nrf2 modulators in preclinical and clinical trials are (a) poor
selectivity, (b) systemic toxicity, (c) lack of acceptable
pharmacokinetic and dynamic properties, and (e) very low
bioavailability.
Carbazoles are a set of bioactive heterocyclic systems known
to exhibit anticancer eﬀects.33 Carbazole-based heterocycles
are known to exhibit potent anticancer, antimicrobial,
antiretroviral (HIV), antiarthritic, antidiabetic, and anticancer
activities.33,34 For example, novel carbazole analogues have
been shown to exhibit antitumor activity in triple-negative
breast cancer cells by inhibiting STAT3 signaling followed by
the induction of protein tyrosine phosphatase 6.35 Carbazoles
and their derivatives inhibit cancer growth by intercalating into
DNA, inhibiting DNA topoisomerase II activity, and by
forming covalent DNA adducts.34 Diﬀerent natural and
synthetic carbazole derivatives including ellipticine, olivacine,
elliptinium acetate, mahanimbine, mukonine, koenoline, and
rebaccamycin have been reported to exhibit antineoplastic
activity.35 A carbazole compound LCY-2-CHO was reported
to inhibit NO production in microglia.36 In continuation of
these studies, and our research on developing biologically
important heterocyclic compounds,37−39 we now reported the
synthesis of a series of tetrahydrocarbazole derivatives as Nrf2
modulators and demonstrated the cytotoxic potential of Nrf2modulating tetrahydrocabazoles. Further, the potential of the
most potent Nrf2 modulator was tested in vivo for its ability to
retard Ehrlich ascites carcinoma (EAC) tumors in mice.

Table 1. Comparison of NQO1 Activity of Colorectal
(HCT-116) and Lung (A549) Carcinoma Cell Lines, Breast
Cancer Cell Lines (T47D and MDA-MB-231), and Normal
Plateletsa
name of the cell line
platelets
T47D
MDA-MB-231
HCT-116
A549

■

RESULTS AND DISCUSSION
Nrf2 is a Key Therapeutic Target in Breast, Colorectal,
and Lung Carcinomas. To determine whether Nrf2 is a key
therapeutic target in cancers, ﬁrst, the expression and activity
of Nrf2 (in terms of its target gene NQO1 function) were
compared in cell lines representing breast, lung, colon, and
rectum carcinomas with those of normal platelets. Analysis of
Nrf2 expression using immunocytochemistry (ICC) showed a
very high Nrf2 in all cancer cell lines compared to that in
normal lung epithelial cell line BEAS-2B (Figure 1A).
Subcellular localization analysis by measuring the number of
cells stained and the intensity of staining score showed
variations among cancer cell lines. The normal cell line BEAS2B had a very low staining intensity score both in the cytosol
and nucleus (Figure 1A). Among diﬀerent cancer cell lines, the
ones representing breast carcinoma (T47D and MDA-MB231) and the one representing lung carcinoma (A549) had

NQO1 activity (μmol/min/mg protein)
0.47
16.06
14.36
152.79
243.24

±
±
±
±
±

0.63
2.02
6.50
5.09
14.16

a

To determine the NQO1 activity, which is an indicator of
functionally active Nrf2, protein lysates were collected as detailed in
section Experimental Section and NQO1 activity was estimated.
Analysis of the data showed that breast carcinoma cell lines T47D and
MDA-MB-231 had very low NQO1 activity compared to colorectal
carcinoma cell line HCT-116 (moderate activity) and lung carcinoma
cell line (A549). Human platelets had very low NQO1 activity.

of Nrf2, hence an indicator of functionally active Nrf2. The
level of NQO1 activity was much higher in colorectal (HCT116) and lung (A549) cancer cell lines compared to that in
breast (T47D and MDA-MB-231) cancer cell line as well as
normal platelets (Table 1), which is in good correlation with
D

https://doi.org/10.1021/acsomega.0c06345
ACS Omega XXXX, XXX, XXX−XXX

ACS Omega

http://pubs.acs.org/journal/acsodf

Article

Figure 2. SiRNAs targeting Nrf2 reduced the expression of Nrf2 mRNA and protein in HCT-116 cells. To test and determine the eﬃcacy of
siRNAs targeting Nrf2, HCT-116 cells were transfected with Lipofectamine RNAi Max containing 50, 75, and 100 pmol siRNA (each separately)
and total RNA isolated after 48 and 72 h. The isolated RNA was used to synthesize cDNA, and Nrf2 expression was measured using RT-PCR.
SiRNAs-A and -B showed a moderate decrease in Nrf2 compared to siRNA-C (A). Visible decrease in Nrf2 and its targets HO1 and NQO1 protein
was also observed upon knocking down Nrf2 using siRNAs (B).

the western blotting data, wherein the expression of NQO1
was almost undetectable in T47D and MDA-MB-231 cell lines.
Targeted Inhibition of Nrf2 Using siRNAs Retarded
Cancer Cell Proliferation In Vitro. The eﬀect of targeted
inhibition of Nrf2 on cell proliferation was determined by
transfecting speciﬁc siRNAs. Experimentally, Nrf2 expression
was reduced by transfecting the cells with validated stealth
siRNAs (refer to Supporting Information Table S1 for siRNA
sequences) (from Invitrogen), followed by measuring the Nrf2
expression at the mRNA level after 48 and 72 h of transfection
(Figure 2A and Table 2). Procedurally, HCT-116 cells were
transfected with siRNAs targeting Nrf2 and control scrambled
siRNA using lipofectamine RNAi Max reagent, as detailed in
section Experimental Section. Total RNA was isolated from
control and transfected cells; fold change in target gene
expression due to siRNA transfection was determined using
formula 2−ΔΔCT, where ΔΔCT = (CT of the gene of interest in
the test sample − CT of internal control of the test sample) −
(CT gene of the interest control sample − CT internal control
of the control sample). A signiﬁcant decrease in Nrf2

Table 2. Eﬀect of Transfecting Nrf2 siRNAs Using
Lipofectamine RNAi Max Reagent on the Ct Value of Nrf2
and Housekeeping Gene GAPDH
Ct (cycle threshold) value of target gene
cells transfected with

Nrf2

GAPDH *

no reagent
DEPC water
SiScramble
SiNrf2-A
SiNrf2-B
SiNrf2-C

17.62
16.31
17.09
20.08
20.80
22.80

11.75
11.35
11.44
11.12
12.00
11.46

expression at the mRNA level was observed due to siRNA
introduction into HCT-116 cells (Table 2), indicating the
eﬃcacy of targeted siRNAs in knocking down Nrf2 (Figure
2A). For instance, an about 8.5- and 7.6-fold decrease in Nrf2
mRNA expression was observed with 100 pmol siRNA-A and
siRNA-B, respectively, at 72 h. Interestingly, siRNA-C yielded
a 14-fold decrease in Nrf2 expression compared to siScrambled
control (Figure 2A). Further analysis of knockdown cells for
E
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Figure 3. Targeted inhibition of Nrf2 expression using siRNA reduced cell viability, decreased NQO1 activity, and promoted cell death in the
HCT-116 cell line. Targeted inhibition of Nrf2 reduced the viability (A) and NQO1 activity (B) in HCT-116 cells compared to scrambled siRNA
transfected cells (P < 0.05; by one-way analysis of variance (ANOVA)). A signiﬁcant increase in the number of dead cells was also observed with
Nrf2 knockdown in HCT-116 cell line (C).

indicating further that transfection of HCT-116 cells using
siRNAs reduced the expression of Nrf2 (Figure 3B). In
summary, targeted inhibition of Nrf2 reduced the viability of
colorectal carcinoma cell line HCT-116 (Figure 3A and Table
3).
To check whether the reduced cell number is because of
increased cell death, the transfected cells were incubated with
acridine orange and ethidium bromide, and the stained cells

the expression of Nrf2 and its target proteins HO1 and NQO1
using western blotting showed an about 2−3-fold decrease in
Nrf2 protein with siRNA-A, -B, and -C at 48 and 72 h (Figure
2B). Targeted inhibition of Nrf2 reduced cell proliferation by
nearly 30% (Figure 3A) with a signiﬁcant 2−3-fold decrease in
NQO1 activity, indicating the potential of siRNAs for reducing
Nrf2 and its target gene NQO1 activity while decreasing cell
proliferation (Figure 3B).
Genetic Ablation of Nrf2 Using siRNAs Reduced the
Number of Viable Cells by Promoting Cell Death in
HCT-116 Cell Line. Since HCT-116 cells had moderately
elevated Nrf2, next, the eﬀect of targeted inhibition of Nrf2
expression on cell proliferation and NQO1 activity was
determined by counting the number of total cells after 48 h
of transfection (Figure 3A,B). Analysis of the data showed a
signiﬁcant decrease (12.5−21.0%) in the total number of
viable cells compared to siScrambled control (Figure 3A). A
much better knockdown was observed when the comparison
was made with DEPC-treated control (30.0−37.0%). A
signiﬁcant reduction in NQO1 activity was also observed at
48 h (∼50−66%) and 72 h (30−50%) post-transfection,

Table 3. Knocking Down Nrf2 Retarded Cell Proliferation
In Vitro

F

cells
transfected
with

total cell
number
(0.5 × 106)

% inhibition
(compared to
siScramble)

% inhibition
(compared to DEPC
water)

no reagent
DEPC water
SiScramble
SiNrf2-A
SiNrf2-B
SiNrf2-C

0.76
0.9
0.72
0.58
0.57
0.63

no inhibition
no inhibition
0.00
19.0
21.0
12.5

15.0
0.00
20.0
35.0
37.0
30.0
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Scheme 1. Synthesis of Dimethyl-2-methyl-2-(6-substituted-2,3,4,9-tetrahydro-1H-carbazol-2-yl) Malonates

were observed under a ﬂuorescence microscope (Figure 3C). A
signiﬁcant 2−3-fold increase in the number of dead cells was
observed upon transfecting HCT-116 cells with siRNA to Nrf2
(Figure 3C). The percentage of dead cells was much higher at
72 h compared to 48 h post-transfection (Figure 3C).
In summary, targeted knockdown of Nrf2 using siRNAs
reduced colorectal cancer cells by promoting cell death
through the reduction of Nrf2 expression and its target genes
NQO1 and HO1. Hence, Nrf2 is a potential therapeutic target
in cancers; hence, developing pharmacological agents for
inhibiting Nrf2 expression could be a viable strategy for
mitigating cancers.
Design, Method Development, Synthesis, and Characterization of Tetrahydrocarbazoles. Since targeted
inhibition of Nrf2 in cancer cells reduced the number of
cells through cell death induction, and the fact that the
carbazole-based compounds inhibit NO production, we herein
synthesized tetrahydrocarbazoles, which possess a bent
structure, by Borsche−Drechsel (BD) cyclization in the
presence of iodine catalyst in ionic liquid (IL) media.40,41
We applied a multicomponent reaction procedure and an ionic
liquid as a medium to obtain a green protocol, where the
liberation of volatile organic solvents was prevented. ILs oﬀer
several advantages that include high boiling point, negligible
vapor pressure, high thermal stability, and good solvating
ability of catalysts.42 A recent study on BD cyclization, which
utilized iodine via Michael addition42 in IL media prompted us
to carry out the one-pot iodine-catalyzed synthesis of dimethyl2-(3-substituted-6,7,8,9-tetrahydro-5H-carbazol-7yl)-2-methyl
malonates (THCs).
The reaction condition was optimized by, ﬁrst, beginning
the one-pot synthesis of dimethyl-2-(3-substituted-6,7,8,9tetrahydro-5H-carbazol-7yl)-2-methylmalonate 5a using cyclohexene-1-one 1, 2-methyldimethylmalonate 2, p-chlorophenylhydrazine 4a in the presence of molecular iodine, and
iodobenzenediacetate at diﬀerent conditions (Supporting
Information Table S2). First, the reaction in the presence of
iodine catalyst but in the absence of the solvent produced
required product 5a in 60% yield (entry 1, Supporting
Information Table S2). This reaction when carried out on
solid support (alumina) also generated the same product,
however, in lower yield (43% compared to the one carried out
using iodine catalyst) (entry 2, Supporting Information Table
S2). The reaction in ILs 1-butyl-3-methylimidazolium
tetraﬂuoroborate ([BMIM]BF4), 1-ethyl-3-methyllimidazolium
tetraﬂuoroborate (EMIMBF4), 1-ethyl-3-methyllimidazolium
bromide ([EMIM]Br), and 1-methyl-3-propylimidazolium
bromide ([PMIM]Br) yielded 5a in about 87−91% yield
(entries 3−6, Supporting Information Table S2). When the
reaction was conducted in the presence of iodobenzenediacetate in the absence of the solvent, solid support (alumina),
[BMIM]BF4, EMIMBF4, [EMIM]Br, and [PMIM]Br gave 5a
in 25−72% yields (entries 7−12, Supporting Information
Table S2). Notably, the reaction in the absence of any catalyst

yielded no product (entry 13, Supporting Information Table
S2). Thus, a maximum yield of 91% was obtained in
[BMIM][BF4] (entry 3, Supporting Information Table S2)
(Scheme 1).
With the optimized reaction conditions in hand, we next
synthesized a set of diverse THCs (Table 4). Reaction of
diﬀerent aryl hydrazines 4b−k substituted with halogens (Cl,
F, Br, I), methoxy, methyl, ethyl, isopropyl, cyano, and nitro
groups yielded respective THCs 5a−l in about 45−91% yields.
The mechanisms leading to the formation of THCs are well
established.42 One of the THCs 5a was analyzed by singlecrystal X-ray diﬀraction study of at 50% probability conﬁrmed
its structure and its ORTEP diagram is shown in Supporting
Information Figure S1. Its crystallographic data is deposited at
Cambridge Crystallographic Data Centre as supplementary
publication CCDC-1019396.
Novel Tetrahydrocarbazoles Interact with the Nrf2−
Keap1 Attachment Region by Binding to Keap1
Protein. To test whether THCs modulate the expression
and activity of Nrf2, ﬁrst, the THC derivatives were docked at
the interface of Keap1−Nrf2. The observed binding poses of
the docking studies revealed that THCs play an important role
in selective binding to the Keap1−Nrf2 interface region
(Figure 4A,B).
Molecular docking studies showed that THCs bind to Keap1
via π−cation interaction of its aromatic scaﬀold with Arg415.
In addition, hydrogen bonding was also observed with Ser363,
Ser508, or Ser555. Further, the salt bridge interaction between
the negatively charged groups of THCs and Arg380, Arg415,
or Arg483 was also noticed. The interaction of 5b with target
Nrf2−Keap1 interface (the interaction map and surface view)
is shown in Figure 4. It is now hypothesized that THCs might
be stabilizing the molecular interactions between Keap1 and
Nrf2, thereby preventing the translocation of Nrf2 to the
nucleus. Cytosolic Nrf2 is inactive and, hence, failed to extend
protection against oxidative stress, leading to cell death.43
However, this hypothesis requires additional studies to provide
experimental evidence.
Cytotoxic Potential of THCs against Cancer Cell Lines
HCT-116, A549, MDA-MB-468, and MDA-MB-231 Depends on the Level of Nrf2 Expression. To test whether
Nrf2−Keap1 interaction-stabilizing THCs exhibit cytotoxic
potential against cell lines expressing low, moderate, and very
high Nrf2, i.e., MDA-MB-231 and MDA-MB-468, HCT-116,
and A549, respectively, a dose−response cytotoxicity study was
conducted using the methyl thiazolyl tetrazolium (MTT)
assay. THCs with chloro and ﬂuoro substituents 5a and 5b,
respectively, had IC50 values of 92.58 and 159.60 μM in the
HCT-116 cell line (Table 5 and Figure 5A). Other THCs had
IC50 greater than 100 μM against the HCT-116 cell line. For
instance, THCs 5d and 5h with iodo- and isopropyl groups are
inactive and no inhibition is observed even at 100 μM
concentration. Unlike the HCT-116 cell line when tested
against A549, which had very high functionally active Nrf2,
G
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in protein lysates collected from HCT-116 and A549 cell lines
exposed to 31.25, 62.5, 125, and 250 μM 5b compound.
Interestingly, the NQO1 activity was elevated with compound
treatment (Figure 5B). Currently, it is unknown how Keap1−
Nrf2 interaction-stabilizing 5b promotes NQO1 activity.
Further studies are warranted to check whether 5b is also
binding to NQO1, thereby promoting its activity through the
stabilization of active conformation. Analysis of the protein
lysates collected from the control and compound 5b-treated
cells showed a visible increase in p27 compared to control
untreated cells (Figure 5C). Similarly, 200 μM naringenin, a
known activator of Nrf2, also increased p27 expression in the
A549 cell line (Figure 5C). However, interestingly, the
inhibitor of Nrf2, i.e., Brusatol, did not elevate p27 expression
but slightly reduced the NQO1 level in A549 cells (Figure
5C). Furthermore, treatment of A549 cells with compound 5b
marginally increased the expression of proliferation marker
Cyclin-D1, and apoptosis inducer Bax (Figure 5C). In
summary, results of western blot analysis showed a signiﬁcant
increase in p27 expression upon treatment with compound 5b.
Compound 5b-Mediated Cell Proliferation Inhibition
Is Mediated by G0/G1 Cell Cycle Arrest in HCT-116 and
A549 Cells. To elucidate the mechanism of cell proliferation
inhibition caused by compound 5b, Nrf2-expressing HCT-116
and A549 cells were exposed to increasing concentrations of
5b for 24 and 48 h, and eﬀect on cell cycle progression was
studied, as detailed in Methods. Analysis of the data showed a
visible increase in G0/G1 population upon treatment with
compound 5b of HCT-116 (Figure 6A) and A549 (Figure
6B). A moderate increase in Sub-G0/G1 (an indicator of
apoptosis) was also observed in both cell lines treated with
compound 5b (Figure 6). Positive control Brusatol (500 nM)
arrested cells in the S-phase while decreasing the cell count in
G0−G1. Apoptotic cell percentage also increased upon
treatment with Brusatol (Figure 6A,B). Many pharmacological
agents that trigger p27 expression reported to induce cell cycle
arrest in the G0−G1 phase. For instance, Moon et al. reported
G0/G1 cell cycle arrest with a simultaneous increase in
p27(Kip1) by a compound panaxydol.44 Similarly, many other
studies have also shown upregulation of p27 and G0−G1 cell
cycle arrest upon treatment with pharmacological agents that
inhibit the Nrf2 signaling pathway.45,46 A proof-of-principle
study demonstrated that targeted downregulation of Nrf2
using siRNA induced G0/G1 cell cycle arrest in human lung
cancer cell line A549 (Homma et al., 2009).47 Based on these
reports and our initial observations, we now conclude that
treating HCT-116 and A549 cell lines with compound 5b
induced cell cycle arrest in the G0−G1 phase through Nrf2
inhibition followed by p27 upregulation.
Cytotoxic THCs Inhibited Nrf2-Expressing EAC Cell
Proliferation in Mice. To determine the eﬃcacy of lead
compound 5b in retarding the growth of Ehrlich ascites
carcinoma (EAC) cells, ﬁrst, the EAC cells were injected into
the peritoneal cavity of mice, and after 24 h, the animals were
treated intraperitoneally with 5b at 10 mg/kg body weight
(Figure 7). The dose was selected based on a pilot study,
which demonstrated no toxicity at this concentration (data not
shown). After 2 weeks, the animals were sacriﬁced and body
weight, ascites ﬂuid volume, and cell count determined (Figure
7A−D). Under these experimental conditions, compound 5b
decreased the body weight by two fold (Figure 7A,C). A
signiﬁcant decrease in the total cell count and ascitic ﬂuid
volume was noticed upon administering 5b (Figure 7D).

Table 4. Synthesis of 2-Methyl-2-(6-substituted-2,3,4,9tetrahydro-1H-carbazol-2-yl) Malonates

THCs 5a−j had an IC50 lower than 50 μM. Among various
THCs, chloro-substituted Compound 5b exhibited better
cytotoxic potential with an IC50 of 45.90 μM when tested
against the A549 cell line (Figure 5A). In general, THCs are
more active on A549, which expressed two times more Nrf2
than HCT-116.
Compound 5b Elevated NQO1 Activity in HCT-116
Cells. To check whether the cytotoxic eﬀect exhibited by 5b is
due to the inhibition of Nrf2, the NQO1 activity was measured
H
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Figure 4. Molecular docking of THCs in Keap1 protein. In silico molecular docking experiments showed that compound 5b interacts with the
Nrf2−Keap1 interface: (A) Interaction map and (B) surface view of compound 5b (stick model, green) and its surface-bound view with the
protein−protein interface.

compared to that in breast cancer cells as well as normal lung
epithelial cells, (b) the eﬃcacy of targeted inhibition of Nrf2
using siRNA in retarding cancer cell proliferation, (c) an
optimized scheme for the synthesis of tetrahydrocarbazole 5b,
(d) the potency of compound 5b to inhibit cancer cell lines
expressing moderate and high Nrf2 compared to the ones with
low Nrf2, and (e) the safety and eﬃcacy of compound 5b for
retarding Ehrlich ascites carcinomas in mice. Therefore, we
conclude that compound 5b may be considered for further
development to treat cancers.

Table 5. IC50 Values of THCs and Their C-Docker and CDocker Interaction Energies
IC50 (μM)
5

HCT-116

A549

C-Docker energy

C-Docker interaction energy

5a
5b
5c
5d
5e
5f
5g
5h
5i
5j

92.58
159.60
253.3
NA
553
148.8
115.7
NA
199.2
395.1

49.4
45.9
25.2
47.4
29.1
23.4
30.5
23.8
25.5
24.4

22.701
22.621
22.759
23.613
20.019
23.443
20.861
24.029
21.285
21.348

32.598
33.979
31.175
36.344
30.94
32.742
30.429
33.691
32.688
35.014

■

EXPERIMENTAL SECTION
General. MTT powder (from Sisco Research Laboratories
Pvt. Ltd., Mumbai, Maharashtra, India) was dissolved in
phosphate-buﬀered saline (PBS) at a concentration of 10 mg/
mL, and the solution was ﬁltered through a 0.2 μm ﬁlter and
stored at 2−8 °C for further use or frozen for extended
periods. Ten microliters of stock MTT was added to each well
containing 200 μL of media (the ﬁnal concentration of MTT is
0.5 mg/mL). CellTiter 96 AQueous MTS reagent powder and
phenazine methosulfate (PMS) were procured from Promega
Corporation, Madison, WI and Merck KGaA, Darmstadt,
Germany, respectively. Cell lines MDA-MB-231, MDA-MB468, T47D, HCT-116, and A549 were procured from the
National Center for Cell Science, Pune, Maharashtra, India.
Tissue culture-grade ﬂasks T25 and T75, 96-well and 6-well
plates, 100 mm Petri plates, and serological pipettes were from
Techno Plastic Products Pvt. Ltd., Bengaluru, Karnataka, India.
Measurement of NQO1 Activity. NQO1 activity was
measured by incubating glucose-6-phosphate (G6P) with
glucose-6-phosphate dehydrogenase (G6PDase) followed by
utilizing the produced NADPH to reduce menadione into
menadiol.54 Menadiol thus produced reduces MTT to a blue
formazan, which is measured at 562 nm in an Eppendorf
spectrophotometer. The assay was performed as described by
Prochaska et al.55 Dicoumarol was used to measure the
background activity contributed by other reductases. First, the
culture medium was removed, and cells were washed two times
with PBS. Next, the cells were scraped and washed with PBS.
To the cell pellet, 500 μL of lysis buﬀer containing NP-40 and
2 mM ethylenediaminetetraacetic acid (EDTA) was added and
mixed well. The cells were incubated for 30 min in the cell lysis
buﬀer and the total protein content was estimated using Pierce
BCA protein estimation kit.

Sodium butyrate (24 mg/kg body weight), which was used as a
positive control, showed a 2.5−3.0-fold decrease in the body
weight compared to untreated and vehicle dimethyl sulfoxide
(DMSO)-treated animals. The EAC model is a wellestablished breast cancer model to study the pharmacological
action of anticancer agents.48,49 Previously, we have shown the
use of this model to test the eﬃcacy of anticancer agents.50 In
addition, we have also demonstrated that EAC cells express
elevated Nrf2 signaling; hence, they are a suitable model cell
for testing the potency of Nrf2 inhibitors in vivo.51,52 As
predicted, compound 5b retarded the growth of Nrf2expressing EAC tumors in animals. A prior study showed the
eﬃcacy of derivatives synthesized by hybridization of THCs
with dithioate against colorectal carcinoma cell lines in vitro.53
Apart from this study, no other studies have reported the
eﬃcacy of THCs in inhibiting tumor cells. Therefore, the
results presented in this article are novel and contribute to the
development of potent antitumor agents for inhibiting
carcinomas, where Nrf2 has a role in cell proliferation, cell
survival, and drug resistance. Since targeting Nrf2 is one of the
viable approaches for inhibiting tumor cell growth and
metastasis, compound 5b, which is reported in this study, is
likely to provide key structural insights for further development
of selective antitumor agents.

■

CONCLUSIONS
In conclusion, data of our study showed (a) elevated
expression of Nrf2 in colorectal and lung carcinoma cell lines
I
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Figure 5. Compound 5b reduced the proliferation of HCT-116 and A549 cells in vitro by promoting the expression of cell cycle inhibitor p27.
Compound 5b inhibited the proliferation of A549, HCT-116, MDA-MB-231, and MDA-MB-468 cells in a dose-dependent fashion (A).
Interestingly treatment with compound 5b increased NQO1 activity till 62.5 μM (B). However, doses higher than 62.5 μM might be toxic; hence, a
reduction in NQO1 activity was reported. Compound 5b induced the expression of p27 in the Nrf2-expressing A549 cell line, indicating that cell
growth inhibition induced by compound 5b could be in part due to elevated cell cycle arrest mediated by p27 expression (C).

Preparation of NQO1 Cocktail for NQO1 Activity Analysis.
NQO1 cocktail was prepared by mixing the reagents listed in
Supporting Information Table S3. Note that two sets of tubes,
one containing dicoumarol and the other one without
dicoumarol, were prepared for each measurement.
Assay. Ten micrograms of total protein (collected from the
cells) in a total volume of 40 μL was incubated with 200 μL of
NQO1 cocktail containing or not containing dicoumarol (3
with dicomurol + 3 without dicomurol). The absorbance was

read at 610 nm for a period of 30 min with 1 min interval
(refer to Supplementary Methods for calculations).
siRNA-Mediated Knockdown of Nrf2 Using Lipofectamine RNAi Max Reagent. Knockdown of Nrf2 was
achieved by transfecting 1 × 106 HCT-116 cells with 25
pmol (2.5 μL from 10 μM stock) validated stealth siRNAs
(three sets of siRNAs targeting diﬀerent regions of Nrf2
genefrom Invitrogen, Thermo Fisher Scientiﬁc India Pvt.
Ltd., Maharashtra, India) using Lipofectamine RNAi Max
reagent (7.5 μL) as recommended by the supplier. The SiRNA
J
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Figure 6. Compound 5b induced cell cycle arrest in the G0−G1 phase in HCT-116 and A549 cells. To further test whether cell proliferation
inhibition caused by compound 5b treatment is due to cell cycle arrest, Nrf2-expressing HCT-116 (A) and A549 (B) cells were treated with 31.25,
62.5, 125, and 250 μM compound 5b for 24 and 48 h and cell cycle progression was determined, as detailed in Experimental Section. A visible
increase in G0−G1 population was observed in both cell lines upon treatment with compound 5b.
K
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Figure 7. Intraperitoneal administration of compound 5b inhibited EAC cell growth in mice. The eﬃcacy of compound 5b in inhibiting EAC cell
growth in mice was studied as detailed in Experimental Section. The data showed a signiﬁcant decrease in the body weight (an indicator of tumor
inhibition): (A) tumor cells count (B), body weight gain (C), and ascites ﬂuid volume (D). In summary, compound 5b is a potent inhibitor of
tumor growth in mice.

sequence is provided in Supporting Information Table S1. The
level of knockdown at 24, 48, 72, and 96 h was determined
using real-time polymerase chain reaction (PCR). In addition,
the number of cells was counted and plotted to check whether
targeted inhibition of Nrf2 has any eﬀect on cell proliferation.
Furthermore, the MTS assay was carried out to estimate the
eﬀect on cell viability as detailed in Madhunapantula et al.56
Experimentally, MTS (stock concentration 2 mg/mL in PBS)
and PMS (stock concentration 0.92 mg/mL in PBS) were
mixed in 20:1 ratio and 20 μL of reagent was added to 100 μL
of media. After addition, the plate was incubated in a CO2
incubator for 1−2 h and the absorbance was read at 470 nm.
Isolation of Total RNA from Cells. Total RNA from
cultured cells was isolated using the Trizol (guanidiniumisothiocyanate−phenol−chloroform mixture) method.57 The
quality of isolated RNA was checked using 1% bleach gel by
measuring the ratio between 28S and 18S bands. The quality of
isolated RNA is rated good when the ratio between 28S and
18S bands is 2:1.58 Quantiﬁcation of human NRF2 and other
genes was performed using the DyNAmo Color Flash SYBR
Green QPCR Kit by following the manufacturer’s instructions.
Experimentally, ﬁrst, the reaction mixture, in a total volume of
20 μL, containing 50 ng of template cDNA and primers was
prepared in each tube. The samples were analyzed in duplicate

to determine the reproducibility. Following primers were used
for the analysis of expression of NRF2 and its downstream
genes.
NRF2 (According to Zou X. et al.). Forward primer:
TTCAGCAGCATCCTCTCCACAG
Reverse primer: GCATGCTGTTGCTGATACTGG
GAPDH (Internal Control for Normalization). Forward
primer: CGACCACTTTGTCAAGCTCA
Reverse primer: AGGGGAGATTCAGTGTGGTG
Fold change due to treatment = 2−ΔΔct, where ΔΔCT = (CT
of the gene of interest in the test sample − CT of internal
control of the test sample) − (CT gene of the interest control
sample − CT internal control of the control sample).
Analysis of the Expression of Nrf2 and Its Target
Genes HO1 and NQO1 and Proliferation and Apoptosis
Markers Using Western Blotting. To determine the impact
of knocking down Nrf2 on its target genes HO1 and NQO1
protein expression, cell lysates were collected and analyzed on
10% NuPAGE gels as detailed in Madhunapantula et al.59
Total protein quantity was determined using the BCA assay.60
About 50 μg of total protein/well was loaded and analyzed as
described in Madhunapantula et al.59 Expression of Nrf2,
HO1, NQO1 and p53, Bax, Cyclin-D1, and P27 was measured
by detecting the respective proteins using primary antibodies
L
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using acridine orange and ethidium bromide as described by
Shailasree et al.62 Experimentally, 0.3 × 106 HCT-116 cells
transfected with scrambled siRNA and siRNA targeting Nrf2 in
2.0 mL of media/well were plated in six-well plates and
allowed to grow for 48 and 72 h. The untreated control and
cells transfected with siRNA were trypsinized and mixed
thoroughly to obtain a single-cell suspension. Trypsin was
neutralized by the addition of complete medium, and 20.0 μL
of cell suspension was incubated with 10.0 μL of 100.0 mg/mL
ethidium bromide and 10.0 μL of 100.0 mg/mL acridine
orange mixture for 5.0 min. The cells were imaged using
TRITC and FITC ﬁlters of a ﬂuorescence microscope. The
images obtained using 2.0 diﬀerent channels were later merged
to obtain a combined image, which exhibited green live cells
and orange dead cells.
Impact of Compound 5b Treatment on Cell Cycle
Stages. To determine the variations in cell cycle stages upon
treatment with compound 5b, a two-step cell cycle assay using
4′,6-diamidino-2-phenylindole (DAPI) was used. Since DAPI
preferentially binds to double-stranded DNA and the
contribution by DAPI/RNA complex is only about 20% of
that of the DAPI/DNA complex, no RNA digestion is required
in this assay.63 The stained cells were quantiﬁed using a
NucleoCounter NC-3000 system.64,65 Experimentally, about 1
× 106 were washed twice with PBS (500 μL each time) by
centrifugation at 500g for 10 min and resuspended in 500 μL
of PBS. Next, 500 μL of sample was added dropwise to 4.5 mL
of ice-cold 70% ethanol while mixing the cells using a vortex
mixture. The cell ﬁxation was carried out for 2 h at 4 °C, and
the cell suspension was centrifuged at 500g for 5 min. The
ethanol supernatant was discarded carefully, and the cell pellet
was washed with 5.0 mL of PBS by centrifugation at 500g for 5
min. The cell pellet was resuspended in 500 μL of solution 3
(1.0 μg/mL DAPI, 0.1% Triton X-100 in PBS). The cells were
incubated in solution 3 for 5 min at room temperature, and an
aliquot of 30 μL was loaded into NC-Slide A2 and analyzed
using the Fixed Cell Cycle-DAPI Assay program of NC3000.66 The data was analyzed based on the number and
intensity of DAPI-stained cells. Histograms were captured, and
the percentage of cells in each cell cycle stage was determined.
Brusatol 0.5 μM was used as a positive control in this assay.
Eﬃcacy of Compound 5b to Inhibit EAC Cells In
Vitro. The cytotoxic potential of compounds 5b was
determined by the trypan blue dye exclusion method. In
brief, ﬁrst, EAC cells were cultured in peritoneal cavity of
healthy albino mice by injecting a suspension 1 × 106 EAC
cells/mL.67 On day 15, the cells were aspirated aseptically from
the peritoneal cavity of the mice and washed with normal
saline by centrifugation for 15 min at 1500 rpm in a
refrigerated centrifuge. The pellet was resuspended with
normal saline, and the process was repeated until a clear
supernatant was obtained. Finally, the cells were suspended in
normal saline, and the cell count was adjusted to 1 × 106 cells/
mL. Then, 0.1 mL of this cell suspension was distributed into
Eppendrof tubes and exposed to 0.1 mL of increasing
concentrations of compounds 5b for 3 h at 37 °C. The trypan
blue dye exclusion test was performed to determine the
cytotoxicity percentage.68 Trypan blue is a diazo dye that
selectively stains dead cells and thereby helps in identifying and
diﬀerentiating the live and dead cells.68
Eﬃcacy of Selected Compounds for Inhibiting EAC
Cells Growing in Mice. Acute Toxicity Study. Animal
toxicity study was conducted as per OECD guideline 423.69

recognizing Nrf2 (cat no. 12721), NQO1 (cat no. 62262),
HO1 (cat no. 5853), p53 (cat no. 9282S), Bax (cat no.
D2E11), Cyclin-D1 (cat no. SC718), and P27 (cat no. SC
393380) obtained from Cell Signaling Technologies, Danvers,
MA. Enolase (cat no. SC-7455) and secondary antibodies
(antirabbit and antigoat) conjugated with horseradish
peroxidase (HRP; rabbit cat no. SC2357 and goat cat no.
SC2020) were from Santacruz Biotechnology, Dallas, TX. The
proteins were detected using ECL (Western Bright ECL cat
no. K-12045-D20), Advansta Corporation, San Jose, CA.
Preparation of Cytosolic and Nuclear Extracts.
Cytosolic and nuclear extracts were prepared from cell lines
BEAS-2B, A549, T47D, MDA-MB-231, and HCT-116 as
detailed by Baghirova et al.61 After 48 h of growth at 37 °C in a
CO2 incubator, the culture medium was removed and washed
with PBS twice to remove the media components. Next, the
cells were trypsinized and approximately 3 × 106 cells were
pelleted by centrifugation. The cell pellet was washed with icecold PBS (500 μL) and resuspended in 400 μL of ice-cold lysis
buﬀer “A” (150 mM NaCl, 50 mM N-(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES) pH 7.4, 25 μg/mL
Digitonin, and 1 M glycerol) supplemented with protease
inhibitor cocktail (1%, Sigma-Aldrich, St. Louis, MI). The
reaction mixture was kept for incubation on an end-over-end
rotator for 30 min at 4 °C. Cytosolic proteins were collected by
centrifugation of the reaction mixture at 2000g for 10 min at 4
°C. The pellet was resuspended in 400 μL of ice-cold lysis
buﬀer “B” (150 mM NaCl, 50 mM HEPES pH 7.4, 1% NP-40,
and 1 M glycerol supplemented with protease inhibitor
cocktail from Sigma-Aldrich, St. Louis, MI). The reaction
mixture was vortexed for 30 s and incubated on ice for 30 min
with 15 s vortexing at every 10 min interval. Now, at this point,
the membrane-bound proteins were collected by centrifugation
at 7000g for 10 min at 4 °C. To the remaining pellet, 400 μL of
ice-cold lysis buﬀer “C” (150 mM NaCl, 50 mM HEPES pH
7.4, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), and 1 M glycerol supplemented with protease inhibitor
cocktail from Sigma-Aldrich, St. Louis, MI). The reaction
mixture was incubated on the end-over-end rotator for 30 min
at 4 °C to allow complete solubilization of nuclei.
Centrifugation was carried out at 7800g for 10 min at 4 °C,
and the supernatant that contained the nuclear protein was
collected in a fresh 1.5 mL centrifuge tube. Total protein in the
collected fractions was estimated using BCA and analyzed on
10% polyacrylamide gel electrophoresis (PAGE) gel. The
purity of cytosolic and nuclear fractions was tested by probing
with GAPDH (a cytosolic protein) and Histone-H3 (a nuclear
protein).
Determination of Cell Viability Using the MTT/MTS
Assay. First, a stock of 12 mM MTT was prepared by adding
1 mL of sterile PBS to 5 mg of MTT, and a stock of 10% SDS
in 0.01 M HCl (1 g of SDS in 10 mL of 0.01 M HCl) was
prepared. Next, 10 μL of 12 mM MTT was added to cells
(untreated and treated) growing in 100 μL of complete
medium lacking phenol red. The plate was incubated for 4 h in
a CO2 incubator at 37 °C and centrifuged at 200 rpm for 5
min, and the supernatant was removed. To each well, 100 μL
of 10% SDS solution was added to dissolve the pharmazine
crystals that were formed due to viable cells. The absorbance
was measured at 570 nm in a multimode plate reader.
Assessment of Cell Death Using Acridine Orange and
Ethidium Bromide Staining. The number of cells undergoing cell death was detected by a double staining procedure
M
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DIMETHYL-2-METHYL-2-(3-OXOCYCLOHEXYL)MALONATE 3
1
H NMR (CDCl3, 400 MHz): δ 3.73 (s, 3H, OMe), 3.72 (s,
3H, OMe), 2.52−2.23 (m, 5H, CH, (CH2)2), 1.89−1.85 (m,
1H, CH), 1.74−1.62 (m, 2H, CH2), 1.49−1.42 (m, 4H, CH,
CH3); DEPT-135 (100 MHz); 52.2, 52.6, 42.7, 16.9
(−OCH3, −CH, −CH3), 43.3, 41.1, 26.6, 24.7 (−CH2);
13
C NMR (CDCl3, 100 MHz): δ 210.2, 171.4, 56.9, 52.6, 52.5,
52.6, 43.3, 42.7, 41.1 26.6, 24.7, 16.9; HRMS (ESI-TOF) m/z:
[M + H]+ calcd for C12H19O5, 243.1232 found, 243.1234.

No mortality or behavioral and morphological abnormalities
were observed at the dose of 300 mg/kg of compound 5b.
Induction of EAC liquid tumor and the administration of
selected compounds were carried out, described as follows:67
The experiment was carried out as per the protocol approved
by the Institutional Animal Ethics Committee of JSS Medical
College, JSS Academy of Higher Education & Research,
Mysuru. First, EAC cells were aspirated from the peritoneal
cavity of EAC-bearing mice using an 18-gauge needle into a
sterile syringe. The total number of viable cells/mL was
counted by trypan blue staining, and the ascitic ﬂuid suitably
diluted in PBS to obtain 107 cells/mL. To induce ascitic tumor,
2.5 × 106 cells (0.25 mL of stock suspension) were injected
intraperitoneally to each mice (n = 6 in each group).
Treatment of mice with 5b was started at a dose of 10 mg/
kg after 24 h of tumor cell injection and continued for a total of
14 days.
Molecular Docking Study. The computational docking
studies were carried out to understand the binding mode of
THCs to the Nrf-Keap1 interface. The compounds were
docked into the exposed protein−protein interface of Keap1−
Nrf2 (PDB ID: 4iqk). We used Accelrys Product DS software
and CDOCKER protocol for the molecular docking studies.
The compound set was docked using the default setting of the
CDOCKER program, and the aﬃnity scoring function was
made. The highest scoring pose for each compound, out of ten
intermediate docking runs, set was identiﬁed for further
studies.
Statistical Analysis. To determine the signiﬁcance
between two groups, a simple Student’s t-test was carried
out. However, to determine the signiﬁcance among multiple
groups, one-way analysis of variance (one-way ANOVA) was
used. The “p” < 0.05 values were considered signiﬁcant. All of
the statistical analyses were carried out using Graph Pad Prism
Version 5.0.

■

DIMETHYL
2-(6-CHLORO-2,3,4,9-TETRAHYDRO-1H-CARBAZOL-2-YL)-2-METHYLMALONATE 5A
1
H NMR (CDCl3, 400 MHz): δ 7.72 (s, 1H, N−H), 7.40 (s,
1H, Ar-H), 7.18−7.16 (d, J = 8.8 Hz, 1H, Ar-H), 7.07−7.04
(d, J = 10.8, 1H, Ar-H), 3.767 (s, 3H, OMe), 3.748 (s, 3H,
OMe), 2.82−2.62 (m, 5H, CH, (CH2)2), 2.053−2.012 (m,
1H, CH), 1.59−1.52 (m, 4H, CH, CH3); 13C NMR (CDCl3,
100 MHz): δ 172.0, 171.9, 152.8, 135.2, 132.2, 110.5, 110.3,
109.1, 108.8, 103.1, 57.0, 52.5, 52.4, 39.6, 25.6, 25.2, 21.1,
16.0; HRMS (ESI-TOF) m/z: [M + H] + calcd for
C18H20ClNO4, 350.1159 found, 350.1160.

■

DIMETHYL
2-(3-FLUORO-6,7,8,9-TETRAHYDRO-5H-CARBAZOL-7YL)-2-METHYLMALONATE 5B
1
H NMR (CDCl3, 400 MHz): δ 7.67 (s, 1H, NH), 7.19−7.18
(dd, J1 = 5.76 Hz, J2 = 5.76 Hz, 1H, Ar-H), 7.17−7.15 (dd, J1 =
3.28 Hz, J2 = 3.28 Hz, 1H, Ar-H), 6.68−6.89 (m, 1H, Ar-H),
3.77 (s, 3H, OMe), 3.75 (s, 3H, OMe), 2.84−2.67 (m, 5H,
CH, (CH2)2), 2.07−2.05 (m, 1H, CH), 1.62−1.50 (m, 4H,
CH, CH3); 13C NMR (CDCl3, 100 MHz): δ 172.1, 172.0,
153.0, 135.0, 132.4, 110.8, 110.2, 109.2, 108.9, 103.2, 57.1,
52.6, 52.5, 39.7, 25.7, 25.1, 21.1, 17.0; HRMS (ESI-TOF) m/z:
[M + H]+ calcd for C18H21FNO4, 334.1455 found, 334.1457.

■

■

SYNTHESIS AND CHARACTERIZATION OF
TETRAHYDROCARBAZOLE COMPOUNDS
General. All solvents and reagents used were of analytical
grade and purchased from Sigma-Aldrich, St. Louis, MI.
Infrared spectra were obtained in KBr disc on a Shimadzu FTIR 157 spectrometer. The 1H and 13C NMR spectra were
recorded on a Bruker WH-200 (400 and 100 MHz,
respectively) spectrometer in CDCl3 or DMSO-d6 as the
solvent using TMS as an internal standard. Chemical shifts
were expressed in ppm. Mass spectra were determined on an
Agilent LC−MS. The progress of the reactions was monitored
using precoated silica gel-G thin layer chromatography (TLC)
plates. Melting points were recorded on a Selaco melting point
apparatus.
General Procedure for the Synthesis of THCs 5a−j. To
a stirred mixture of cyclohexene-1-one 1 (2 mmol) and 2methyldimethylmalonate 2 (2 mmol) in 1-butyl-3-methylimidazolium tetraﬂuoroborate ([BMIm][BF4], 2 mL), iodine (10
mol %) was added and stirred for 2 h. Completion of the
reaction was monitored by thin-layer chromatography (TLC).
Substituted phenylhydrazine (4a−j) (2 mmol) was added to
the reaction mass and heated at 50 °C for 2h. The solid
obtained was ﬁltered under vacuum and washed with diethyl
ether. The obtained solid products (5a−j) were recrystallized
in ethanol.

DIMETHYL
2-(3-BROMO-6,7,8,9-TETRAHYDRO-5H-CARBAZOL-7YL)-2-METHYLMALONATE 5C
Brown solid; mp 130−131 °C. 1H NMR (CDCl3, 400 MHz):
δ 7.81 (s, 1H, NH), 7.50 (s, 1H, Ar-H), 7.28−7.25 (d, 1H, J =
12.0 Hz, 1H, Ar-H), 7.16−7.14 (d, 1H, J = 8.0 Hz, 1H, Ar-H),
3.76 (s, 3H, OMe), 3.74 (s, 3H, OMe), 2.81−2.67 (m, 5H,
CH, (CH2)2), 2.04−2.02 (m, 1H, CH), 1.60−1.49 (m, 4H,
CH, CH3); 13C NMR (CDCl3, 100 MHz): δ 171.9, 152.5,
134.6, 128.5, 124.9, 121.3, 117.4, 111.3, 109.8, 108.9, 57.1,
52.5, 39.5, 25.6, 25.0, 21.0, 17.0, 16.9. HRMS (ESI-TOF) m/z:
[M + H]+ calcd for C18H21BrNO4, 394.0654 and 396.0633
found, 394.0656 and 396.0636.

■

DIMETHYL
2-(3-IODO-6,7,8,9-TETRAHYDRO-5H-CARBAZOL-7YL)-2-METHYLMALONATE 5D
Yellow solid; mp 122−123 °C. 1H NMR (CDCl3, 400 MHz):
δ 7.69 (s, 1H, NH), 7.31 (s, 1H, Ar-H), 7.19−7.17 (d, J = 8.0
Hz, 1H, Ar-H), 7.08−7.06 (d, J = 8.0 Hz, 1H, Ar-H), 3.77 (s,
3H, OMe), 3.76 (s, 3H, OMe), 2.84−2.65 (m, 5H, CH,
(CH2)2), 2.06−2.03 (m, 1H, CH), 1.57−1.50 (m, 4H, CH,
CH3); 13C NMR (CDCl3, 100 MHz): δ 171.9, 152.9, 134.5,
128.4, 124.8, 121.2, 117.4, 111.2, 109.7, 108.8, 57.0, 52.4, 39.5,
N
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25.5, 24.9, 20.9, 17.0, 16.9; HRMS (ESI-TOF) m/z: [M + H]+
calcd for C18H21INO4, 442.0515 found, 442.0518.

■

DIMETHYL
2-(3-NITRO-6,7,8,9-TETRAHYDRO-5H-CARBAZOL-7YL)-2-METHYLMALONATE 5J
Brown solid; mp 135−136 °C. 1H NMR (CDCl3, 400 MHz):
δ 8.31 (s, 1H, NH), 8.01−7.98 (d, J = 12.0 Hz, 1H, Ar-H),
7.75−7.72 (d, J = 12.0 Hz, 1H, Ar-H), 7.67−7.64 (m, 1H, ArH), 3.77 (s, 3H, OMe), 3.75 (s, 3H, OMe), 2.84−2.63 (m, 5H,
CH, (CH2)2), 2.07−2.02 (m, 1H, CH), 1.59−1.50 (m, 4H,
CH, CH3); 13C NMR (CDCl3, 100 MHz): δ 173.0, 172.5,
152.5, 135.0, 132.1, 110.4, 110.1, 109.2, 108.4, 103.6, 57.3,
52.2, 52.2, 39.4, 25.4, 25.1, 21.0, 16.1; HRMS (ESI-TOF) m/z:
[M + H]+calcd for C18H21N2O6, 361.1400 found, 361.1402.

DIMETHYL
2-(6,7,8,9-TETRAHYDRO-3-METHOXY-5H-CARBAZOL-7YL)-2-METHYLMALONATE 5E

White solid; mp 128−129 °C. 1H NMR (CDCl3, 400 MHz): δ
7.70 (s, 1H, NH), 7.14 (s, 1H, Ar-H), 6.95−6.74 (dd, J1 = 2.4,
J2 = 2.4, 1H, Ar-H), 6.72−6.70 (m, 1H, Ar-H), 3.81 (s, 3H,
OMe), 3.76 (s, 3H, OMe), 3.75 (s, 3H, OMe), 2.75−2.67 (m,
5H, CH, (CH2)2), 2.04−2.01 (m, 1H, CH), 1.73−1.52 (m,
4H, CH, CH3); 13C NMR (CDCl3, 100 MHz): δ 172.3, 153.9,
137.4, 130.7, 127.8, 110.7, 110.6, 109.0, 108.7, 102.5, 58.5,
55.8, 52.8, 36.6, 27.3, 23.0, 20.4, 17.7, 16.8; HRMS (ESI-TOF)
m/z: [M + H]+ calcd for C19H24NO5, 346.1654 found,
346.1656.

■

■

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.0c06345.

DIMETHYL
2-(3-ETHYL-6,7,8,9-TETRAHYDRO-5H-CARBAZOL-7YL)-2-METHYLMALONATE 5G

■

Materials used in the study, SiRNA sequences (Table
S1), reaction conditions for the synthesis of compounds
(Table S2), composition of the NQO1 assay cocktail
(Table S3), ORTEP diagram of 5a (Figure S1), and
NQO1 activity calculation (PDF)
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DIMETHYL
2-(6,7,8,9-TETRAHYDRO-3-ISOPROPYL-5H-CARBAZOL-7YL)-2-METHYLMALONATE 5H

Half-white solid; mp 130−131 °C. 1H NMR (CDCl3, 400
MHz): δ 7.70 (s, 1H, NH), 7.32 (s, 1H, Ar-H), 7.12−7.10 (d, J
= 8.52 Hz, 1H, Ar-H), 6.64−6.60 (m, 1H, Ar-H), 3.76 (s, 3H,
OMe), 3.75 (s, 3H, OMe), 3.33−3.27 (m, 1H, CH), 2.69−
2.50 (m, 5H, CH, (CH2)2), 2.04−2.06 (m, 1H, CH), 1.69−
1.53 (m, 4H, CH, CH3), 1.30 (s, 3H, CH3), 1.26 (s, 3H, CH3);
13
C NMR (CDCl3, 100 MHz): δ 171.9, 153.2, 138.4, 131.2,
127.4, 111.5, 109.6, 108.1, 107.2, 103.5, 58.1, 52.9, 48.8, 39.4,
33.3, 23.4, 25.6, 24.9, 21.0, 16.9. HRMS (ESI-TOF) m/z: [M
+ H]+ calcd for C21H28NO4, 358.2018 found, 358.2019.
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White solid; 121−122 °C. 1H NMR (CDCl3, 400 MHz): δ
7.70 (s, 1H, NH), 7.14−7.12 (d, J = 8.0 Hz, 1H, Ar-H), 6.95
(s, 1H, Ar-H), 6.75−6.72 (dd, J1 = 7.4 Hz, J2 = 2.4 Hz, 1H, ArH), 3.76 (s, 3H, OMe), 3.75 (s, 3H, OMe), 3.60−3.55 (m, 2H,
CH2), 2.73−2.67 (m, 5H, CH, (CH2)2), 2.04−2.01 (m, 1H,
CH), 1.83−1.62 (m, 4H, CH, CH3), 1.27 (m, 3H, CH3); 13C
NMR (CDCl3, 100 MHz): δ 172.3, 153.9, 137.4, 130.7, 127.8,
110.7, 110.6, 109.0, 108.7, 102.5, 58.5, 55.8, 36.6, 27.3, 23.0,
20.4, 18.8, 17.7, 16.8, 14.4; HRMS (ESI-TOF) m/z: [M + H]+
calcd for C20H26NO4, 344.1862 found, 346.1865.
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