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1. Introduction

The academic community has extensively explored, over the years, heterocyclic com-
pounds of the carbazolic motif. These extremely versatile molecules have found applica-
tions both in science materials and the pharmaceutical industry. In particular, it was shown
that many carbazole derivatives possess a diversity of biological activities and could be
used as anticancer, antimicrobial, anti-inflammatory, antioxidant, antiepileptic, antihis-
tamine, antidiarrheal, analgesic, antidiabetic, and neuroprotective agents. Overall, the data
reported in this Special Issue could constitute an important resource for the development
of novel, efficient, and safe drugs for the treatment of various diseases.

2. The Present Issue

A study in this Special Issue reported the p1-blocking activity of 5,8-dimethyl-9H-
carbazol-3-yl ethyl carbonate and its derivatives. In particular, two of these derivatives,
1-methyl-1H-indol-5-yl-but-2-ynoate and indol-5-yl-but-2-ynoate, emerged as potential
counteracting agents against ISO-dependent in vitro cardiac hypertrophy. The data are
promising as they were obtained using lower concentrations than those of the traditional
B-AR antagonist propranolol. Following molecular docking studies, the authors tested
these molecules by bioassays in H9c2 cardiomyocytes exposed to isoproterenol (ISO) to
confirm their potential as f1-blocking agents and their activity at low doses, along with
their limited side effects [1].

Some studies suggest that many carbazole derivatives could be promising anticancer
agents. According to some studies, their effects could also be due to the involvement
of the JAK/STAT pathway. According to literature data, some carbazoles could act by
downregulating STAT proteins, mostly STAT-3, also affecting interleukins and i-NOS
production. Several researchers have evaluated the STAT inhibitory activity of different
carbazoles, such as carbamazepine, 2-hydroxycarbazole, mahanine, 7-hydroxy-1-methyl-
9H-carbazol-2-yl 5-(dimethylamino)-naphthalene-1-sulfonate, EC-70124, Lestaurtinib, and
some series of N-alkylcarbazoles, 1,4-dimethyl-carbazoles, 9H-carbazole-1-carboxamides,
and carbazol carbonitriles, reporting promising results [2]. Other important work has
reported the anticancer activity of a series of nitrocarbazoles. One of the latter compounds,
namely 2-nitro-1,4-di-p-tolyl-9H-carbazole, exhibited good anticancer activity against two
breast cancer cell lines, i.e., ER(+) MCEF-7 and triple-negative MDA-MB-231, with ICsg
values of 7 4+ 1.0 and 11.6 & 0.8 uM, respectively. Furthermore, this compound did not
interfere with the growth of the normal cell line MCF-10A (human mammary epithelial
cell line). In vitro immunofluorescence studies and docking simulations demonstrated the
ability of the 2-nitrocarbazole derivative to interfere with tubulin organization, a feature
that results in triggering MCF-7 cell death by apoptosis [3].

Several research groups have extensively studied the involvement of carbazole deriva-
tives, of synthetic or natural origin, in diabetes pathways. From the analysis of these
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studies it was shown that N-substitution, on the carbazole scaffold, by triazinic-, as in 1-
((5,6-di(furan-2-yl)-1,2,4-triazin-3-yl)thio)-3-(3,6-dibromo-9H-carbazol-9-yl)propan-2-ol, or
triazolic moieties, as in 2-(4-((9H-carbazol-9-yl)methyl)-1H-1,2,3-triazol-1-yl)-1-(3-bromo-4-
hydroxyphenyl)ethanone, favors a-glucosidase inhibitory activity; the presence of cyclic
sulfonamidic, as in 2-(3-(9H-carbazol-9-yl)-2-hydroxypropyl)isothiazoline-1,1-dioxide, or
cyclic urea groups, as in 1-(3-(3,6-difluoro-9H-carbazol-9-yl)-2-hydroxypropyl)imidazolidin-
2-one, modulates cryptochrome activity; the presence of ethylphenoxy groups, as in Chigli-
tazar, improves insulin sensitivity; hydrogenation of a ring of the carbazole core promotes
the hypoglycemic effect via the AMPK pathway, as in 6-(benzyloxy)-9-(4-chlorobenzoyl)-
2,3,4,9-tetrahydro-1H-carbazole-3-carboxylic acid, and the tetracyclic system, as in ma-
hanine derivatives, is crucial in glucose uptake and translocation of glucose transporter
GLUT4 in skeletal muscle and adipocyte cells. Furthermore, compounds with a high conju-
gation effect, such as bisgerayafoline D, show predominant antioxidant activity. The data
reported could provide an important guide reference for the development of alternative
and effective antidiabetic agents [4].

Lastly, considering the pandemic period that has affected everyone’s life since 2020,
some authors reported the latest carbazole therapeutic strategies for Severe Acute Respi-
ratory Syndrome Coronavirus-2 (SARS-CoV-2) infection. In particular, they reported the
data of 14 drugs containing a carbazole structure, including Carprofen, Carvedilol, and five
carbazole alkaloids obtained from Murraya koenigii, which were studied as SARS-CoV-2
M-pro inhibitors. Edotecarin, 7-hydroxystaurosporine, CIMSSNa, and 6-formylindolo(3,2-
b)carbazole were reported as viral entry inhibitors targeting human ACE2, while 2-((2-
(1-benzylpiperidin-4-yl)ethyl)amino)-N-(9H-carbazol-9-yl)acetamide was reported as an
NPC1 inhibitor; 6-cyano-5-methoxy-12-methylindolo [2, 3A] carbazole was reported as
antiviral against PLpro; and Ramatroban was reported as an immunotherapy treatment.
The studies and observations which reported about carbazoles for the treatment of COVID-
19 infection can signify potentially useful clinical applications. Moreover, some of these
molecules can be used for designing new antivirals [5].
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Abstract: -Adrenergic receptors (8-ARs) are G protein-coupled receptors involved in important
physiological and pathological processes related to blood pressure and cardiac activity. The inhibition
of cardiac B1-ARs could be beneficial in myocardial hypertrophy, ischemia and failure. Several
carbazole-based compounds have been described as promising B-blockers. Herein, we investigate
the capability of a carbazole derivative and three simplified indole analogs to interact with the active
binding site of f1-AR by molecular docking studies. In the light of the obtained results, our com-
pounds were tested by biological assays in H9¢c2 cardiomyocytes exposed to isoproterenol (ISO) to
confirm their potential as f1-blockers agents, and two of them (8 and 10) showed interesting and
promising properties. In particular, these compounds were effective against ISO-dependent in vitro
cardiac hypertrophy, even at concentrations lower than the known B-AR antagonist propranolol.
Opverall, the data suggest that the indole derivatives 8 and 10 could act as potent B1-blockers and,
active at low doses, could elicit limited side effects.

Keywords: p-blockers; carbazole; indole; molecular docking; H9c2 cells; cardiac hypertrophy

1. Introduction

Over the last decades, B-blockers (i.e., antagonists of f-adrenergic receptors, f-ARs)
have emerged as crucial therapeutic agents in the first-line treatment of acute and chronic
diseases, particularly in the field of cardiovascular pathologies.

B-ARs are G protein-coupled receptors used by endogenous catecholamines, especially
noradrenaline and adrenaline [1], to modulate important physiological processes, such as
blood pressure and cardiac activity [2]. Starting from their discovery, which gained Sir
Henry H. Dale the Nobel Prize in 1936 [3], B-ARs have become crucial targets in the
therapy of cardiovascular diseases [4]. Indeed, it is widely accepted that a deep relationship
between B-ARs and the cardiovascular role of the sympathetic nervous system (SNS) exists.
The history of B-blockers has been heavily influenced by the finding of three different B-ARs
subtypes that paved the way for the design and the development of selective agonists and
antagonists with specific therapeutic goals. It is known that f1-ARs are mainly expressed
in the heart, f2-ARs in the smooth muscle of vasculature and airways and $3-ARs in the
adipose tissue [2]. Cardiovascular therapies were deeply influenced and revolutionized
when propranolol was introduced for the first time in the clinic for its ability to reduce
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myocardial oxygen demand under angina episodes [5,6]. Since then, three generations
of B-ARs antagonists have been developed, namely nonselective, f1-cardioselective and
B1-blockers with vasodilation activity [2].

In the heart, f1-ARs, f2-ARs and B3-ARs are all expressed and modulate cardiac
performance by activating key intracellular pathways [7]. The homeostatic role of f-ARs in
cardiac physiology is significantly highlighted by their strong phylogenetic conservation
among species [8-10].

However, the effects on the myocardium are predominantly mediated by 1-ARs and
B2-ARs, since in the healthy heart they are more expressed with respect to 3-ARs [4,11].

Stress stimuli, such as increased activity of the SNS, cause augmented plasma cat-
echolamine levels by an adaptive physiological response. However, if stress and high
catecholamine levels become chronic, the overactivation of f-ARs may result in an aberrant
signaling network that leads to cardiac remodeling, fibrosis, arrhythmia, ventricular hy-
pertrophy and heart failure [4,11]. In this perspective, the role of p-blockers to counteract
detrimental effects of chronic stress assumes a critical significance.

In terms of pharmacological classification, all B-blockers share a common feature
that consists in their affinity /ability to bind -ARs without evoking physiological effects.
They are generally classified as competitive antagonists, so their effect can be overcome
by increasing agonist concentration [12]. In particular, the blockade of cardiac f1-ARs is
beneficial in myocardial hypertrophy, ischemia and failure, reducing both oxygen demand
and renin production at a systemic level [13].

Much experimental and clinical evidence demonstrate that SNS overactivation and the
resulting increase in catecholamine plasma levels is involved in the development of cardiac
hypertrophy. In particular, the stimulation of f1-ARs, that in turn increases intracellular
levels of cyclic-:AMP and consequently of Ca?*, may account for the activation of the
cardiac hypertrophic pathway [14,15]. In this view, the possibility to design and develop
even more selective f1-ARs blockers still represents an important goal for cardiovascular
translational research and an open field to be investigated [16-20].

In the literature, several compounds endowed with a carbazole structure or with a
simplified carbazole moiety are reported as B-blockers. In particular, carvedilol has been
widely studied as a third-generation B-blocker [21], carazolol as a high affinity inverse
agonist of the -adrenergic receptor [22], pindolol as a nonselective B-blocker, which is
used in the treatment of hypertension [23], and bucindolol (Figure 1) as a nonselective
B-blocker with weak «-blocking properties and intrinsic sympathomimetic activity [24].

7 e e
O O\/\/“\/\O:Q O \)\/

Carvedilol
Carazolol

= OH
HN H
0\/’\/ N YCHS HiC H \)\/
Pindolol HiC
Bucindolol
OH
H
HO N_  _CHs
CH3
HO

Tsoproterenol (I50)

Figure 1. Representative structures of known B-blockers.
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Based on this knowledge, the present study was undertaken to investigate the molec-
ular interactions of a carbazole derivative, 4, and its three simplified analogs (7, 8, 10)
with the active binding site of f1-AR. Considering the promising results obtained in sil-
ico, the in vitro bioactivity of these compounds was evaluated. In particular, we used
the B-AR agonist isoproterenol (ISO, Figure 1) as a suitable hypertrophy-causing drug in
HO9c2 cells. This is a cell line widely used as model of cardiomyocytes for its biochemi-
cal, morphological and electrical/hormonal signaling properties [15]. Interesting results
have been obtained for compounds 8 and 10 (Figure 2) making them novel tools against
ISO-dependent in vitro cardiac hypertrophy.

HaG
P O e e
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H
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Figure 2. Reagents: (i) acetonylacetone, p-TSA, ethanol, reflux, 6 h; (ii) anhydrous pyridine hydrochloride, reflux, 2 h;
(iii) ethyl chloroformate, NaOH solution 1N, acetone, reflux, 4 h; (iv) NaH, CH3I, DME, 25 °C; (v) ethyl acetoacetate (1 mol),
indium (III) chloride, reflux, 2 h; (vi) but-2-ynoic acid, DCC, DMAP, CH,Cl, /DMF (10:1), r.t. 2 h.

2. Materials and Methods
2.1. Chemistry

Commercial reagents were purchased from Aldrich, Acros Organics and Alfa Aesar
and used without additional purification. Melting points were determined on a Kofler
melting point apparatus. IR spectra were taken with a Perkin Elmer BX FT-IR. Mass
spectra were taken on a JEOL JMS GCMate spectrometer at an ionizing potential of 70 eV
(EI) or were performed using a spectrometer LC-MS Waters alliance 2695 (ESI+) or ESI
mass spectrometer Finnigan LCQ Advantage max. 'H-NMR (400 MHz) and *C-NMR
(100 MHz) were recorded on a JEOL Lambda 400 Spectrometer. Chemical shifts were
expressed in parts per million downfield from tetramethylsilane as an internal standard.
The 2, 3, 5, 6 intermediates and the final product 4, 7, 8, 10 were prepared as described in
the literature [25-30].

2.1.1. 1,4-Dimethyl-6-methoxy-carbazole (2)

A mixture of 5-methoxyindole (1) (25.0 mmol), acetonylacetone (31.0 mmol) and p-
TSA (20.0 mmol), in ethanol (60 mL) was heated to reflux for 6 h and then concentrated
in vacuo. The crude product was purified by chromatography on silica gel using ethyl
acetate:n-hexane, 2:8 as eluent. White solid, yield 57%, mp 150 °C. IR (KBr) (cm~1): 3406,
2959, 1481, 1210, 1045, 812, 545. 'H NMR (DMSO-dg): & 11.01 (br, 1H, NH); 7.64 (s, 1H, Ar);
7.48 (d, ] =8.56 Hz, 1H, Ar); 7.09 (d, ] = 8.28 Hz, 2H, Ar); 6.85 (d, ] = 7.08 Hz, 1H, Ar); 3.90
(s, 3H, OCH3); 2.69 (s, 3H, CH3); 2.62 (s, 3H, CHj3). 13C NMR (DMSO-dg): & 152.5; 139.5;



Appl. Sci. 2021, 11, 5486

134.4;129.3; 125.3, 123.4; 120.1; 119.2; 117.1; 111.1; 105.0; 55.3; 19.9; 16.5. MS (ESI+): 226 (M*
+1), 224 (M* —1).

2.1.2. 1,4-Dimethyl-6-hydroxy-carbazole (3)

A mixture of 1,4-dimethyl-6-methoxy-carbazole (2) and anhydrous pyridine hy-
drochloride (1:16) was heated to reflux for 2 h. The reaction mixture was left to cool
to room temperature, then ice water was added. The product was extracted with Et,O.
The organic layer was washed with a solution of HCI (2N), dried over MgSOy and concen-
trated in vacuum. White solid, yield 75%, mp 174 °C. IR (KBr) (em™1): 3517, 3415, 1461,
1165, 847, 809, 543. 'H NMR (DMSO-dg): 6 10.88 (s, 1H, NH); 9.12 (bs, 1H, OH); 7.53 (s,
1H, Ar); 7.40 (d, J = 8.56 Hz, 1H, Ar); 7.08 (d, J = 7.36 Hz, 1H, Ar); 6.95 (d, J = 8.56 Hz, 1H,
Ar); 6.83 (d, ] = 7.36 Hz, 1H, Ar); 2.61 (s, 3H, CH3); 2.50 (s, 3H, CH3). '*C NMR (DMSO-d):
5150.2; 139.7; 133.8; 129.4; 125.4, 123.9; 120.3; 119.2; 117.2; 114.0; 111.1; 107.0; 20.1; 16.7. MS
(ESI+): 212 (M* +1).

2.1.3. 5,8-Dimethyl-9H-carbazol-3-yl Ethyl Carbonate (4)

A mixture of NaOH solution 1N (50 mL) and acetone (50 mL) was added 1,4-dimethyl-
6-hydroxy-carbazole (3) (31.0 mmol) and ethyl chloroformate (37.0 mmol). The reaction
mixture was heated to reflux for 4 h and then was extracted with Et;O. The organic layer
was washed with a solution of NaOH (0.5%), dried over MgSO, and concentrated in
vacuum. White solid, yield 91%, mp 130 °C. IR (KBr) (em™1): 3396, 1744, 1462, 1253, 1181,
1002, 811, 780, 552. "H NMR (DMSO-dg): & 11.36 (s, 1H, NH); 7.94 (s, 1H, Ar); 7.58 (d, 1H, ]
=8.56 Hz, Ar); 7.29 (dd, 1H, J; = 1.72 Hz, ], = 8.56 Hz, Ar); 7.16 (d, 1H, ] =7.32 Hz, Ar); 6.91
(d, 1H,J =7.08 Hz, Ar); 4.35-4.28 (q, 2H, CH,CH3); 2.78 (s, 3H, CH3); 2.57 (s, 3H, CH3);
1.40-1.32 (t, 3H, CH,CHj3). 13C NMR (DMSO-dg): & 153.9; 143.5; 139.8; 137.5; 129.7; 126.2,
123.1; 120.2; 120.0; 118.3; 117.6; 114.1; 111.0; 64.3; 20.0; 16.6; 14.0. MS (ESI+): 284 (M* +1).
ESI m/z caled for C17H1gNO3: 284.13; found: 284.10.

2.1.4. 5-Methoxy-1-methylindole (5)

To a stirred cold solution (0 °C) of 5-methoxyindole (1) (6.80 mmol) in dry DMF
(30 mL), was added NaH 60% oil dispersion (10.20 mmol). After 10 min stirring at this
temperature, iodomethane (20.40 mmol) was added and the mixture was further stirred at
25 °C for 1 h. Water (100 mL) was then added to the reaction mixture and the solid product
obtained was filtered, washed with water and dried. White solid, yield 92%, mp 114 °C.
IR (KBr) (cm™1): 2922, 1621, 1496, 1242, 1151, 1025, 802, 725. "H-NMR (DMSO-dg) & 7.30
(d, 1H, ] = 8.80 Hz, Ar); 7.23 (d, 1H, ] = 2.90 Hz, Ar); 7.04-7.01 (m, 1H, Ar); 6.76 (dd, 1H,
J=1.90, 8.80 Hz, Ar); 6.30 (d, 1H, ] = 2.90 Hz Ar); 3.72 (s, 6H, NCH3 and OCH3). 13C NMR
(DMSO-dg): 6 154.0; 130.6; 129.0; 128.4; 112.3; 111.9; 111.6; 101.1; 56.0; 32.9. MS (ESI+):
162 (M* +1).

2.1.5. 5-Hydroxy-1-methylindole (6)

A mixture of 5-methoxy-1-methylindole (5) and anhydrous pyridine hydrochloride
(1:16) was heated to reflux for 2 h. The reaction mixture was left to cool to 25 °C, then ice
water was added. The product was extracted with Et;O. The organic layer was washed
with a solution of HCI (2N), dried over Na;SO,4 and concentrated in vacuum. Yellow solid,
yield 60%, mp 156 °C, IR (KBr) (cm~'): 3177, 2924, 1621, 1489, 1234, 1145, 949, 795, 719.
'H-NMR (DMSO-dg) 5 8.67 (s, 1H, OH); 7.19 (s, 1H, Ar); 7.17-7.15 (m, 1H, Ar); 6.81 (d, 1H,
J=3.00 Hz, Ar); 6.62 (dd, 1H, ] = 1.90, 8.80 Hz, Ar); 6.18 (d, 1H, ] = 2.90 Hz, Ar); 3.04 (s, 3H,
NCHj3). 3C NMR (DMSO-dg): & 152.5; 130.1; 129.8; 128.7; 116.3; 110.1; 101.6; 100.1; 33.9.
MS (ESI+): 148 (M* +1).

2.1.6. Ethyl 3-(5-hydroxy-1-methyl-1H-indol-3-yl)but-2-enoate (7)
To a mixture of 5-hydroxy-1-methyl-1H-indole (6) and ethyl acetoacetate (1 mol),
indium(III) chloride (10 mol%) was added under nitrogen. The reaction mixture was
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heated under reflux for 2 h, and then it was left to cool to 25 °C. Ice water was added and
then the reaction mixture was extracted by ethyl acetate. The organic layer was collected
and washed with brine, dried over Na,SO,4 and concentrated in vacuum. The solid residue
was washed with Et,O. Pink solid, yield 58%, mp 200 °C. IR (KBr) (cm~1): 3400, 2931,
1705, 1488, 1373, 1329, 1201, 1083, 1016, 851, 788. TH NMR (DMSO- dg) 5 8.32 (s, 1H, Ar);
7.08-7.06 (m, 2H, Ar, OH); 6.52-6.49 (m, 2H, Ar); 6.45 (s, 1H, C=CH); 3.78-3.74 (q, 2H,
CHb); 3.67 (s, 3H, NCH3); 1.83 (s, 3H, C-CHj); 0.82-0.78 (t, 3H, CHj). 13C NMR (DMSO-dy):
5200.4; 153.3; 152.5; 132.1; 129.4; 128.6; 125.1; 116.9; 109.1; 108.7; 103.6; 34.1; 33.9; 20.5; 8.7.
MS (EI) m/z: 259 (M*, 1). ESI m/z caled for C15H1§NO3: 260.13; found: 260.10.

2.1.7. 1-Methyl-1H-indol-5-yl-but-2-ynoate (8)

But-2-ynoic acid (1.1 eq), DCC (1 eq) and DMAP (cat) were added to a solution of
5-hydroxy-1-methyl-1H-indole (6) in a mixture of CH,Cl, and DMF (10:1). The reaction
mixture was stirred at 25 °C for 2 h and then concentrated in vacuum. The solid residue
was suspended in ethyl acetate, filtered and the filtrate was washed with brine. The organic
layer was dried over anhydrous Na;SO, and evaporated under reduced pressure. The solid
residue was purified by silica gel chromatography using ethyl acetate:n-hexane, 2:8 as
an eluent.

White solid, yield 64%, mp 90 °C; IR (KBr) (cm™1): 3402, 2233, 1711, 1625, 1487, 1246,
1217, 1123, 1033, 882. "H NMR (CDCl3) & 7.28 (s, 1H, Ar); 7.23-7.19 (t, 1H, Ar); 7.01 (d,
1H,] = 3.00 Hz, Ar); 6.98 (dd, 1H, J = 2.00, 8.80 Hz, Ar); 6.46 (d, 1H, ] = 3.00 Hz, Ar); 3.70
(s, 3H, NCHj3); 2.06 (s, 3H, C-CHj3). 3C NMR (CDCly): & 149.4; 143.3; 133.5; 128.9; 128.4;
119.6; 109.4, 108.7; 100.1; 86.9; 76.1; 34.7; 3.6. MS (ESI+): 214 (M* +1). ESI m/z calcd for
C13H12N02: 214409; found: 214.03.

2.1.8. Indol-5-yl-but-2-ynoate (10)

But-2-ynoic acid (1.1 eq), DCC (1 eq) and DMAP (cat) were added to a solution of
5-hydroxyindole (9) in a mixture of CH,Cl, and DMF (10:1). The reaction mixture was
stirred at room temperature for 2 h, and then concentrated in vacuum. The solid residue
was suspended in ethyl acetate, filtered and the filtrate was washed with brine. The organic
layer was dried over anhydrous Na;SOy and evaporated under reduced pressure. The solid
residue was purified by silica gel chromatography using ethyl acetate:petroleum ether, 2:8
as eluent.

White solid, yield 62%, mp 108 °C. IR (KBr) (cm!): 3410, 2237, 1705, 1480, 1261, 1121,
884. TH NMR (CDCl3) 6 8.25 (bs, 1H, NH); 7.40 (s, 1H, Ar); 7.20~7.23 (m, 1H, Ar); 7.03-7.01
(m, 1H, Ar); 6.95 (dd, 1H, ] = 1.90, 8.80 Hz, Ar); 6.60-6.50 (m, 1H, Ar); 2.10 (s, 3H, C-CHj).
13C NMR (CDCl3): & 149.1; 140.3; 134.5; 128.7; 124.4; 119.6; 111.4, 109.7; 102.1; 86.9; 75.1; 3.4.
GC-MS m/z: 199 [M*]. ESI m/z caled for C;oH9NO;: 199.06; found: 199.15.

2.2. Molecular Docking

Molecular docking of compounds 4, 7, 8 and 10 was carried out on the crystallo-
graphic structure of human B1-AR (PDB code 7BVQ). The binding pathway determines
norepinephrine selectivity for the human beta 1 AR over beta 2 AR [22]. The molecular
structures of the ligands were built by using the modeling software Avogadro [31]. Pre-
liminary conversion of the structures from the PDB format was carried out by using the
graphical interface AutoDock Tools 1.5.6 [32]. During the conversion, polar hydrogens
were added for the crystallographic enzyme and apolar hydrogens of all compounds were
merged to the carbon atom they were attached to. Docking calculations were performed
by using AutoDock Vinal.1.2 [33] exploring the search volume that included the protein
structure, and by performing a score-only assessment without any search in the case of
redocking of the crystallographic ligand in its known binding mode. In the former case
a very high exhaustiveness search was used, 8 time larger than the default value [34,35],
facilitated by the relatively small number of active torsions around bond dihedral angles
necessary to give full flexibility to the ligands (four degrees of freedom for 4 and three for
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7,8 and 10). The binding modes of the ligands were analyzed through visual inspection,
and interactions energies and distances were quantified by using Molecular Operating
Environment (MOE) 2018.01 (Chemical Computing Group ULC, Montreal, QC, Canada).
The Molecular Graphics System PyMOL was used to visualize protein structure and the
bonded ligands (PyMOL Molecular Graphics System, Version 1.2r3pre, Schrodinger, LLC.,
IN, New York, NY, USA)

2.3. Cell Culture

H9c2 cells (ATCC, CRL-1446, Manassas, VA, USA) and rat embryonic cardiomyocytes
were cultured in DMEM/F-12 (Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin
(Thermo Fisher Scientific) in a humidified incubator with 5% CO; at 37 °C. After reaching
80% confluence in 100-mm dishes, cells were detached by using 0.25% Trypsin-EDTA (1X)
(Gibco) at 1:2 ratio following the manufacturer’s instructions (ATCC). Cells were seeded
and incubated for two days at 37 °C, 95% O, and 5% CO, before treatments.

2.4. 3-(4,5-Dimethylthiazol-)2,5-diphenyl Tetrazolium Bromide (MTT) Assay

HOc2 cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay, as previously described [36,37] Cells were seeded at a density
of 5 x 10° cells/well in 96-well plate and then treated with compound 8 or compound
10 (1 nM-100 nM) for 24 h. Control cells were treated with vehicle. At the end of the
treatments, the cell culture medium was replaced with 100 uL of 2 mg/mL MTT solution
(Sigma Aldrich) and cells were incubated for 4 h at 37 °C, 5% CO,. After MTT incubation,
the solution was removed and the formazan crystals were solubilized in DMSO for 30 min.
The absorbance was recorded using a Multiskan EX Microplate Reader Lab (Thermo Fisher
Scientific) at 570 nm. The means of absorbance values of six wells in each experimental
group were expressed as the percentage of cell viability. Cell viabilities were calculated as
percentage of cell survival relative to the control [38,39].

2.5. Morphological Analysis of H9c2 Cells

The morphological alterations in H9c2 cells were evaluated by May-Grunwald Giemsa
staining as previously described [36]. Cells were seeded in 60-mm dishes and exposed
to the following treatments: control (vehicle), ISO (100 uM) alone, compound 8 (10, 25,
50, 75 and 100 nM), ISO + 8 (10, 25, 50, 75 and 100 nM), compound 10 (10, 25, 50, 75 and
100 nM), ISO + 10 (10, 25, 50, 75 and 100 nM) for 24 h. As positive control, the B-AR
antagonist propranolol (PROP) (1 uM) was used alone or in cotreatment with ISO for
24 h [40]. After staining, cells were displayed by Olympus BX41 microscope and the images
were taken with CSV1.14 software, using a CAM XC-30 for image acquisition. The cell
surface area measurement was analyzed by using Image J 1.6 (NIH). Data were expressed
as percentage of relative increase in cell surface area.

2.6. Statistical Analysis

Data, expressed as mean & SEM, were analyzed by one-way ANOVA and Dunnett’s
Multiple Comparison Test (for post ANOVA comparisons) or nonparametric Newman-
Keuls Multiple Comparison Test (for post-ANOVA comparisons) when appropriate. Values
of *p <0.05, * p < 0.01, ** p < 0.001 were considered statistically significant versus
the control group, while values of # p < 0.05, ## p < 0.01, ### p < 0.001 were considered
statistically significant versus the ISO group. The statistical analysis was carried out using
Graphpad Prism 5 (GraphPad Software, La Jolla, CA, USA).

3. Results and Discussion
3.1. Chemistry

Compound 4, endowed with a carbazole scaffold, and its simplified derivatives 7, 8,
10 were synthesized following chemical procedures previously reported (Figure 2) [25-28,41].
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In particular, the carbazole 4 was prepared by a three-step synthesis. The starting
material 5-methoxyndole 1, was used to obtain the 1,4-dimethyl-6-methoxy-carbazole (2)
by Cranwell and Saxton reaction [26,42]. The demethylation of derivative 2, by heating
under reflux in anhydrous pyridine hydrochloride, gave the 1,4-dimethyl-6-hydroxy-
carbazole (3) [27]. In the last step, the derivative but-2-ynoic acid (1.1 eq), DCC (1 eq)
and DMAP (cat) were added. was prepared by reaction of 3 with ethyl chloroformate
under standard conditions [43,44]. Ethyl 3-(5-hydroxy-1-metyl-1H-indol-3-yl)but-2-enoate
(7) was instead prepared by von Pechmann reaction [41] using 5-hydroxy-1-methylindole
(6) and Indium(III) chloride as catalyst. This latter, 6, was obtained starting from 5 by
selective demethylation of the methoxyl group, in a similar manner as above reported for
the preparation of derivative 3 [45]. 5-Methoxy-1-methylindole (5) was prepared using 1 as
starting material 1 by N-methylation with NaH and methyl iodide. Finally,1-methyl-1H-
indol-5-yl-but-2-ynoate (8) was synthesized by esterification of 6 with but-2-ynoic acid in a
mixture of CH,Cly, DMFE, DCC and DMAP [41]. The same synthetic procedure was used
for the preparation of indol-5-yl-but-2-ynoate (10) starting from 5-hydroxy-indole (9) [41].

3.2. Molecular Docking

In order to investigate the molecular interactions between compounds 4, 7, 8 and
10 and the active binding site of f1-adrenergic receptor, molecular docking studies were
performed on a crystallographic structure of the target protein obtained from the Protein
Data Bank (PDB code 7BVQ) [22]. In this structure the receptor is complexed with cara-
zolol, a previously identified inverse agonist endowed with a carbazole based chemical
structure [22]. In the PDB is reported another interesting crystallographic structure of
B1 receptor (PDB code 7JJO), very recently deposited, in which the protein is complexed
with ISO, a known B1-adrenergic receptor ligand. Even though this structure presents
a more complete aminoacidic sequence, it does not belong to Homo sapiens. In spite of
this shortcoming, it was compared after alignment with 7BVQ. From this comparison a
sequence similarity of 86% was found between the two proteins and that an Asp residue in
the protein binding site plays a key role during ligand-receptor interaction. In fact, in 7JJO
ISO interacts with Asp121 forming a hydrogen bond and an ionic interaction through
its nitrogen group, and with Val122 by a hydrophobic interaction through the aromatic
moiety, whereas in 7BVQ the crystallographic ligand carazolol interacts by two hydrogen
bonds with Asp1138 (corresponding to Asp121 of 7]JO). Beside this interaction, carazolol is
anchored to Asn1363 of B1 receptor through its hydroxyl group by an additional hydrogen
bond. The binding energy value obtained after redocking of carazolol was -7.7 kcal/mol.
As shown in Figure 3, in our experiments, although the four molecules might adopt differ-
ent orientations in the complex, all of them accommodate in the binding site and are able
to interact with the key residues of the active site, including Asp1138 (Table 1).

Table 1. Binding Energy for compounds 4, 7, 8 and 10 in the Bl-adrenergic receptor (PDB code
7BVQ).

Compound Bin(dlj:lglgnil:lirgy
4 —8.0
7 7.7
s —-7.5
10 78
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Figure 3. Ligand-binding pocket of the active site of the 1 adrenergic receptor. The protein backbone
is represented in background as ribbons, and the key residues for ligand interaction (Asp1138,
Asn1363, Ser1128, Vall139) are also indicated. (A) Superimposed binding modes of all the five
ligands: carazolol (yellow), 4 (cyan), 7 (grey), 8 (orange) and 10 (green). Specific binding mode of
carazolol (B), 4 (C), 7 (D), 8 (E) and 10 (F).

In particular, compound 4 interacts with the protein active site forming two hydrogen
bonds: a first with Asp1138 through its carbazole nitrogen, with a distance of 3.15 A,
and the second with Ser1228 through its carbonyl group, with a distance of 2.84 A, whereas
compound 7 interacts by a hydrogen bond through its carbonyl group with Asp1138 with
a distance of 3.43 A. Compounds 8 and 10 although allocated in the same binding pocket
interact through their side chain with Val1139 by hydrophobic interactions that stabilize
the complexes. Overall, these results suggest that our compounds are able to accommodate
in the active site of the 81 receptor with an affinity similar to that of the crystallographic
ligands (Table 1).
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3.3. In Vitro Findings

The interesting results obtained by in silico studies prompted us to investigate the
biological activity exerted by compounds 4, 7, 8 and 10. Preliminary analyses indicated
that compounds 4 and 7 exerted marked antiadrenergic effects on the Langendorff per-
fused heart model, reflecting a reduction of the cardiac performance associated with a
weak cardiac recovery after washing with Krebs-Henseleit solution (unpublished data).
Therefore, we aimed to deeper examine the biological activity induced by compounds 8
and 10. These molecules were tested on H9¢c2 cells alone or in the presence of ISO, widely
used as inducer of myocardial stress and hypertrophy, mimicking the activation of the
adrenergic and neurohumoral systems [46].

Effect of Compounds 8 and 10 on Cell Proliferation and ISO-Dependent Hypertrophy in
H9c2 Cardiomyocytes

It has widely ascertained that the activation of f1- and B2-AR represents a main
mechanism responsible for the progression of cardiac remodeling [47]. Although it has
been shown that the expression of f2-ARs is higher compared to that of f1-ARs in both
neonatal rat cardiomyocytes (81, 36% vs. B2, 64%) [48] and in embryonic rat cardiomy-
ocytes H9c2 cell lines [48,49], significant findings elucidated the selective contribution
of 1 and B2-AR into the complex mechanisms of 3-ARs-mediated adverse remodeling.
Several studies also support the fact that, among the p-ARs, the 1 subtype is mainly
responsible for catecholamine effects and represents the main promoter of cardiomyocyte
hypertrophy, interstitial fibrosis and heart failure [50,51]. For instance, it has been re-
ported that isoproterenol binds to f1-AR with higher affinity compared to $2-AR [52,53].
Furthermore, the isoproterenol-mediated cardiac responses were inhibited by betaxolol,
a B1-AR antagonist, but not by ICI 118551, a f2-AR antagonist. These effects were ob-
served both in vitro (i.e., primary cultures of cardiac ventricular myocytes stimulated with
isoproterenol) and in vivo (i.e., rats exposed to continuous infusion of isoproterenol) [48].
Opverall, these observations strongly suggest that the f1-subtype predominantly mediates
isoproterenol-dependent hypertrophy in the heart.

Accordingly, to assess the effects of compounds 8 and 10 on cell viability, we first
exposed H9c2 cells to increasing concentrations (1 to 100 nM) of each compound and their
cytotoxic potential was evaluated by MTT assay. As shown in Figure 4A, compound 8 did
not exert significant effects on cell proliferation at any tested concentration compared to the
control cells, while compound 10 induced a significant increase in cardiac cell viability at
10 nM and 50 nM (Figure 4B). These data indicate that both compounds do not negatively
affect cell viability and do not show direct cytotoxic effects.

Taking into consideration these results, we evaluated the in vitro effects of compounds
8 and 10 against cardiomyocytes hypertrophy. Therefore, we exposed H9¢2 cells to ISO
at 100 uM for 24 h [36], in the presence or absence of compound 8 or compound 10. Mor-
phological staining analysis revealed that ISO treatment induced a significant increase in
cardiac cell size with respect to control cells, indicating that the model of in vitro hypertro-
phy was successfully established (Figure 5A). Notably, compound 8 resulted was effective
in significantly reducing cell size compared to the ISO group only at concentrations of
25 nM and 100 nM. Cells treated with compound 8 alone did not show significant increase
in cell size (Figure 5A). The surface area analysis of H9c2 cells reflected the same trend
(Figure 5B).
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Figure 4. Effects of compounds 8 and 10 on cell viability in H9c2 cardiomyocytes. H9c2 cells were
treated with vehicle (Control) or increasing concentrations of (A) compound 8 (1 nM-100 nM) or (B)
compound 10 (1 nM-100 nM) for 24 h. Cell viability was determined using the MTT assay and was
expressed as the percentage of control cells exposed only to vehicle (indicated as Control). Results
are represented as mean & SEM (1 = 6 per group). Significant differences were detected by one-way
ANOVA followed by Dunnett’s test, p < 0.01 (**) vs. Control group.

The same experiment was carried out for testing the activity of compound 10. In this
case, as evinced by morphological staining and cell surface area analysis shown in Figure 6,
ISO-treated cells exhibited a significant cardiac cell size increase compared to the control
cells. Conversely, in the ISO + compound 10 (10 nM) treated group, cell size was signif-
icantly decreased compared to those treated with ISO alone. Compound 10 was unable
to counteract in a significant manner the effects of ISO at higher doses (25 to 100 nM).
These findings indicate that, similar to compound 8, compound 10 was able to counteract
ISO-dependent effects on H9¢2 cells. However, the first effective dose of compound 10 was
lower than that of compound 8 (10 nM vs. 25 nM). Figure 6 also indicates that compound
10 alone did not exert significant effects on cell size at 10 nM, while this parameter was
significantly increased when administered at higher doses (i.e., 50 nM and 75 nM).
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Figure 5. Effects of compound 8 on cardiomyocytes hypertrophy induced by isoproterenol (ISO)
in vitro. (A) Morphological staining of H9c2 cells exposed to vehicle (indicated as Control), ISO
(100 uM), ISO + compound 8 (from 10 nM to 100 nM) and compound 8 (from 10 nM to 100 nM)
for 24 h. Scale bars: 25 um. (B) Cell surface area (%) of H9c2 cells exposed to vehicle (indicated as
Control), ISO (100 uM), ISO + compound 8 (from 10 nM to 100 nM) and compound 8 (from 10 nM to
100 nM) for 24 h. Data are expressed as mean + SEM derived from two independent measurements
for each group. p < 0.05 (*); p < 0.001 (***) vs. Control group; p < 0.05 (#); p < 0.01 (##); p < 0.001 (###)
vs. ISO group (one-way ANOVA and Newman-Keuls multiple comparison test).
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Figure 6. Effects of compound 10 on cardiomyocytes hypertrophy induced by isoproterenol (ISO)
in vitro. (A) Morphological staining of H9c2 cells exposed to vehicle (indicated as Control), ISO
(100 uM), ISO + compound 10 (from 10 nM to 100 nM) and compound 10 (from 10 nM to 100 nM)
for 24 h. Scale bars: 25 um. (B) Cell surface area (%) of H9c2 cells exposed to vehicle (indicated
as Control), ISO (100 uM), ISO + compound 10 (from 10 nM to 100 nM) and compound 10 (from
10 nM to 100 nM) for 24 h. Data are expressed as mean + SEM derived from two independent
measurements for each group. p < 0.05 (*); p < 0.01 (**); p < 0.001 (***) vs. Control group; p < 0.05 (#);
p <0.01 (##) vs. ISO group (one-way ANOVA and Newman-Keuls multiple comparison test).

Our data are of interest in the view of B-blocker monitoring and dosing, to avoid or
minimize their side effects [54]. B-blockers reach their therapeutic goal mainly by inducing
negative chronotropic effects that prolong heart diastole and rest. In this context the choice
of an appropriate dose is vital to avoid concomitant adverse negative inotropic effects.

Accordingly, we used the B-adrenergic receptor antagonist propranolol as a positive
control. As depicted in Figure 7, both morphological staining and cell surface area indicated
that in H9¢2 cotreated with propranolol (1 M), ISO failed to increase cardiomyocyte size.
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Figure 7. Effects of propranolol (PROP) on cardiomyocytes hypertrophy induced by isoproterenol
(ISO) in vitro. (A) Morphological staining of H9c2 cells exposed to vehicle (indicated as Control),
ISO (100 uM), ISO + propranolol (PROP) (1 uM) and propranolol (1 uM) for 24 h. Scale bars: 25 pm.
(B) Cell surface area (%) of H9c2 cells exposed to vehicle (indicated as Control), ISO (100 uM), ISO +
propranolol (PROP) (1 uM) and propranolol (1 M) for 24 h. Data are expressed as mean + SEM
derived from two independent measurements for each group. p < 0.001 (***) vs. Control group;
p <0.01 (##) vs. ISO group (one-way ANOVA and Newman-Keuls multiple comparison test).

Our compounds were effective at lower doses (nM range) with respect to the classic
B-blocker propranolol (uM range), according to data that support beneficial effects of low
dosage especially in patients suffering from ventricular hypertrophy [55]. Clinical evidence
indicates that, in practice, B-blockers are often used at half or lower doses compared to
manufacturers’ recommendations [56]. For some drugs, lower doses even improved the
disease outcomes [57]. In the specific case of B-blockers, much data indicate their best use
at the lowest effective dose [58].

4. Conclusions

In summary, our in silico results support the hypothesis that compounds 4, 7, 8
and 10 could interact with the active binding site of f1-AR. Moreover, compounds 8
and 10 emerged as potential counteracting agents against ISO-dependent in vitro cardiac
hypertrophy. These data are of additional interest considering that the effect of the two
molecules was achieved starting from lower concentrations compared to those of the
traditional B-AR antagonist propranolol. In this context, our compounds could act as
more potent pharmacological agents (i.e., B1-blockers), and their lower effective doses may
contribute to minimize their adverse effects. Altogether, our findings depict the studied
molecules worthy of further in vivo investigation.
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Abstract: The carbazole class is made up of heterocyclically structured compounds first isolated from
coal tar. Their structural motif is preponderant in different synthetic materials and naturally occurring
alkaloids extracted from the taxonomically related higher plants of the genus Murraya, Glycosmis,
and Clausena from the Rutaceae family. Concerning the biological activity of these compounds, many
research groups have assessed their antiproliferative action of carbazoles on different types of tumoral
cells, such as breast, cervical, ovarian, hepatic, oral cavity, and small-cell lung cancer, and underlined
their potential effects against psoriasis. One of the principal mechanisms likely involved in these
effects is the ability of carbazoles to target the JAK/STATs pathway, considered essential for cell
differentiation, proliferation, development, apoptosis, and inflammation. In this review, we report the
studies carried out, over the years, useful to synthesize compounds with carbazole moiety designed
to target these kinds of kinases.

Keywords: carbazoles; heterocycles; STAT proteins; STAT inhibitors; target STATs; tumoral cells

1. Introduction

Over the years, sulphur and nitrogen-containing heterocyclic compounds have attracted
particular interest. Many drugs, both of natural and synthetic origin, bear a heterocyclic
structure (for example papaverine, theobromine, emetine, theophylline, atropine, codeine,
reserpine, morphine, diazepam, chlorpromazine, barbiturates, and antipyrine) [1-6]. The
pharmaceutical and pharmacological importance of these compounds resides in their
ability to participate in hydrogen bonding with biological substrates (like specific pro-
teins), where the heterocycle core can embody either H-acceptor as in heteroaromatic
molecules or H-donor as in saturated N-heterocycles. This peculiarity is involved not
just in pharmacological properties, but also in the pharmacokinetic behaviour of such
drugs [7]. Among the various classes of heterocyclically structured compounds emerges
the carbazole class (Figure 1), first isolated by Graebe and Glazer in 1872 from coal tar [8].
In 1965, Chakraborty et al. [9] reported the isolation and the activities of murrayanine (2)
from Murraya koenigii Spreng. Since that moment, these compounds represented a great
concern due to the attractive structural characteristics and encouraging biological effects
displayed by several carbazole alkaloids [10-12].

Indeed, their structural motif is predominant in different artificial materials and natu-
rally occurring alkaloids [12,13]. The majority of carbazole alkaloids were extracted from
the taxonomically related higher plants of the genus Murraya, Glycosmis, and Clausena
from the Rutaceae family. Moreover, these alkaloids were isolated from fungi and algae
belonging to Streptomyces, Aspergillus, and Actinomadura species and the ascidian Didem-
num granulatum [14]. A number of carbazoles derived from plants possess antitumor,
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psychotropic, anti-inflammatory, antihistaminic, antibiotic, and antioxidant activities [15].
However, carbazole application is not limited to the biological and pharmaceutical field.
In fact, due to their properties, they are also employed in the materials science field, as
optoelectronic materials, conducting polymers, and synthetic dyes [16,17]. For instance,
polyvinylcarbazoles (PVK) [18] have been thoroughly investigated for their employments
in photorefractive materials and xerography. In fact, some poly (2,7-carbazole) deriva-
tives (Figure 2) have been used in polymer solar cells [19]. The broad spectrum of their
usage includes organic light-emitting diodes as green, red, and white emitters and some
substituents at C-2, -3, -6, -7, and -9 positions can be responsible for these molecular and
optical properties [20].

1 5 OCH;

Figure 1. Structure of carbazole (1) and murrayanine (2).

Figure 2. Poly (2,7-carbazole).

Many natural carbazoles and their synthetic derivatives contain different substituents
on the carbazole ring such as carbazomycin B (4) and carbazomadurin A (5), while others
present a quadricyclic or pentacyclic structure, such as ellipticine (6) and staurosporine (7)
respectively, or can appear as dimers, for example clausenamine A (8) (Figure 3) [21].

Figure 3. Structures of: carbazomycin B (4), carbazomadurin A (5), ellipticine (6), staurosporine (7),
clausenamine A (8).

Due to the growing interest in carbazole bioactivities, different synthetic strategies
have been set up and reported in the literature [14,22,23]. Knolker et al. [14] thoroughly
reviewed the preparation methods of these carbazole alkaloids. Usually, the synthetic
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routes to carbazoles include nitrene insertion, Fischer indolization, Pummerer cyclization,
Diels-Alder reaction, dehydrogenative cyclization of diarylamines, etc. However, more
recently, researchers explored the possibility of using transition metal-mediated C-C and
C-N bond formation, cyclotrimerization, benzannulation, Suzuki-Miyaura coupling, and
ring-closing metathesis [24-26].

Several studies aimed to compare the structural characteristics of natural carbazole
alkaloids. They underlined that 3-methylcarbazole (9, Figure 4) could be the essential inter-
mediate in their biosynthesis in higher plants. By contrast, 2-methylcarbazole (Figure 4)
could be the communal biogenetic precursor to the tricyclic carbazoles isolated from
lower plants. Nevertheless, the natural precursor of the carbazole nucleus has not yet
been identified.

CHs
N
H

N
9 10

Figure 4. Structures of 3-methylcarbazole (9) and 2-methylcarbazole (10).

Concerning their biological activity, many research groups assessed the antiprolifer-
ative action of carbazoles against different types of tumor cells such as breast, cervical,
ovarian, hepatic, oral cavity, and small-cell lung cancer [27-30]. One of the principal
mechanisms possibly involved in this effect is the ability of carbazoles to target the signal
transducers and activators of transcription (STATs) family of signaling pathways (espe-
cially STAT3). Indeed, this class of proteins is fundamental for the growth and survival of
different human tumor cells [31,32]. In this context, the review aims to examine the studies
carried out over the years to develop carbazolic compounds able to act on this target.

2. STAT Proteins: Novel Molecular Targets for Cancer Drug Discovery

Signal transducers and activators of transcription (STATs) constitute a group of cyto-
plasmic proteins that function as signal messengers and transcription factors engaged in crit-
ical cellular events with the use of multiple cytokines and growth factors. Since tyrosine has
been phosphorylated, two STAT monomers develop dimers via mutual phosphotyrosine-
SH2 interactions, migrate to the nucleus, and bind to STAT-specific DNA-response elements
of target genes that cause gene transcription.

Concerning the biological functions of STATs, they contribute to cell differentiation,
proliferation, development, apoptosis, and inflammation [33,34]. Indeed, STATSs are typical
transcription factors. They directly engage DNA regulatory elements (DREs) and thereby
control the transcription of associated genes, linked to specific functions [35]. Up to now,
seven STAT family members have been detected in mammals, designated as STAT1, STAT2,
STAT3, STAT4, STAT5a, STAT5b, and STAT6.

The existing connection between the immune system cells and the JAK-STAT path-
way has long been studied. Concerning the gain- or loss-of-functions mutation in genes
encoding for JAK-STAs, immunodeficiency and susceptibility to infections are the most
widespread phenotypes, demonstrating the crucial role of Jak-STAT signaling in the devel-
opment and function of immune cells. STAT1 signaling, for example, suppresses type 17
immunity, which makes mice more susceptible both to bacterial and viral infections [36].
Indeed, it is involved in poxviruses, which encode interferon-receptor homologs; vaccinia
viruses, which encode phosphatases; and Epstein—Barr viruses, encoding a protein that
subverts multiple components of the interferon-STAT1 [35]. Additionally, STAT1 exerts
a multidirectional antitumor effect. It blocks the cell cycle progression and angiogenesis
and induces proapoptotic genes. Moreover, STAT1 signaling governs T helper type 1 (TH1)
cell-specific cytokine production that changes both immune functions and inflammatory
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responses by modifying the ratio between TH1 and TH2 cells. Furthermore, STAT1 has
tumor-suppressing properties like TP53 and could be an antagonist for STAT3 and STAT5
activation. Besides, many studies corroborate the relationship between STAT1 downstream
of interferons and NF-kB downstream of Toll-like receptors or the cytokine TNE, the two
pathways can promote or ‘prime’ each other [35,37]. STAT2 signaling, instead, is impor-
tant for its antiviral effects [38]. Further evidence indicates that altered STAT2 signaling
may play a role in carcinogenesis by upregulating interleukin-6 (IL-6) production, which
activates STAT3 [38].

Previous works demonstrated that in vitro cultured STAT3-deficient T cells did not
react to IL-6 stimulation and could not be saved by IL-6 from apoptosis, demonstrating
that STAT3’s role is crucial for IL-6-mediated anti-apoptotic responses. Further, STAT3
altered functions in keratinocyte physiology could induce skin carcinogenesis. Moreover,
constitutively active STAT3 has been identified in several malignancies, among which are
breast, melanoma, prostate, head, and neck squamous cell carcinoma (HNSCC), multiple
myeloma, pancreatic, ovarian, and brain tumors [39-43].

Aberrant STAT3 signaling stimulates tumorigenesis in part by modifying the expres-
sion of genes that rule the tumor growth processes. Examples are offered by genes encoding
for p21WAF1/CIP2, cyclin D1, MYC, BCL-XL, BCL-2, vascular endothelial growth factor
(VEGEF), matrix metalloproteinase 1 (MMP1), MMP7 and MMP9, and survival [44].

A recent study demonstrated that unphosphorylated STAT3 possesses the function of
promoting heterochromatin formation in lung cancer cells, suppressing cell proliferation
in vitro, and suppressing tumor growth in mouse xenografts [45]. Furthermore, transform-
ing growth factor-o (TGF-«)-mediated epidermal growth factor receptor (EGFR) signaling
plays a vital role in the activation of STAT3 in some head and neck cancer cell lines [46].
In addition, STAT3 mutations were identified in multiple peripheral T-cell lymphomas
(PTCL), along with high pY-STAT3 expression, particularly in angioimmunoblastic T-cell
lymphoma (AITL) and anaplastic large cell lymphoma (ALCL) patient samples, two dif-
ferent PTCL cancer types [47]. By modulating the genetic and pharmacological profile of
persistently active STATS3, it is possible to hamper the tumor progression in vivo. STAT4
is also essential for IL-12 function, which governs the differentiation of TH1 cells and
their inflammatory responses [48]. Therefore, STAT4 signaling is related to autoimmune
diseases [49].

STATS is present in two isoforms, STAT5a and STAT5b [50]. Normal STATS signaling
is crucial in mammary gland development, milk production, and hematopoiesis [51].
Constitutive STATS5 triggering is also involved in the development of HNSCC, chronic
myelogenous leukemia (CML) [52], and breast, prostate, and uterine cancers [53]. In
particular, the effects could be related to the aberrant STATS5 activation by BCR-ABL in
CMLA4S3 protein. Indeed, it is extensively accepted that STAT5 and STAT3 have in common
equal functions in promoting cancer, inducing the expression of pro-proliferative and anti-
apoptotic genes [54,55]. Mice lacking both STAT5A and STAT5B showed a large variety
of immunological defects and died soon after birth. In addition, the lineage-restricted
deletion of STAT5 has been key in defining its in vivo functions, including the role in CD4*
T cell differentiation, NK-cell-mediated immunosurveillance, CD8" T cell memory187,
DC-lineage specification and DC-driven type 2 inflammation. [35] In addition, STAT5A and
B are implicated in chronic myeloid leukemia. In fact, the transfection of K-562 leukemia
cells either with anti-STAT5A or anti-STAT5B, led to a greatly increased apoptosis rate [56].

IL-4 and IL-13 trigger STAT6 signaling that sustains immune function and regulates
the equilibrium between inflammatory and allergic immune responses [57,58]. STAT6
signaling also supports luminal mammary epithelium progression and is involved in the
pathology of lung and airway diseases, [59—-61]. A recent study assessed that E2F1 is
essential for maintaining the level of signal transducer and activator of STAT6 in HCT116
colorectal cancer cells. Mechanistically, E2F1 induced specificity protein 3 (SP3) directly
binds to the promoter of the STAT6 gene and activates its transcription in CRC cells. As a
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result, it was demonstrated that the E2F1/SP3/STAT6 axis is required for the IL-4-induced
epithelial-mesenchymal transition of colorectal cancer cells [62].

Linked to STAT proteins are Janus kinases (JAK1, JAK2, JAK3, and TYK2) enzymes,
structurally related to each other, with tyrosine kinase activity assisting in the passage of
signals from the cell surface to the inside. The JAKs pathways are implicated in the onset of
many inflammatory and autoimmune pathologies, among which are rheumatoid arthritis
(RA), psoriasis, and inflammatory bowel disease. The main reason is due to the use of the
JAK-STAT3 pathway by a substantial amount of cytokines and hormones for intracellular
signaling. Indeed, in psoriasis, diverse cytokines implicate the JAK-STAT pathway, such
as type I and II IFN, IL-12, IL-22, IL-23, and IL-13. In particular, JAK activation starts, at
first, upon ligand-mediated receptor multimerization because two JAKs are brought into
proximity, allowing trans-phosphorylation. The subsequent step includes the phosphoryla-
tion of a conserved tyrosine residue near the C-terminus of STATs by activated JAKs [63].
Concerning the JAKs family, JAK1, JAK2, and TYK2 expression can be detected throughout
the whole body. On the contrary, JAK3 has been specifically identified in the hematopoietic
cells. JAK1 displays its function by conveying the signals of numerous proinflammatory
cytokines and cooperates with JAK3 in lymphopoiesis by binding to heterodimeric in-
terleukin (IL) receptors. JAK2 is one of the major mediators in the signal transmission
of hematopoietic factors. Moreover, recently, a gain-of-function point mutation in the
pseudokinase domain (JH2) of JAK2 has been ascertained in myeloproliferative neoplasm
(MPN) patients [64]. JAK3 and TYK?2, instead, possess immunomodulatory functions [65].

3. STATs Inhibitors
3.1. Peptides and Small Molecules as STATs Inhibitors

Activation of STAT1, STAT3, and STATS is highly frequent in almost all tumors
studied, with a higher incidence of abnormal STAT3 activation [66]. Starting from the
breakthrough of the first peptide inhibitor of a STAT protein, diverse strategies to counteract
against STAT signaling have been pursued. An example is provided by small-molecule
dimerization disruptors (SMDDs) or phospho-peptidomimetic inhibitors (PPMIs) targeting
the phospho-Tyr-SH2 domain interaction at the interface of dimers of STAT proteins. The
main consequence consists of the disruption of STAT-STAT dimers. STAT-SMDD or
STAT-PPMI forms heterocomplexes, suppressing STAT signaling and function. On the
other hand, the bond between growth factors and cytokines and their receptors on the
cell surface activates STAT tyrosine phosphorylation. Tyrosine kinases responsible for
STAT phosphorylation are the targets of small-molecule tyrosine kinase inhibitors. These
modulators can prevent the induction of STAT phosphorylation and signaling. They act
by impeding STAT dimerization using peptides or peptidomimetics identified through
different processes as structure-based design, small molecules identified by molecular
modeling, virtual or library screening, or natural products [66].

Other methods, comprise oligodeoxynucleotide (ODN) decoys (peculiar STAT DNA-
binding domain inhibitors) and antisense oligonucleotides (ASOs) that interfere with STAT
mRNA. Studies on the molecular basis of oncogenesis, regarding oncoproteins like v-Src,
report alterations in intracellular signaling proteins involved in several malignancies. The
discovery that STAT3 is constitutively activated in v-Src transformation indicated the possi-
ble central role of STATs in oncogenesis [67,68]. Additionally, other transforming tyrosine
kinases such as v-Eyk [69], v-Ros [70], v-Fps [71], Etk/ BMX [72], and Lck [73], activate
STAT3 in the oncogenic process. Constitutive STAT3 activation is also connected with the
transformation caused by tumor viruses, among which are HTLV-1 [74], polyomavirus
middle T antigen [75], EBV [76], and herpesvirus saimiri [73], that directly or indirectly
activate JAKs or Src family tyrosine kinases.

For the reasons explained above, different therapeutic agents, targeting aberrantly
active STAT3, could affects several human cancers making STAT3 the target in many drug
discovery research efforts. STAT3 drug discovery research concentrated on targeting the
pTyr-SH2 domain interaction [77,78] due to its relevance in promoting STAT3 dimeriza-
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tion and function. A semirational, structure-based design study determined the first SH2
domain-binding peptides and peptidomimetics that break up the STAT3 pTyr-SH2 do-
main interactions and STAT3-STAT3 dimerization [78,79]. The native parent pTyr peptide,
PY*LKTK (where Y* stands for pTyr) and its modified forms prevented the DNA-binding
and transcriptional activities of STAT3 at high doses [79]. Peptidomimetic and non-peptide
analogues, such as ISS-610 and S3I-M2001, counteracted STAT3 activity in vitro and ac-
commodated aberrantly active STAT3 [78,79]. In particular, S31-M2001 constrained the
progression of human breast tumor xenografts, while ISS-610 blocked cell growth and
triggered apoptosis in vitro [66].

Moreover, phosphopeptide binding sequences with the primary structure pTyr-Xxx-
Xxx-Gln (where Xxx represents any amino acid) impeded STAT3 activation. They de-
rived from leukemia inhibitory factor (LIF), IL-10 receptor, epidermal growth factor recep-
tor (EGFR), granulocyte colony-stimulating factor (GCSF) receptor, or glycoprotein 130
(gp130) [80,81]. In this research, the peptidomimetic Ac-pTyr-Leu-Pro-Gln-Thr-Val-NH,
inhibited STAT3 activity (ICsp values of 150 nuM) [81,82]. Furthermore, a 28-mer native
peptide identified as SPI, obtained from the STAT3 SH2 domain, hampered the STAT3 pTyr-
SH2 domain interaction and signaling. It suppressed cell viability and caused programmed
cell death of human breast, pancreatic, prostate, and non-small cell lung cancer (NSCLC)
cells in vitro [83].

In silico studies of chemical libraries detected several small-molecule inhibitors of
STATS3 activity. The main mechanism regards the disruption of STAT3-STAT3 dimerization.
STA-21 (or NSC628869) was recognized from the screening of the National Cancer Insti-
tute (NCI) chemical library as an inhibitor of STAT3 dimerization, DNA-binding activity,
and transcriptional function in breast cancer cells at 20 uM [84]. Its structural analogue,
LLL-3 (with enhanced membrane permeability), reduced cell viability in vitro and in-
tracranial tumor size in vivo in glioblastoma animal models [85]. Moreover, a catechol
(1,2-dihydroxybenzene) compound was detected from Wyeth’s proprietary small-molecule
collection as a STAT3 SH2 domain inhibitor, active at 106 M against a multiple myeloma
cell line [86]. In addition, S3I-201 (or NSC74859) as a STAT3-STAT3 dimerization disruptor
active at 60-110 uM [87] also emerged from the NCI chemical library. S3I-201 hampered
STAT3 DNA-binding and transcriptional activities, inhibited cellular growths, and pro-
moted the apoptotic process of tumoral cells harboring constitutively active STAT3, and
suppressed the growth of human breast cancer xenografts [87]. Several of its derivatives,
such as S31-201.1066, BP-1-102, and S3I-1757, exhibited a better efficacy, with ICsy val-
ues of 35 uM (S31-201.1066), 6.8 M (BP-1-102), and 13.5 uM (S31-1757), and suppressed
cell growth, malignant transformation, survival, migration and invasiveness in vitro of
malignant cells harboring aberrantly active STAT3.

Moreover, Cpd30 (4-(5-((3-ethyl-4-oxo-2-thioxo-1,3-thiazolidin-5-ylidene)methyl)-2-
furyl)benzoic acid) (Figure 5) moderately blocked STAT3, prevented STAT3 nuclear translo-
cation upon IL-6 stimulation, and triggered apoptosis in breast cancer cells harboring
constitutively active STAT3 [54]. Its analogue, Cpd188 (4-((3-((carboxymethyl)thio)-4-
hydroxy-1-naphthyl)amino)sulphonyl)benzoic acid) (Figure 5), combined with docetaxel,
lowered tumor growth in chemotherapy-resistant human breast cancer xenograft models.

From another virtual screening of small molecules emerged Stattic, a non-peptide
small molecule able to target the STAT3 SH2 domain and inhibit STAT3 signaling at
10 uM [88]. It triggered apoptosis of STAT3-dependent breast cancer and neck squa-
mous cell carcinoma HNSCC cells and arrested growth of orthotopic HNSCC tumor
xenografts [88]. STX-0119, STAT3 SH2 domain antagonist generated antitumor effects
both in vitro and in vivo in a human lymphoma model, probably by disrupting STAT3-
STAT3 dimerization, with a modest activity on STAT3 phosphorylation [89]. Fragments of
STX-0119 and stattic were chemically combined to create HJC0123 (Figure 5) [90], which
impeded STAT3 phosphorylation and transcriptional activity in breast cancer cells and
possessed antiproliferative effects towards breast and pancreatic cancer cells in vitro (ICsg
values of 0.1-1.25 uM).
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Figure 5. Some inhibitors of STAT3 activity with no carbazole structure.

The oral administration of HJC0123 blocked the growth of human breast cancer
xenografts [90]. Furthermore, OBP-31121 inhibited STAT1, STAT3, and STAT5 phosphory-
lation. OBP-31121 reduced cell proliferation and triggered apoptosis in vitro whereas it
prevented tumor growth in vivo in gastric cancer models, and it further sensitized gastric
cancer cells to cisplatin and 5-fluorouracil [91].

3.2. Natural Compounds as STATs Inhibitors

Several studies also identified many lead candidates such as STAT3 inhibitors from
natural products. However, the mechanism of action is not completely defined. Curcumin,
a phenolic compound derived from the perennial herb Curcuma longa, hampers JAK-STAT
signaling at 15 uM, promotes cell cycle arrest, and impedes cell invasion in vitro in a small
cell lung cancer model [92]. The treatment of mice bearing gastric cancer xenografts with
curcumin suppressed IL-6 production by IL-13-stimulated myeloid-derived suppressor
cells, associated with decreased activation of STAT3 and nuclear factor-«B (NF-«B).

Curcumin analogues with ameliorated bioavailability and stability, such as FLLL32,
had improved efficacy (ICsy values of 0.75-1.45 uM) in inhibiting both pSTAT3 and total
STAT3. Furthermore, they caused STAT3 ubiquitylation and possible proteasomal degrada-
tion in canine and human osteosarcoma cells in vitro [93]. HO-3867 (Figure 5), curcumin
analog, downregulated likewise STAT3 signaling in cisplatin-resistant human ovarian can-
cer cells, thus intensifying sensitivity to cisplatin [94]. HO-3867 also promoted apoptosis in
BRCA1l-mutated human ovarian cancer cells harboring aberrantly active STAT3 [95].

Other findings estimated that LLL12 (Figure 5), another small-molecule inhibitor
of STAT3 signaling based on curcumin [96], hampers STAT3 activation by impeding its
recruitment to the receptor and avoiding phosphorylation by tyrosine kinases, and by
preventing the dimerization [97]. LLL12 decreased cell viability, promoted the apoptotic
process, and suppressed colony formation and migration in vitro in glioblastoma, osteosar-
coma, and breast cancer cells. It also interfered with angiogenesis, tumor vasculature
development, and tumor growth in vivo in osteosarcoma xenograft models [96,97]. Resver-
atrol (3,5,4'-trihydroxystilbene) (Figure 5), a polyphenolic compound mainly found in
red grapes, inhibits STAT3 signaling at high micromolar concentrations, thus affecting
tumoral cell growth. Resveratrol treatment also prevents constitutive and IL-6-induced
STATS3 activation in multiple myeloma, leukemia, and other tumor cell types, reduces
the expression of BCL-2 and other anti-apoptotic proteins, in vitro [98]. The resveratrol
derivative LYR71 arrested cell growth (ICsy value of 20 uM) and decreased STAT3-mediated
MMP9 expression [99]. Moreover, the inhibition of the JAK-STAT3 pathway by resvera-
trol or its analogue, piceatannol (3,3’ ,4,4'-transtrihydroxystilbene), reduced BCL-XL and
BCL-2 expression and sensitized lung carcinoma, multiple myeloma, prostate pancreatic
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cancer, and the glioblastoma multiforme patient-derived CD133-positive cells to radiation
or chemotherapy in vitro.

3.3. Carbazoles as STAT Inhibitors

Psoriasis, a common inflammatory skin disease, is treated, according to its severity,
with a large panel of therapies associated with side effects. Coal tar represented an ancient
treatment of psoriasis. To assess the potential mechanism of action, Arbiser et al. in
2006 [31] fractionated coal tar through chromatography determining carbazole as the
active compound. STAT3 inhibition resulted in one of the main mechanisms implied in
its antiangiogenic activity. Indeed, STAT3 is involved as a signaling pathway in psoriasis.
Moreover, carbamazepine (Figure 6) (an anticonvulsant structurally related to carbazole)
exhibited great potentiality in patients with generalized psoriasis. For this reason, this
research group focused their attention on carbazole 1 included in coal tar.
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Figure 6. Structure of carbamazepine, an anticonvulsant structurally related to carbazole.

Furthermore, carbazole inhibited IL-15, whose level is increased in psoriasis, and
decreased the effects of inducible nitric oxide synthase (iNOS). STAT3, IL-15, and iNOS need
rac GTPase activation to exert their activities. Thus, the ability of carbazole to inhibit rac
activation has been demonstrated, stating that this could be the origin of its ability to reduce
inflammation and counteract angiogenesis [31]. Starting from the assumption that STAT3
is one of the main mediators implied in the immune and angiogenic features of psoriasis,
Arbiser et al. [31] went into the possible actions of carbazole and 2-hydroxycarbazole (a
carbazole metabolic by-product) toward the STAT3-mediated transcription. Their data,
obtained on RAW264.7 macrophages, indicated that both carbazole and 2-hydroxycarbazole
(11, Figure 7) could downregulate STAT3-mediated transcription.
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Figure 7. Structure of 2-hydroxycarbazole (11).

They assessed the specificity against STAT3, since carbazole possessed no activity on
a constitutive promoter. Activity on STAT3 phosphorylation was excluded as a potential
carbazole mechanism of action. Indeed, no effect on STAT3 phosphorylation was detected,
implicating the existence of an alternative mechanism. A fundamental prerequisite to
activate STAT3 is rac activation. In fact, small GTPase rac influences STAT3 transcription,
IL-15 production, and iNOS activity. Obtained results outlined that carbazole markedly
hampered rac activation by VEGF in HUVEC cells.

In 2013, Sarkar et al. [100] analyzed the molecular mechanism held responsible for the
antiproliferative activity of mahanine (12, Figure 8) toward several pancreatic cell lines.
In fact, natural compounds have been demonstrated to hold a great deal of promise as
antineoplastic agents. In particular, the purified carbazole alkaloid mahanine, isolated
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from the edible plants Murraya koenigii and Micromelum minutum, displayed antimutagenic,
antimicrobial, and cytotoxic activities [101].
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Figure 8. Structure of mahanine (12).

Furthermore, mahanine triggered the apoptotic process in histiocytic lymphoma,
promylocytic leukemia, and prostate cancer cells [102-104]. At first, it was confirmed
that mahanine induced apoptosis in an in vitro model of the human pancreatic ductal
adenocarcinoma cell line, MIAPaCa-2 (IC5y amounting to 13.9 uM). Subsequently, the
possible effects of mahanine on the molecular chaperone Hsp90 have been studied, starting
from the assumption that it presents high expression levels in several tumor cells and
regulates different client proteins, including STAT3. The results underlined that mahanine
triggers the accumulation of ROS in both a time- and concentration-dependent manner
in MIAPaCa-2 cells. The main consequence of this activity regards the oxidative insult
of Hsp90, mainly involved in maintaining folded proteins in their proper conformation.
Immunostaining studies demonstrated the depletion of the two Hsp90 client proteins Akt
and STATS3 in orthograft pancreatic adenocarcinoma mouse model treated with mahanine.
Furthermore, mahanine lowered, in a concentration-dependent way, other client proteins
such as B-Raf, A-Raf, mutated p53, GSK3b, and PKCb at 24 h in MIAPaCa-2 and AsPC-1
up to a dose of 30 uM. Besides, the authors proved to decrease mahanine concentration
(1020 uM), demonstrating its efficacy in MIAPaCa-2 cells after 24 h of treatment. In fact,
mahanine diminished the protein level of Akt and CDK-4 at 15 uM, while B-Raf, STAT3 and
Bcl-XL were conspicuously reduced at 17.5 uM. As previously mentioned, the molecular
chaperone Hsp90 has a crucial function in the survival of cancerous cells in which it is
extensively expressed. As a result, this makes it a promising target for chemotherapeutic
agents. Indeed, it mediates the folding, assembly, and maturation of many client proteins,
among which are HER2, EGFR, PI3K, Akt, B-Raf, STAT3, GSK3b, Cdk4, mutated p53, and
steroid receptors that participate in malignant cancer development [105].

In silico studies demonstrated the binding capability of mahanine to Hsp90 via nonco-
valent weak interactions, in a polar pocket, apart from the ATP-binding cavity. Mahanine
constituted two hydrogen bonds with Hsp90, the first with the side chain oxygen of Glu47
through its NH group and the second with the side chain oxygen of Asn51 through its OH
group. Moreover, van der Waals interactions with Arg46, Ile43, Gly132, GIn133, Met130,
Ser129, Phel38, Ile131, and Gly137 were established. The most advantageous configuration
of the ligand with the protein had a binding energy of —7.6 kcal mol~!, with a micromolar
binding affinity (Kp = 3.16 wM) [100].

In 2013, Saturnino et al. [32], in their preliminary study, synthesized a series of N-
alkylcarbazole derivatives to evaluate their potential STAT3 inhibitory activity. Their
studies, indeed, highlighted that a crucial role in modulating the lipophilic properties
of the carbazole was played by the substituent in N9. They analyzed a small series of
carbazoles N-alkylated with C5, C6, and C7 alkyl chains [106]. Additionally, the alkyl chains
were functionalized with dimethyl 5-hydroxyisophthalate (for derivatives 13) or methyl
salicylate (for derivatives 14) as substituents (Figure 9). Their findings highlighted the
ability of compounds 13a-c, among others, to inhibit STAT3 phosphorilation and its nuclear
translocation in acute monocytic leukemia at 50 uM with different potencies, amounting to
50%, 90%, and 95%, respectively. A crucial element for this effect seems to be the length of
an alkyl linker inserted in these compounds. They obtained these outcomes by performing
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EMSA and Western blot analysis in THP-1 cells treated with IL-6 (20 ug/mL) for 15 min.
Indeed, IL-6 augmented the STAT3 DNA binding activity as indicated by EMSA /supershift
experiments with anti-STAT3 antibody. Furthermore, obtained data suggested a time- and
dose-dependent effectiveness for 13a-c. These compounds, however, could not block IFNy-
induced STAT1 nor TNF-a LPS-induced NF-kB activation. Phosphorylation on specific
tyrosine residues and consecutive translocation into the nucleus are crucial to activate
STATs. Their studies assessed that compounds 13a-c lowered, at different levels, IL-6-
induced tyrosine705 phosphorylation of cytosolic STAT3 without impacting the whole
STATS3 protein. Concerning the structure-activity relationship, the insertion of an N-alkyl
chain added an interaction point to the target protein.
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Figure 9. Structure of: hydroxyisophthalate derivatives (13) and methyl salicylate derivatives (14).

Slight changes of its terminal phenyl ring significantly modified the activity profile
(compare 13a-c with 14a-c). Another important feature to improve the activity is the length
of the alkyl linker as observed by comparing 13a with 13b and 13c) [15,32].

Although prior research substantiated that [31,32] some carbazoles affected the STAT3-
mediated transcription and/or STAT3-DNA binding and phospho-STAT3 at high doses
(30-50 uM), little evidence regards the molecular mechanisms involved in this process.
Hou et al. [107] have been previously fascinated by the possibility of targeting STAT3 path-
ways. They, indeed, tried to identify therapeutic agents against cancer. They focused on the
development of fluorescent small molecules. The silver lining of these compounds was the
capability to be observed directly as it interacts with receptor-positive cell lines [108-110].
However, a preceding survey assessed that the antiproliferative activity of the free car-
bazole on the cancer cell lines is lower than the corresponding scaffolds with the dansyl
group. In view of the above, this research group synthesized a small series of carbazole
derived compounds with fluorophore (Figure 10). Among them, compound 15 was the
most effective compound.
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Figure 10. General structure of carbazoles fluorophore and structure of 7-hydroxy-1-methyl-9H-carbazol-2-yl 5-
(dimethylamino)-naphthalene-1-sulfonate (15).
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It inhibited the STAT3-mediated transcription and IL-6-induced phosphorylation of
STATS3 in triple negative breast cancer (TNBC) cells. Indeed, they examined the antiprolif-
erative effects of 15 on a panel of breast cancer cells, finding the best results for the invasive
ductal carcinoma cells SUM1315MO2. Moreover, 15 suppressed cell proliferation in A431
(a squamous carcinoma cell line), A549 (a lung cancer cell line) and PC-3 (a prostate cancer
cell line) with GI50 values 0.16 uM (for A431), 2.5 uM (for A549), and 3 and 7.9 uM (for
PC-3), respectively.

According to the inhibition of STAT-3, the cell treatment with compound 15 provoked
a reduction of cyclin D1 levels, transcriptional target of STAT3. Besides, in vitro and in vivo
studies demonstrated that the inhibitory effects of 15 on phospho-STAT3 were via the
up-regulation of cytoplasmic protein—tyrosine phosphatase PTPN6. This was measured
on the two lines of invasive ductal carcinoma HS578T, and SUM149PT. Further analysis
assessed a cytoplasmic fluorescence of compound 12 in MDA-MB-231 cells, evidencing that
the compound enters human breast cancer cells. Compound 15, in fact, triggered apoptosis
in breast cancer cell lines in vitro and it was efficient at inhibiting the in vivo growth of
human TNBC xenograft tumors (SUM149) with a 57% reduction of tumor volume on the
fifth day without showing any toxicity. Furthermore, compound 12 also suppressed the
growth of human lung tumor xenografts (A549) harboring aberrantly active STAT3. The
maximum inhibitory effect was achieved on the ninth day (inhibition rate 73.76%) [107].

Subsequently, in 2017, the same research group focused their attention on this com-
pound deepening the knowledge of the molecular mechanism [111]. Indeed, as just re-
ported, in their preceding work they discovered that 15 was able to inhibit phospho-STAT3
(Y705) by induction of PTPN6/SHP-1 expression. However, previous studies underlined
that PTPN6/SHP-1 is epigenetically repressed by STAT3- DNMT1 [112] and acetylation
of STAT3 (K685) is critical to bind DNA (cytosine-5)-methyltransferase 1 (DNMT1). They
found that 15 not only decreased the phospho-STAT3 (Y705) but also the acetyl-STAT3
(K685) levels in HS578T cells, both in a dose-dependent manner.

By using Western blot experiments, they highlighted that STAT3 binds to DNMT1 in
HS578T cells. However, 15 inhibited the capability of forming this interaction at 0.3 pM.
The disruption of STAT3-DNMTT1 interaction by 15, instead, happened at 0.1 uM. This effect
was achieved also in SUM1315MO2 cells. In contrast, the reference molecules used, the
JAK2 inhibitor (AZD1480) or JAK1/2 inhibitor (CP690550) did not impact STAT3-DNMT1
interaction. Moreover, they established that the disruption of STAT3- DNMT1 interaction
by 15 is dependent on the deacetylation of STAT3 at K685. Furthermore, starting from
the assumption that the STAT3-DNMT1 interaction is important for DNA methylation in
the promoter region of TS genes, they identified four TS genes that were demethylated
by 15 in HS578T cells, among which the retinoic acid receptor beta (RARB), neurogenin 1
(NEUROGT1), PDZ and LIM domain 4 (PDLIM4), and Von Hippel-Lindau tumor suppressor
(VHL). Then, they evaluated the methylation status of these promoters in two TNBC cells.
It has been discovered that the promoter regions of VHL and PDLIM4 genes were highly
methylated and 15 near commonly demethylated these promoters. Demethylation of VHL
and PDLIM4 gene promoters by 15 resulted in the reactivation of mRNA expression of
these genes in both HS578T and MDA-MB-231 in a dose-dependent manner. At the end,
they carried out in vivo studies, highlighting that 15 significantly reduced tumor growth
without inducing loss of body weight [111].

In 2015, Cuenca-Lépez et al. [113] studied the antitumor properties of 16 (Figure 11), a
hybrid indolocarbazole analog produced by combinatorial biosynthesis of Rebeccamycin
and Staurosporine genes.

The authors outlined the antiproliferative activity of this compound towards HS578T,
BT549, MDA-MB-231, and HCC3153 with ICs( values in the nanomolar range. Moreover,
16 was able to reduce colony formation of these cells and decrease tumor volume in
mice. Besides, their main purpose was to investigate the molecular mechanism of 16 by
analyzing its effects on kinases profile in TNBC. Through biochemical experiments, they
proved that 16 suppressed downstream components of the PI3K/AKT pathway including
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AKT (phosphorylated at T308 and 5473) and pS6. In the same way, it suppressed p-Stat3
and p-Statl in HS578T and BT549 cells. To deepen their knowledge of the antiproliferative
mechanism, they carried out some experiments on cell cycle and apoptosis. Their findings
suggested that it caused an accumulation of cells HS578T, BT549, and MDA-MB-231 in
G2/M phase at 24h whereas further analysis underlined that the apoptotic mechanism was
caspases independent. Therefore, to examine if 16 induced DNA damage, they evaluated
the phosphorylated YH2AX levels, a protein necessary for checkpoint-mediated cell cycle
arrest and DNA repair following double-stranded DNA breaks. Treatment with 16 in
HS578T, BT549, and MDA-MB-231 exhibited an enhancement in the phosphorylated levels
of YH2AX at early time points. They also noted that 16 provoked the phosphorylation of
p53 and Chk2, validating the induction of DNA damage. In addition, they tried to explore
the effects of 16 when associated with chemotherapeutic agents used in the clinical setting
for triple negative tumors such as vinorelbine, docetaxel, and carboplatin. Their results
displayed a synergistic interaction of 16 with all these compounds, mostly with docetaxel,
in HS578T, BT549, and MDA-MB-231 cells and improved effects in vivo. In addition, 16
possessed a good pharmacodynamic and pharmacokinetic profile. Indeed, it exhibited a
clear decrease of pS6 and pSTAT1 at 30 min in vivo in the extracted tumors. pSTAT3 was
also moderately impaired. Induction of pyH2AX was reached at 60 min. Moreover, they
evaluated the concentration of the drug in two resected tumors per time point, assessing a
time-dependent accumulation, reaching over 1000 ng/g. The obtained results underlined
that targeting acetylation of STAT3 (K685) by small molecule inhibitors could be a valid
therapeutic option for cancer treatment. Acetylation of STAT3 and DNMT1 present high
levels in a wide range of malignancy. Conceivably, in these diseases, the STAT3-DNMT1
complex is engaged in the repression of TS genes by DNA methylation. With this in mind,
an in-depth investigation of acetyl-STAT3 and DNMT1 status in human cancers could
offer a potential therapeutic opportunity with the aim of targeting the STAT3-DNMT1
interaction [113].
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Figure 11. Structure of (5R,7S5,9S)-7,8-dihydroxy-9-methyl-6,7,8,9-tetrahydro-5H,14H-17-oxa-
4b,9a,15-triaza-5,9-methanodibenzo[b,h]cyclononaljkl]cyclopenta[e]-as-indacene-14,16(15H)-dione
(EC-70124, 16).

Oscar Estupifian et al. in 2019 [114] evaluated the anticancer effect of 16, too. They
assessed that PI3K/AKT/mTOR, JAK/STAT or SRC were the main activated pathways in
cell-of-origin sarcoma models and/or sarcoma primary cell lines. Compound 16 blocked
the phosphorylation of these targets and impeded proliferation triggering the DNA damage,
cell cycle arrest, and apoptosis. Moreover, 16 in part decreased tumor growth in vivo.
Furthermore, it decreased the expression and the effect of ABC efflux pumps implicated
in drug resistance. Data also suggested that combining compound 16 with doxorubicin
resulted in a synergistic cytotoxic effect in vitro and an enhanced antitumor effect in the
animal model. They found that 16 is much more successful than midostaurin in preventing
the phosphorylation of ERK1/2 at Thr202 and Tyr204, AKT at Ser473 and Thr308, pS6 at
Ser235 and Ser236 and 4EBP at Ser65, which are the kinases/kinase substrates most enabled
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among a panel of relevant signaling molecules in a cell model of MRCLS. Furthermore,
16 prevented the activation of SRC, STAT1, and STAT3, activated in several primary
sarcoma cell lines. The multikinase inhibitory effect of 16 in sarcomas is linked to a potent
antiproliferative activity if compared with midostaurin. This is due to the induction of
DNA damage followed by a more stringent S-phase arrest and apoptosis. In addition, it
is known that midostaurin and other indolocarbazoles inhibit Aurora kinase abrogating
the mitotic spindle checkpoint and the accumulation of cells with 4 N and 8 N DNA
content [114].

In 2015 Botta et al. [115] synthesized a series of 1,4-dimethyl-carbazole derivatives
(Figure 12) and tested them for their potential activity on STAT3.

Cl
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; 5 HoNO,S,
HO, oo, 8 ch/\o cl 2NO2
CHy H H CH, 2 CH,
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18 19 3 20 3 21
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H’C/\ : NO, H3CO, H3CO,
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H l CHa CHy
24 s CH; 25 26 L

Figure 12. 1,4-Dimethyl-carbazole derivatives (17-26).

The design of molecules has been assisted by in silico studies with the purpose to
identify new ligands of SH2 domain of STAT3 responsible for the protein dimerization,
where a monomer identifies the Pro-Tyr/pTyr-Leu-Lys-Thr-Lys sequence of its partner.
Indeed, the in silico analysis was performed by selecting the protein region accommodating
the Pro-Tyr/pTyr-Leu-Lys-Thr-Lys sequence and especially the interactions involving
the Tyr705/pTyr705, essential for the possible ligand binding. Therefore, the possible
effects on the cellular viability of human melanoma (A375) and human epithelial cervix
adenocarcinoma (HeLa) cell lines, which constitutively express STAT3, have been evaluated.
Their findings evidenced that 1,4-dimethyl-carbazole (17) (IC5q of 80.0 uM) had similar
activity to doxorubicin (ICsp of 87.0 uM), used as a reference molecule, toward A375 cells.

Compounds 18, 20, 24, and 26 achieved a similar trend of results on both cell lines
in comparison with doxorubicin whereas compounds 19 and 21 exhibited ICsy values on
A375 of 50 and 60 uM, respectively. Moreover, the most active compounds 19-21 displayed
a considerable inhibition rate at 72h of STAT-3 expression with respect to the control cells,
with a percentage of inhibition amounting to 94.33, 90.66, and 91.0 %, respectively. In
silico studies revealed that the position 6 of carbazole ring faces the cavity accommodating
the Tyr705/pTyr705. Specifically, this research group verified that the Tyr705/pY705 is
in a small hollow, to interact with the side chains of Lys591, Arg609, Ser611, Glu612 and
Ser613. For this reason, they designed compounds 18-22 inserting at C-6 a hydrogen bond
acceptor to replicate this interaction. Furthermore, they added hydroxyl, methoxy, ethyl
ester groups, and a chlorine and a sulfonamide function. Since position 3 of carbazole is
close to the side chain of Arg595, they explored the C-3 position to ameliorate the binding
to the protein. Therefore, in light of the simple introduction of a nitro group able to interact
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with Arg595, compounds 23 and 24 have been designed. Furthermore, compounds 25
and 26 attempted to raise the contacts with STAT3 through van der Waals interactions by
introducing alkyl groups on the nitrogen to the detriment of the hydrogen bond. At the
end, the designed compounds 18-26 were docked into the binding cavity of STAT3. The
docked poses of 18-26 accommodated well into the protein binding cavity and seem to
respect the predicted interactions [115].

Since JAK and STAT proteins (as previously stated) are connected to a pathway
that involves many cytokines and hormones for intracellular signaling with potential
involvement in cancer, Zimmermann et al. [116] designed and synthesized a series of
9H-carbazole-1-carboxamides (Figure 13) in order to evaluate their potentiality as selective
ATP-competitive inhibitors of Janus kinase 2 (JAK2).

NH;

[y
)
v T -

-

N,
HiC™ \J N
H

NH; I
o 29
28

Figure 13. Structure of 9H-carbazole-1-carboxamides (27-29).

By means of in silico studies, they tried to optimize their lead compound 27, show-
ing a good JAK2 inhibitory potency but poor selectivity toward JAK family. The (S)-
dimethylamino-pyrrolidine amide 28 exhibited an enhanced selectivity against other mem-
bers of the JAK kinase family. Moreover, 28 was tested in vitro for its antiproliferative effect
on SET-2 cells (adult acute megakaryoblastic leukemia) reaching an ICs, value of 80 nM.
Further studies were aimed to assess its in vitro ADME properties. Data suggested that
28 possessed a greater solubility than compound 27 (>1.9 mg/mL at pH 1.0; 0.41 mg/mL
at pH 6.5; compared to <0.001 mg/mL across pH range for 1). Another compound with a
significant selectivity on JAKs was 29, particularly active against JAK2 (IC5p amounting
to 5.5 nM), which also displayed an antiproliferative activity against SET-2 cells with an
ICsp value amounting to 130 nM. Concerning the metabolic stability of 29, it is similar to
28, except its solubility at acidic pH was enhanced when compared to the initial screening
(0.044 mg/mL at pH 1.0) [108].

Based on the knowledge that phosphorylation of STAT3 at Y705 induces the dimer-
ization and translocation into the nucleus to relay the oncogenic signals by expressing
the genes implicated in proliferation, antiapoptosis, angiogenesis and tumor evasion in
2016, Baburajeev et al. [117] reported the synthesis and evaluation of substituted carbazole
derivatives (Figure 14) using nano-cuprous oxide as a catalyst via intramolecular C-N
bond forming reactions. Among them, (3-acetyl-6-chloro-9H-carbazol-9-yl)methyl)-[1,10-
biphenyl]-2-carbonitrile (30) exhibited the greater antiproliferative activity towards two
lung cancer cell lines: A549 and LLC, establishing itself as a lead compound. The calculated
ICs) values amounted to 13.6 and 16.4 uM, respectively for the two cell lines.
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cl

Figure 14. Carbazol-carbonitrile derivatives (30-32).

Paclitaxel, used as a reference molecule, instead achieved ICsy of 0.0044 uM against
A549 cells. Furthermore, they performed their studies on A549, HCC-2279 and H1975 cells,
treating them with 10 uM of ACB for 6 h to examine the effect on the persistent activation of
STAT3 by Western blot analysis using antibodies that recognize phosphorylation of STAT3
at Tyr-705. They found that 30 inhibited STAT-3 phosphorylation in A549, HCC-2279
and H1975 cells at a concentration of 10 uM. However, 30 did not affect total STAT3 and
-actin levels, confirming the inhibitory effects of carbazoles on STAT3 phosphorylation.
Moreover, they analyzed the levels of phospho-STAT3 and lysine demethylase (LSD1) in
the nuclear extract of HCC-2279 cells, at different concentrations of 30 (0, 1.25, 2.5, 5, 10,
20, 40 and 80 uM). ACB downregulated the nuclear pool of phospho-STAT3 pointing out
that 30 suppresses the phosphorylation of STAT3, thereby translocating into the nucleus
and reducing its DNA binding ability. LSD1 was exploited as nuclear marker and loading
control for nuclear protein. The levels of LSD1, cytoplasmic STAT3 and B-actin did not vary.

These data were also confirmed by in silico studies that determined the acetyl group
on the core carbazole as the most auspicious substituent. In particular, in different matched
molecular series, compounds bearing the acetyl group showed the best cellular activities.
An ethyl substituent is related to a modest solubility of the corresponding compounds,
particularly in relation to chlorine substitutions.

On the contrary, they explored N-substituents and found the 3-(2-cyano-phenyl)-
benzyl substitution as decoration with the highest effects in two out of three matched
molecular series. Moreover, they extracted the SH2 domain from the crystal structure of the
STAT3 homo-dimer and chose the pTyr as the center for in silico docking experiments. The
3-(2-cyano-phenyl)-benzyl substituted compounds such as 30, 31, and 32 demonstrated
distinct features in molecular docking apart from conserved shape fit and hydrophobic
interactions. The substituents on the carbazole moiety were buried in the pTyr binding site
and thereby form hydrogen bonds via the acetyl and hydroxyethyl group. This provides
a clarification of the better activity of the acetyl and ethyl decoration over the ethyl one,
which misses the acceptor functionality resembling the pTyr in binding to the side chain
of Arg609.

Diaz et al. in 2011 [118] explored the possible activity of Lestaurtinib against HL based
on the knowledge that JAK/STAT pathway constitutive activation is involved in Hodgkin’s
lymphoma (HL) pathogenesis and the ability of Lestaurtinib (formerly known as CEP-701,
33 Figure 15) to inhibit JAK2 and FLT3 [119] in myeloproliferative disorders. Genomic
gains of JAK2 [120], due to 9p24 gains [121], and SOCS], a negative regulator of JAK/STAT
signaling, are often somatically mutated and inactivated in HL [122]. Besides, constitutive
activation of STAT3 has been documented in HL cell lines [123].

To verify, they treated five HL cell lines from refractory patients, L-428, 1.-1236, L-
540, HDML-2, and HD-MY-Z with Lestaurtinib. They noticed a dose-dependent cell
growth suppression (23%-66% at 300 nM) and an apoptotic increase (10%—64% at 300 nM)
after treatment for 48 h. Furthermore, Lestaurtinib prevented JAK2, STAT5, and STAT3
phosphorylation and decreased the mRNA expression of its downstream antiapoptotic
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target Bcl-xL. Furthermore, they determined after 1 h, phospho-JAK2 levels were reduced
in all the HL cell lines by 46-94% at 300 nM, whereas no substantial changes were detected
in JAK2 total protein expression.

H
N

WOH

HO
33

Figure 15. Structure of lestaurtinib (CEP-70, 33).

Lestaurtinib markedly hampered the phosphorylation of STAT5 and STAT3. However,
no substantial changes in STAT5 and STATS3 total protein were assessed. Phospho-STAT5
and phosphoSTAT3 levels declined by 88-100% and by 97-100%, respectively, after 1 h of
300 nM of Lestaurtinib treatment. Bcl-xL, a pro-survival protein triggered by phosphory-
lated STAT5 DNA binding, is upregulated in HL samples, and is implicated in apoptotic
resistance in HRS cells. Reduced phosphorylation of STAT5 resulted in lowered mRNA
expression of its downstream antiapoptotic effector Bcl-xL. Cells were treated for 1 h with
Lestaurtinib at 300 nM discovering that Bcl-xL mRNA expression levels diminished by
52% in 1.-428, 28% in L-1236, 37% in 1540, 55% in HDLM-2, and 71% in HD-MY-Z [124].

Subsequently, Santos et al. [125] carried out a phase 2 study of CEP-701 in which
22 ]AK2V617F—positive patients with myelofibrosis, for which few therapeutic options are
available today, were treated with 80 mg, orally twice daily, of this drug. The total re-
sponse rate for the patients was of 27%, with a median time to response of three months.
Phosphorylated STAT3 levels decreased from baseline in responders while on therapy. A
decline in spleen size occurred in three patients (50%). Two patients reached transfusion
independency (9%). A dose decrease was necessary for 27% of patients. to reduce toxicity.
Hematologic side effects such as anemia and thrombocytopenia were experienced by 14%
and 23% of patients, respectively. Nonhematologic toxicity, including diarrhea (72%),
nausea (50%), and vomiting (27%), were noted [125].

4. Conclusions

The academic community has extensively explored, over the years, heterocyclic com-
pounds that represent more than half of the organic molecules known to exist. Among
them a main role is played by carbazoles. This structural motif is found in different
naturally occurring alkaloids. An ascending interest in these versatile compounds led
both to the development of many synthetic strategies and their extraction from several
plants. Indeed, they found an application both in science materials and the pharmaceutical
field. In particular, some prior studies suggest that they could be promising anticancer
agents. [126] According to some studies their effects could be due to the involvement of the
JAK/STAT pathway. Signal transducers and activators of transcription (STATs) are a family
of cytoplasmic proteins with roles like signal messengers and transcription factors engaged
in normal cellular responses to cytokines and growth factors. Associated with STATs is the
Janus kinases (JAK), belonging to the tyrosine kinases family, responsible for activating the
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STAT cascade that initiates, ultimately, gene transcription. [127] Literature data report that
carbazoles (Table 1) could act by downregulating STAT proteins (particularly STAT-3), and
also affecting interleukins and i-NOS production.

Table 1. Carbazole derivatives as stat inhibitors.

Compound Name Compound Structure Compound References

1 Carbazole Arbiser et al. [31]

11 2-Hydroxycarbazole °" Arbiser et al. [31]
Mahanine
12 3,11-dihydro-3,5-dimethyl-3-(4- o O q

methyl-3-pentenyl)-pyrano[3,2- N
a]carbazol-9-ol

\
HsC
g,
Dimethyl-5-(5-(6-methoxy-1,4-
13a dimethyl-9H-carbazol-9-yl) HoCO N " Saturnino et al. [32]
pentyloxy)isophthalate )J )s ’

Sarkar et al. [100]

o

Dimethyl-5-(6-(6-methoxy-1,4- O O

13b dimethyl-9H-carbazol-9-yl) H,CO N Saturnino et al. [32]
hexyloxy)isophthalate )J )s o

H3CO o
HyC
H3CO,
i ()
Dimethyl-5-(7-(6-methoxy-1,4-
13c dimethyl-9H-carbazol-9-yl) HsCO N Saturnino et al. [32]
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()
HaCO' o

Methyl-2-(5-(6-methoxy-1,4- O O

14a dimethyl-9H-carbazol-9-yl) N Saturnino et al. [32]
pentyloxy) benzoate )J )s o
0
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H4CO, "
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hexyloxy)benzoate
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Figure 16 represents the mechanisms of action of the compounds cited in this review.
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Figure 16. Mechanism of action of compounds carbazole mahanine and 13 a—c, 14 a—c, 15, 16, 18-26,
28, 29, 30-33.

Some of these studies have also been supported by in silico evaluations. It may be
interesting to compare the activity between some successful carbazole and non-carbazole
molecules targeting STATs. Indeed, HJC0123, cpd30, cpd188, and carbazolic compound
15 demonstrated their ability to target STAT3 and to exert antitumoral effects against
breast cancer. Among them, HJC0123 exhibited the lower ICs values, amounting to 0.1-
1.25 uM. Furthermore, it demonstrated to be orally bioavailable and suppressed tumoral
growth in vivo [90]. Concerning compound 15, its mechanism of action on STAT3 has been
deepened, demonstrating its ability to inhibit phospho-STAT3 in the micromolar range.
Moreover, other findings also reported interesting activity in an in vivo model of breast
cancer in which the tumor suppression occurred after a few days of treatment. All this data,
taken together, make compound 15 a promising carbazolic lead compound and a potential
tool in the fight against cancer. However, further studies able to validate the importance
of compound 15 and of other promising carbazoles for clinical use must be carried out. If
they succeed, carbazoles could represent a valid alternative to conventional treatments,
allowing us to overcome the phenomena of drug resistance, entering, in this way, into the
plethora of target therapies.
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Abstract: Breast cancer is still considered a high-incidence disease, and numerous are the research
efforts for the development of new useful and effective therapies. Among anticancer drugs, carbazole
compounds are largely studied for their anticancer properties and their ability to interfere with
specific targets, such as microtubule components. The latter are involved in vital cellular functions,
and the perturbation of their dynamics leads to cell cycle arrest and subsequent apoptosis. In this
context, we report the anticancer activity of a series of carbazole analogues 1-8. Among them,
2-nitrocarbazole 1 exhibited the best cytotoxic profile, showing good anticancer activity against two
breast cancer cell lines, namely MCF-7 and MDA-MB-231, with ICs( values of 7 == 1.0 and 11.6 £ 0.8
uM, respectively. Furthermore, compound 1 did not interfere with the growth of the normal cell line
MCF-10A, contrarily to Ellipticine, a well-known carbazole derivative used as a reference molecule.
Finally, in vitro immunofluorescence analysis and in silico studies allowed us to demonstrate the
ability of compound 1 to interfere with tubulin organization, similarly to vinblastine: a feature that
results in triggering MCF-7 cell death by apoptosis, as demonstrated using a TUNEL assay.

Keywords: carbazoles; ellipticine; tubulin; breast cancer; apoptosis; docking simulations

1. Introduction

Despite many research efforts, breast cancer incidence is constantly growing and
remains a serious health emergency [1]. Indeed, breast cancer represents, to date, the main
cancer-related cause of disease for women, and its diagnosis and mortality frequencies
have risen worldwide in recent years [2]. Among the estimated 19.3 million new cancer
cases worldwide in 2020, 11.7% represents female breast cancer, correlated with a mortality
of 6.9% [3].

Clinically, breast cancers are classified according to specific subtypes defined by
their histopathological features, and their expression of hormone receptors and growth
factors, such as estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2). ER-positive breast cancer is increasing in incidence,
while the triple negative causes concern about its aggressiveness and ability to give rise to
metastases [4,5].
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The use of cytotoxic chemotherapy in breast cancer has made significant progress
in recent years due to the use of drugs able to interfere with the numerous biological
pathways involved in cancer cell growth. However, the numerous side effects related to
current therapies often overshadow their benefits. This spurred the need for research and
development of new potent anticancer agents. Currently, medical attention has primarily
focused on naturally occurring molecules with anticancer properties. Among them, the
carbazole scaffold represents an important structural motif of many natural and/or syn-
thetic pharmacologically active compounds [6]. They have been found in a large variety of
organisms, including bacteria, fungi, plants, and animals and represent an important class
of heterocycles, which exhibits innumerable biological activities [7]. Ellipticine is an alka-
loid considered the first lead compound with anticancer activity belonging to the carbazole
class [8]. It was first obtained in 1959 from the leaves of Ochrosia elliptica (Apocynacae),
while now, it is prepared by entirely synthetic procedures [9]. Considering the biological
importance of this molecule together with its demonstrated high toxicity [10], many Ellip-
ticine derivatives with antioxidant, anticancer, anti-inflammatory, antibacterial, antiviral,
and antidiabetic properties have been synthesized in recent decades [7,11-16]. Numerous
in vitro studies, supported by docking simulations, demonstrated that some carbazole
derivatives and analogues significantly disrupt the microtubule network, arresting the cell
cycle and inducing cell apoptosis [17-20].

Considering these exciting data [17-20], the goal of this work was to evaluate the
anticancer activity of a series of carbazole derivatives (1-8, Figure 1) against two human
breast cancer cell lines, namely ER(+) MCEF-7 cells and triple-negative MDA-MB-231 cells.
The obtained data showed that nitrocarbazoles 1-3 exhibited the best anticancer activity on
both the breast cancer cell lines used. However, 3-nitrocarbazole 2 and 2,3-dinitrocarbazole
3 showed strong cytotoxicity on the normal MCF-10A cell line, while 2-nitrocarbazole 1 did
not interfere with the growth of the same cell line. Cytotoxicity of compounds on normal
cells may be influenced by the position of the nitro group(s) on the aromatic ring. These
interesting results pushed us to further understand the mechanism of action of the most
active and safe nitrocarbazole 1 in depth. Immunofluorescence analysis demonstrated
that compound 1 perturbs microtubule networks, inducing disorganization of the tubulin
filaments and their accumulation around cell nuclei. The disruption of microtubules
dynamics led to cancer cell death by apoptosis. The in vitro results, confirmed by in silico
studies, suggest that 2-nitrocarbazole 1 represents an interesting tool in cancer treatment as
a microtubule-targeting agent. These results are an important starting point in medicinal
chemistry for the development of targeted therapy able to reduce the numerous toxic
effects typically associated with traditional therapeutic approaches.

R1
1: R=R'=Me; R?=H; R®=NO, 4 R=Me 6: R =Me
2:R=R'=Me; R2= NO,; R®=H 5:R=Cl 7:R=Cl
3:R=R'=H;R2=R®=NO, 8: R =OMe

Figure 1. Molecular structures of compounds 1-8.
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2. Materials and Methods
2.1. Chemistry

The synthesis and characterization of compounds 1-3 [21], 4 and 5 [22], and 6-8 [23]
has already been reported; details are provided in Scheme 1 below.

NO, SMe NO, SO,Me
1) RR'NH, AgNO3;, EtOH P 1) ArMgBr
- T G
2) Mel MY W Sieraa oom - ;
X=H, SOPh NRR' X ! Ar X
O2N X Y =H, COOMe 10 12: X=S0,Ph,Y=H
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U\ 13: X = SO,Ph, Y = COOMe
S Y
RR'NH = Et;NH
1) ArMgBr
e %\) h %\)
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Scheme 1. Synthetic protocol of compounds 1-8. From nitrothiophene 9, via a ring-opening-ring-closing (benzannula-
tion) procedure.

2.2. Biology
2.2.1. Cell Culture

The three cell lines employed in this work (MCF-7, MDA-MB-231, and MCF-10A)
were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and
cultured as already described [15].

2.2.2. MTT Assay

The in vitro anticancer activity of all of the studied compounds were detected us-
ing the MTT (Sigma) assay [24,25]. In brief, cells were seeded in a 48-well plate, then
starved in serum-free medium, and incubated with the target compounds dissolved in
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DMSO at six differing concentrations (0.1, 1, 5, 10, 100, and 200 uM) for 72 h, as already
described [24]. After this period of time, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) was incubated for 2 h at 37 °C (final concentration 0.5 mg/mL). Then,
the formazan crystals were dissolved in DMSO and the optical density was measured at
570 nm using a microplate reader. All of the calculations were performed in triplicate, and
the results were represented as the percent (%) of basal. The IC5 values were calculated
using curve-fitting GraphPad Prism 9 software (GraphPad Software, La Jolla, CA, USA)
with nonlinear regression. The values represent the mean =+ standard deviation (1 = 3).

2.2.3. Immunofluorescence Analysis

The cells were seeded in 48-well culture plates containing glass slides, then serum-
deprived for 24 h, and incubated with the most active compound for 24 h (concentration
equal to its ICsp value). Then, the methanol-fixed cells were incubated with the primary
antibody (mouse anti-f-tubulin, Santa Cruz Biotechnology, Dallas, TX, USA) and then the
secondary antibody (Alexa Fluor® 568 conjugate goat-anti-mouse, Thermo Fisher Scientific,
MA, USA), as previously described [26]. Then, the Nuclei were stained using DAPI (Sigma
Aldrich, Milan, Italy). Fluorescence was detected using a fluorescence microscope (Leica
DM 6000, 20 x magnification). LAS-X software was used to acquire and process all images.
The images are representative of three independent experiments.

2.2.4. Docking Studies

The crystal structures of the quaternary assembly of human tubulin (xf«f) in a
complex with stathmin and vinblastine [27] (PDB code 5]2T) has been used as a target
for our molecular docking simulations. We built the three-dimensional structures of
compounds 1, 2, and 3 using the MarvinSketch program (ChemAxon ltd, Budapest, Hu),
and once the atomic charges were assigned, we minimized all of them. As described in our
previous work [15], we used the Autodock program v. 4.2.2 [28] to evaluate the possible
binding modes of our ligands and to evaluate the binding energies of different derivatives
to these proteins. We adopted a “blind docking” strategy: docking simulations of small
molecules to the targets were conducted without a priori knowledge of the position of
the binding site by the system. All of the simulations were performed by adopting the
standard default values and by utilizing the same procedures described in several previous
work by our group [29-31]. The figures were drawn using the program Chimera [32].

2.2.5. TUNEL Assay

The ability of the most active compound to induce cell death by apoptosis was detected
using the TUNEL assay using the CFTM488A TUNEL Assay Apoptosis Detection Kit
(Biotium, Hayward, CA, USA). The cells were grown on glass coverslips and then treated
with the tested compound. Then, the methanol-fixed cells were incubated with the enzyme
terminal deoxynucleotidyl transferase (TdT) for 2 h at 37 °C, as previously described [24].
The nuclei were stained using DAPI 0.2 mg/mL (Sigma Aldrich, Milan, Italy). Finally, the
cells were observed under a fluorescence microscope (Leica DM6000; 20x magnification).
The images are demonstrative of three separate experiments.

3. Results and Discussion
3.1. Chemistry

Although structurally different, compounds 1-8 share a synthetic protocol whereby
a nitrobutadiene (12-14), deriving from the initial ring-opening of a suitably substituted
3-nitrothiophene (9) [33-35], acts as a benzannulating agent towards indole [21], pyr-
role [22], or 2-aminopyridine [23] (Scheme 1).

Evaluation of the anticancer activity of compounds 1-8 follows a long-standing engage-
ment by the Genoa research group in the synthesis of pharmacologically active nitroderiva-
tives from the initial ring-opening of nitrothiophenes 9 [36—44], an effort that has resulted
in a number of positive results in both in vitro and in vivo experiments. For instance,
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appreciable antitumor activity has been found for either some modified 13 [36,38—42] or
some selected 14 [36,37,39,40,42]; furthermore, a-glucosidase inhibition [43] or antibacterial
activity [44] has, on the one hand, exhibited in nitroheterocycles obtained from our ni-
trobutadiene building-blocks. On the other hand, the Cosenza research group has, in turn,
recently highlighted the efficacy of a nitrocarbazole as an anti-HIV agent [11]. Coupled
with the abovementioned results, the outcomes herein surely contribute to assessing the
nitro goup’s significance as a valuable pharmacophore.

3.2. Biology
3.2.1. Anticancer Activity

The anticancer activity of all the compounds against two breast cancer cell lines,
namely ER(+) MCF-7 and triple-negative MDA-MB-231, were evaluated by MTT assay,
and the ICs values, derived from the experimental data, are summarized in Table 1.

Table 1. IC5) values of compounds 1-8 and Ellipticine, expressed in uM. The means + standard
deviations are shown. The experiments were performed in triplicate.

Compound MDA-MB-231 MCEF-7 MCF-10A
1 11.6 £ 0.8 70+ 1.0 >200
2 122 +1.2 34+13 23.6 +£0.7
3 14.4 £09 54+1.1 3.7+0.6
4 >200 1625+ 14 110.5 £ 0.9
5 12+11 1.7+ 0.6 27.8 £1.0
6 >200 >200 >200
7 >200 >200 1433 £1.1
8 >200 >200 >200
Ellipticine 1.3+09 1.9+05 1.2+07

After the breast cancer cells were incubated in the presence of compounds 1-8 for
72 h, the ICsq values indicated that some of them exhibited, in different degrees, a good
anticancer activity against both cell lines.

The most promising compound was 2-nitrocarbazole 1, which exerted good anticancer
activity against both breast cancer cell lines used in this assay, with ICs, values of 7.0 &= 1.0
and 11.6 = 0.8 uM on MCF-7 and MDA-MB-231, respectively. Carbazoles 2, 3, and 5 showed
much higher cytotoxicity than the other compounds on both of the cell lines screened.
Indeed, the IC5 values of compounds 2, 3, and 5 were 3.4 +1.3,54 4+ 1.1,and 1.7 = 0.6 uM
against MCF-7 cells, respectively, and 12.2 + 1.2, 14.4 £ 0.9, and 1.2 + 1.1 uM towards
MDA-MB-231 cells, respectively. Unfortunately, together with their good anticancer activity,
2, 3, and 5 also exhibited severe cytotoxicity on the normal human mammary epithelial
cells MCF-10A, with ICs values of 23.6 + 0.7, 3.7 & 0.6, and 27.8 & 1.0 uM, respectively.

Instead, 1 did not interfere with the growth of the normal cell lines, showing an ICs
value higher than 200 M on the same normal cells. Moreover, compounds 4 and 6-8
exhibited a lower, or no, anticancer activity against both breast cancer cell lines. Ellipticine,
used as a reference molecule in this assay, exhibited strong anticancer activity against
MCE-7 and MDA-MB-231 cells with ICsj values of 1.9 & 0.5 and 1.3 & 0.9 uM, respectively,
together with a dramatic inhibition of normal cell growth (the ICsy on MCF-10A was
1.2 + 0.7 uM). Concerning the structure-activity relationships, the nitrocarbazoles 1-3
resulted in the most active compounds, indicating that the presence of the nitro group
could positively affect their anticancer activity. However, it seems clear that the position
of the nitro group on the aromatic ring influences the cytotoxicity of the compounds on
the normal cells. Indeed, if present in the 2-position (2-nitrocarbazole 1), it does not affect
the growth of normal cells MCF-10A (ICsy > 200 uM), at least at the concentrations and
under the conditions used, while in the 3-position, it makes compound 2 responsible for
the strong cytotoxic effect on the same non-tumoral cells (IC5q = 23.6 & 0.7 uM). Moreover,
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the presence of two nitro groups in the 2,3-positions on the aromatic ring gives a higher
toxicity to compound 3 (IC5p = 3.7 & 0.6 uM) than to 2.

Regarding the 8-methylpyrrolo[3,2-c]carbazole 4, it did not show an anticancer effect
on the breast cancer cells used, whereas the replacement of the methyl group with a chlorine
makes the 8-chloropyrrolo[3,2-c]carbazole 5 more active (ICsy = 1.7 & 0.6 uM on MCEF-7
and 1.2 = 1.1 uM on MDA-MB-231) and highly cytotoxic on the normal cells MCF-10A
(ICsp = 27.8 £ 1.0 uM). Finally, imidazopyridine 6-8 were inactive as anticancer agents on
both breast cancer cell lines.

Summing up, among the tested compounds, the 2-nitrocarbazole 1 possesses the best
anticancer profile, causing a growth reduction in both breast cancer cells used, even if less
active than the reference molecule Ellipticine. However, contrary to the other analogues of
the series and to Ellipticine, the 2-nitrocarbazole 1 did not exert any cytotoxicity against
normal human mammary epithelial cells MCF-10A.

3.2.2. Induction of Cell Cytoskeleton Destabilization

Microtubule-targeting agents are widespread drugs useful in cancer treatment due to
their ability to interfere with critical cellular functions, such as mitosis, cell migration, and
cell signaling [45].

The efficacy of microtubule-targeting drugs has been evidenced by the use of some
Vinca alkaloids and taxanes for the treatment of a large panel of human cancers [46]. Based
on the mechanism of action, microtubule-targeting agents are classified into two categories:
microtubule-destabilizing agents, such as the Vinca alkaloids, that inhibit the polymer-
ization reaction; destabilizing microtubules and decreasing tubulin polymer filaments;
and microtubule-stabilizing agents, such as taxanes which, contrarily, promote tubulin
polymerization-stabilizing microtubules [47]. While these agents are highly effective in
cancer treatment, the onset of resistance represents the principal clinical issue that limits
their use [48]. Moreover, their effectiveness has been impaired by the presence of systemic
toxicity and, often, the absence of bioavailability [49]. Thus, in recent years, research efforts
have been focused on the development of more active and safe new compounds that could
target microtubule organization [50-52].

With the aim to understand the role of compound 1 in cytoskeleton dynamics, we
carried out immunofluorescence studies using MCF-7 cells as models, since they represent
the cell line on which the 2-nitrocarbazole 1 was more active. Cells treated only with
the vehicle (DMSO and CTRL) showed normal organization of the microtubule network
in which tubulin filaments are regularly spread into the MCF-7 cell cytoplasm (Figure 2,
Panel B, CTRL). Contrarily, exposure of the same cells to vinblastine as well as to com-
pound 1 caused microtubule disorganization (Figure 2, panels B, vinblastine and 1). Indeed,
tubulin filaments become irregular and accumulate around cell nuclei (see the white ar-
rows). These results indicate that, similar to vinblastine, 2-nitrocarbazole 1 could act as a
tubulin-polymerization inhibitor.

3.2.3. Docking Studies

To study the possible binding modes of our compounds to the quaternary assembly
of human tubulin and to calculate a binding energy of the complexes, we carried over
molecular docking simulation runs using the crystallographic coordinates of the complex
formed between tubulin «, tubulin 3, and stathmin4 (PDB code 5]2T) as a protein target [27],
eventually comparing our results with the binding modes of vinblastine. For all our
compounds, we adopted a “blind docking” strategy: i.e., the docking of our small molecules
to their targets was performed without a priori knowledge of the binding site of the
ligand. This strategy was first tested and validated by repositioning vinblastine in the
protein binding site with its correct binding mode, displaying a root-mean-square deviation
(RMSD) of less than 0.2 A, compared with the one determined by X-ray crystallography.
This guarantees the reliability of our docking simulations. Further on, we tested our
compounds and found two different binding zones: one for molecules 1 and 3, within
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the interface between subunits  and « in proximity to the vinblastine binding zone, and
a second for 2, at the interface between subunit « and 3, in proximity to the Colchicine
binding site (Figure 3). Table 2 illustrates the amino acids involved in ligand interactions
and the binding energies of all of the complexes formed by tubulin and our compounds.

CTRL

Vinblastine

GP1

Figure 2. Immunofluorescence studies. MCE-7 cells were treated with compound 1 and vinblastine, used as a reference
molecule, (ICsy values) or with a vehicle (CTRL) for 24 h. After treatment, the cells were incubated with primary and

secondary antibodies (see the Experimental section for more details) and then imaged under the inverted fluorescence
microscope at 20x magnification. CTRL cells (DMSO only) showed regular organization of the cytoskeleton ((B), CTRL).
MCEF-7 cells treated with vinblastine and compound 1 exhibited irregular arrangement and organization, with tubulin
filaments accumulated around cell nuclei (white arrows, (B), vinblastine and 1). (A) DAPI, excitation/emission wavelength
350 nm/460 nm; (B) tubulin (Alexa Fluor® 568) excitation/emission wavelength 644 nm/665 nm; and (C) a merge. A
zoom-in of the overlay channels is shown on the right. Images are representative of three independent experiments.

Table 2. Energies of the complexes formed by tubulin and compounds 1, 2, and 3, and protein residues interacting with

the ligands.
Compound ~ Dinding Energy 1 oy « Atoms Involved in Binding §
p (Kcal/mol) oms Involved in Binding
Protein residue Distance (A) Residues m‘volved in hydrophobic
interactions
Glnpi1 3.01
1 —9.76 70.4 Serp40 3.0 AlaB99, Leup141, Prop173, Valp177
Thrp145 2.42
Argu221 2.9
2 —10.65 15.56 Proa222 3.2 Vala172, Tyra224, Leu 248, Val B335
ThrB353 2.87
Lysp176 2.76
Leua248, Pron325, Alax330, Tyrf210,
3 ~9.49 110.58 TyrB219 2.66 en pigzzzz T[;I'ZZZ . vrp
Thrp221 2.92 Y

* K; values as calculated by the Autodock algorithm: Ki = exp(AG/(R*T). § Residues involved in hydrogen bonding are listed in bold.
Hydrophobic contacts are listed in italic.
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Figure 3. (A) A cartoon representation of the tubulin (cyan ribbons) interface between subunits beta and alpha, with
vinblastine (VLB, yellow sticks) and guanosyndiphosphate (GDP, red sticks) reported. (B) Binding modes of molecules 1
(purple sticks) and 3 (pink) to the beta-alpha interface of tubulin, in the same three-dimensional orientation as (A). (C,D) The
position of compounds 1 (purple) and 3 (pink), respectively, within the same binding site. (E) The crystallographic structure
of a guanosyntriphosphate (GTP) molecule (drawn in purple) bound to the alpha-beta interface of the protein. (F) The pose
of compound 2 (green sticks) within the same binding site. We showed and labelled the residues involved in the interactions
of the three molecules in the tubulin quaternary structure.

3.2.4. TUNEL Assay

The perturbation of microtubule dynamics leads to disruption of the mitotic spindle
in dividing cells, causing cell cycle arrest and, as a last step, the induction of subsequent
cell death by apoptosis [53,54]. Thus, we determined whether 2-nitrocarbazole 1 is able to
trigger apoptosis using TUNEL assay, which allows the formation of DNA fragments to
be detected.

When compared with the vehicle-treated cells (CTRL), a detectable level of green
fluorescence, related to the formation of DNA fragments, was evident in MCF-7 cells after
24 h treatment with compound 1 at its IC5( value (Figure 4). This evidence indicates that
this compound is able to induce MCF-7 cell death by triggering apoptosis, and this effect is
probably linked to its ability to perturb microtubule dynamics.
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A
h -
| -

B C

Figure 4. MCF-7 cells were exposed to compound 1 at its ICsy value or with the vehicle DMSO (CTRL) for 24 h. Then,
cells were incubated with the TdT enzyme and observed under an inverted fluorescence microscope at 20 x magnification.

Apoptotic cells are indicated by a clear green nuclear fluorescence in compound 1-treated cells. (A) DAPI (CTRL and 1)
Aex/em = 350 nm /460 nm. (B) CFT™M488A (CTRL and 1) Aey/em = 490 nm /515 nm. (C) A merge. Fields are representative of

three separate experiments.
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Abstract: Carbazole derivatives have gained a lot of attention in medicinal chemistry over the
last few decades due to their wide range of biological and pharmacological properties, including
antibacterial, antitumor, antioxidant, and anti-inflammatory activities. The therapeutic potential of
natural, semi-synthetic or synthetic carbazole-containing molecules has expanded considerably owing
to their role in the pathogenesis and development of diabetes. Several studies have demonstrated
the ability of carbazole derivatives to reduce oxidative stress, block adrenergic hyperactivation,
prevent damage to pancreatic cells and modulate carbohydrate metabolism. In this survey, we
summarize the latest advances in the synthetic and natural carbazole-containing compounds involved
in diabetes pathways.

Keywords: carbazoles; alkaloids; diabetes mellitus; antihyperglycemic agents

1. Introduction

The term “diabetes mellitus” (DM) refers to a group of chronic metabolic disorders
characterized by hyperglycemia due to insufficient insulin secretion (type 1 DM) or to an
inadequate response of the body to the action of this hormone (type 2 DM) [1]. Since a
constant increase in glucose concentration in the blood can lead to serious consequences
for several organs, including the eyes, kidneys, cardiovascular system, and central nervous
system (CNS) [2,3] monitoring glycemia is of primary importance [4,5]

An effective approach to reduce postprandial blood glucose concentration is to in-
hibit the enzyme «-glucosidase, which catalyzes the final stage of the digestion process
of carbohydrates to monosaccharides. These latter sugars are then absorbed and enter
the bloodstream, thus increasing blood glucose levels [6]. The damages caused by hyper-
glycemia are related to the alteration of several physiological pathways. Several studies
have shown, for example, that high levels of glucose, fatty acids, and insulin in the blood
promote the production of reactive oxygen species (ROS), which cause direct DNA damage
and promote insulin resistance [7].

Furthermore, by overstimulating the IGF-1 factor or by activating different kinase
proteins, hyperglycemia favors cellular hyperproliferation and consequently the onset of
cancer [8-10]. As a result of scientific advances, a wide range of anti-diabetic drugs are
now available, improving the quality and length of life in type 2 diabetic patients.

These drugs, which belong to different chemical classes, can lower blood glucose
levels through a variety of mechanisms (see Table 1 and Figure 1).
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Table 1. Classes of antidiabetic medications.

MORE COMMON SIDE EFFECTS

DRUG CLASS MECHANISM OF ACTION AND DISADVANTAGES
Gastrointestinal side effects (diarrhea,
abdominal cramping);

BIGUANIDES: AMP-Kinase activation; Lactic acidosis risk;
Metformin Decrease in hepatic glucose production. Vit B12 deficiency;
Hypoxia;
Dehydration.
SULPHONYLUREAS:
Glibenclamide Closure of KATP channels on {3 cell .
Gliclazide lasma membranes; Hy'poglycgmla;
R p L . . Weight gain.
Glipizide Increase in insulin secretion.
Glimepiride
GLINIDES (MEGLITINIDES): Closure of KATP channels on {3 cell .
Repaglinide lasma membranes; Hy'poglycgmla;
pag in p . . . Weight gain.
Nateglinide Increase in insulin secretion.

a-GLUCOSIDASE INHIBITORS:
Acarbose

Inhibition of intestinal
a-glucosidase;
Intestinal carbohydrate digestion and

Generally modest HbA1lc efficacy;
Gastrointestinal side effects (flatulence,

Miglitol absorption reduction. diarrhea).
THIAZOLIDINEDIONES (TZDs): Weight gain;
Lo Nuclear

Pioglitazone . R Edema;

T 5 transcription factor PPAR-y activation; A
Rosiglitazone L . e Heart failure;

. Increase in insulin sensitivity.

Lobeglitazone Bone fractures.
DPP4 INHIBITORS (GLIPTINS): DPP-4 inhibition;
Sitagliptin Increase in postprandial active incretin
Vildagliptin (GLP-1, GIP) concentrations; Generally modest HbAlc efficacy;
Saxagliptin Increase in glucose-dependent insulin Urticaria;
Alogliptin secretion; Angioedema.
Alogliptin Decrease in glucose-dependent glucagon
Linagliptin secretion.

GLP-1 AGONISTS:

GLP-1 receptors activation;
Increase in glucose-dependent insulin

Gastrointestinal side

Exenatide secretion; effects (nausea/vomiting);
Liraglutide Decrease in glucose-dependent glucagon o &)
s . . Pancreatitis;
Lixisenatide secretion.; C-cell hyperplasia
Dulaglutide Slowing of gastric emptying; yperp '
Satiety increase.
SGLT2 INHIBITORS: Block of §od1um/ glucose cotransporter 2 Renal fa1lu1.re; . .
PP (SGLT2) in renal tubules Increased risk of genital and urinary trac
Dapagliflozin : Lo . S
. Reduction of glucose reabsorption in the  fungal infection;
Empagliflozin . . . S .
Canagliflozin kidney; Increased risk of euglycemic diabetic
Decrease in serum blood glucose level. ketoacidosis.
Amylin receptors activation; . .
AMYLIN ANALOGUES Glucagon secretion reduction; Genera'lly mo dESt, HbAlc efficacy;
.. . . . Gastrointestinal side effects
Pramlintide Slowing of gastric emptying;

Satiety increase.

Hypoglycemia.
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Figure 1. Mechanisms of action of antidiabetic drugs.

Metformin, one of the most commonly used oral hypoglycemic drugs, acts, for exam-
ple, by increasing the utilization of glucose in peripheral tissues and by decreasing hepatic
glucose production. Sulfonylureas, on the other hand, are able to modulate blood glu-
cose levels by stimulating insulin secretion from pancreatic beta cells. Thiazolidinediones
(TZDs) binds the peroxisome proliferator-activated receptor (PPAR) gamma, a transcription
factor that regulates the expression of specific genes, and improves the sensitivity of fatty
tissue, skeletal muscles and liver to insulin. More recently, new classes of drugs able to
control hyperglycemia have been introduced. Among these, incretins, DPP-4 resistant
GLP-1 analogs, and DPP-4 inhibitors play an important role; they are able to promote
an increase in endogenous GLP-1 levels and stimulate pancreatic cells to release insulin.
SGLT2 inhibitors increase glucose excretion in the urine by preventing glucose reabsorption
in the renal tubules. Despite the therapeutic goals achieved by this diverse range of diabetes
drugs, their clinical use is associated with undesirable side effects (summarized in Table 1),
including dangerous hypoglycemic episodes [11]. Therefore, the identification of new
molecules that preserve hypoglycemic activity while having reduced toxicity remains a
goal of the scientific community. In this context, carbazole derivatives could represent
valid therapeutic alternatives. Carbazole (I) (Figure 2) is a tricyclic heterocycle alkaloid
consisting of two benzene rings fused on both sides of a pyrrole ring [12-15].

N
H
I

Figure 2. Structure of carbazole (I).

The first naturally occurring carbazole was isolated from Murraya koenigii Spreng.
Murraya euchrestifolia has been found to be a rich source of carbazole alkaloids, providing a
variety of novel structures. Some bioactive carbazole alkaloids have also been obtained from
other sources such as actinomycetes, blue-green algae and mammalian systems [16,17].
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A large number of studies reported in the literature were focused on the biological
properties of carbazole and its derivatives, such as antimicrobial, anti-inflammatory, anti-
tumor, antioxidant, antiepileptic, antihistamine, antidiarrheal, analgesic, neuroprotective,
and inhibiting properties of pancreatic lipase [18-21].

In particular, some compounds belonging to this chemical class have shown promising
activities in controlling glucose metabolism in hypertensive patients with type 2 DM and
in improving insulin sensitivity [22]. In this review, we summarize the latest advances in
the potential role of carbazole derivatives either in the prevention of or in the treatment
of diabetes. Overall, the data herein reported could provide an important resource for the
development of novel, efficient, and safe agents for innovative diabetes treatment.

2. Carbazole Derivatives in the Pathogenesis of Diabetes

Over the years, the academic community has delved into the chemical and pharmaco-
logical properties of small heterocyclic molecules, including those with a carbazole-based
structure [23-26]. Growing interest in these derivatives has resulted in the development of
various synthetic routes for their preparation as well as their extraction from various plants.
Several carbazole-containing molecules have found application in the pharmaceutical
field. In particular, the studies included in this review showed that certain derivatives are
promising antidiabetic agents or may otherwise play an important role in the pathogenesis
of diabetes. Data reported in the literature suggest that carbazoles are able to modulate
glucose metabolism, block adrenergic hyperactivation, prevent damage to (3 cells of the
pancreas, inhibit inflammatory and oxidative mediators, control the cryptochrome or in-
hibit «-glucosidase (Table 2). Therefore, carbazole represents a versatile scaffold for the
preparation of biologically active derivatives, useful in the treatment of diabetes [6,7,27-46].

Table 2. Carbazole derivatives in the pathogenesis of diabetes.

Compound Name Biological Activity References
1 Carvedilol Reduction of insulin resistance by [7,27-33]
(Synthetic compound) (1-(9H-carbazol-4-yloxy)-3-[2-(2- sensitizing insulin receptors and inhibiting
methoxyphenoxy)ethylamino]propan-  the sympathetic nervous system
2-ol) Beneficial effects on left ventricular
function, resting and exercise
hemodynamics and clinical conditions
Stimulation of endothelial NO production
Beneficial effects on endothelial
dysfunction caused by oxidative stress
Long-term benefits on glucose metabolism
Blockade of adrenergic hyperactivation
Prevention of pancreatic p-cell damage
Inhibition of inflammatory and oxidative
mediators
2 Hydroxyphenyl-carvedilol (OHC) Metabolite of carvedilol [30]
4-[2-[[3-(9H-Carbaz-ol-4-yloxy)-2-
hydroxypro-pylJamino]ethoxy]-3-
methoxyphenol
3 O-Desmethylcarvedilol (DMC) Metabolite of carvedilol [30]
2-[2-[[3-(9H-Carbaz-ol-4-yloxy)-2-
hydroxypro-pylJamino]ethoxy]phenol
4 1-((5,6-Di(furan-2-yl)-1,2,4-triazin-3- «a-Glucosidase inhibition [6,34]
(Synthetic compound) yl)thio)-3-(3,6-dibromo-9H-carbazol-9-  (ICsy = 4.27 £ 0.07 uM)
yl)propan-2-ol
5 2-(3-(9H-Carbazol-9-yl)-2- Cryptochrome modulator [35]
(Synthetic compound) hydroxypropyl)isothiazoline-1,1-
dioxide
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Table 2. Cont.

Compound Name Biological Activity References
6 1-(3-(3,6-Difluoro-9H-carbazol-9-yl)-2-  Cryptochrome modulator [22]
(Synthetic compound) hydroxypropyl)imidazolidin-2-one
7 2-(4-((9H-Carbazol-9-yl)methyl)-1H- a-Glucosidase inhibition [36]
(Synthetic compound) 1,2,3-triazol-1-yl)-1-(3-bromo-4- (ICs0 = 1.0 £ 0.057 uM)
hydroxyphenyl)
ethanone
8 9-((1-(Pyridin-3-yl-methyl)-1H-1,2,3- a-Glucosidase inhibition [36]
(Synthetic compound) triazol-4-yl) (ICsp = 0.8 £ 0.01 uM)
methyl)-9H-carbazole
9 6-(Benzyloxy)-9-(4-chlorobenzoyl)- Hypoglycemic effect via the AMPK [37]
(Synthetic compound) 2,3,4,9-tetrahydro-1H-carbazole-3- pathway
carboxylic
acid
10 Ethyl Hypoglycemic effect via the AMPK [38]
(Synthetic compound) 8-(benzyloxy)-5-(4-chlorobenzoyl)-7- pathway
fluoro-3,4-dihydro-1H-pyrido[4,3-
blindole-2(5H)-carboxylate
11 Mahanine Prevention of insulin resistance due to lipid ~ [39-41]
(Naturalcompound) 3,5-Dimethyl-3-(4-methylpent-3-enyl)-  induced signaling defects
11H-pyrano[3,2-a]carbazol-9-ol «-Glucosidase inhibition
(ICsp = 21.4 % 0.4 uM)
Antioxidant properties
Increase in the translocation of GLUT4
protein from intracellular vesicles into the
plasma fraction and glucose uptake
through the activation of phosphorylation
of Akt
12 Bisgerayafoline D Antioxidant and a-glucosidase properties  [40]
(Naturalcompound) 3,3/-Bis((E)-3,7-dimethylocta-2,6-dien-
1-y1)-9'-methoxy-3,3’,5,5'-tetramethyl-
3,3/,11,11'-tetrahydro-[9,10’-
bipyrano[3,2-a]carbazol]-10-ol
13 Bismahanimbinol Antioxidant and a-glucosidase properties  [40]
(Naturalcompound) 3,3’ 5,5'-Tetramethyl-3,3'-bis(4-
methylpent-3-en-1-y1)-3,3/,11,11'-
tetrahydro-[9,10"-bipyrano[3,2-
a]carbazol]-8-ol
14 Bispyrayafoline Antioxidant and a-glucosidase properties  [40]
(Naturalcompound) 3,3’ 5,5'-Tetramethyl-3,3'-bis(4-
methylpent-3-en-1-y1)-3,3/,11,11’-
tetrahydro-[10,10’-bipyrano
[3,2-a]carbazole]-9,9'-diol
15 O-Methyl mahanine Antioxidant and a-glucosidase properties  [40]
(Naturalcompound) 9-Methoxy-3,5-dimethyl-3-(4-
methylpent-3-en-1-y1)-3,11-
dihydropyranol3,2-a]carbazole
16 O-Methyl mukonal Antioxidant and a-glucosidase properties  [40,42]
(Naturalcompound) Koenimbine Antidiabetic activity in L6-GLUT4 myc
8-Methoxy-3,3,5-trimethyl-11H- myotubes
pyrano[3,2-a]carbazole
17 O-Methylmurrayamine A Antidiabetic activity in L6-GLUT4 myc [42]
(Naturalcompound) 9-Methoxy-3,3,5-trimethyl-11H- myotubes

pyrano[3,2-a]carbazole

Decrease in blood glucose profile
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Table 2. Cont.

Compound Name Biological Activity References

18 Koenidine Antidiabetic activity in L6-GLUT4myc [42]
(Naturalcompound) 8,9-Dimethoxy-3,3,5-trimethyl-11H- myotubes

pyrano Increase in insulin sensitivity and

[3,2-a]carbazole progressive reduction of blood glucose

level

19 Mahanimbine Antidiabetic activity in L6-GLUT4myc [42]
(Naturalcompound) 3,5-Dimethyl-3-(4-methylpent-3-enyl)-  myotubes

11H-pyrano[3,2-a]carbazole
20 Murrayazoline Antidiabetic activity in L6-GLUT4myc [42]
(Naturalcompound) (14R,175,195)-3,13,13,17-Tetramethyl- myotubes

21-oxa-12-

azahexacyclo[10.7.1.1217 05200611 01419 Thenicosa-

1,3,5(20),6,8,10-hexaene
21 (S)-3-(4-(2-(9H-Carbazol-9- Improve of the insulin sensitivity [43]
(Synthetic compound) yl)ethoxy)phenyl)-2-ethoxypropanoic Activity on PPARR and PPARy

acid
22 Chiglitazar Reduction of glycosylated hemoglobin Alc  [44-46]
(Synthetic compound) (25)-3-[4-(2-Carbazol-9- (HbAlc)

ylethoxy)phenyl]-2-[2-(4- Hypoglycemic effect

fluorobenzoyl)anilino]propanoic Increase in insulin sensitivity
acid Reduction of triglycerides

2.1. Carvedilol

The carbazole derivative 1 (carvedilol, 1-(9H-carbazol-4-yloxy)-3-[2-(2-methoxyphenoxy)
ethylamino]propan-2-ol) (Figure 3), synthesized by the reaction of 4-(oxirane 2-ylmethoxy)-
9H-carbazole with 2-(2-methoxyphenoxy)ethylamine [47], was discovered in a study de-
voted to discovering agents useful in the treatment of congestive heart failure. The inter-
action of carvedilol (1) with beta-adrenergic receptors is stereospecific, in a similar way
that was demonstrated for carazolol, a veterinary medicine drug used to reduce stress
in animals during transport [48]. This optically active compound exhibits activity as a
selective beta-adrenergic receptor blocker such as the S (—) enantiomer, whereas the R (+)
enantiomer is capable of antagonizing both alpha-1 and beta-adrenergic receptors. These
characteristics make this molecule more effective than other traditional beta-blockers in
the treatment of heart failure and in the regulation of myocardial functions. Furthermore,
unlike other beta-blockers, it does not cause alterations in the metabolism of carbohydrates
and lipids [49].
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Figure 3. Structure of carvedilol (1).

Carvedilol (1) was found to reduce insulin resistance by increasing the sensitivity of
insulin receptors (IRs) and by reducing the activity of the sympathetic nervous system [50].
The adrenergic system, in part through beta-2 adrenergic receptors, regulates glucose and
lipid metabolism in the liver, adipose tissue, and skeletal muscle.

Taking into consideration all these properties, several studies were focused on the
evaluation of the efficacy of carvedilol (1) in preventing heart complications in patients
with diabetes [7,51-53]. In an earlier study on the efficacy and tolerability of long-term
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administration of carvedilol (1), Nodari et al. [27] evaluated the drug’s effects in patients
with chronic heart failure, a number of whom were also diabetic. Treatment with increasing
doses of carvedilol was well tolerated by all treated patients, showing positive effects on
left ventricular function and on resting and exercise hemodynamics. Furthermore, unlike
traditional beta-blockers, it did not affect insulin sensitivity and glycemic values in diabetic
patients treated with oral hypoglycemic agents or insulin [27,54,55].

In a separate study, carvedilol (1) was found to be more effective than metoprolol,
one of the most prescribed selective beta-1 adrenergic antagonists, in controlling glucose
metabolism in diabetic hypertensive patients without affecting insulin resistance [51,54].
This was most likely due to carvedilol’s ability to also block beta-2 and alpha-1 receptors [56].
Unlike patients treated with metoprolol, who gained weight after 2 months of treatment,
no significant change in body weight was observed in those treated with carvedilol (1).
Long-term carvedilol treatment may have beneficial effects on endothelial dysfunction
caused by oxidative stress in patients with type 2 DM. This could be due to the antioxidant
properties of the compound, which acts as a radical scavenger, and to its capability to
modulate endothelial NO production [28,57].

Vardeny et al., in 2012 [29], found that in hypertensive patients treated with metoprolol
succinate, after six months, insulin levels increased by approximately 36%, whereas a
decrease of about 10% was observed in those treated with carvedilol (1) (p = 0.015).

Many studies have discovered a relation between 2-AR polymorphisms and metabolic
disorders, including hypertriglyceridemia, insulin resistance, and obesity [58-60]. In par-
ticular, two common p2-AR single-nucleotide polymorphisms, Arg16Gly and GIn27Glu,
have been shown to be responsible for altered receptor function and, consequently, for an
inadequate response to B-blocker treatment.

Farhat et al., in 2019, demonstrated that low-dose carvedilol (1) can efficiently prevent
hypoglycemic crises in rats treated with B-blockers. This study showed that rats with
recurrent episodes of hypoglycemia treated with carvedilol required less exogenous glucose
during the hypoglycemic clamp, thus supporting use of the drug to preserve hormonal
responses to hypoglycemia. Furthermore, carvedilol treatment had no effect on plasma
lactate levels, indicating that the drug can prevent some of the central adaptations that
occur during recurrent hypoglycemic episodes [61].

In 2017, Nardotto et al. [30] conducted a study aimed at evaluating the pharmacokinetic
profile of the enantiomers of carvedilol and the corresponding metabolites, hydroxyphenyl-
carvedilol (OHC) (2) and O-desmethylcarvedilol (DMC) (3) (Figure 4), in healthy volunteers
and in patients with type 2 DM but with good glycemic control.

o/\(\ﬁNO\D/OH O/\f/\ﬁ/\/o
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Figure 4. Structures of: hydroxyphenylcarvedilol (OHC) (2) and O-desmethylcarvedilol (DMC) (3).

For this purpose, thirteen healthy subjects were recruited and divided into two groups:
the first group underwent treatment with carvedilol as a single agent, while the second one
received a treatment of carvedilol (1) in combination with glibenclamide and metformin.
In addition, patients with type 2 DM were enrolled and were treated with carvedilol as a
single agent. The results of this study demonstrated that the pharmacokinetic profile of the
carvedilol enantiomers did not differ between each other, even in the patients treated with
glibenclamide and metformin.

In a separate study, the same authors, using an integrated population pharmacoki-
netic modeling approach, confirmed that carvedilol does not induce insulin resistance or
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worsen glycemic control in diabetic hypertensive patients [31]. More recently, Nguyen et al.
conducted a study to evaluate the effects of carvedilol (1) treatment in subjects with obesity
induced by a high-fat diet (HFD). The findings not only confirmed the improvement in
glucose tolerance and insulin sensitivity, but also indicated that these effects are related to
the suppression of hepatic glucose overproduction and to the enhancement of the muscle
insulin signaling pathway. Hence, as a result of the drug’s ability to block adrenergic
hyperactivation, long-term treatment with carvedilol (1) may provide significant benefits
in obese subjects [32,60,61].

The efficacy of carvedilol (1) is, however, limited due to its poor bioavailability. There-
fore, various studies have been conducted in order to formulate the drug in transport
systems capable of guaranteeing the desired therapeutic effect without increasing the
dose to be administered. Since a high insulin concentration significantly increases DNA
fragmentation, Farahani-Zangaraki et al., in 2021 [7], used the Comet test to assess the geno-
protective effects of carvediol included into niosomes against supraphysiological insulin
levels in human umbilical vein endothelial cells (HUVEC) [62]. As a result, incorporating
carvedilol (1) into the nanoparticles increased efficiency by about fivefold. In particular,
treatment of HUVEC cells with niosome-carvedilol (1) nanoparticles 24 h before insulin
administration resulted in a significant decrease in DNA fragmentation related to the
insulin-treated group, confirming the better genoprotective effect of the drug loaded in the
niosomes compared to the free drug. Treatment of HUVEC cells with niosome carvedilol (1)
nanoparticles 24 h before insulin administration decreases DNA fragmentation compared
to the insulin-treated group, confirming the greater genoprotective effect of the drug loaded
in the niosomes compared to the free drug [7].

Recently, carvedilol (1) had also been investigated as an alternative therapeutic strategy
for the treatment of type 1 DM. In an in vivo experimental model of type 1 DM, Amir-
shahrokhi and Zohouri [33] demonstrated carvedilol’s protective effect against pancreatic
B-cell damage, confirming the drug’s ability to significantly reduce blood glucose levels,
weight loss, and insulitis in pancreatic tissue, as well as the onset of diabetes. Significant
increases in the antioxidants glutathione (GSH), superoxide dismutase (SOD), and catalase
were observed in pancreatic tissue from carvedilol-treated mice. On the other hand, a
reduction in malondialdehyde (MDA), nitric oxide (NO), and myeloperoxidase (MPO)
levels was also observed. In addition, the treatment promoted an appreciable reduction
in the pB-cell damage in pancreatic tissue as well as in the expression of inflammatory
modulators including the nuclear factor kappa B (NF-xB), cyclooxygenase-2 (COX-2) and
inducible nitric oxide synthase (iN-OS). Similarly, a reduction of proinflammatory cytokines
tumor necrosis factor (TNF)-a, interleukin (IL)-15, IL-6 IL-12, IL-17, interferon (IFN)-v, and
chemokine had been also observed, while the expression of anti-inflammatory cytokine
IL-10 increased [33].

Despite that the experimental evidence points to carvedilol as having a decidedly
positive effect in the treatment of diabetes, more research into the drug’s mechanism of
action is required.

2.2. 1,2 ,4-Triazine-Carbazoles

As already mentioned, x-glucosidase represents a valuable target for the treatment of
type 2 DM. As a result, numerous efforts are being made by the scientific community to
identify new compounds capable of inhibiting this enzyme in order to delay carbohydrate
digestion and glucose absorption, thus leading to a reduction in postprandial glycemia
values [63]. Accordingly, in 2016, Wang et al. [6] developed a small series of triazines,
used as different starting substitute carbazoles, in order to identify novel a-glucosidase
inhibitors.

A number of the newly synthesized compounds showed noteworthy activity against
the enzyme. In particular, compound 4 (1-((5,6-di(furan-2-yl) -1,2,4-triazin-3-yl)thio)-3-(3,6-
dibromo-9H-carbazol-9-yl)propan-2-ol)) (Figure 5) was found to be the most promising,
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with ICsg values of 4.27 £ 0.07 uM, significantly higher than the control drug acarbose
(ICs0 = 995.55 = 2.71 uM).

Figure 5. Structure of 1-((5,6-di(furan-2-yl)-1,2,4-triazin-3-yl)thio)-3-(3,6-dibromo-9H-carbazol-9-
yl)propan-2-ol (4).

Molecular docking experiments confirmed its capability to interact with the active
site of the enzyme, and furthermore, the kinetic analysis revealed that 4 acts as a non-
competitive inhibitor. In particular, the carbazole ring of 4 forms arene-cation interactions
with residues Arg-439 and Arg-312, respectively, and the furan ring interacts with residues
Leu-176, Phe-157, Phe-177 and Pro-240. Overall, the findings of this study could represent
a starting point for the future development of efficient x-glucosidase inhibitors.

2.3. Sulfonamide Carbazole and Carbazole-Containing Cyclic Urea

Variants of the cryptochrome (Cry) gene have been demonstrated to be correlated to the
onset of type 2 DM and insulin resistance, as it is involved in glucose homeostasis, control
of B-cell function liver lipid content, and the circadian system of mammals [22,64,65].

In order to identify compounds capable of modulating the cryptochrome activity,
Humpbhries et al. in 2016 [35] carried out a systematic SAR study that led to a series
of sulfonamide and sulfamide carbazole-based derivatives. Among these compounds,
cyclic sulfonamide, 2-(3-(9H-carbazol-9-yl)-2-hydroxypropyl)isothiazoline-1,1-dioxide (5)
(Figure 5) was identified as the first small molecule, orally bioavailable, active as a cryp-
tochrome modulator in an in vivo model of type 2 diabetes. The efficacy of this compound
was evaluated in mice with diet-induced obesity (DIO), using rosiglitazone as a positive
control.

The results obtained by an oral glucose tolerance test confirmed a significantly im-
proved glucose clearance [35]. In 2018, the same research team discovered a new class of
carbazole-containing amides and ureas as cryptochrome modulators [22]. In particular,
compound 1-(3-(3,6-difluoro-9H-carbazol-9-yl)-2-hydroxypropyl)imidazolidin-2-one (6)
(Figure 6) resulted as the most promising derivative, implying its potential use in the
treatment of metabolic disorders including type 2 DM [22,66-69].

o 0 Yn
a3 O M
N\/(OH FN\/(\OH

5 6

F, o)

Figure 6. Structures of: 2-(3-(9H-carbazol-9-yl)-2-hydroxypropyl)isothiazoline-1,1-dioxide (5) and
1-(3-(3,6-difluoro-9H-carbazol-9-yl)-2-hydroxypropyl)imidazolidin-2-one (6).
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2.4. Carbazole Triazoles

Recently, a series of derivatives of carbazole linked to a variously substituted triazole
have been developed and tested as a-glucosidase inhibitors [36]. The synthesis of these
compounds was carried out by a click reaction using N-propargyl-9H-carbazole, acetophe-
none azide, and a suitable heterocycle as starting reagents. Almost all of the synthesized
compounds inhibited the target enzyme more efficiently than acarbose, used as a positive
control.

Compounds  2-(4-((9H-carbazol-9-yl)methyl)-1H-1,2,3-triazol-1-yl)-1-(3-bromo-4-
hydroxyphenyl) ethanone (7) and 9-((1-(pyridin-3-yl-methyl)-1H-1,2,3-triazol-4-yl) methyl)-
9H-carbazole (8) (Figure 7), with ICs( values of 1.0 and 0.8 uM, respectively, resulted as
the most promising and thus represent suitable lead compounds for the development of
innovative non-sugar derivative antidiabetic agents.
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Figure 7.  Structures of: 2-(4-((9H-carbazol-9-yl)methyl)-1H-1,2,3-triazol-1-yl)-1-(3-bromo-4-
hydroxyphenyl) ethanone (7) and 9-((1-(pyridin-3-yl-methyl)-1H-1,2,3-triazol-4-yl) methyl)-9H-

carbazole (8).

2.5. Tetrahydrocarbazole Derivatives

Zhang et al., in 2018 [37], developed a new series of tetrahydrocarbazoles and tested
them in an in vitro assay on human hepatoma cell lines (HepG2) to assess their hypo-
glycemic activity. Several of the compounds tested exhibited significant activity, with
carboxyl (9), 6-(benzyloxy)-9-(chlorobenzoyl)-2,3,4,9-tetrahydro-1H-carbazole-3-carboxylic
acid (Figure 8) being the most promising. This compound was thus selected for further
in vivo experiments. The results obtained confirmed that compound 9 has comparable
hypoglycemic properties to that of pioglitazone and causes less weight gain compared to
the drug in clinical use.

COOH ,COOEt

Figure 8. Structures of: 6-(benzyloxy)-9-(chlorobenzoyl)-2,3,4,9-tetrahydro-1H-carbazole-3-carboxylic
acid (9) and ethyl 8-(benzyloxy)-5-(4-chlorobenzoyl)-7-fluoro-3,4-dihydro-1H-pyrido[4,3-b]indole-
2(5H)-carboxylate (10).

A recent study [42], reported by the same above research group, led to the identification
of an azatetrahydrocarbazole derivative, namely ethyl 8-(benzyloxy)-5-(4-chlorobenzoyl)-7-
fluoro-3,4-dihydro-1H-pyrido[4,3-b]indole-2(5H)-carboxylate (10) (Figure 8). This deriva-
tive showed hypoglycemic activity, in cell assays, approximately 1.2 times higher than
that of metformin, used as a positive control. Studies aimed at elucidating the mechanism
of action responsible for the hypoglycemic activity of these compounds have suggested
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involvement of the AMP-activated protein kinase (AMPK). The AMPK-mediated pathway
plays a key role in controlling the energy and metabolic homeostasis of cells, acting as a
sensor for the cellular energy status [70,71].

Compound 10 also showed appreciable chemical stability in gastrointestinal fluids
and plasma in in vivo studies, which also confirmed a good tolerance of the compound
after oral administration [38]. The promising hypoglycemic, pharmacokinetic, and phar-
macodynamic properties of compound 10 validate the potential of carbazole as a versatile
scaffold for the preparation of derivatives with improved bioactivities that can be useful in
a variety of therapeutic applications.

2.6. Carbazole Alkaloids

Murraya koenigii (L.) Spreng is an endemic plant of India belonging to the Rutaceae
family, also known as “meethi neem” or “curry patta” [42]. The extracts of this plant have
been extensively investigated for their antidiabetic activity. Recent studies have demon-
strated that the main phytocompounds of this plant are alkaloids whose structures contain
a carbazole nucleus [42,72,73]. In 2010, Biswas et al. [39] investigated the hypoglycemic
effects of mahanine (11) (Figure 9), a carbazole-containing alkaloid, isolated from the leaves
of the plant. The results of the experiments on mice with diet-induced diabetes showed a
significant reduction in hyperglycemia and insulin resistance, most likely due to the ability
of this phytocompound to modulate the expression of the IR gene and the activation of the
NF-B pathway [74].
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Figure 9. Structures of: mahanine (11), bisgerayafoline D (12), bismahanimbinol (13), bispyrayafoline
(14), O-methyl mahanine (15) and O-methyl mukonal (16).

In a separate study, in addition to mahanine (11), Uvarani et al. isolated from the
fruit pulp extract another six carbazole-containing alkaloids: bisgerayafoline D (12), bis-
mahanimbinol (13), bispyrayafoline (14), O-methyl mahanine (15), O-methyl mukonal (16)
(Figure 9). All these compounds (11-16) were tested for antioxidant, anti-a-glucosidase,
DNA binding, protein interactions, and cytotoxic activities. Out of all the phytochemicals
tested, mahanine (11) resulted to be the most promising as a radical scavenger and as
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an a-glucosidase inhibitor (ICsy of 21.4 £ 0.4 uM). Furthermore, this compound showed
cytotoxic activity due to its ability to act as a DNA-intercalating agent [40].

The antidiabetic action of mahanine (11) was also confirmed in a study by Nooron
et al. [41] in which the effects of the phytocompound on glucose uptake and translocation
of glucose transporter 4 (GLUT4) in skeletal muscle and adipocyte cells were evaluated. In
particular, the mahanine (11) treatment promoted a dose-dependent increase in glucose
uptake in L6 myotubes and adipocyte cells through the stimulation of the Akt signaling
pathway. These findings suggested that mahanine (11) acted similarly to insulin, promoting
an enhancement of the Akt-mediated signaling pathway and leading to an increased
translocation of GLUT4 on the cell membrane and, consequently, to a higher glucose
uptake.

Carbazole-containing alkaloids (16 (Figure 9) and 17-20 (Figure 10)) found in M.
koenigii leaf extract promoted a substantial increase in glucose uptake, which was cor-
related to a higher translocation of GLUT4 into L6-GLUT4myc myotubes. The activity
of compounds 16-19 was also investigated in rats with streptozotocin-induced diabetes.
Compound 18, koenidine, was found to be the most effective in lowering blood glucose
and was therefore selected for further in vivo assays in leptin-receptor-deficient db/db
mice. As expected, a significant increase in insulin sensitivity and a progressive lowering
of blood glucose level were recorded.
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Figure 10. Structures of: O-methylmurrayamine A (17), koenidine (18), mahanimbine (19) and
murrayazoline (20).

Furthermore, Western blot studies confirmed that the stimulation of GLUT4 transloca-
tion observed in L6-GLUT4myc myotubes is mediated by activation of the AKT-modulated
signaling pathway. In vitro and in vivo pharmacokinetic studies revealed that compound
18 outperformed the other alkaloids due to its higher metabolic stability and systemic avail-
ability. The combination of properties of compound 18 makes it an ideal drug candidate for
the treatment of diabetes and the treatment of insulin resistance [42].

2.7. Carbazole-Ethoxy-Phenyl Propionic Acid Derivative

The discovery of the nuclear receptor peroxisome proliferator-activated receptor
(PPAR) -a and 1, as primary targets for fibrates and the thiazolidinediones (TZDs), re-
spectively, has opened up new possibilities for the development of alternative tools for the
treatment of type 2 DM [75,76].

The ability of TZD and fibrates to lower blood sugar and lipids, respectively, demon-
strated in experimental models of insulin resistance and hyperlipidemia, has been known
for decades. The improvement in insulin sensitivity promoted by TZDs (pioglitazone or
rosiglitazone), although modest, is nevertheless significant and has justified the invest-
ments in the search for alternative diabetes treatments, using these compounds as starting
compounds [77,78]. Thus far, several computational and in vitro studies on the PPAR
receptor have been conducted for this purpose.
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One of these research works has led to the identification of compound (S)-3-(4-(2-(9H-
carbazol-9-yl)-ethoxy)phenyl)-2-ethoxypropanoic acid (21) (Figure 11), which showed dual
activity on both PPAR isoforms a and 7y [43]. The results of an oral glucose tolerance test
(OGTT) showed that treatment with compound 21 promoted an improvement in insulin
sensitivity, greater than that seen with both pioglitazone and rosiglitazone. Compound
21 was also able to lower plasma concentrations of triglycerides and cholesterol in rats
fed high cholesterol, whereas treatment with other PPARy agonists did not have the same
results [43].
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Figure 11. Structure of (5)-3-(4-(2-(9H-carbazol-9-yl)ethoxy)phenyl)-2-ethoxypropanoic acid (21).

2.8. Chiglitazar

Chiglitazar (Bilessglu®) (22) (Figure 12) is a small molecule with agonist activity
against PPAR«, 6 and 1, recently developed by Chipscreen Bioscience.

Figure 12. Structure of Chiglitazar (22).

In China, this drug was approved in October 2021 for the treatment of diabetes and is
currently in phase II clinical trials for the treatment of non-alcoholic steatohepatitis [44]. In a
very recent phase III study [45], the efficacy and safety of chiglitazar (22) were investigated
in patients with type 2 DM who were unable to control their blood sugar with diet and
exercise alone. Treatment with the drug resulted in significantly better blood glucose
control than the placebo, with no significant toxic effects. Multiple administrations of
different doses of chiglitazar (22) were generally well tolerated by patients of different ages.

An enhancement in insulin sensitivity and triglyceride level reduction were also
recorded. Overall, clinical studies confirmed the drug’s properties observed in preclinical
experiments, bolstering the value of PPAR pan-agonists as efficient and safe tools for the
treatment of diabetes [46].

3. Conclusions

In conclusion, we covered several studies on carbazoles (Table 2), both of synthetic
and natural origin, having a role in the pathogenesis and development of diabetes. Some
of these compounds, such as carvedilol (1) and mahanine (11), have been extensively
investigated by different research groups, demonstrating a critical role in diabetes control
due to their ability to modulate various pathways involved in the onset or evolution of the
pathology.

Chiglitazar (22), one of the most promising carbazole derivatives, passed the preclinical
experimentation and very recently entered clinical trials.

Important considerations also emerge from the structure-activity relationships of the
described carbazole compounds. In particular, it seems that N-substitution with triazinic
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(see compound 4) or triazolic portions (see compounds 7 and 8) favors a-glucosidase
inhibitory activity; the presence of cyclic sulfonamidic (see compound 5) or cyclic urea
groups (see compound 6) modulates the cryptochrome activity, whereas the presence of
ethylphenoxy groups improves insulin sensitivity (see compounds 21 and 22). Moreover,
hydrogenation of a ring of the carbazole core favors the hypoglycemic effect via the AMPK
pathway (see compounds 9 and 10), and the tetracyclic system of the mahanine derivatives
seems to be important in glucose uptake and translocation of glucose transporter GLUT4
in skeletal muscle and adipocyte cells (see compounds 11, 16-20). Finally compounds
with a high conjugation effect show predominant antioxidant activity (see compounds
12-15). Overall, the data herein reported could provide an important reference guide for
the development of alternative and effective antidiabetic agents.
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Abstract: The Coronavirus disease 2019 (COVID-19) outbreak was declared by the World Health
Organization (WHO) in March 2020 to be a pandemic and many drugs used at the beginning proved
useless in fighting the infection. Lately, there has been approval of some new generation drugs for the
clinical treatment of severe or critical COVID-19 infections. Nevertheless, more drugs are required to
reduce the pandemic’s impact. Several treatment approaches for COVID-19 were employed since the
beginning of the pandemic, such as immunomodulatory, antiviral, anti-inflammatory, antimicrobial
agents, and again corticosteroids, angiotensin II receptor blockers, and bradykinin B2 receptor
antagonists, but many of them were proven ineffective in targeting the virus. So, the identification of
drugs to be used effectively for treatment of COVID-19 is strongly needed. It is aimed in this review
to collect the information so far known about the COVID-19 studies and treatments. Moreover, the
observations reported in this review about carbazoles as a treatment can signify a potentially useful
clinical application; various drugs that can be introduced into the therapeutic equipment to fight
COVID-19 or their molecules can be used as the basis for designing new antivirals.

Keywords: COVID-19; coronaviruses; SARS-CoV-2; carbazoles; alkaloids

1. Introduction

Coronaviruses (CoV) are a wide respiratory class of viruses that can induce mild
to moderate diseases, ranging from the common cold to respiratory syndromes, such as
Middle East Respiratory Syndrome (MERS), Severe Acute Respiratory Syndrome (SARS),
and recently Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) [1,2]. Coro-
naviruses are widespread in species of animals (such as camels and bats), but in different
cases they can infect humans and then spread over among people. To date, seven types of
human coronaviruses are known and are common around the world. The former ones were
identified in the mid-1960s, others were only discovered in the new millennium. SARS-
CoV-2 belongs to the family of Coronavirus discovered in humans and it’s the cause of the
worldwide human respiratory disease pandemic coronavirus 2019 (COVID-19), owing to
its high ability to inter-transfer with humans [3]. The COVID-19 pandemic was discovered
initially in Wuhan City, Central China, and it quickly spread over other countries and
became a threat to the world health as it affected millions of people [4]; to date, COVID-19
represents a critical threat to global health and economy as more than 520 million people
were infected and about 6 million died [5].

The pandemic outbreak has reached alarming proportions, blocking and putting
pressure on national health systems and requiring a significant deployment of forces and
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resources around the world. The WHO declared it a pandemic on 11 March 2020 because
of its very rapid transmission and the considerable rate of mortality and morbidity [6,7].
The majority of the infected people (80%) are asymptomatic or have non-severe symptoms,
nevertheless, 15-20% of other patients need hospitalization as a result of the development
of acute lung injury (ALI) and/or distress syndrome respiratory (ARDS) [8,9].

Recently, COVID-19 has been considered a multi-organ disease characterized by a
wide spectrum of manifestations. Early variants of COVID-19 [10] cause a rise in body
temperature, cough, fatigue and myalgia, and bacterial superinfection in most patients
infected with SARS-CoV-2. Symptoms became worse in more severe infections, leading to
the development of COVID-19-associated acute respiratory distress syndrome (CARDS)
with respiratory failure. In such a case, patients should be hospitalized in an intensive
care unit (ICU). Currently, COVID-19 has become very flu-like in most cases, but we don’t
know what will happen next; so, even though the COVID-19 era is not over yet [7], we
have entered now the era of post-COVID-19. Many people who recovered from COVID-19
present a condition called “post-COVID syndrome” [11], in which they develop new or
persisting symptoms that continue for a long time; this syndrome has been termed a second
pandemic and has gradually been accepted as a new clinical problem to be addressed in
relation with SARS-CoV-2 infection [12]. The increasing number of patients suffering from
post-SARS-CoV-2 infection have numerous symptoms, such as neurocognitive, autonomic,
gastrointestinal, respiratory, musculoskeletal, psychological, and other symptoms and
manifestations related to post-COVID [7,13].

2. Viral Features

SARS-CoV-2 is a single-stranded RN A+ virus that belongs to the Coronaviridae family.
It is broadly spread among humans and other mammals. The Severe Acute Respiratory
Syndrome Coronavirus-2 possesses a broad genome (around 29,700 nucleotides) encoding
structural and non-structural proteins [14]. The replication and transcription processes
of the SARS-CoV-2 virus occur at the level of the cytoplasmic membrane by the action of
viral replicase; the replicase gene encodes two overlapping polyproteins, ppla and pplab,
which allow viral replication and transcription [15]. These polyproteins are digested by
the 33.8 kDa Mpro protease activity in at least 11 conserved sites. Mpro is known as an
interesting target for the design of antiviral drugs because of the functional importance
that Mpro has in the virus life cycle and because of the absence of closely related homologs
in humans [16]. Other proteins have also been identified for their implication in the
pathogenesis of the virus, such as the spike glycoprotein, which allows virus entry by
binding to the angiotensin 2 converting enzyme receptor (ACE2) widely expressed in
human tissues [5]. Possible drug targets include RNA polymerase-dependent RNA and
spike (S) proteins [17] that bind to ACE2 and allow the virus to enter cells. Consequently,
the virus’s RNA polymerase enzyme is primed for the rapid mutation required to resist
current antiviral drugs [2].

3. Different COVID-19 Treatments

In March 2020, he WHO declared the outbreak of COVID-19 as a pandemic, and
several drugs used at the beginning proved useless in fighting the infection [6,7]. Lately,
there has been the approval of some new-generation drugs for the clinical treatment of
severe and critical COVID-19 symptoms. Nevertheless, more medications are required
to attenuate the pandemic impact [5]. Many of the employed therapeutic approaches
since the start of the pandemic were shown to be ineffective against the virus. So, the
identification of drugs to be used effectively for the treatment of COVID-19 is strongly
needed [18-20]. COVID-19 is considered to be a multisystem disease, and its pathogenesis
involves severe lung inflammation and immune deficiency linked to inadequate immune
response and enhanced cytokine production. Therefore, therapeutic approaches currently
being studied concern antiviral and anti-proinflammatory cytokines, anti-infective and life
support treatments, monoclonal antibodies, and passive immunotherapy, mostly in people
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with severe disease [21]. The antiviral treatments used so far for SARS-CoV-2 virus can be
presented into two categories [22,23]:

(A) Agents that target the virus proteins: S protein and viral proteases or virus RNA
which are the main viral targets.

(B) Agents that target host proteins that allow the virus to enter the cell, such as the
enzyme ACE-2, TMPRSS2 (transmembrane protease serine 2), furin, and cathepsin-L,
the proteins which can promote the attachment of viral cells such as HSPG (heparin
sulfate proteoglycans), eukaryotic translation proteins such as SIR (endoplasmic
reticulum chaperone protein), and transcriptional system proteins such as inosine
monophosphate dehydrogenase and dihydroorotate dehydrogenase [22,23].

Several studies and laboratory works are still in demand to discover new and effective
antiviral drugs against SARS-CoV-2. These studies could deal with the following areas [23]:

(1) Inhibitors that block the virus from entering the human cell:

a. S Protein inhibitors: plasma from convalescing infected persons, miniproteins,
monoclonal antibodies, nanocods, soluble human ACE-2 protein;

b. Fusion entry inhibitors;

c. inhibitors of TMPRSS2, such as nitazoxanid, camostat, nafamostat, gabexat,

dutasteride, bromhexine, niclosamide, and proxalutamide;

d. Endosomal entry inhibitors: NIP1 inhibitors (EG00229), niclosamide, hydrox-
ychloroquine, umifenovir, nitazoxanide; furin inhibitors (dec-RVKR-cmk);
cathepsin L inhibitors (teicoplanin, SSAA09E1, K1777);

e. Inhibitors of HSPG (lactoferrin).

(2)  Viral proteases inhibitors: inhibitors of Mpro, the main protease of the virus (lopinavir/
ritonavir, PF-07321332, PF-07304814, GC376, carprofen (1, Figure 1)); viral papain-like
protease inhibitors (PLpro).

(3) Viral RNA inhibitors, RNA-dependent RNA polymerase (RdRp) inhibitors (AT-
527, remdesivir, molnupiravir, favipiravir), host protein inhibitors that support the
synthesis of viral RNA (dihydroorarate dehydrogenase inhibitor (PTC299), inosine
monophosphate dehydrogenase inhibitor (merimepodib).

(4) Host protein inhibitors that support the synthesis of viral protein: SIR agonists
(fluvoxamine); inhibitors eEF1A (plitidepsin).

(5) Viral immunomodulation inhibitors: host a /8 importin inhibitors (ivermectin).

(6) Agents that support natural host immunity: interferons [23].
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Figure 1. Structure of carprofen (1).

Previous studies to develop anti-virus SARS-CoV-2 therapies relied on the design
of medicaments that obstruct the viral life cycle, so: (1) the inhibition of viral entry into
the cell by blocking the spike protein and/or ACE2; (2) the inhibition of viral proteases;
(3) the prevention of viral replication via the RNA dependent viral RNA polymerase (RdRp)
inhibition [24]. Much of this research is based on the medicaments reuse strategy to find
new therapies from already adopted drugs, speeding up like this the drug discovery pro-
cess and providing the benefit of instant use of medicaments that have previously proven
safety safe [25]. De novo drug identification is a long and costly process, so several scien-
tists around the world have tested the action of already approved drugs on SARS-CoV-2.
Lately, the FDA has agreed to a combination of lately developed antiviral drugs to treat
severe or critical cases. However, the impact of this pandemic can be reduced by using
other drugs [5]. It has been shown that emodin, omipalisib, and tipifarnib possess an
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inhibitory effect on RdRp [26], while in other studies it was shown that raltitrexed, cy-
tarabin, lamivudine, tenofovir, cidofovir, and fludarabine are capable to bind the viral
spike protein [27,28]. In clinical trials, antivirals such as ritonavir and ribavirin, have been
utilized to treat COVID-19 [29-31]. The efficacious treatment development for this disease
has been hindered by the limited data available on this coronavirus during the pandemic’s
start. The repurposing of drugs allows exploration of the possible antiviral activity of
approved drugs. Furthermore, pharmacological synergism has better efficacy and reduced
toxicity in antiviral treatment [5]. In an interesting study by Abdel-Halim et al. [5] an
in-silico method has been proposed to observe the effect of approved drugs on an essential
target of SARS-CoV-2, the principal protease (Mpro), to search rapid antiviral treatments
and/or drug combinations, because of the reduced time and urgency of treatment; the
inhibiting activity of three pharmaceutical compounds and two drug combinations on this
protease was established. It has been proven, by in-silico and in-vitro assays, that favipiravir,
carvedilol (2, Figure 2), and cefixime are Mpro inhibitors. The various conformational
changes of the enzyme that can be induced by the binding of ligands were investigated us-
ing molecular dynamics simulations that identified potential drug combinations that show
a synergistic effect when tested on Mpro; two drug combinations (favipiravir/cefixime and
favipiravir/carvedilol (2, Figure 2)) have been shown to be active against this enzyme [5].
The study of Ahmad et al. [2] developed a potential strategy for the use of plant extracts,
and in particular active phytochemicals from Daphne species plants, to tackle the SARS-
CoV-2 pandemic. The studied compounds showed good antioxidant activity, which could
be interesting if evaluated as radical scavenging capacity. Phytochemicals analyzed were
found to be able inhibitors of SARSCoV-2 as they prevent the development of viral proteins
along with the spread of infection, inhibiting the viral protein, leading the virus to lose
the 6LU7 protein, the main viral protease. The synergic interactions of twelve coumarins
showed good inhibition of the 6LU7 viral protein [2].

o) N
H
OH
O H,CO
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H
Figure 2. Structure of carvedilol (2).

Therefore, conventional treatments for COVID-19 include the use of anti-inflammatory,
antiviral, and antimicrobial drugs, along with the use of immunomodulators, bradykinin
B2 receptor antagonists, angiotensin II receptor blockers, and corticosteroids. Furthermore,
an advantageous treatment to prevent or treat COVID-19 disease or post-COVID-19 syn-
drome is represented by the use of nutraceuticals [32-36]. For the COVID-19 treatment,
the nutraceuticals’ use was assessed by their interaction with the ACE2 enzyme. When
the spike glycoprotein of the SARS-CoV-2 virus binds to the ACE2 receptor, there is the
downregulation of ACE2 and the consequent improvement of the level of angiotensin-2
(Ang II) and the increase of the activation of the type 1 axis (AT1R) of the Ang II/Ang
II receptor which is correlated with pro-inflammatory responses. Consequently, natural
compounds play an important role in the treatment of COVID-19 because they decrease
the activity of ACE2; the SARS-CoV-2 virus uses spike glycoprotein to enter host cells
because the binding domain of the spike glycoprotein receptor (RBD) interacts with ACE2
on host cells; in the omicron variant of the virus, spike glycoprotein is characterized by
32 mutations, of which 15 are in RBD [37,38]. However, when there is a lack of effective
curative and prophylactic drugs or when several mutants of the SARS-CoV-2 virus develop
and spread rapidly among people, a key defense is a strong immune system [7], as the
weakened immune system along with the older age, obesity and other diseases are risk
factors that increase the severity of COVID-19 disease, and therefore supplements, nutraceu-
ticals, and probiotics can reduce the risk of SARS-CoV-2 infection or alleviate COVID-19
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symptoms [39,40]. Other studies highlighted the role that some bacterial substances and
molecular compounds can play in the immune response to respiratory viruses and in the
regulation of two main COVID-19 disease manifestations, which are systemic inflammation
and endothelial damage. Additionally, the use of prebiotics, probiotics, and postbiotics
has also been investigated in the battle against SARS-CoV-2 infection because the lack of
these nutrients could result in a better susceptibility to infections and immune system
dysfunctions. A clinical study demonstrated that the progression of COVID-19 can be
regulated by the use of these supplements that modify the gut microbiota with a reduction
of disease course and the severity of the symptoms [41,42]. The high dose administration
of vitamin D, vitamin C, vitamin E, flavonoids, zinc, probiotics, prebiotics, omega-3 fatty
acids, and melatonin are being used as principal dietary supplements in COVID-19 and
presented a clinical benefit for the hospitalized; the viral load, the severity of the disease,
and, therefore, the hospital stay are reduced by the immunomodulatory and antioxidant
effects of these supplements [7,43].

It is of interest to note that the U.S. Food and Drug Administration (FDA) has approved
the antiviral drug Remdesivir (Veklury) for the treatment of coronavirus disease 2019.
This drug was prescribed as a treatment for hospitalized patients who are in need of
supplemental oxygen or are at higher risk. This drug blocks the specific enzyme activity
needed for the COVID-19 virus to replicate. Another approved medicament is Paxlovid.
This medicament is used to treat patients with mild to moderate infections who are at higher
risk of serious illness. Paxlovid is composed of two medicaments: nirmatrelvir and ritonavir.
Nirmatrelvir blocks the activity of a specific enzyme needed for the virus to replicate, while
the antiviral ritonavir helps to slow the breakdown of nirmatrelvir. Also, another drug
named molnupiravir was approved for the treatment of mild to moderate infections in
patients who are at higher risk of serious illness and are not able to take other medications.
The anti-rheumatoid arthritis drug baricitinib (Olumiant) possesses also antiviral activity
and it likely works against the virus by reducing the inflammation. The anti-inflammatory
therapy, using anti-inflammatory drugs such as the corticosteroid dexamethasone, can treat
or prevent organ dysfunction and lung injury from inflammation [44].

4. Carbazoles Treatment

Several studies [5,9,17,45-62] describing the important role of carbazole derivatives in
the treatment of COVID-19 are included in this review, cf. Table 1.

Table 1. Carbazole derivatives-based drugs for the treatment of COVID-19.

Compound Name Reference
SARS-CoV-2 M-pro inhibitors

1 Carprofen [45]
2-(6-Chloro-9H-carbazol-2yl)propanoic acid N
Carvedilol

2 1-(9H-Carbazol-4-yloxy)-3-[2-(2-methoxyphenoxy) [5,9,17,46-52]
ethylamino]propan-2-ol

3 Koenigicine 53]
8-Methoxy-3,3,5-trimethyl-11H-pyrano[3,2-a]carbazol-9-ol

4 Mukonicine 53]
9,11-Dimethoxy-3,3,5-trimethyl-11H-pyranol[3,2-a]carbazole

5 O-methylmurrayamine A 53]
9-Methoxy-3,3,5-trimethyl-11H-pyrano[3,2-a]carbazole

6 Koenine 53]
3,3,5-Trimethyl-11H-pyranol3,2-a]carbazol-8-ol

7 Girinimbine (53]

3,11-Dihydro-3,3,5-trimethyl-pyrano[3,2-a]carbazole
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Table 1. Cont.

Compound Name Reference
SARS-CoV-2 M-pro inhibitors
Viral-entry inhibitors targeting human ACE2
Edotecarin
6-((1,3-Dihydroxypropan-2-yl)amino)-2,10-dihydroxy-12-

8 ((2R,3R 45,55,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro- [54,55]
2H-pyran-2-yl)-12,13-dihydro-5H-indolo[2,3-a]pyrrolo[3,4-
c]carbazole-5,7(6H)-dione
7-Hydroxystaurosporine
(55,6R,7R 9R,16R)-16-hydroxy-6-methoxy-5-methyl-7-

9 (methylamino)-6,7,8,9,15,16-hexahydro-17-oxa-4b,9a,15-triaza-5,9- [56]
methanodibenzo[b,h]cyclononaljkl]cyclopenta[e]-as-indacen-
14(5H)-one
CIMSSNa
sodium 3-(4-(((S)-5-((55,75,8R,95)-8-methoxy-9-methyl-16-oxo-

10 6,7,8,9,15,16-hexahydro-5H,14H-4b,9a,15-triaza-5,9- 157]
methanodibenzo[b,h]cyclononal[jkl]cyclopenta[e]-as-indacen-7-yl)-
4-oxohexanamido)methyl)-1H-1,2,3-triazol-1-yl)propane-1-
sulfonate

11 6-Formylindolo(3,2-b)carbazole [58]

NPC1 inhibitor
2-((2-(1-Benzylpiperidin-4-yl)ethyl)amino)-N-(9H-carbazol-9-
12 - [59]
yl)acetamide
Antiviral against PLpro
13 6-Cyano-5-methoxy-12-methylindolo [2, 3A] carbazole [60]
Immunotherapy treatment
Ramatroban
14 3-[(3R)-3-[(4-fluorophenyl)sulfonylamino]-1,2,3,4- [53,61,62]

tetrahydrocarbazol-9-yl]propanoic
acid

Carbazole containing heterocycles can be of synthetic or natural origin, many are
alkaloids extracted from the leaves of Ochrosia Elliptica Labill [63]. Carbazoles represent an
interesting class of heterocycles known by their anticancer activity [64,65]: antibacterial,
anti-inflammatory [66], antifungal, antioxidant, antimicrobial, antiepileptic, antihistamine,
antiviral [67,68]. In addition, numerous carbazole derivatives have also been found to
be useful for Alzheimer’s disease [69]. Several carbazoles were assessed by research
groups for a SARS-CoV-2 virus study [5,45,53,54,56-60,70]. Despite vaccination against
COVID-19, there is an urgent priority to identify additional antiviral drugs due to immune
loss due to new variants of SARS-CoV-2; computational approaches have made a big
contribution to the identification of antivirals by lowering costs and time and by accelerating
analyzes of target interactions with candidate drugs [45,71]. A therapeutic strategy for
drug development is the targeting of the main protease (Mpro) for its important role in the
viral replication cycle. The overlapping polyproteins (ppla and pplab) are cleaved, in an
autoproteolytic way, by SARS-CoV-2 Mpro (SC2-Mpro), and mature non-structural proteins
(11 proteins) necessary for viral replication and transcription are produced [72]. The lack of
a Mpro-like human protease, such as its unique selective ability of cleavage site, makes it
a major therapeutic target for the detection of anti-SARS-CoV-2 drugs [53,70]. Moreover,
ACE2 is used as a therapeutic target to control the COVID-19 outbreak, as an ACE2-
mediated mechanism allows the virus to enter permissive cells. ACE2 has a defensive role in
heart disease as it is a membrane-bound zinc metallopeptidase that produces the vasodilator
peptide angiotensin 1e7 [54]. Additionally, in order to identify new anti-COVID-19 drugs,
an interaction between the SARS-CoV-2 nucleoprotein (N) and the cholesterol transporter
Niemann-Pick type C1 (NPC1) [59] was evaluated. The NPC1 receptor, an endosomal
membrane protein, regulates intracellular cholesterol transport. Another important protein
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in coronavirus is PLpro (papain-like protease), which performs an essential action in the
processing mechanism of viral polyproteins [73] and has fundamental action against human
immunity through post-translational modifications on human proteins [60,74]. Below, we
report the drugs with a carbazole structure (1-14) that have been studied and selected to
date, which can be inserted into the therapeutic equipment of the battle against COVID-19,
or their scaffolds can be used as skeletons for the design of new antiviral compounds.

4.1. SARS-CoV-2 M-Pro Inhibitors

As already reported, protease M-pro, also known as chymotrypsin-like protease, (3CL-
pro) is an enzyme that only exists in the virus and not in humans [75,76]. For this reason,
Mpro is an interesting target for the discovery of new antivirals [77]. Gimeno et al. in
2020 [45] applied a virtual screening (VS) method for checking approved medicines to
verify which of them could inhibit this protease. The drugs studied were docked against
the structure of the protease involved using docking programs such as Glide, FRED,
and AutoDock Vina. Thanks to these studies, drugs were selected, including one with
a carbazole structure, carprofen (1, Figure 1), as possible M-pro inhibitors. Carprofen
(2-(6-chloro-9H-carbazol-2yl) propanoic acid) (1) is a selective COX-2 (cyclooxygenase-2)
inhibitor. Compound 1, in the active site of M-pro, makes many interactions, such as
hydrophobic interactions, with GIn189 and Met49, m-r interaction with His41 through
its ring system, hydrogen interaction, for example with His164, Ser144, and Cys145, and
halogen bond interaction with the thiol group of Cys44 through its chloro group. In-vitro
studies show a limited inhibitory capacity on M-pro (3.97% at 50 uM) of drug 1 therefore
this molecule could be considered a promising compound for the synthesis of more potent
and effective inhibitors [45].

In 2022, Abdel-Halim et al. [5] identified carvedilol ((1-(9H-carbazol-4-yloxy)-3-[2-(2-
methoxyphenoxy)ethylamino]propan-2-ol)) (2, Figure 2), a f-adrenergic receptor blocker,
as Mpro inhibitor by in-silico and in-vitro assays.

Insilico studies allowed us to study the conformational changes in the enzyme induced
by the different ligands. From the evaluation of the data obtained, it was possible to identify
combinations of molecules that gave a synergistic effect on protease Mpro. In fact, the drug
combination favipiravir (6-fluoro-3,4-dihydro-3-oxo-2-pyrazinecarboxamide)/carvedilol
(2) was found to be active against this enzyme. The inhibitory activity tests the evaluation
of the synergistic effect and was evaluated by using the “3CL Protease (SARS-CoV-2)
Assay Kit” from “BPS Bioscience.” The best results have been obtained by mixing 2 uM
compound 2 and 1 pM favipiravir showing an inhibition percentage of 98 and a contact-
dependent growth inhibition (CDI) of 0.89. CF analysis (analysis of contact frequency) and
MD simulation (molecular dynamics simulations) were able to identify the amino acid
residues that affect the bond between compound 2 and Mpro (for example His41, Met49,
and Thr25 showed more than 80% CF; Cys44, Ser46, and Glul66 more than 70%) [5]. This
study supports the computational work carried out in 2020 by Zhou et al., showing the
important role of carvedilol in the treatment of COVID-19 [46,78] and that of Wu et al. [17]
reporting carvedilol as a potential protease inhibitor similar to 3-chymotrypsin SARS-
CoV-2. Carvedilol (2) was also used in a clinical trial to evaluate the clinical outcomes of
hypertensive patients infected with SARS-CoV-2, who commonly use inhibitors of the renin-
angiotensin-aldosterone system. The study conducted by Najmeddin et al. [47] confirmed
that there are no deleterious effects following the use of angiotensin-converting enzyme
inhibitors (ACEis) and angiotensin receptor blockers (ARBs) in hypertensive patients with
COVID-19 [48]. Also, according to the report of Onohuean et al. [9] in 2021, drugs such
as carvedilol (2) may control the development of HF by reducing the infectivity of the
2019 novel coronavirus (SARS-CoV-2) and prevent the production of cytokine storms
in severely affected COVID-19 people. Compound 2 downregulates cardiac ACE2 and
inhibits SARS-CoV-2-induced acute cardiac injury [49]. Amirshahrokhi et al. demonstrated
that 2 can moderate the development of paraquat-induced ALI through suppression of
oxidative stress and NF-«B signaling pathway [79]. Also, 2 effectively manages Coronavirus
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disease 2019 complications such as esophageal varices [50] and post-COVID-19 sinus
tachycardia [51]. Therefore, for its antiviral and anti-inflammatory activities, carvedilol
may have dual protective effects in COVID-19 by mitigating the development of HF and
ALI[52].

Several studies show the antiviral property of plant-derived molecules against RNA
viruses [80]. Some of these, such as carbazole alkaloids from Murraya koenigii have been
evaluated for SARS-CoV-2 infection. Murraya koenigii, known as the “Curry leaf tree” is a
plant very widespread and of considerable pharmaceutical interest due to its numerous ben-
eficial activities (antioxidant, antidiabetic, anticancer, anti-inflammatory, hepatoprotective,
nephroprotective, cardioprotective, neuroprotective and antimicrobial, and antiviral activi-
ties). These activities are mainly due to the presence of compounds with a carbazole struc-
ture in its leaves, roots, and bark [81,82]. For such evidence, Wadanambi et al. in 2022 [53]
evaluated the inhibitory potential of carbazole alkaloids from Murraya koenigii against Mpro
by computational study. Using 3WL (5,6,7-trihydroxy-2-phenyl-4H-chromen-4-one) as a
reference inhibitor, five carbazole alkaloids 3-7 (Figure 3) (koenigicine (8-methoxy-3,3,5-
trimethyl-11H-pyrano[3,2-a]carbazol-9-ol) (3), mukonicine (9,11-dimethoxy-3,3,5-trimethyl-
11H-pyranol3,2-a]carbazole) (4), O-methylmurrayamine A (9-methoxy-3,3,5-trimethyl-11H-
pyrano[3,2-a]carbazole) (5), koenine (3,3,5-trimethyl-11H-pyrano[3,2-a]carbazol-8-ol) (6),
and girinimbine (3,11-dihydro-3,3,5-trimethyl-pyrano[3,2-a]carbazole) (7) displayed inter-
actions in the active site of SARS-CoV-2 Mpro.

Figure 3. Structures of: koenigicine (3), mukonicine (4), O-methylmurrayamine A (5), koenine (6)
and girinimbine (7).

Mainly, 4-7 may have the features to reduce SARS-CoV-2 replication by inactivating
the Mpro catalytic activity. The carbazoles studied (3-7), compared with 3WL and showed
higher binding affinity and lower binding energies towards the active site of the SC2-
Mpro [83]. These compounds form hydrogen bonds with numerous aminoacid residues
of the active site (for example with His41, Cys145, Asn142, etc.). In particular, the oxygen
atom of the pyran ring forms a hydrogen interaction with Gly143 (for 3 and 4), Asn142
(for 5 and 7), and Glu166 (for 6). Compounds 3-7 were also found to be effective against
the Alpha, Beta, Gamma, and Omicron variants. Toxicity test data shows that 3, 4, and
5 may have carcinogenic and mutagenic effects [84], instead, 6 and 7 did not show any
toxic effects to hepatotoxicity, carcinogenicity, mutagenicity, and cytotoxicity. Therefore,
bioactive natural compounds 4-7, with good oral bioavailability, represent a starting point
for the synthesis of new potential SC-2 Mpro inhibitors [53].

4.2. Viral-Entry Inhibitors Targeting Human ACE2

Terali et al. in 2020 [54] have identified the carbazole edotecarin (8, Figure 4), (6-
((1,3-dihydroxypropan-2-yl)amino)-2,10-dihydroxy-12-((2R,3R 4S,5S,6R)-3 4,5-trihy droxy- 6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-12,13-dihydro-5H-indolo[2,3-a]pyrrolo[3,4-
c]carbazole-5,7(6H)-dione) as viral-entry inhibitors targeting human ACE2 by molecular
docking.
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HO WO
Figure 4. Structure of edotecarin (8).

Compound 8, by means of electrostatic interactions, favors the closed (substrate /inhibitor-
bound) conformation of angiotensin-converting enzyme 2 modifying the positions of the
receptor’s amino acids interested in recognition by SARS-CoV-2. Specifically, the diol group
of topoisomerase I inhibitor (8) is crucial for the interaction; the catalytic residues of ACE2
mainly interested in interacting with 8 are Glu375, Tyr515, and Asn149. Furthermore, 8 with
conjugative p-planes performs pep interactions (sandwich or T-shaped) with the amino
acids Phe274, His345, and Tyr510 [50]. As already discussed, modulators of expression
levels of proteins such as ACE2 may control the SARS-CoV-2 infection [55].

In 2022, Serra et al. [56] studied the synergistic effect of an analog of edotecarin (9, Figure 5)
and bafetinib. In particular, with computational methods, they found that 7-hydroxystaurosporine
(9), ((55,6R,7R 9R 16R)-16-hydroxy-6-methoxy-5-methyl-7-(methylamino)-6,7,8,9,15,16-hexahydro-
17-oxa-4b,9a,15-triaza-5,9-methanodibenzo[b,1] cyclonona[jkl|cyclopentale]-as-indacen-14(5H)one),
and bafetinib (4-[[(35)-3-(dimethyl amino)pyrrolidin-1-yljmethyl]-N-[4-methyl-3-[ (4-pyrimidin-
5-ylpyrimidin-2-yl)amino] phenyl]-3-(trifluoromethyl)benzamide), inhibit viral infection when
combined together.

Figure 5. Structure of 7-hydroxystaurosporine (9).

In vitro studies confirmed that these compounds, used in combination, hinder a post-
entry mechanism of the virus and efficacy against the Delta variant. HEK-293 T cells stably
expressing human ACE2 and TMPRSS2 (HEK-293 TAT), infected with the SARS-CoV-2
strain isolated from Wuhan, were used for the experiments. The drugs were tested at con-
centrations of 0.09, 0.9, and 9 uM. Antineoplastic agent 9 and bafetinib (second-generation
tyrosine kinase inhibitor) showed significant inhibition at 9 uM. The combination of bafe-
tinib and 7-hydroxystaurosporine (9) on Caco2-ACE2 cells (Caco2 is an immortalized cell
linehuman colorectal adenocarcinoma cells) has also been studied using 1 or 3 uM concen-
trations of drug 9 in combination with 3 uM bafetinib. At 3 uM, the treatment decreased
infection by >70%. The synergistic effect was also observed for the Delta variant in a
concentration-dependent manner [56,85,86]. Another staurosporine analog (10, Figure 6)
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(sodium 3-(4-(((S)-5-((55,75,8R,9S)-8-methoxy-9-methyl-16-0x0-6,7,8,9,15,16-hexahydro-
5H,14H-4b,9a,15-triaza-5,9-methanodibenzo[b,h]cyclonona[jkl]cyclopenta[e]-as-indacen-7-
yl)-4-oxohexanamido)methyl)-1H-1,2,3-triazol-1-yl)propane-1-sulfonate), called CIMSSNa,
was studied in 2022 by Cheshenko et al. as SARS-CoV-2 inhibitor. Experiments conducted
on three cell lines (Vero, Huh7 and Calu-3 cells) confirmed that 10 inhibits SARS-CoV-2 and
that SARS-CoV-2 enters the cells by direct fusion (at least partly) [57].

SO;3Na

Figure 6. Structure of CIMSSNa (10).

Intead, Tanimoto et al. in 2021 [58] proved that treatment with AHR agonists (aryl
hydrocarbon receptor agonists), as 6-formylindolo(3,2-b)carbazole (11, Figure 7), decreases
expression of ACE2 via AHR activation, resulting in the suppression of SARS-CoV-2
disease in mammalian cells. The studies were conducted on HepG2 cells. RNA-seq analysis
demonstrated that 11 increased CYP1A1 gene expression in a dose-dependent manner and
inhibited the expression of the ACE2 gene. Also, the ACE2 expression in Vero E6 cells (Vero
C1008 African green monkey kidney cell Line, Clone E6) was valued [87]; again ACE2
expression is downregulated by treatment with 11. Therefore, these results demonstrated
that formylindolo carbazole 11, the agonist of AHR, blocks the expression of ACE2 in
mammalian cells, limits the entry of SARS-CoV-2, and stimulates the immune system [58].

N

10

Figure 7. Structure of 6-formylindolo(3,2-b)carbazole (11).

O~ ’
N

4.3. NPC1 Inhibitor

Garcia-Dorival et al. in 2021 [59] reported a link between the SARS-CoV-2 nucleopro-
tein (N) and NPC1. They have pointed out that several molecules interact with NPC1, as
2-((2-(1-benzylpiperidin-4-yl)ethyl)amino)-N-(9H-carbazol-9-yl)acetamide (12, Figure 8)
were able to decrease SARS-CoV-2 infection with excellent selectivity in human cell in-
fection models. In fact, 12 inhibited more than 95% of the infection of SARS-CoV-2 in
Vero-E6 (Vero C1008 African green monkey kidney Cell Line, Clone E6) and A549 (epithe-
lial cells) cells. These data suggest the importance of NPC1 for SARS-CoV-2 viral infection;
NPC1, therefore, represents a potential therapeutic target to fight against SARS-CoV-2
infection [59].
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Figure 8. Structure of 2-((2-(1-benzylpiperidin-4-yl)ethyl)amino)-N-(9H-carbazol-9-yl)acetamide (12).

4.4. Antiviral against PLpro

Elkaeed et al. in 2022 [60] carried out computational methods such as similarity assess-
ment, fingerprints check, docking, absorption, distribution, metabolism, excretion, toxicity
(ADMET), and density-functional theory (DFT) on different metabolites of natural origin
as carbazole 13 (Figure 9), (6-cyano-5-methoxy-12-methylindolo [2,3A] carbazole). This
was reported as antiviral against PLpro. The binding ability against PLpro was screened
through docking studies. In order to confirm the inhibitory effect of the compounds they
examined against PLpro and SARS-CoV-2, other studies such as in-vitro and in-vivo studies
are needed [60].

_CEN+ =~

(¢}
N
H [
Figure 9. Structure of 6-cyano-5-methoxy-12-methylindolo [2,3A] carbazole (13).

4.5. Immunotherapy Treatment

As suggested by Gupta and Chiang in 2020 [70], in the development of the COVID-19
infection, an immunotherapy treatment, for example with ramatroban (14, Figure 10) ((3-
[(3R)-3-[(4-fluorophenyl)sulfonylamino]-1,2,3,4-tetrahydrocarbazol-9-yl]propanoic acid)),
could be necessary in case of lymphopenia, a predictor of disease severity and outcomes.

Figure 10. Structure of ramatroban (14).

Ramatroban (14), a selective PGD2 inhibitor and IL-13 secretion stimulator (IC5y = 118 nM)
may be needed to restore immune dysfunction during the symptomatic phase of COVID-19.
Also, in 2002, Chiang et al. [61] reported in a review that 14 produces beneficial effects
at all stages of SARS-CoV-2 infection as it is an immunomodulator, antithrombotic, anti-
inflammatory, and antifibrotic agent. For these reasons, drug 14 gave relief of dyspnea and
hypoxemia in patients with COVID-19 and, as reported in the study by Ogletree et al. [62]
in 2022, it was possible to avoid hospitalization.
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5. Conclusions

COVID-19 is a multi-organ disease involving immune deficiency and severe lung
inflammation related to an inappropriate immune response and increased cytokine pro-
duction. Therefore, the therapeutic methods currently being studied include the treatment
with a combination of dual agents such as anti-proinflammatory cytokines and antivirals,
passive immunotherapy and monoclonal antibodies, or anti-infectious and life-support
therapies.

Several treatment approaches for COVID-19 have been employed since the beginning
of the pandemic, such as antiviral, antimicrobial, anti-inflammatory, immunomodulator
agents, antagonists of bradykinin B2 receptor, blockers of angiotensin II receptor, and
corticosteroids, but many of them were found to be ineffective. Thus, the identification of
effective drugs to treat COVID-19 is badly needed. Studies and observations reported in
this review about treatment with carbazoles (Table 1) may represent a potentially useful
clinical application, however, further investigations are required to clarify the details.
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