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Abstract

1,2,3,4-Tetrahydroisoquinoline (THIQ) is a common scaffold of many alkaloids isolated from several plants and mammalian
species. THIQ derivatives possess a broad spectrum of biological activities, including antitumor, antitubercular, antitrypano-
somal, antibacterial, anti-HIV, anti-inflammatory, anti-Alzheimer, and anticonvulsant ones.

Aim. To cover updated studies on the biological properties of THIQ derivatives, as well as their structure-activity relationship
(SAR), in order to highlight the effect of diverse functional groups responsible for the manifestation of the desired activity.
Results and discussion. We have presented the review on biological activities of THIQ. The SAR studies show that the elec-
tron-donating, electron-withdrawing and some heterocyclic functional groups on the backbone plays a vital role in modulat-
ing the biological potential of the compounds synthesized.

Conclusions. This review will help pharmaceutical researchers to synthesize novel and potent compounds containing THIQ
scaffold.
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Kagpedpa ximii, @akynemem npupodHu4ux HayK, TexHonoziyHul yHisepcumem MaHaocymy,

LLloce Ipighgpimc MkceHze, 511, Ymnaszi, 4031, liedeHHO-AppuKkaHcbKa Pecrnybnika

bionoriyHa aKTUBHICTb NOXiAHMUX TeTpariapPoi3oXiHONIHY

AHoTauin

1,2,3,4-TeTparigpoizoxiHoniH (TT1X) € po3noBcioaKeHMM KapKacom 6araTbox ankanoigis, BUAINEHUX 3 KiIbKOX BUAIB POC/IUNH
i ccasuiB. MoxigHi TMIX matoTb LWMPOKKUI cneKTp BioNoriYHNX aKTUBHOCTEN, 30KpEMaA NPOTUNYXAUHHY, NPOTUTYBEPKYbO3HY,
NPOTUTPUNAHOCOMHY, aHTMBaKTepianbHy, aHTU-BI/1, NpoTU3ananbHy, MPOTUCYAOMHY Ait0, @ TAKOXK € NEPCNEKTUBHUMM areH-
TaMK 4R NiKyBaHHA XBopobu AnbLrerimepa.

MerTa. Lleit ornag oxonatoe oHOBAEHI AOCIAMKEHHSA 3 bionoriyHMX BhacTuBocTer noxigHux Tr1X, a TaKoX B3aEMO3B’A30K MiXK
IXHbOK CTPYKTYpOtO Ta aKTUBHICTIO (SAR), Wwob nigKkpecnntn BnaMB pisHOMaHITHUX GYHKLiOHaNbHMX Py, BiANOBiAaNbHUX
3a nposB 6axkaHOT aKTUBHOCTI.

Pe3ynbTtaTtu Ta ix o6roBopeHHA. Y poboTi HaBegeHo ornag 6ionorivyHoi akTuBHocTI TIX. SAR aocniasKeHHs ceigyaTh, LLO
€/1eKTPOHOA0HOPHI, €/IEKTPOHOAKLUENTOPHI Ta AeAKi reTepounKivyHi GyHKLioHanbHI rpynu, 38’A3aHi 3 Kapkacom TTIX, Bigi-
rPatoTb Ay¥Ke BaXKMUBY PO/b Y MOAY/HOBaHHI 6i0oN0rYHOro NoTeHLiany CMHTE30BaHUX CMONYK.

BucHoBKM. Llelt ornag, Aonomoke AocnigHuKam y ranysi papmaueBTUKM CUMHTE3yBaTW HOBI Ta eDEeKTUBHI CNOMYKHK, WO Mic-
TATb 6a30By cTpyKTYpY TrIX.

Knrouoei caoea: TeTparigpoizoxiHnoniH; ouiHKa 6ion0riyHOT aKTUBHOCTI; 3B’A30K CTPYKTYpPa-aKTUBHICTb; MONEKYNAPHUI
OOKIHr
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H Introduction

1,2,3,4-Tetrahydroisoquinoline (THIQ) is a com-
mon scaffold of many alkaloids isolated from se-
veral plants and mammalian species. Several syn-
thetic routes for the synthesis of substances that
could be incorporated as privileged structural mo-
tifs into therapeutic compounds have been repor-
ted, and this has led to outstanding advances in
drug discovery. Although most of the general me-
thods for the synthesis of THIQ involve with the
metal-catalyzed hydrogenation of isoquinolines
[1], THIQ possesses a broad spectrum of biological
activities, including antitumor, antitubercular,
antitrypanosomal, antibacterial, anti-HIV, anti-
inflammatory, anti-Alzheimer, and anticonvul-
sant ones [2—9]. Some of the naturally occurring
THIQ-based compounds and clinically available
THIQ drugs, such as quinapril, noscapine, tubo-
curarine (one of the quaternary ammonium mus-
cle relaxants), and apomorphine, are shown in
Figure 1. Examples of clinical drugs containing
4-substituted THIQ include nomifensine and di-
clofensine. Nomifensine is a bicyclic antidepres-
sant, and its powerful inhibitory effect on the do-
pamine uptake makes the drug have a distinct
pharmacological profile different from that of tri-
cyclic drugs [10]. The drug was withdrawn from the
market due to the large number of reported cases
of acute hemolytic anemia with intravascular he-
molysis. The continued use of the drug required
a new strategy to reduce the dose and increase
its effectiveness. Kang and coworkers reported
that nomifensine optimized by ionizing radiation
(IR)-NF could enhance the therapeutic effective-
ness in obstructing breast cancer proliferation by
inducing cell death [11]. Diclofensine (Ro-8-4650) is
an effective monoamine reuptake inhibitor, block-
ing the uptake of dopamine, noradrenaline, and
serotonin by rat brain synaptosomes with IC,,va-
lues of 0.74, 2.3, and 3.7 nM, respectively. In addi-
tion, diclofensine binds to adrenergic, dopamine,
serotonin, and trace amine-associated receptors
[12]. This review, therefore, aims to present an
updated information on the biological properties
of THIQ derivatives and their structure-activity
relationship (SAR) in order to highlight the ef-
fect of diverse functional groups responsible for
the manifestation of the desired activity.

B Results and discussion

Orexin receptor antagonists
Orexins (hypocretins) have been reported in
the literature as endogenous compounds for two

orphan G-protein-coupled receptors in the lateral
hypothalamic area. Orexins can initiate orexin
neurons, monoaminergic and cholinergic neurons
to conserve an extensive, consolidated awake
period in the hypothalamus/brainstem regions,
[13, 14]. The orexin receptor stimulus is primari-
ly excitatory and releases various neurotransmit-
ters responsible for maintaining arousal, wake-
fulness, and appetite. Currently, three orexin re-
ceptor antagonists, namely, suvorexant, lembo-
rexant, and daridorexant, are FDA approved for
the treatment of insomnia. Several THIQ deri-
vatives have been reported as orexin antagonists.
ACT-335827, a phenylglycine-amide-substituted
THIQ derivative, was reported by Actelion and
coworkers as potent and OX, selective (1, IC;,
0OX,=6 nM and OX,=417 nM) [15]. RTIOX-276,
2 blocked the development of the locomotor sen-
sitization to cocaine in rats and thereby reduced
cravings for cocaine [16, 17] (Figure 2).
Watanabe and coworkers designed novel tet-
rahydroisoquinoline derivatives with a fluoroe-
thyl group and evaluated their effectiveness for
positron emission tomography (PET) imaging
of OX R [18]. To quantify the affinity for OX,R
and OX,R, the in vitro competitive inhibition as-
says using OX R or OX,R cells were carried out.
The assay used Orexin A as the competitive li-
gand because of its affinity to OX,R and OX,R.
The compounds synthesized showed higher
binding affinities for OX,R than OX,R in vitro.
Compounds 3 and 4 displayed superior binding
affinities for OX,R (at 30 and 31 nM, respective-
ly) than OX,R (160 and 332 nM, respectively).
The selectivity for OX,R (3) and OX,R (4) were
5.3 and 10.6, indicating that THIQ derivatives
selectively bind to OX,R. A biodistribution study in
normal mice was evaluated to determine the brain
uptake of compounds 3 and 4. The results showed
that brain uptake of 3 was higher compared to
4, and the radioactivity of compound 3 remained
in the brain for 60 min. Thus, the brain-to-blood
ratios of THIQ derivatives increased with time,
but the maximum uptake (3: 0.99% ID g, and
4:0.57% ID g') and blood-to-brain ratio (3: 0.44,
and 4: 0.34) were not satisfactory for in vivo brain
imaging. Although the compounds synthesized
are potentially imaging probes for PET targeting
the OX,R, optimization or structural changes are
needed to improve their brain uptake (Figure 3).
The importance of substitution in positions
6 and 7 of the THIQ moiety and the effect of re-
moving one of the methoxy groups as a selec-
tive antagonist of OX,R has been reported [19].
The activity of the targeted compounds 5—7 at
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Figure 1. Some naturally occurring and clinically available THIQ-based compounds

the OX, and OX, receptors was evaluated using
calcium mobilization-based functional curve shift
assays. The n-propyl derivative 5a was the most
potent compound of the series, with a Ke value
of 23.7 nM, and was 108-fold greater selective
for OX, over OX,. The ethyl and isopropyl sub-
stituents showed slight potency compared to 5a,
(Ke = 37.3 nM and 49.7 nM, respectively), but
had a superior OX, selectivity (268- and 201-fold,
respectively). The position 7 is essential for the

OX, antagonism. Meanwhile, several 6-amino com-
pounds (7) containing ester groups showed a mo-
derate potency (7a, Ke = 427 nM) (Figure 4).
Perrey et al. reported THIQ based com-
pounds 8 and 9 with an excellent OX, potency
and selectivity [20] (Figure 5). Most of the com-
pounds synthesized demonstrated suitable acti-
vities. The introduction of a nitrogen atom into
the structure did not significantly change the
potency, but reduced the lipophilicity of these
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Figure 2. Chemical structures of THIQ derivatives, ACT-335827 and RTIOX-276
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Figure 3. Chemical structures of THIQ derivatives acting as OX,R antagonists

compounds. The 3-dimethylamino analog was the
most potent in the first series, with a Ke value
of 21 nM. When a pyridinylmethyl group was in-
troduced in position 4, the potency was moderate
(Ke = 96.4 nM), and the selectivity of > 100-fold.
The substitution at the 1-benzyl position results
in compounds with a good selectivity for the OX|
receptor over the OX, receptor. Meanwhile, the
replacement of benzylacetamide with the 3-pyri-
dyl group displayed OX, antagonists (compound
9a, Ke = 5.7 nM). The calculated clogP and PSA
value of compound 9a were 3.07 and 70, respec-
tively, suggesting the solubility of compounds.
Further study showed that 9a displayed a good
kinetic solubility (> 200 uM) and BBB perme-
ability. Besides, compound 9a possessed the low
Pgp activity with an efflux ratio of 3.3.

PDE4 inhibitors

Phosphodiesterase is an enzyme with unique
functions, hydrolyzing the cyclic nucleotides, such
as cyclic adenosine-3,5-monophosphate (cAMP)
and cyclic guanosine-3,5-monophosphate (cGMP),
to their inactive 5'-nucleotide monophosphate,
5'-AMP and 5'-GMP, respectively [21, 22]. Phos-
phodiesterase 4 (PDE4) is a cAMP specific hydro-
lase and is identified as one of the 11 members
of the PDE super-family. In addition, it predomi-
nates in many cells, such as keratinocytes, en-
dothelial cells, hematopoietic cells, and nerve cells.
PDEA4 is encoded by four genes PDE4A, PDE4B,

PDE4C, and PDE4D, with separate, distinct cel-
lular distributions and functions. PDE4 plays a
central role by regulating pro-inflammatory and
anti-inflammatory cytokines and cell prolifera-
tion via the degradation of cAMP [23]. This has
made PDE4 a leading target for the treatment
of inflammatory diseases, such as psoriasis, ar-
thritis, and atopic dermatitis. Three PDE4 inhi-
bitors have been clinically evaluated and approved
for treating inflammatory disease: roflumilast, ap-
remilast, and crisaborole. To discover potent and
effective PDE4B inhibitors, a 3-substituted car-
boxylic ester was incorporated into the THIQ
scaffold 10-13 (Figure 6). All the targeted com-
pounds were evaluated for their inhibitory ac-
tivity in vitro against PDE4B, using rolipram as
a positive control [24]. The IC,,values of the com-
pounds being assessed displayed moderate to
good inhibition against PDE4B between IC;,va-
lues of 0.95-23.25 uM. Compound 13a showed the
most potent inhibitory activity against PDE4B
with an IC;, of 0.88 uM, which was 21-fold su-
perior and with more potent selectivity toward
PDE4B than PDE4D compared to rolipram.
The structure-activity relationship study showed
that the presence of either the electron-donating
groups, such as the hydroxyl or methoxy group,
or the electron-withdrawing group OCF, to the
phenyl ring in the para-position improved the
inhibitory activity against PDE4B.

ISSN 2308-8303 (Print) / 2518-1548 (Online)



ypHan opaaHiyHOI ma gpapmauesmuyHoi ximii 2023, 21 (1)

R | R
"6 N \)LH Me g N N
MeO ! MeO l
MeO MeO

5

5a
' OX{Ke=237+7.9nM
OX, Ke = 2550 + 260 nM

R = Me, Bn, nPr, iPr, cyclopropylmethyl, 3-phenoxybutyl,
4-phenoxybutyl, 3-pyridylmethyl, 4-pyridylmethyl, pyrrolidine,
piperidine, n-pentyl, n-hexyl, Ms, acetyl, hexanoyl, benzoyl,
methyl carbamoyl, ethyl carbamoyl, PANHCO, n-hexyl-NHCO

R = Me, Et, nPr, iPr, n-Bu

R1
N

RO
L8 ¥
N
\)J\N
MeO O H MeO
M
MeO 6 eO

R = Bn, 2,2,2-trifluoroethyl, nPr, iPr, Ms,
benzenesulfonyl, propionyl

EtO.C. A~ % EtO.C \/\/\/\;{

VI
U

7

EtO,C_~_%

MeO ‘
: MeO

! Mesz}{

' 7a
' OXq Ke =427 + 69 nM

tBuO,C \/\/"ﬁ{

R'=

EtO,C \/\/\/\re{

Et02C \/Lﬁ{ EtOZCT‘HL’ EtOZC \/\‘;‘\

EtOC _~_ -~ @J\

O\,/\}{

O

H, Me, nPr

Figure 4. The chemical structure of THIQ derivatives acting as orexin receptor antagonists

The development, synthesis, and pharmaco-
logical evaluation of novel phosphodiesterase 4
(PDE4) inhibitors containing 7-(cyclopentyloxy)-
6-methoxy-1,2,3,4-tetrahydroisoquinoline ring were
reported 14-17 [25]. The compounds synthe-
sized exhibited considerable effects on PDE4B.
Among them, compound 14f displayed a promi-
sing inhibitory effect with IC;; of 2.3 uM, which
was comparable to the positive control — roli-
pram (IC,, = 1.3 uM) (Figure 7). The SAR studies
showed that multiple substitution effects in the
ring B (R}, R? and R?) demonstrated that the mo-
dification of the ring B was crucial. The presence
of halogen atoms, such as F (14b, IC,,= 23.3 uM)
and Cl (14c, IC,, = 15.5 uM), resulted in a su-
perior or comparable activity in relation to the
unsubstituted derivative (14a, IC,,= 23.5 uM).

Meanwhile, substituting methoxy groups in
the ortho position of the phenyl ring B lessens

the inhibitory activity against PDE4B (14d,
1C,, = 37.0 uM). The substitution of methoxy and
hydroxyl groups to the phenyl ring B in the meta
and para positions gave the most active com-
pound 14e; this indicated that electron-donating
groups in these positions favored the bioactivity.
The activity decreased drastically when the ben-
zene or pyridine ring was changed to cyclohexane
(compounds 16 and 17) (Figure 7). This may be
due to the presence of three free hydroxyl groups
and an amine hydrochloride on the cyclohexane
ring, respectively. The docking study of the most
active compound revealed that the catechol di-
ether formed hydrogen bonds with the conser-
ved GIln443, and the THIQ moiety was notably
positioned between Phe446 and Ile410. The para-
hydroxyl group of benzoyl imide formed a hydro-
gen bond with Asp27 and His234 to enhance the
binding affinity with the enzyme.
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Figure 7. The chemical structure of compounds showing a promising inhibitory activity in vitro against PDE4B

SGLT?2 inhibitors

Sodium-dependent glucose cotransporters (or
sodium-glucose-linked transporter, SGLT) are a
glucose transporter family. SGLT2 is responsible
for more than 90% of the renal glucose reabsorp-
tion, whereas SGLT1 is for the remaining 10%.
This indicated that renal glucose reabsorption
is referred mainly by SGLT2 and to a reduced
amount by SGLT1. Hence, selective SGLT2 in-
hibitors would be suitable for antidiabetic agents,
and many SGLT2 inhibitors as antidiabetic agents
have been approved [26, 27]. Pan and coworkers
synthesized and evaluated a series of novel
THIQ-based C-aryl glucosides to inhibit human
SGLT2 [28] (Figure 8). The SGLT2 inhibitors were
studied by substituting the proximal phenyl ring
of dapagliflozin (18) with the conformation
restricted THIQ ring (compounds 19 and 20).
All the compounds synthesized were evaluated
in a cell-based SGLT2 functional assay in a con-
centration of 10 mM, and dapagliflozin was used
as the reference compound. Compound 19a con-
taining a naphthalene ring exhibited great poten-
cy in the SGLT2 inhibitory activity (81.7%) com-
pared to dapagliflozin (85.4%). The SAR studies

showed that the introduction of thiophene resul-
ted in the unfavored inhibitory activity against
SGLT2, indicating that an electron-rich ring was
not tolerant in this position. The introduction of
the weakly electron-donating C,H; group in-
creased the inhibitory activity compared to the
strong electron-donating (C,H,O group). The re-
placement of C,H, with phenyl significantly in-
creased the inhibitory activity. Since dapagliflo-
zin and compound 19a exhibited a comparable
inhibitory activity in vitro against SGLT2, this
might be a promising hit for treating type 2 dia-
betes.

P-glycoprotein inhibitors

P-glycoprotein (P-GP) can reduce absorption;
it also has poor oral bioavailability, and can de-
crease the retention time of several drugs in co-
ordination with the intestinal wall metabolism
[29, 30]. It is noteworthy that P-GP is one of the
leading barriers to cancer treatment with chem-
otherapy. A series of new P-GP inhibitors 21
(Figure 9) were designed and synthesized. The
compounds were combined with doxorubicin in
MCF-7/ADR cells to evaluate their reversal ac-
tivity against multidrug resistance (MDR) [31].

ISSN 2308-8303 (Print) / 2518-1548 (Online)



Journal of Organic and Pharmaceutical Chemistry 2023, 21 (1)

structural modification

n=0,1

—R1=CI£>% I O
BOARe Ok

"“g

R2 = H, Me, nBu, acetyl, p-methoxybenzyl

@“{

SGLT2 inhibitiona (%) = 81.7

Figure 8. Compound 19a containing a naphthalene ring exhibited great potency in the SGLT2 inhibitory activity

MeO

MeO

21a
IC50 =0.73 uM

M
 MeO N =

R = 3-MeO, 4-MeO, 4-EtO, 4-PrO, 4-iPrO, 4-BuO,

2-MeO, 2,4-di-MeQ, 2,5-di-MeO, 2,3-di-MeO,
3,4-di-MeO, 3,5-di-MeO, 3,4,5-tri-MeO, 4-BuO,

4-tBuO, 4-CF30, 4-PhO, 3,4-methylenedioxy, 4-iPrS

Figure 9. Compound 21a containing isopropoxy displayed higher potency against P-GP

Compound 21a containing the isopropoxy group
displayed higher potency against P-GP mediated
MDR in MCF-7/ADR (IC,, (doxorubicin) = 0.73 uM,
RF = 69.6 with 5 uM 21a treated). Further stu-
dies showed that 21a efficiently inhibited the P-GP
efflux function but not its expression. The rever-
sal activity of compound 21a at 5 uM against

doxorubicin in MCF-7/ADR exceeded that of all
compounds tested, including the positive con-
trols — cyclosporin A (IC;, (DOX) = 0.86 uM, RF
= 59.1) and verapamil (IC;, (DOX) = 4.25 uM,
RF =11.9). The SAR studies showed that the mo-
derate activity was observed in the compound con-
taining more than one methoxy group in the
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benzene ring. Meanwhile, the length of the sa-
turated aliphatic chain and the appropriate ste-
ric substituents, such as the isopropyl group, are
essential to achieve the best activity. The mole-
cular docking analysis demonstrated that com-
pound 21a formed a crucial hydrogen bonding
interaction between the oxygen atom of the fu-
ran ring and the NH of GIn721. Besides, there
was a lack of amino acid residues around the
isopropoxy group that could generate intermo-
lecular actions.

A series of novel P-GP-mediated MDR modu-
lators containing phthalazinone and THIQ scaf-
folds were designed and synthesized by Qiu et al.
[32]. Most of the targeted compounds 22 are su-
perior to the standard (verapamil) (Figure 10).
Among the targeted compounds, 22a displayed
a high promising inhibitory activity against do-
xorubicin-resistant K562/A02 cells with a low
EC,, (46.2 + 4.7 nM) and the lack of cytotoxicity
towards normal cells (IC,,> 100 uM). The num-
ber and position of substituents on the ring sig-
nificantly influence the reversal activity. Substi-
tution in position 3 of the phenyl ring led to a
steady or reduced activity, while substitution in
position 4 gave a strong activity. In addition, an
increase in the number of substituents reduces
the activity. The molecular docking studies de-
scribed in detail the interaction between the re-
sidues and compound 22a in the hydrophobic
pocket of the P-GP. Compound 22a formed the
H-bond interaction with the residue Gln 721 and
the n-nt stacking interaction with Tyr 303. The ter-
tiary amine N atom of compound 22a captures a
hydrogen ion, developing a positive charge center
to interact with the residue Phe728; this inter-
action helps to maintain the activity.

A new MDR reversal agent was designed
and synthesized by selecting tariquidar as the
lead compound and triazole as the bioisoster to
replace benzene. The amido bond was modified

by the secondary amine [33]. Thus, the click
chemistry method linked the various chemical
structures to the aromatic amides yielding com-
pounds 23 and 24 (Figure 11). Among the com-
pounds tested, compound 23a containing the
3,4-dimethoxy group in the benzene ring demon-
strated a potent effect compared to the positive
control and the lack of cytotoxicity towards K562
and K562/ A02 cells. The MDR reversal effect
of compound 23a (IC,,/DOX (uM) = 1.30 + 0.35,
RF =18.7) could last over a certain period, long-
er than that of VRP. Further research suggest-
ed that compound 23a displayed a significant
potency in an increased doxorubicin accumula-
tion in K562/A02 cells and further decreased the
P-GP-mediated efflux of Rh123. The compound
possessing three substituted dimethoxy groups
showed a good potency, while derivatives of
compound 24 demonstrated an insignificant ac-
tivity.

To identify ideal P-GP inhibitors reversing
MDR in non-toxic concentrations, THIQ based
compounds were designed [34] (Figure 12).
The MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphe-
nyltetrazolium bromide) assay was used to eva-
luate the cytotoxicity of the compounds synthe-
sized against the human erythroleukemia K562
cells and the adriamycin (ADM)-resistant K562/
AO02 cells. The well-known classical P-GP inhibi-
tor (verapamil) was used as the reference com-
pound. Most target compounds displayed a low
cytotoxicity and exhibited more active MDR re-
versal activity than verapamil. Compound 25a de-
monstrated the strongest reversal activity with
IC,, of 1.76 £ 0.3 uM. Further studies suggested
that the most active compound effectively im-
peded the ADM efflux function of P-GP and aug-
mented the accumulation of ADM in K562/A02
cells. Thus, 25a is a promising candidate for de-
veloping P-GP-mediated MDR reversal modula-
tor in cancer chemotherapy.
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Figure 12. The chemical structure of compound 25a that demonstrated the strongest reversal activity
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A total of 17 novel THIQ P-GP inhibitors were
designed and synthesized by structure simplifi-
cation and bioisosterism [35]. The results of in vitro
cytotoxicity and reversed MDR activity showed
that all the targeted compounds demonstrated
no significant cytotoxicity with IC,, > 30 uM on
both K562 and K562/A02 cells (P-GP overex-
pressed). Compound 26a had the reversal activity,
which was superior to the control (verapamil),
significantly increased ADM accumulation in
K562/A02 cells, and obstruct the efflux of Rh123
concurrently (Figure 13). The SAR studies showed
that the compound with 4-tert-butylphenyl sub-
stituent displayed the highest activity (IC;, =
1.22 + 0.3 uM), while the compound with 3,4-di-
methoxyphenethyl substituent was somewhat in-
active with IC,of 41.48 + 1.7 uM. In addition,
the compounds containing substituents in position
4 of the benzene ring had a significant activity
compared to those containing substituents in po-
sitions 3, 4. Compound 26a interacted with the
P-GP receptor via the n-n interaction of the ar-
omatic ring and the hydrophobic interaction.
The superimposition with tariquidar indicated
that the target compound 26a might have a si-
milar binding site with the tariquidar in the ac-
tive pocket of the P-GP receptor.

A library of P-GP inhibitors 28 was designed
using alkyl as a linker between the phenolic group
of the biphenyl moiety of compound 27 and vari-
ous furazan derivatives containing substituents
with different stereoelectronic and lipophilic pro-
perties [36] (Figure 14). Among the compounds
tested, 28a—d displayed the highest activity with
EC,,, of 0.97 nM, 1.3 nM, 0.60 nM, and 0.90 nM,
respectively, making them potential candidates
for reverting MDR by co-administration of che-
motherapeutic drugs and P-GP modulating agents.

All the target compounds were inactive against
MRP1 and BCRP transported. In addition, the
high-affinity substrate profile of the active com-
pounds (28a-d) is attractive because of their pos-
sible employment in vivo imaging of the function
of P-GP through non-invasive imaging techni-
ques, such as PET and SPECT.

A series of THIQ derivatives 29-31 contain-
ing the 5-phenyl-2-furan moiety were synthesi-
zed, and their P-GP potency and selectivity were
evaluated [37] (Figure 15). Cyclosporin A and ve-
rapamil were adopted as the positive controls.
Compound 31a containing 6,7-dimethoxy and me-
thoxyl groups in the para-position of the benzene
ring showed the best bioactivity against P-GP
(EC,, = 0.89 uM) among all the title compounds,
which displayed better activity than both cyclospor-
in A and verapamil with an EC,, value of 83.68 uM
and 20.54 uM against P-GP, respectively, com-
pared to MC113 [38, 39]. Comparing the inhibi-
tory activity of these three series, compound 29
containing the 6,7-dimethoxy group demonstrated
a superior bioactivity than compounds 30 and 31.
Meanwhile, the presence of substituents in the
para-position of the benzene ring suggested that the
position was crucial for bioactivity. Compound 31a
with the highest inhibitory activity increased do-
xorubicin accumulation 9.2-fold at 20 uM in overex-
pressing P-GP MCF-7/ADR cells. 31a was well
fitted in the P-GP active site. The hydrogen bond
interaction was observed between the O atom
of the furan ring and the H at amine of GIn721
(distance: 2.59 A). The hydrophobic effect was
observed with three methoxy groups (-OMe) at
the benzene ring and THIQ, which enhanced
the binding affinity with the enzyme.

Wu and coworkers synthesized and biologically
evaluated new series of THIQ as P-GP-mediated
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) 0 i
N N o) = R MeO N%R
\ R MeO
29

30

31

R =H, 2-Cl, 3-Cl, 4-Cl, 2-F, 3-F, 4-F, 2-NOy, 3-NO3 4-NO, 4-Me, 4-Br, 4-MeO, 2,4-di-F, 2,6-di-F

ECsp = 0.89 uM

; Meo:@ O
:
MeO

Figure 15. The chemical structure of a potent compound against P-GP

MDR inhibitors [40] (Figure 16). The effects of
the target compounds on the reversing adria-
mycin (ADM) resistance toward K-562/A02 cells
(P-GP-overexpression) were carried out using the
MTT assay. The well-known classical P-GP in-
hibitor VRP, WK-X-34, and LBM-A5 were used
as the positive control. Compounds with triazol-

N-phenethyl-tetrahydroisoquinoline 32 were ge-
nerally more potent than compounds with tri-
azol-N-ethyl-tetrahydroisoquinoline 33. Among
them, compound 32a with a pointedly decreased
IC,,of ADM (1.21 £ 0.18 uM) showed the strong-
est reversal activity, and its reversal fold (RF)
was 31.4 compared to WK-X-34 (RF = 30.4)
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Figure 16. The chemical structure of a promising compound that showed the best MDR reversal activity among twenty-five targeted

compounds

and slightly higher than LBM-A5 (RF = 23.0).
However, most of the targeted compounds exhi-
bited more active MDR reversal activity than VRP
when co-administered with ADM under the same
condition. Electron-donating groups, such as
CH(CH,), and C(CH,),, showed higher MDR re-
versal activity than VRP, while OCH, showed
lower MDR reversal activity than VRP. In addi-
tion, electron-withdrawing groups demonstrat-
ed a poor MDR reversal activity. The size of the
substituent affects the MDR reversal activity.
The compound containing 4-tert-butyl was more
potent and showed more ADM accumulation in
K562/A02 cells than the compound substituted by
other alkyls. Compound 32a and the compound
with 4-tert-butyl substituent showed the best
MDR reversal activity among the twenty-five tar-
get compounds, with IC;, of 1.21 £ 0.18 pmol L™
and 1.86 + 0.15 umol L' compared to the lead
compound LBM-A5 (IC,,= 1.65 + 0.22 pmol L7?).

Antibacterial

The synthesis of THIQ-triazole derivatives 34
and 35 was strategically designed by using the
nitrogen atom of THIQ as an attachment to the
terminal alkyne [41] (Figure 17). The alkyne al-
lowed the incorporation of different substituted
aromatic rings via the formation of the triazole
ring using the Cu-catalyzed azide-alkyne cyclo-
addition. The compounds synthesized were eva-
luated against Gram-positive bacteria, namely
S. aureus ATCC25923, B. subtilis 168, and E. coli
MG1655. S. aureus ATCC25923 and methicillin.
B. subtilis 168. Besides, non-pathogenic E. coli

MG1655 was used as the model for Gram-nega-
tive organisms. All the compounds synthesized
were 1nitially screened for the growth inhibition
activity against S. aureus. Most of the compounds
gave a MIC value from 4 to 32 ug mL™?, and
compounds 34a—c with MIC values of 4 pg mL™
were observed as the promising candidates.
Further research showed that all sixteen com-
pounds were not active against Gram-negative
E. coli in the concentration of 128 pg mL™.
Compound 34a with an unsubstituted aromatic
ring showed no activity, indicating an increase
in polarity or even the compound length/size
may negatively impact the inhibitory properties.
The introduction of the tert-butyl group increased
the activity against S. aureus and B. subtilis.
The introduction of hydrophobic groups, such as
naphthalene and 4-biaryl, maintained the acti-
vity. The presence of hydrophilic and electron-
withdrawing groups, namely 4-chloro, 4-cyano,
4-nitro, and 4-dimethyl carbamoyl groups, dis-
played no significant activity when tested against
S. aureus. The presence of the CF, substituent,
an electron-withdrawing group with hydropho-
bic properties, enhanced the action at the MIC
of 32 ng mL and 8 pg mL, respectively. The
introduction of a nucleophilic N-atom in 3,5-di-
chloropyridyl drastically reduced the inhibitory
activity. It is noteworthy that the presence of
electron-donating and electron-withdrawing ef-
fects merged with the hydrophobicity of either
tert-butyl or OBn increased the activity of 34a—c.
In addition, compound 34a, which effectively
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Figure 17. Chemical structures of promising THIQ compounds

inhibited S. aureus, prevented M. tuberculosis
H37Rv at MIC of 6 pg mL with the lack of re-
sistance after thirty days of sequential passag-
ing. These results identified compound 34a and
its analogs as potential candidates for further
drug development for antibiotic resistance.

Anticancer

A series of fifteen THIQ derivatives 36—40
were synthesized, and their antiproliferative ac-
tivity were reported [42] (Figure 18). All the com-
pounds newly synthesized were screened for their
anticancer activity against a panel of five human
cancer cell lines, such as MCF-7 (breast cancer),
DU-145 (prostate cancer), A549 (lung cancer),
Hela (cervical cancer, and HepG2 (liver cancer)
using the MTT assay. Most compounds showed a
promising activity with ICy, values ranging from
0.72 to 92.6 uM. Among them, compounds 39a

and 39b exhibited a significant activity against
the prostate cancer cell line, namely DU-145,
with IC,, values of 0.72 and 1.23 uM, respectively.
The tubulin polymerization assay and the im-
munofluorescence determination suggested that
these derivatives effectively prevented the micro-
tubule assembly formation in DU-145. The re-
sults from further research, such as the cell cy-
cle analysis, western blot, DNA-fragmentation
analysis, caspase-3 activation studies, and anne-
xin V-FITC assay of 39a and 39b, showed that the
active compounds inhibited induced cell death by
apoptosis.

New THIQ derivatives 41-44 were designed,
synthesized, and biologically evaluated [43] (Figu-
re 19). The KRas activity of five compounds test-
ed (42a—e) was carried out on four different colon
cancer cell lines (HCT KRasSL, RKO KRasSL,
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Figure 18. Chemical structures of compounds that exhibited a significant activity against the prostate cancer cell line

Colo 320 KRasSL, and SNU-C1 KRasSL) using
three different concentrations (0.2 uM, 2 uM
and 20 uM). The results showed that all the
compounds studied had a higher overall KRas
inhibition. Surprisingly, alcohol 42a displayed
a lower KRas inhibition than other analogs.
The amine-containing compound 42c¢ demon-
strated the highest KRas activity profile on
RKO KRasSL, revealing that a terminal ionic
interaction led to an increased KRas inhibition.
The N-aryl-containing compounds (42d and 42e)
had the highest KRas inhibition on the colon 320
KRas SL cell line, suggesting that a low electron
density aromatic side chain structure resulted in
higher KRas activity. Compound 42e displayed
a significant KRas activity in the concentration
of 0.2 uM (RKO KRasSL 95.8% inhibition, HCT
KRasSL 35.9% inhibition). In addition, amine 42¢
and the alcohol 42a derivatives exhibited a
promising antileukemic activity (IC,, = 2.0 and
2.6 uM, respectively), and the study of cytotoxic
mechanisms suggested the involvement of KRas
inhibition in both without additional antian-
giogenic effects in the case of compound 42a.
The antiangiogenic evaluation was carried out
for 42a—e. The results showed that 42b and 42¢
possessed an interesting antiangiogenic activity,
while 42d and 42e exhibited an insignificant

activity, and 42a was inactive. Compound 42b
containing the nitrile group was the most potent
antiangiogenic agent. It displayed the highest
antiangiogenic (IC;,= 2.9 uM) and anti-osteo-
porotic activity, indicating that the dipolar lipo-
philic terminal group, such as the nitrile group,
enhanced the antiangiogenic and anti-osteopo-
rotic activity.

To identify promising anticancer agents,
a new series of THIQ derivatives 45 and 46
were designed and synthesized [44] (Figure 20).
The targeted compounds were tested against dif-
ferent human cancer cells. Compounds 45, incor-
porating either hydroxyl or trifluoromethyl groups
in the R? position of the phenyl ring displayed
a moderate antiproliferative activity with the
GI,, value of 4.365 and 4.224 uM, respectively,
whereas the incorporation of the methoxy group
in the same position led to the loss of activity.
For the THIQ scaffold containing a 4-chloroben-
zoyl group, the derivatives with methoxy groups
exhibited a significant activity on gastric cancer
cells, whereas all three compounds with hydroxyl
substituents had an inferior activity. Compound
46a with an ortho-methoxy group led to a 2-fold
higher activity (GI;, value = 1.591 uM) than the
compound containing a para-methoxy group
(GIL,, = 3.627 uM).
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Figure 19. Chemical structures of promising anticancer agents containing the THIQ moiety
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Figure 20. 1-Carbamoyl THIQ derivatives with a promising inhibitory activity against gastric cancer cells

CXCR4 antagonists were reported [45] (Figure 21). Compounds

CXCR4 antagonists 47 with an increased 47a,b containing chloro substituent on the pyri-
liver microsomal stability in human and mouse dylmethyl moiety are the most promising can-
models compared to the parent molecule TIQ-15 didates.
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Figure 21. Promising CXCR4 antagonists with a THIQ backbone

B Conclusions

This review presents a broad range of biolog-
ical activities of THIQ, it will give the reader an
idea of the therapeutic use of THIQ in various
diseases. Due to the promising effect of THIQ in
many biological activities, much attention has
been paid to its therapeutic role. The SAR stud-
ies of the above-mentioned compounds show a

better perception of the choice of an appropriate
substitution model comprising electron-donat-
ing, electron-withdrawing and some heterocy-
clic functional groups on the backbone plays a
vital role in modulating the biological potential
of the compounds synthesized. This review will
help pharmaceutical researchers to synthesize
novel and potent compounds containing THIQ
scaffold.
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