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Brief insight into the in silico properties, structure-activity

relationships and biotransformation of fruquintinib, an

anticancer drug of a new generation containing a privileged

benzofuran scaffold

Strucny pohlad na vlastnosti in silico, vztahy Struktura-

—aktivita a biotransformaciu fruquintinibu, protinadorovo

y ve

ucinkujuceho lie¢iva novej generacie obsahujiuceho

privilegované benzofuranové zoskupenie
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Summary

Current trends in drug design notably consider so-
-called privileged scaffolds as the core structural
fragments with decisive impact on affinity to properly
chosen biological targets, potency, selectivity and
toxicological characteristics of drugs and prospective
drug candidates. Fruquintinib (1) is a novel synthetic
selective inhibitor of vascular endothelial growth factor
receptor (VEGFR) isoforms, i.e.,, VEGFR-1, VEGFR-2 and
VEGFR-3. The therapeutic agent (1) consists of a flat
bicyclic heteroaromatic ring, in which two nitrogens are
suitably incorporated, a core bicyclic heteroaromatic

D. Nadaska
Department of Pharmaceutical Chemistry
Faculty of Pharmacy, Comenius University Bratislava, Slovak Republic

L. Hudecova « G. Kovac

Institute of Chemistry, Clinical Biochemistry and Laboratory Medicine
Faculty of Medicine, Slovak Medical University in Bratislava, Slovak
Republic

Assoc. Prof. PharmDr. lvan Malik, PhD. (0)
'Department of Pharmaceutical Chemistry
Faculty of Pharmacy, Comenius University Bratislava
Odbojarov 10, 832 32 Bratislava, Slovak Republic
Institute of Chemistry, Clinical Biochemistry and Laboratory
Medicine
Faculty of Medicine, Slovak Medical University in Bratislava
Limbové 12, 833 03 Bratislava, Slovak Republic
e-mail: malik2@uniba.sk

ring - privileged (substituted) benzofuran scaffold, and
a pair of hydrogen bond (H-bond) donor and acceptor
group, i.e,, amide functional moiety. Fruquintinib (1) was
first approved in China for the treatment of metastatic
colorectal cancer, a severe malignant disease with
a high mortality rate. The review article offered a brief
insight into the topic of privileged structures, their drug-
-like ranges of several parameters, pharmacodynamic
characteristics of fruquintinib (1) and various in silico
descriptors  characterizing drug’s structural and
physicochemical properties (molecular weight, number
of heavy atoms, number of aromatic heavy atoms,
fraction of sp* C-atoms, number of H-bond acceptors,
number of H-bond donors, total polar surface area, molar
refractivity, molecular volume as well as parameters of
lipophilicity and solubility). Some of these descriptors
were related to pharmacokinetics and distribution of
fruquintinib (1), and, in addition, might help predict its
ability to cross passively the blood-brain barrier (BBB).
Moreover, a possible connection between the induction
potential on cytochrome P450 isoenzymes (CYP1A2 and
CYP3A4) and passive transport of a given drug into the
central nervous system via BBB was investigated. Current
clinical experience and future directions regarding of
fruquintinib (1) were also briefly outlined.

Key words: privileged scaffold « fruquintinib « in silico
properties « structure—-activity relationships « pharma-
cokinetics

Suhrn

Sucasné trendy projekcie lieciv vyznamne reflektuju
tzv. privilegované zoskupenia ako zakladné (tzv. jadrové)



268

Ces. slov. Farm. 2023; 72, 267-275

strukturne fragmenty s rozhodujicim vplyvom na
afinitu k vhodne zvolenym biologickym ciefom, tcinok,
selektivitu aj toxikologické charakteristiky tychto lieciv
a perspektivnych kandidatov na lieciva. Fruquintinib
(1) je novy synteticky selektivny inhibitor izoforiem re-
ceptora vaskularneho endotelového rastového faktora
(z angl. vascular endothelial growth factor receptor;
VEGFR), t.j. VEGFR-1, VEGFR-2 a VEGFR-3. Terapeutikum
(1) obsahuje planarne bicyklické heteroaromatické
jadro, v ktorom su vhodne inkorporované dva atomy
dusika, zékladny (jadrovy) bicyklicky heteroaromaticky
kruh - privilegované (substituované) benzofuranové
zoskupenie a skupinu posobiacu ako donor a akceptor
vazby vodikovym mostikom (VVM), t. j. amidové funk¢-
né zoskupenie. Fruquintinib (1) bol prvykrat schvéle-
ny v Cine pre lie¢bu metastazujiceho kolorektalneho
karcinébmu, zdvazného nadorového ochorenia s vyso-
kou mortalitou. Tato prehladova publikacia ponukla
stru¢ny pohlad na tému privilegovanych Struktur, ich
niekolkych parametrov, ktorych rozsah priblizuje tzv.
liecivu podobné (drug-like) vlastnosti, farmakodyna-
mické charakteristiky fruquintinibu (1) a rozne in sili-
co-deskriptory definujuce struktirne a fyzikalno-che-
mické vlastnosti tohto lieciva (molekulovd hmotnost,
pocet tazkych atomov, pocet aromatickych tazkych
atémov, frakcia C-atémov v sp>-hybridizovanom stave,
pocet akceptorov VVM, pocet donorov VVM, celko-
vy polérny povrch, molekulové refrakcia, molekulovy
objem aj parametre lipofility a rozpustnosti). Niektoré
z tychto deskriptorov suviseli s farmakokinetikou aj dis-
tribuciou fruquintinibu (1) a navyse by mohli pomoct
predikovat jeho schopnost pasivne prechadzat hema-
toencefalickou bariérou (HEB).V publikacii sa hodnotila
aj eventudlna suvislost medzi indukénym potencidlom
lieciva (1) vociizoenzymom cytochrému P450 (CYP1A2
a CYP3A4) a jeho pasivnym transportom do centralne-
ho nervového systému via HEB. Stru¢ne boli takisto na-
¢rtnuté sucasné klinické skusenosti s fruquintinibom
(1) a budtice lie¢ebné moznosti tohto terapeutika.
Kltacové slova: privilegované zoskupenie « fruquinti-
nib - vlastnosti in silico « vztahy Stuktura—aktivita « far-
makokinetika

Introduction

Current definition of the term privileged scaffold”
as well as its practical interpretation among medici-
nal chemists might "slightly" differ from the original
perception of such scaffold coined by the research of
Evans and his co-workers?. The privileged scaffold was
first introduced as a single molecular framework capa-
ble to provide high-affinity ligands for more than one
type of a receptor?. Following the more recent view
and opinion of Zhao and Dietrich (2015), a chemical
core structure can be regarded as a privileged scaffold
if it is more probable that its derivatives can interact
with several biological (protein) targets with high affi-
nity and selectivity than other structures®.

Various structurally "simple" heterocycles con-
taining O-, S- or N-atoms, such as morpholine, thi-
azole or suitably substituted triazine, incorporated
in the structure of biologically active compounds,
would be considered the privileged scaffolds
from a certain point of view. In fact, the given hete-
rocyclic moieties meet the description according
to Maclean et al. (2000) - privileged scaffolds are
substructural features, which confer desirable (of-
ten drug-like) properties on compounds containing
those features®. Other very well-known examples of
privileged scaffolds’'" are phenyl-substituted mono-
cycles (biphenyls, N-arylpiperidines, N-arylpiper-
azines, 1,4-dihydropyridines or dihydropyrimidones),
fused [7-6] ring systems (1,4-benzodiazepin-2-ones,
1,5-benzodiazepin-2-ones, 1,4-benzodiazepin-2,5-di-
ones, pyrrolo[2,1-c][1,4]benzodiazepin-5,11-diones,
1,4-benzothiazepin-5-ones or 5,11-dihydrobenzole]-
pyrido[3,2-b][1,4]-diazepin-6-ones), fused [6-6] ring
systems (benzopyrans, chromones, coumarins and
pyranocoumarins or various quinoxalines / quinazo-
lines) or fused [5-6] ring systems (indoles, benzimid-
azoles, azolo-1,2,4-triazines, azolopyrimidines, benzo-
furans or benzothiophenes).

Bicyclic privileged structures could be defined by
drug-like ranges of several parameters as follows'?:
260.0 < molecular weight (M.W.) < 524.0, 0.9 < lipo-
philicity descriptor generated in silico (ALogP) < 5.4,
2 <number of heteroatoms (n, ; O, N, S or P) with one
or more lone pairs, excluding atoms with positive for-
mal charges, amide and pyrrole-type N-atoms, and
aromatic O- and S-atoms in a bicyclic system < 8, n,
(O, N, S or P) with one or more attached H-atoms < 3,
21.0 A? < polar surface area (calculated parameter
using a 2D approximation; PSA) < 128.6 A2, 6.3 < ratio
of the PSA value divided by a total surface area (TPSA)
value < 34.2, 1 < number of rotatable bonds (n_,)
< 10, 2 < number of rings < 5, 1 < number of chain
assemblies < 7, and atoms marked as EvenAtomSte-
reo, OddAtomStereo or UnknownAtomStereo, and
atoms that are internally perceived as having stereo
and that are not marked as EvenAtomStereo or Odd-
AtomStereo < 4.

In addition, both number of hydrogen-bond
(H-bond) donors and n_, mainly modified the absorp-
tion of designed compounds (drugs), while lipophilici-
ty, flexibility, degree of branching and existence of some
functional groups determined their fate in a meta-
bolic process' ',

In fact, the design and development of biologically
active compounds containing one or more privileged
scaffolds has to be very precise. For example, a 2-ami-
nothiazole (privileged) moiety is considered an integral
part of various synthetic molecules providing notable
pharmacodynamic effects. On the other hand, numer-
ous pan-assay interference compounds contain a gi-
ven chemotype suggesting potential risks of off-target
activity if those molecules will be chosen for further de-
velopment and optimization'.



Ces. slov. Farm. 2023; 72, 267-275

269

Biologically active benzofuran derivatives - brief
overview

Heterocyclic systems containing one or more O-atoms
take up a central role as core components within
a structure of synthetic or natural compounds showing
diverse biological activities. These include anticancer,
antimicrobial, antimycobacterial, antifungal, anti-in-
flammatory, analgesic, antioxidant, antiparasitic, antivi-
ral, and antiseizure agents or the therapeutics for neu-
ropsychiatric diseases, as published in various research
and review papers'>-2",

The structure of a benzofuran core consists of
a fused benzene and furan ring. Following the fron-
tier orbital theory, as the frontier electron popula-
tions of the parent benzo[b]furan are greater, the
corresponding C-atoms are more reactive toward
electrophiles?. Besides, a 2,3-dihydrobenzo[b]furan
core is also considered a benzofuran unit. This frame-
work can be foundin the structure?-2¥ of natural mole-
cules (ganodone, §-viniferin, or g-viniferin) as well
as synthetic compounds - clinical drugs (citalopram
or ramelteon).

Synthetic routes providing various (substituted)
benzofurans were briefly mentioned in a review ar-
ticle?, for example, and several unconventional syn-
thetic methodologies were comprehensively sum-
marized and published?® as well. The introduction of
proper substituents at specified positions of a ben-
zofuran core leads to new derivatives with unique
structural characteristics that may possess an excel-
lent therapeutic value? 2. The molecules containing
a privileged benzofuran scaffold effectively interact
with various biological targets and are considered
powerful anticancer, antibacterial, antimycobacteri-
al, antifungal, antiviral, anti-inflammatory, analgesic,
antipyretic, antioxidant, anti-ulcer and anti-hyperlipi-
demic agents, insecticides, trypanocides as well as the
compounds showing a beneficial impact in various
phases of progressive neurodegenerative disorders
such as Alzheimer’s disease?>2°-37),

Inhibition of vascular endothelial-derived growth
factors by the activity of fruquintinib (1) as an
important therapeutic strategy to suppress tumor
growth

Vascular endothelial growth factors (VEGFs), alterna-
tively termed vascular permeability factors, play critical
roles in angiogenesis, promoting cell survival as well as
the growth and proliferation of endothelial cells. These
VEGFs are classified into five isoforms, i.e., VEGF-A,
VEGF-B, VEGF-C, VEGF-D, and VEGF-E, and placenta
growth factor (abbreviation used: PIGF) as well. The
VEGF-A is regarded as the most important factor com-
monly termed VEGF. Biological effects of given multi-
functional peptides are mediated via canonical activa-
tion of several transmembrane VEGF receptor (VEGFR)
subtypes, i.e., VEGFR-1 (also termed Flt-1 or fms-like Ty-

rosine Kinase 1), VEGFR-2 (KDR Kinase Domain Region
/ flk-1 or Fetal Liver Kinase 1) and VEGFR-3 (Flt-4), and
neutropilins®*34, These VEGFRs belong to a family of
receptor protein tyrosine kinases, whose upregulation
has been observed in various tumors, both benign and
malignant®.

Scientific literature survey offers numerous mole-
cules effectively targeting VEGFRs, which are or would
be clinically used to treat different types of cancer.
The VEGFR inhibitory activity was observed for vari-
ous compounds of natural origin, including epigallo-
catechin gallate, resveratrol, curcumin, wogonin,
triptolide, or farnesiferol C, for example®?. Many
potent synthetic VEGFR inhibitors can potently inhi-
bit VEGFR-1, VEGFR-2 and VEGFR-3. These molecules
are classified as pan-VEGFR inhibitors such as axi-
tinib, cediranib, dovitinib, motesanib, nintedanib,
lenvatinib, pazopanib, regorafenib or tivozanib.
Synthetic selective-VEGFR inhibitors, e.g., apatinib,
brivanib, cabozantinib, foretinib, ponatinib, se-
maxanib, sorafenib, sunitinib or vandetanib, can
suppress one or two of VEGFRs. Chemical structures
of the small-molecule pan-VEGFR as well as selec-
tive-VEGFR inhibitors (characterized with M.W. < 900-
1000 Da, among others) for targeted cancer therapy,
their mechanism of action, biological targets and se-
veral data from their clinical trials can be found in the
review papers33 3637,

Fruquintinib (1), chemically 6-(6,7-dimethoxy-
quinazolin-4-yloxy)-N,2-dimethylbenzofuran-3-car-
boxamide (CAS Registry Number: 1194506-26-7), is
a novel, orally available drug containing a privileged
benzofuran core. The molecule (1), also termed
HMPL-013, potently and highly selectively inhibits
desired biological targets, i.e.,, VEGFR-1, VEGFR-2, and
VEGFR-3, for long term3®. High selectivity to those re-
ceptors was observed when exploring a panel of more
than 250 kinases, in which the synthetic compound
(1) was found to potently inhibit VEGFR-1, VEGFR-2,
and VEGFR-3 and provided weak to no inhibitory ef-
fect on all other kinases®®.

The drug (1) received its first global approval in China
for patients with metastatic colorectal cancer (mCRC)
who have failed at least two prior systemic antineoplas-
tic therapies, including fluoropyrimidine, oxaliplatin,
and irinotecan®®. Fruquintinib (1) is the first Chinese
original orally available small-molecule anticancer
agent of a new generation approved by the National
Medical Products Administration of China? in 2018.

A brief view on particular phases of clinical develop-
ment as well as the list of completed and ongoing clini-
cal trials involving fruquintinib (1) as the treatment for
mCRC, (advanced) non-squamous non-small cell lung
cancer, advanced gastric or gastroesophageal junction
adenocarcinoma, and advanced solid tumors were
summarized in***", The current review paper focused
primarily on in silico properties, structure—anti-VEGFR-2
inhibitory activity, and biotransformation pathways of
this drug.
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Fundamental physicochemical characteristics of
fruquintinib (1) and structure-activity relation-
ships in terms of interactions between a given
ligand and vascular endothelial-derived growth
factor receptor 2

The chemical structure of fruquintinib (1) can be "vir-
tually" divided into several parts (Fig. 1) as follows:
i) flat bicyclic heteroaromatic ring containing two
N-atoms (fragment A),
ii) core bicyclic heteroaromatic ring - a (substituted)
benzofuran scaffold (B),
iii) pair of H-bond donor and acceptor groups consist-
ing of an amide functional moiety (C).

In addition, the structure of other VEGFR-2 inhibitors
also contains a monocyclic/bicyclic (hetero)aromatic
ring, which can be unsubstituted (substituted with
hydrogen, in fact) or substituted with one or more halo-
gen atoms*?, interacting with an allosteric hydropho-
bic pocket via numerous hydrophobic interactions.

Several physicochemical properties of the com-
pound (1) were calculated by the authors of the cur-
rent paper using a SwissADME applet*?, a free web tool,
in which a structure of fruquintinib (1) was convert-
ed to an appropriate digital notation, i.e., Simplified
Molecular Input Line Entry System (SMILES). Based on
generated SMILES, the obtained descriptors were as
follows: M.W. = 393.39 g/mol (or in Da units), number
of heavy atoms (n, ) = 29, number of aromatic heavy
atoms (n_, ) =19, fraction of sp> C-atoms (Csp3) = 0.19,
n ., =6, number of H-bond acceptors (n ) = 7, number
of H-bond donors (n,,,,) = 1, TPSA = 95.7 A2, molar re-
fractivity (M.R.) = 106.8 A2 and logarithm of a partition
coefficient (log P) for an octan-1-ol/water partition sys-
tem predicted by a Moriguchi* *? topological method
(MLOGP) = 1.41.

In addition, the lipophilicity was also predicted
by a fragment-based computational approach*
(CLOGP) = 3.03 with a Perkin Elmer’s ChemDraw ver.

Fig. 1. Chemical structure of fruquintinib (1), an effective
VEGFR-1, VEGFR-2 and VEGFR-3 inhibitor, virtually divided into
three compartments A-C

19.0.0.22 (PerkinElmer Informatics, Waltham, MA, USA)
software package®”.

Molecular volume (V, in A3 units) of fruquintinib (1),
i.e.,, V=341.3 A3 was also predicted using a Molinspira-
tion Cheminformatics*® property engine (Molispiration
Cheminformatics, Slovensky Grob, Slovak Republic), in
which the structure of (1) was converted to SMILES as
in the case of the analysis by the SwissADME predictor.

The compound (1) was "moderately soluble" based on
a generated log S value describing solubility (S) accord-
ing to a method of Ali and his co-workers*.The log S pa-
rameter was found in a range** of -6 < log S < -4,
as the calculation procedure showed. Fragmental
method integrated within a Filter-IT program ver. 1.0.2
(Silicos-IT, Wijnegem, Antwerpen, Belgium) assigned
the category "poorly soluble"# %, Thus, the classifica-
tion group for (1) was defined with the log S value be-
longing to an interval of -10 < log S < -6.

Some of these parameters were used to provide
a more detailed "theoretical" view on the com-
pound’s ability of being passively absorbed per os as
well as its capability to pass the blood-brain barrier
(BBB) into the central nervous system (CNS) by a pas-
sive mechanism.

The VEGFR-2, as a type of membrane-bound receptor
tyrosine kinases, regulates the process of vasculoge-
nesis and angiogenesis®". The inhibitors of a given 210 to
230 kDa glycoprotein can be roughly classified into three
types®?, i.e., adenosine-5"-triphosphate (ATP) competi-
tive inhibitors, which are able to bind at a pocket reserved
for the accommodation of an adenine ring of ATP (type ),
inhibitors interacting specifically to the inactive
(DFG-out) conformation of VEGFR-2 (type Il), and inhibi-
tors, which covalently interact to the active site of this
receptor at a hinge region in order to prevent the ATP
binding at a catalytic domain (type IlI).

Molecular docking of the VEGFR-2 inhibitors approved
by the U.S. Food and Drug Administration indicated the
occupation of mainly four regions of the glycoprotein, i.e,,
hydrophobic region |, hydrophobic region Il, H-bond rich
region (DFG domain), and hinge region. Thus, those li-
gands are regarded as indirectly competitive inhibitors*?.

The N-atom within an A fragment, which was op-
posite to an O-aryl group (Figure 1), interacted at the
hinge region of VEGFR-2, forming H-bonds with an ami-
no acid (A.A.) residuum (Cys919). The interaction was
essentially required for the inhibitory activity of (1). The
central B ring interacted with another A.A. residuum
(Lys868) within a hydrophobic region I. In addition, the
H-bond-rich region was engaged by an amide group
within a € compartment of fruquintinib (1), forming
H-bonds with specific AAs*?, i.e., Glu885 (interaction
with an NH-moiety of a drug) and Asp1046 (CO-group).

Several in silico predictions connected with phar-
macokinetics and distribution of fruquintinib (1)

When the drug molecule was characterized by
M.W. > 500 Da, CLOGP > 5.00 (or Moriguchi’ s MLOGP
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>4.15),n,,> 10, N, > 5,1, > 10and PSA > 140.0 A?,
i.e, if its (n_, + n,,,) > 12, it would not be sufficiently
absorbed passively from a gastrointestinal tract when
being administered per 0s*-463>4, n fact, the values of
these descriptors calculated for fruquintinib (1) sup-
ported its oral administration®.

Kelder and his co-workers*® found out that non-CNS
drugs transported passively and transcellularly needed
PSA (TPSA) < 120.0 A2, whereas the drugs can be tar-
geted to the CNS with PSA (TPSA) < 60.0-70.0 A2 On
the other hand, van de Waterbeemd with his scientific
team®” suggested a cut-off limit of PSA (TPSA) for CNS
penetration to < 90.0 A2 and M.W. < 450 Da. Levin®®
proposed the M.W. value cut-off < 400 Da. Hansch and
Leo® found out that BBB penetration was optimal
when the value of a log P descriptor for a CNS-active
drug was within an interval of 1.5-2.7. In addition, the
small-molecule drugs with V = 740.0-970.0 A3 could
passively permeate via BBB®. Following the criteria
published in% 57:5% %0 fruquintinib (1) would not be
passively transported via BBB into CNS.

Moreover, the research®” summarized several essen-
tial attributes of successful CNS-active drugs as follows:
M.W. < 450 Da, CLOGP < 5.00 (currently investigated
anticancer compound (1) passed both criteria), n < 7
(did not meet), n,,,, < 3 (passed), n_, < 8 (passed),
H-bonds < 8 (did not meet) and PSA (TPSA) < 60.0-70.0 A2
(did not meet), respectively. If the difference CLOGP -
(number of nitrogens + number of oxygens) was > 0.00,
then the compound had a high probability of entering
the CNS.

The predicted solubility of (1) in aqueous environ-
ment*) was 2.98 ug/ml; however, the CNS-active agents
should be characterized with solubility > 60.00 ug/mi°".

In general, the compounds possessing a tertiary
N-atom show a higher degree of brain permeation. The
predicted value of an acid-base dissociation constant
(PK)) parameters? for the molecule (1) was 14.99. The
research®® regarded pK = 4-10 as an optimal inter-
val for passive permeation of a drug through BBB; the

OHNH

M1 (2) 1

study®” was slightly more rigorous and indicated a neut-
ral or basic molecule with pK = 7.5-10.5 (avoiding
acids) as a suitable CNS-active drug.

Considering the values of all given descriptors and the
total number of N- and O-atoms>® 756" within the struc-
ture of fruquintinib (1), it might be concluded that this an-
ticancer drug would not be passively transported via BBB
into the CNS. In fact, its distributions in adipose, adrenal,
and kidney were slightly higher than or almost equivalent
to the corresponding plasma levels. The lowest distribution
was observed in the brain, testis, and bone marrow when
experimental animal models (rats) were used>.

Biotransformation of fruquintinib (1)

Regarding fruquintinib’s (1) metabolism, three major
oxidative metabolites, i.e., a metabolite M1 (2), M2 (3),
and a series of M3 (4) metabolites, were identified in
liver microsomes of several animal models (mouse, rat,
dog, and monkey) and humans (Figure 2). Oxidation
(M1) and oxidative O-demethylation (M2) within phase
| of biotransformation, followed by O-glucuronidation
(phase II) are the major in vivo metabolic pathways>>.

Two cytochrome P450 (CYP) enzymes are respon-
sible for oxidation and oxidative O-demethylation in
vitro of (1), leading to M1 (2) and M2 (3), respectively.
These enzymes are well-known CYP3A4, a main en-
zyme biotransforming (1), and CYP2D6. The oxidation
in vitro of a fundamental structural core, as schemati-
cally drawn for the metabolites from a series M3 (4) of
a parent compound (1), was possible via the activity of
CYP3A4, CYP2D6 as well as CYP2C19 (Fig. 2). It was pre-
dicted that fruquintinib (1) might show favorable hu-
man pharmacokinetic properties and low efficacious
dose>, The compound (1) provided no induction po-
tential on CYP1A2 and CYP3A4 in human hepatocytes
and probably did not induce some transporters, like
P-glycoprotein (P-gp), after multi-dosing>?.

In fact, these pharmacokinetic features, if taken
"separately”, did not provide the light to clearly

HO
HaC
o N
________ HsC_O _N\>
CHg i s o
o N N 0
— HsC
o
3 M2 (3)

0 .-~
e Oxidation of the scaffold resulting
----> in metabolites, which general

structure is labeled as M3 (4)

- I

Fig. 2. Proposed biotransformation in vitro® of fruquintinib (1) with indication of main metabolites M1 (2)-M3 (4)
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answer the question of whether fruquintinib (1) might
be passively transported via BBB into the CNS or not.
The reason was that a successful CNS-active drug must
have no significant CYP2D6 metabolism. In the case of
(1), the meeting this criterion was quite questionable,
as the research® indicated. Furthermore, the CNS-ac-
tive drug must be a nonpotent CYP3A4 inducer®” - the
compound (1) passed that requirement — and must
have noto low affinity in vivo to the P-gp transporter®'4,
Focusing on such affinity studies, however, no relevant
in vivo (using experimental animal models) or clinical
data were available.

Current clinical experience and future directions

From a clinical point of view, beneficial therapeutic
interventions against some (severe) cancers might be
done employing fruquintinib (1), as the conclusions
from various clinical trials indicated. For example, the
administration of a given compound after local radio-
therapy may be an effective option in the treatment
of specific populations suffering from mCRC with
high microsatellite instability and v-Ki-ras2 Kirsten rat
sarcoma viral oncogene (KRAS) exon 2 p. G12D muta-
tion®,

Combining fruquintinib (1) and a suitable immune
checkpoint inhibitor, i.e., programmed cell death pro-
tein 1 (programmed cell death receptor-1; PD-1) /
PD-ligand 1 (PD-L1) antibody, might improve the effi-
cacy compared to monotherapy when treating various
cancers in preclinical and clinical studies. Sintilimab,
as a fully human IgG4 monoclonal antibody, binds to
a programmed cell PD-1 in order to block the interac-
tion between PD-1 and its ligands (PD-L1 and PD-L2)
and consequently help to restore the endogenous
antitumour T-cell response®®. The clinical trial stu-
dies®” %® regarding fruquintinib (1) plus sintilimab
and fruquintinib (1) plus toripalimab, a recombinant,
humanized PD-1 monoclonal antibody®?, respective-
ly, showed promising clinical activity of these combi-
nations in patients with mismatch repair-proficient
mCRC. In addition, fruquintinib (1) was reported for
the first time to have favorable efficacy and a conve-
nient safety profile as an optional treatment modality
for patients with advanced bone and soft tissue sarco-
ma who failed in multi-line therapies™.

The drug (1) also showed promising efficacy and ac-
ceptable toxicity as second or further-line therapy in
advanced or metastatic biliary tract cancer’, a quite
rare but aggressive disease.

On the other hand, fruquintinib (1) as a relative-
ly new drug brought not only clinical benefits but
also several adverse reactions as the first case of
fruquintinib (1)-associated aortic dissection was re-
cently reported’. The reactions might be suppressed
by administering a pH-triggered size-converted na-
no-drug delivery system to co-deliver fruquintinib (1)
together with other chemotherapeutic agents, such as
doxorubicin. The clinical use of such a nanoparticle

system could simultaneously achieve rapid tumor tis-
sue enrichment and high efficiency tumor tissue pene-
tration providing excellent antitumor effects of both
anticancer therapeutics as well as effective inhibition
of tumor growth and metastasis’.

Conclusions

Colorectal cancer (CRC) belongs to a group of the
most predominant malignancies with a high mortality
rate globally. Approximately a quarter of CRC patients
presented metastatic disease (mMCRC) at diagnosis,
while almost half of them will develop metastases.
The treatment paradigm for CRC/mCRC is nowadays
moving towards a tailored approach based on clini-
cal and molecular characteristics. Fruquintinib (1), an
orally bioavailable innovative small-molecule tyrosine
kinase inhibitor highly selectively targeting VEGFR-1,
VEGFR-2, and VEGFR-3, is successfully utilized clinically
for the treatment of patients suffering from mCRC.
The structural arrangement of the molecule (1) favors
its interactions with particular VEGFR subtypes. Se-
veral in silico descriptors listed in this paper support-
ed the "decision" to administer fruquintinib (1) per os,
and, in addition, they could indicate the compound’s
(in)ability to be passively transported via BBB into CNS.
Accordingly, CNS side effects of a given molecule (1)
were expected to be quite low. The antiangiogenic
agent (1) containing a privileged benzofuran scaffold
could significantly improve major efficacy parameters,
including response rate, progression-free survival, and
overall survival. Moreover, fruquintinib (1) might be
successfully involved in combination therapy focusing
on the treatment of not only rat sarcoma (RAS) onco-
gene-mutated or chemo-refractory mCRC but also
(locally) advanced gastric cancer, non-small cell lung
cancer, (locally) advanced rectal cancer, advanced pan-
creatic cancer or esophageal squamous cell carcinoma
in order to prolong survival and improve the quality of
patients’ life.
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