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Up-rameshift protein 1 (UPF1): Multitalented entertainer in RNA decay

Naoto Imamachi', Hidenori Tani’, Nobuyoshi Akimitsu"*

' Radioisotope Center, The University of Tokyo, Tokyo, Japan;

? Research Institute for Environmental Management Technology, National Institute of Advanced Industrial Science and Technology

(AIST), Tsukuba, Japan.

ABSTRACT: Up-frameshift protein 1 (UPF1) is an
evolutionarily conserved protein with RNA/DNA-
dependent ATPase and RNA helicase activity. The
protein is well known for its central role in nonsense-
mediated mRNA decay (NMD), which eliminates
aberrant mRNAs harboring premature termination
codon (PTC), preventing the accumulation of
nonfunctional or potentially harmful truncated
proteins. NMD is also involved in the regulation of the
state-levels of many normal physiological mRNAs.
Moreover UPF1 is not only a key player in NMD
but is also involved in non-NMD RNA degradation,
such as staufenl (STAU1)-mediated mRNA decay
(SMD) and replication-dependent histone mRNA
decay. Thus, UPF1 is an important factor for the
RNA quality control system and the regulation
of physiological gene expression. Further, recent
studies have clarified that UPF1 contributes to DNA
replication, DNA repair, telomere metabolism, and
stabilization of HIV-1 genomic RNA. In the review,
we summarize numerous functions of UPF1.

Keywords: UPF1, RNA surveillance, post-transcriptional
gene regulation, RNA replication, S phase progression,
telomere, HIV-1

1. Introduction

Up-frameshift protein 1 (UPF1) is evolutionarily
conserved and ubiquitously expressed phosphoprotein
with RNA/DNA-dependent ATPase and RNA helicase
activity (/). UPF1 has been characterized as an essential
factor for nonsense-mediated mRNA decay (NMD),
which eliminates aberrant mRNAs harboring premature
termination codon (PTC) generated by a nonsense
mutation or frameshift (2). NMD is one of the important

*Address correspondence to:

Dr. Nobuyoshi Akimitsu, Radioisotope Center, The
University of Tokyo, 2-11-16 Yayoi, Bunkyo-ku, Tokyo
113-0032, Japan.

E-mail: akimitsu@ric.u-tokyo.ac.jp

RNA surveillance mechanisms, which prevent the
accumulation of nonfunctional or potentially harmful
truncated proteins (3,4). The pathway is also involved in
regulating the expression of 1-10% normal physiological
mRNAs (5). UPF1 interacts with several NMD factors,
such as UPF2, NCBPI (also known as CBP80), SMGl,
SMGS5-SMG7, SMG6, and eRF1-eRF3 (6-16). In
addition to its role in quality control mechanism by NMD,
UPF1 also functions two non-NMD decay pathways:
staufenl (STAUI)-mediated mRNA decay (SMD) and
replication-dependent histone mRNA decay. SMD, unlike
NMD, involves in the regulation of functional mRNAs
harboring double-stranded RNA region called STAU1-
binding site (SBS) in their 3'-untranslated region (3' UTR)
(17,18). Replication-dependent histone mRNA decay
degrades cell cycle-regulated histone mRNAs harboring
stem-loop structure in the 3' UTR (/9). Thus, UPFI is
an important factor in RNA surveillance mechanism
for the degradation of abnormal mRNAs and the post-
transcriptional regulation of gene expression for the
degradation of normal mRNAs.

Interestingly, recent studies have revealed that UPF1
is not only a key player in several RNA degradation
pathways but is also involved in several unique roles
such as DNA replication, DNA repair, telomere
metabolism, and stabilization of HIV-1 genomic RNA.
UPF1 physically interacts with the DNA polymerase
d during S-phase of the cell cycle, controls telomere
length and telomeric silencing, and regulates the HIV-1
RNA metabolism and translation (20-23). In the review,
we describe that the roles of UPF1 in RNA surveillance
mechanism, the post-transcriptional regulation of
physiological mRNAs, and several unique functions in
the cells.

2. Evolutional conservation of UPF1

UPF1 (Figure 1) was originally isolated in yeast (24).
UPF1 is known as regulator of nonsense transcript 1
(Rentl) in mice, and suppressor with morphogenetic
defects in genitalia 2 (Smg2) in fruitfly (/,25). For
UPFI1, the sequence identities among human, plant,
fruitfly, nematode, and yeast are between 40-62%
compared to 59-67% for ribosomal proteins. Especially,
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SMG-6 SMG-5/ SMG-7
1 123 213 295 914 924 1118
Helicase domain
T28 51096
UPF2 NCBP1 (CBP80) phosphorylated site
(123-213 a.a.) (419-700 a.a.) by SMG1
eRF3
(123-213 a.a.)
STAUA
(1-244 a.a.)

Figure 1. The structure of UPF1 protein. Schematic diagram explaining domains of human UPF1 protein. Cysteine/histidine-
rich domain (CH domain) is present at N-terminus. Helicase domain is important for NMD. Serine/glutamine motif (SQ motif) is
present at C-terminus. The numbers above the schematic diagram represent the animo acid positions of the domain or the motif
boundary. The alphameric characters below the schematic diagram represent the phosphorylated positions. Phosphorylation of
UPF1 at T28 is important for SMG6 binding to UPF1. Phosphorylation of UPF1 at S1096 is important for SMG5/SMG7 binding
to UPF1. UPF1 is phosphorylated by SMG1 at SQ motif. The binding site of each NMD factor is represented below the schematic

diagram. a.a., amino acids.

the sequence identities among zebrafish, mouse, and
human are over 90% (26). Thus, UPF1 is highly
conserved throughout eukaryotes. High evolutional
conservation suggests its importance in biological
systems. Actually, UPF1 is essential for embryonic
viability in plant, fruitfly, zebrafish, and mice (27-31).
For instance, loss of UPF1 function inhibits cell growth
and induces apoptosis in Drosophila melanogaster (27).
Thus, UPF1 plays important roles in various organisms.

3. Nonsense-mediated mRNA decay (NMD)

RNA degradation, as well as RNA transcription, plays
a crucial role in the regulation of gene expression.
RNA degradation can be divided into two classes; the
mechanisms for regulating of gene expression and the
mechanisms for rapidly degrading aberrant mRNAs
(32). Generally, mRNA decay rates of house-keeping
genes are slow, while those of regulatory genes such
as transcription factor and replication-dependent
histones are comparatively fast (33). The expression
level of regulatory genes is frequently modulated by
RNA decay pathway (34). Rapid degradation is also
occurred by the generation of aberrant mRNAs, such
as mRNAs harboring PTC (35). NMD is best known
as mRNA surveillance mechanism for the elimination
of such aberrant PTC-containing mRNAs generated
as a result of a nonsense mutation or frameshift (3,4).
Previous bioinformatic analyses predicted that one-third
alternatively spliced transcripts have the potential to
contain PTCs, which trigger NMD (36). Thus, the NMD
pathway is essential to ensure the fidelity of transcripts,
preventing the production of harmful truncated proteins
with dominant-negative or deleterious gain-of-function
activities and, as a consequence, human diseases

(37,38). Interestingly, NMD contributes to not only the
degradation of aberrant mRNAs harboring PTC, but
also the regulation of normal physiological mRNAs.
The previous studies suggested that NMD is involved in
the degradation of 1-10% physiological transcripts from
a wide variety of species, including yeast, nematode,
fruitfly, plants, and mammals (5,39-47).

The NMD pathway in human cells comprises
the factors UPF1, UPF2, UPF3A, UPF3B, SMGI,
SMGS, SMG6, SMG7, SMG8, SMGY9, NAG, and
DHX34 (4,48). Among these factors, the UPF proteins
constitute the core NMD machinery. Of all the UPF
genes, UPF1 is functionally the most important
factor for NMD (26,49). Newly synthesized mRNAs
harbor cap-binding protein heterodimer NCBPI-
NCBP2 (also known as CBP80-CBP20) at the 5' cap
structure and exon-exon junction complex (EJC)
as result of precursor mRNA (pre-mRNA) splicing
(32,50). An important step in NMD is the translation-
dependent recognition of transcripts with aberrant
termination events and then targeting those mRNAs
for degradation. EJC, deposited 20-24 nucleotides
upstream of exon-exon junctions, plays a central role
to distinguish aberrant PTC-containing mRNA from
normal mRNA in mammalian cells (57). Although
EJCs locating within an open reading frame (ORF)
are removed by elongating ribosomes, EJCs locating
downstream of the termination codon remain associated
with the ribonucleoprotein (RNP) (52). This remaining
EJC during a pioneer round of translation recruits NMD
factors, including UPF1, to PTC-containing mRNAs
and stimulates mRNA degradation (57). NCBP1-
NCBP2 complex is also retained in PTC-containing
mRNAs during the pioneer-round of translation (3,4).
UPF1 interacts with NCBP1, and this interaction
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contributes to the process of NMD at the initial step (/6).
The NCBP1-UPF1 interaction promotes the binding of
SMG1-UPF1 to eRF1-eRF3 so as to form the SURF
(SMG1-UPF1-eRF1-eRF3) complex and then promotes
the interaction of SMG1-UPF1 with EJC (6-9,15,16,51).
Thus, UPF1 plays a central role in NMD pathway,
especially initial step.

UPF1 regulates the degradation of NMD-sensitive
mRNAs and the remodeling of the mRNA surveillance
complex through phosphorylation/dephosphorylation
cycle (10-14). Namely, UPF1 is phosphorylated
by SMGI1, a phosphatidylinositol 3-kinase-related
protein kinase (PIKK), at specific serine residues in its
C-terminus serine/glutamine motifs (SQ motifs: 924-
1,118 amino acids) (/0,11). UPF1 phosphorylation
facilitates the assembly of degradation factor,
consequently, triggers the degradation of NMD-
sensitive mRNAs (53). RNA degradation requires for
the assembly of degradation factors and translational
repression during NMD. UPF1 phosphorylation
triggers elF3-dependent translational repression during
the process of NMD. Phosphorylated UPF1 but not
hypophosphorylated UPF1 directly interacts with elF3,
a component of the 43S pre-initiation complex and
then prevents the joining of 60S ribosomal subunit
(54). Thus, UPF1 phosphorylation induces translational
repression. Moreover, phosphorylated UPF1 also
interacts with SMG5, SMG6, SMG7, and human
proline-rich nuclear receptor coregulatory protein 2
(PNRC2) and then triggers the degradation of NMD-
sensitive mRNAs (53,55-59). The association of SMG6
with phosphorylated UPF1 triggers RNA degradation by
SMG6 endonuclease (SMG6-mediated endonucleolytic
decay) (55,56,58,59). In contrast, the association of
heterodimer SMG5/SMG7 with phosphorylated UPF1
triggers RNA degradation by deadenylase and decapping
enzyme (SMG5/SMG7-mediated exonucleolytic decay)
(57,59). PNRC2 interacts with UPF1 and DCPla, a
component of decapping complex. The mediation of
PNRC?2 triggers 5'-to-3' exonucleolytic decay (53).
However, the biological importance of multiple decay
pathways is still unclear.

Disassembly of mRNP complex is critical in
the final step of RNA degradation. The recent study
revealed that ATP hydrolysis by UPF1 leads to
disassemble mRNP complex targeted to NMD (60).
Thus, disassembly of mRNP complex by UPF1 is
involved in recycling of NMD factors and other RNA-
binding proteins derived from NMD substrates and
UPF1 ATPase activity plays an important role in
ATPase-dependent mRNP disassembly in NMD.

4. Staufenl-mediated mRNA decay (SMD)
Staufen, a double-stranded RNA-binding protein, was

originally identified as maternal factor required for the
localization of bicoid mRNAs at the anterior pole and

oskar mRNAs at the posterior pole during oogenesis
(61). Mammalian genomes encode two homologous
Staufen genes, STAUI and STAU2, although the
functional discrimination between STAU1 and STAU2
is largely unknown (62). STAUL is involved in the
degradation of certain mRNAs containing SBS in their
3' UTR. SBS is divided into two groups: intramolecular
base-pairing within a 3' UTR or intermolecular base-
pairing between an mRNA 3' UTR and a long noncoding
RNA named half-STAU1-binding site RNAs (1/2-
sbsRNAs) (/7,63). STAU1-dependent RNA degradation
is named as SMD (64). SMD targets not only NCBP1-
NCBP2-bound mRNAs but also elF4E-bound mRNAs.
SMD does not require EJC for the target selection (75).
To date, the best-characterized SMD target is ADP-
ribosylation factor 1 (ARF1) mRNA, containing a 19-
bp stem loop structure recognized by STAU1 (/7).
Plasminogen activator inhibitor 1 (SERPINE1) and
paired box 2 (PAX2) mRNAs are also targeted by SMD
(14). In contrast to NMD, SMD regulates the stability of
mRNAs encoding functional protein, namely, regulates
physiological transcripts (/8). NMD and SMD share
several features; both systems require translation
process (7). UPF1 is also involved in SMD through the
direct binding with STAU1 (/7). Hence, UPF1 regulates
physiological transcripts as well as NMD-targeted
mRNAs.

Intriguingly, recent studies revealed that SMD and
NMD pathways fight over UPF1. STAU1-binding
domain within UPF1 is overlapped with UPF2, a
core factor of NMD. siRNA-mediated knockdown
of STAU1, which inhibits SMD, increases the NMD
activity while siRNA-mediated knockdown of UPF2,
which consequently inhibits NMD, increases SMD
(64). Moreover, the differentiation of myoblasts
to myotubes in the mouse skeletal C2C12 cells is
associated with the decreased contribution of SMD
and the increased contribution of NMD. For example,
the mRNA expression level of SMD targets such as
JUN or SERPINE1 are decreased upon differentiation
while those of NMD targets such as BAG1 or TGM2
are increased (64). The competition of SMD and NMD
also contributes to the differentiation process. PAX3
mRNA, which inhibits myogenic differentiation, is an
SMD target while myogenin mRNA, which encodes a
protein required for myogenesis, is a UPF2-dependent
NMD target (64). Thus, the interaction between SMD
and NMD pathways forms an important gene expression
network, where UPF1 plays a central role.

5. Replication-dependent histone mRNA decay

Histone proteins are essential components of
chromosomes. In mammalian cells, the regulation
of histone proteins is coupled to the rate of DNA
replication. Replication-dependent histone genes encode
the core histones (H2A, H2B, H3, and H4) and the
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linker histones (H1). The expression of histone mRNAs
increases when cells progress G1 to S phase of the cell
cycle, and these mRNAs rapidly decrease at the end of
S phase. Regulation of histone mRNA levels contributes
for the coordination between DNA replication and
chromatin assembly during S phase to ensure the proper
replication of chromatin structure (63,66). The rapid
destabilization of mRNA mainly contributes to rapidly
reduce the mRNA level. Therefore, rapid degradation
of histone mRNAs plays a crucial role in a main
regulatory step to ensure proper histone mRNA levels
at the end of S phase. Transcripts encoding histone
proteins lack polyadenylated tails, although they are
transcribed by RNA polymerase 11 (/9). This conjures
up an image of presence of special mechanism for the
regulation of histone mRNA stabilities. Actually, 3'
UTRs of replication-dependent histone mRNAs harbor
the special stem-loop structure that is required for rapid
regulatory degradation of histone mRNAs (/9,60).
The structure at the 3' end of histone mRNA interacts
with the stem-loop binding proteins (SLBP) (65,66).
UPF1 plays a crucial role in histone mRNA degradation
through an interaction with SLBP at the end of S phase
or after the inhibition of DNA synthesis (/9). Moreover,
the function of UPF1 in histone mRNA degradation
is regulated by phosphorylation (/9,67). The serine/
glutamine motifs (SQ motifs) and threonine/glutamine
motifs (TQ motifs) of UPF1 are phosphorylated by
phosphatidylinositol 3-kinase-related protein kinase
(PIKK) family (/7). The phosphorylation of UPF1I
triggers histone mRNA degradation (19,67).

Ataxia telangiectasia mutated (ATM) and DNA-
dependent protein kinase (DNA-PK) are mainly
activated by double-strand breaks (DSBs) generated
by ionizing radiation. Ataxia telangiectasia and Rad3
related (ATR) is by single stranded DNA and stalled
replication forks generated by UV light, replication
block, and hypoxia. ATR, DNA-PK, and ATM are
other members of the PIKK family (68). Recent studies
revealed that the phosphorylation activity of ATR and
DNA-PK but not ATM is required for histone mRNA
degradation after the inhibition of DNA synthesis (67).

6. S phase progression & DNA replication

Recent studies revealed that UPF1 physically interacts
with DNA polymerase 6 and is crucial to S phase
progression and DNA replication in NMD-independent
manner (20,69). It was found that 4% of UPF1 proteins
were bound chromatin-associated protein fraction
while UPF1 mostly exists in the soluble fraction. The
amount of chromatin-associated UPF1 is low in M
phase and early G1 phase, starts to increase in mid-
G1, and is highest level in S phase. Depletion of
UPF1 but not UPF2 results in an early S phase arrest
and stalls replication fork progression (20,69). This
inhibition of replication fork progression triggers ATR-

dependent DNA damage response and replication
block (64,70). UPF1 may be involved in DNA damage
response in S phase of the cell cycle. In support of the
physiological importance of UPF1 in S phase, UPF1
depletion also induces the accumulation of nuclear foci
containing a sensitive marker for DNA damage such
as phosphorylated histone H2AX (y-H2AX) (20,69).
Moreover, chromatin-associated and phosphorylated
UPF1 are reduced in cells depleted for ATR, while
UPF1 accumulates on the chromatin in cells irradiated
gamma-ray for induction of DNA damage (20,69).
Those results suggest that gamma-ray irradiation
triggers ATR-mediated phosphorylation and then
chromatin-associated UPF1 is phosphorylated by active
ATR. Futhermore, UPF1 interacts with the p66 subunit
and p125 catalytic subunit of DNA polymerase 6. In
contrast, UPF2 does not detectably interact with DNA
polymerase 6. UPF1 may assist DNA polymerase § to
trigger replication fork progression or DNA repair in
NMD-independent manner (20,69). Thus, UPF1 plays
an important role in DNA replication and S phase
progression through non-NMD pathway.

7. Telomere homeostasis

Telomeres are the heterochromatic structures located
at the end of eukaryotic chromosomes. In mammal,
telomeres consist of tandem arrays of duplex 5'-
TTAGGG-3' repeats. The structure plays a crucial role
in genome stability at the cellular level and contributes
to tumor suppressors at the organismal level (77). There
are a lot of proteins associated with telomeric DNA
and these proteins are involved in telomere length
regulation and telomere protection. The association of
NMD factor with telomere function was previously
reported. Mutations of UPF1, UPF2, and UPF3 shorten
telomere length and reduced telomeric silencing in
Saccharomyces cerevisiae (72,73). UPF mutant strains
lead to increased mRNA levels of telomere-related
proteins such as telomerase catalytic subunit (EST?2),
regulators of telomerase (EST1, EST3, STNI, and
TENI), and telomeric chromatin structure-related genes
(SAS2 and ORCS) (73).

Telomeres originally are believed to be
transcriptionally silent. However, recent studies
revealed that telomeric repeats are transcribed by DNA-
dependent RNA polymerase II into telomeric repeat-
containing RNA (TERRA: also known as TeIRNA)
(72-74). TERRA is a long-noncoding RNA in animals
and fungi, co-localizes with telomeres not only in
interphase cells but also in transcriptionally inactive
metaphase cells and blocks the activity of telomerase,
a reverse transcriptase-like enzyme required for the
maintenance of telomere length. Knockdown of UPF1I,
SMG1 or SMG6 leads to increase the number of
telomere-associated TERRA foci on RNA fluorescence
in situ hybridization (RNA-FISH). However, neither
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the mRNA expression level nor the half-life of
TERRA are not increased in cells depleted for UPF1
or SMG6 on northern blot (73,74). Thus, NMD factors
including UPF1 may be not likely to be involved in the
degradation of TERRA and be only required for the
disassembly of TERRA and telomeres. Otherwise, there
is the possibility that those NMD factors are involved
in TERRA degradation locally at the telomere because
the local change of TERRA mRNA level may be
undetectable on northern blot.

8. HIV-1 genomic RNA stability

The stability of viral genomic RNA is crucial to a
successful viral infection and proper replication within
the cells. Therefore, viral RNAs have an ability to avoid
RNA degradation by the host machinery. Interestingly,
viruses have evolved mechanisms not only to escape
the elimination by these decay pathways, but also to
manipulate them for enhanced viral replication and
gene expression (75).

The HIV-1 RNP consists of HIV-1 genomic RNA,
pr55% (the major structural protein), STAU1 (the host
protein) (76,77). Recent study revealed that UPF1
is one of HIV-1 RNP components and is involved in
HIV-1 genomic RNA stability (23). Knockdown of
UPF1 decreases the level of HIV-1 genomic RNA and
pr55%¢ synthesis. Conversely, overexpression of UPF1
increases the level of HIV-1 genomic RNA and pr55°
synthesis (23). The effects of UPF1 on HIV-1 genomic
RNA stability are dependent on ATPase domain of
UPF1 but not the association of UPF1 with UPF2 (23).
Thus, the association of UPF1 with HIV-1 genomic
RNA is important for the stability of the virus RNA,
and the effect may be on NMD-independent manner.

9. Conclusion

UPF1 was originally known as a central factor in NMD.
As we have seen in this review, UPF1 is a multitalented
entertainer to be involved in RNA surveillance, the
regulation of physiological transcripts, DNA replication,
S phase progression, telomere homeostasis, and HIV-1
metabolism (Figure 1). However, the overview of
UPF1 is still unclear. It is hoped that future studies
will uncover new insights into the complicated roles of
UPF1.
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ABSTRACT: N-Acylsulfonamide derivatives
have important applications in organic synthesis
and drug discovery. It was found that many
problems occurred preparing amino acid derived
N-acylsulfonamides with the commonly used
coupling approach in our previous studies. In this
paper, we report an efficient approach to synthesize
various amino acids derived N-acylsulfonamides in
high yields without any racemization.
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1. Introduction

Currently, N-acylsulfonamide derivatives are used in
various applications in organic chemistry and medicinal
chemistry. According to the literature, N-acylsulfonamide
derivatives can assist tandem C-H olefination for the
synthesis of isoindolinones (/), and act as safety-catch
linkers for the solid phase synthesis of peptide (2) and
hyaluronic acid oligosaccharides (3). In addition, proline-
derived N-sulfonylcarboxamides have been reported
to be good chiral catalysts for asymmetric mannich
reactions and anti-aldol reactions (4-7). For biological
applications, N-acylsulfonamide derivatives not only
can be used as therapeutic agents for Alzheimer's
disease (8), but also can act as RNase A inhibitors (9),
prostaglandin E receptor 3 (EP3) receptor antagonists
(10), prostacyclin receptor agonists (//), HCV NS5B
polymerase allosteric inhibitors (/2), and HCV NS3
protease inhibitors. In a recent study, N-acylsulfonamide
structures have been regarded as good moieties for Bel-2
inhibitors. For example, ABT-737 has been confirmed as
a potent Bcl-2 inhibitor for cancer treatment (/3).
Recently, many efforts have been devoted to
the synthesis of N-acylsulfonamides derivatives.
Generally speaking, sulfonamide is the commonly
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University, No. 44, Wenhuaxi Road, Ji'nan 250012,
Shandong, China.

e-mail: haofangen@sdu.edu.cn

used starting material which reacts with different
acylating reagents, such as acyl chlorides (3),
anhydrides (/4), N-acyl benzotriazoles (/5), and
coupling reagents for peptide synthesis (e.g. 1-ethyl-
3-(3-dimethyllaminopropyl)carbodiie hydrochlide
(EDCI), dicyclohexylcarbodiimide (DCC), and
carbonyl diimidazole) (/6,17). On the other hand,
N-acylsulfonamides can also be accessed through the
reaction of amides and sulfonyl chlorides (/8). All
the methods mentioned above have their advantages,
but some problems and inconveniences still occur
during the process, such as long reaction time, and low
product yield (/9). Recently, a palladium-catalyzed
amidocarbonylation protocol was disclosed producing
N-acylsulfonamides in excellent yields when Mo(CO),
was employed as a carbon monoxide source (20).
The reaction was efficient; however, the high-density
microwave heating conditions necessary limit functional
compatibility and potential substrate scope. Moreover,
Williams documented that N-acylsulfonamides can
be obtained from carboxylic acids through thio acid/
azide amidation, which is highly compatible with
acid- and base-sensitive amino acid protection (217).
However, sulfonylazides are not easy to handle, and
the method might have problems with large-scale
manipulation. Therefore, development of a mild, simple,
efficient and atom-economical method for synthesis of
N-acylsulfonamides is still a worthwhile project.

In our recent studies, the phenylalanine derived
N-acylsulfonamide lead compound, WL-276, was
investigated as a Bcl-2 inhibitor to overcome drug
resistance and suppress prostate tumor growth (22,23).
However, low yield, a long reaction time (more than
48 h) and racemization give us problems when EDCI
and related coupling reagents were used for synthesis of
N-acylsulfonamides. To overcome these problems, we
developed a convenient and facile method for preparing
amino acids derived N-acylsulfonamides using a modified
mixed anhydride method without product racemization.

2. Materials and Methods
2.1. General methods

Solvents were reagent grade and purified and dried
using standard methods when necessary. All melting

www.ddtjournal.com
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points were determined on a micromelting point
apparatus (are uncorrected). 'H-NMR and “C-NMR
spectra were obtained on a Bruker Avance-300 in
the indicated solvent. Chemical shifts are expressed
in delta (8) units with tetramethyl-silane (TMS) as
the internal reference. Electrospray ionization-mass
spectrometry (ESI-MS) was determined on an API
4000 spectrometer. All reactions were monitored using
thin-layer chromatography (TLC) on 0.25 mm silica
gel plates (60GF-254) and visualized with UV light.
Flash column chromatography was performed on a
column packed with silica gel 60 (200-300 mesh).
Concentration of reaction solutions involved use of a
rotary evaporator at reduced pressure. Specific rotation
was determined on Modular Circular Polarimeter
(MCP200). Enantiomeric excess analysis by HPLC
used a Shimidazul LC-10Avp UV detector.

2.2. General procedure for the preparation of amino acid-
derived N-acylsulfonamides

In our initial studies, the reaction of N"-protected
phenylalanine and benzenesulfonamide (1:1.1, molar
ratios) was selected as the model to test the mixed
anhydride method (24). However, no desired product
was observed and all the starting materials were
recovered. We believed that the possible reason for
this phenomenon is the weak nucleophilicity of the
sulfonamide. Therefore, different bases such as sodium
hydroxide, sodium ethoxide and sodium hydride, were
tested to depronate the sulfonamide so as to increase
the nucleophilicity of the sulfonamide. The method is
described as followed (Figure 1): First, to a solution of
NaH or EtONa (2.5 eq) in anhydrous tetrahydrofuran
(THF) (10 mL) benzenesulfonamide 3 was added at 0°C,
and the mixture stirred at 0°C for 30 min and at room
temperature for 3-4 h (with NaOH as base we needed 12
h) to give benzenesulfonamide sodium salt 3'. Second, to
a solution of N*-protected phenylalanine 1(1 eq) in 10 mL
anhydrous THF N-methyl morpholine (NMM) (1.1 eq)
was added at —20°C. Ten min later, isobutylchloroformate
(1.1 eq) was added. After another 45 min, the mixture
was added to a solution of 3', the reaction was allowed
to warm to room temperature gradually, and stirred for

Figure 1. Synthesis of product 4. (a): i) 1, NMM, THF,
-20°C, 10 min; ii) isobutylchloroformate, 45 min. (b): i) 3 (1
eq), base (2.5 eq), THF, 0°C, 30 min; ii) rt, 3-4 h. (¢): 0°C, 30
min, and then rose to room temperature, 5-8 h.

5-8 h. After removal of the solvent, ethyl acetate was
added and the mixture was washed successively with 1
M citric acid, then brine, and dried over MgSO,. After
removal of the solvent, the crude mixture was purified
by recrystallization with ethanol or flash chromatography
(petroleum ether/ethyl acetate, 5:1) to give the pure
products 4.

3. Results and Discussion

The results suggest that sodium hydride should be the
best base to give excellent isolated yield (98%) and
shortest time (Table 1). On the other hand, EtONa also
afforded a good yield (87%), but the reaction time
is over 16 h; sodium hydroxide did not work in this
reaction. Therefore, sodium hydride was selected as the
optimal base for further investigations.

The enantiomeric excess of (5)-4 and (R)-4
prepared with our modified mixed anhydride method
(compound 4a and 4b in Table 2) were determined
by HPLC on a Chiralpak IA column (Figure 2). Both
of them gave a > 99% enantiomeric excess analysis,
which demonstrated that our method could effectively
overcome the problem of racemization when using
EDCI and related coupling reagents.

Table 1. The reaction of N’-protected phenylalanine with
benzenesulfonamide

Entry Base Time (h) Isolated yield (%) of 4
1 None 16 0
2 NaOH 16 0
3 EtONa 16 87
4 NaH 6 98

Table 2. The reaction of N*-protected phenylalanine with
substituted benzenesulfonamides or alkylsulfonamide

HZN/\S R
b 3
,s\
R
U\H " 2 O
c S‘R
Boc”" 4a 4f
Entry Configuration of R Base Product Isolated yield
the amino acid 1 (%)
1 S Phenyl NaH  4a 98
2 R Phenyl NaH  4b 98
3 S 4-Nitrophenyl NaH  4c¢ 96
4 S 3-Chloro-4- NaH  4d 97
nitro-phenyl
5 N 4-Chloro- NaH  4de 94
phenyl
6 S Methyl NaH  4f 97
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Figure 2. HPLC trace of 4a and 4b. Condition: Chiralpak
IA 4.6 x 150 mm; mobile phase: 100/30 hexane/isopropyl
alcohol (containing 0.05% trifluoroacetic acid) detection at
230 nm, flow rate: 1.0 mL/min. (A): Compound 4a with S
configuration; (B): Compound 4b with R configuration; (C):
mixture of compound 4a and 4b.

Various benzenesulfonamides and alkylsulfonamide
were further examined to react with different
N’-protected phenylalanine, and the results are
summarized in Table 2. Generally speaking, excellent
yields (94-98%) were obtained. Our improved mixed
anhydride method shows many advantages such as
cheap reagents, easy and safe operation, and is suitable
for amino acid substrates.

To demonstrate the generality of this approach,
a broad range of N“-protected amino acids were
chosen to explore the scope of this reaction (Table
3). In general, good to excellent (73-98%) yields
were obtained not only for the selected N*-protected
amino acids substrates, but also for substituted
benzenesulfonamides. According to the results, the
electron withdraw group (EWG) substitutents on
the phenyl ring of benzenesulfonamides also gave
good isolated yields (e.g. entries 2, 3, 5, and 6). On
the other hand, Boc-protected gama-aminobutanoic
acid was used to react with different substituted
benzensulonamides in our studies. The results
demonstrate that good isolated yield can be achieved
through our procedures (Table 4).

Table 3. Synthesis of V-(/V’-protected aminoacyl) sulfonamides

(0] 0
PSS
H,N l [ >r 3
0.0
o a 0 o HN/3 \\;R v
Rion RWAOM\ Ry S 3R
BocNH BOC,NH Boc’NH H 7z
1 2 4g-4s
Entry R R, Products Isolated Yield %
CHj
| H N 4g 90
3
CH,
2 4-Nitro NG 4h 96
3
CHy
3 3-Chloro-4-nitro A _* 4i 85
3
-,
4 H HsC )¢ 4j 97
3
h,
5 4-Nitro “ﬁcﬁ; 4K 87
3
>
6 3-Chloro-4-nitro “3°/\C? 41 98
3
CH,
7 H e 4m 91
3
CH,
8 4-Nitro e ; 4n 88
3
CH,
9 3-Chloro-4-nitro Hoe ; 40 84
3
10 H H 4p 92
11 4-Nitro H 4q 90
12 3-Chloro-4-nitro H 4r 81
13 H CH.- 4s 73

Table 4. The reaction of N-protected y-aminoacid with
benzenesulfonamide

0.0
P
HaN"3 | JR
|
0.0 R
HN'SGR N
Boc a Nl H |
N OH Bocy (0] 3% Boc. N
ﬂ/\/}o( H/\/ﬁo( g/\( - H/\/\OT O//S\\O
5 6a-6¢c
Entry R Products Isolated yield(%) of 4
1 H 6a 80
2 4-Nitro 6b 85
3 3-Chloro-4-nitro 6¢ 79
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4. Conclusion

In summary, a modified mixed anhydride method was
developed for preparation of amino acids derived N-(o-
aminoacyl) sulfonamides. This method shows the
advantages of efficiency, convenience and economics,
which could overcome problems of low yields, long
reaction time and racemization when using common
coupling methodology. This would greatly help the
organic chemists and medicinal chemists to prepare
more bioactive compounds in the future.
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Appendix
Synthesis of N-acylsulfonamide derivatives 4a-4s, 6a-6¢

(S)-Tert-butyl (1-oxo-3-phenyl-1-(phenylsulfonamido)
propan-2-yl) carbamate (4a)

Yield: 98%. [a]y = 8.6 (¢ = 0.50, CH,OH). '"H-NMR
(300 MHz, CDCL,): & (ppm) = 9.34 (s, 1H), 8.04-8.06
(d, J = 7.5 Hz, 2H), 7.57-7.66 (tt, 1H), 7.52-7.57 (dt,
2H), 7.04-7.23 (3H), 7.02-7.04 (2H), 4.90 (s, 1H),
431 (s, 1H), 3.02-3.08 (dd, J = 14.1 Hz, 6.3 Hz, 1H),
2.89-2.97 (dd, 1H), 1.38 (s, 9H). "C-NMR (300 MHz,
CDCL,): & = 169.5, 155.7, 138.4, 135.3, 134.0, 129.2,
128.9, 128.5, 127.3, 81.5, 55.9, 36.9, 28.1. HRMS (ESI):
caled. for C,H,;N,05S™ 403.1333, found 403.1311[M —
HJ. Melting point: 133-135°C.

(R)-Tert-butyl (1-oxo-3-phenyl-1-(phenylsulfonamido)
propan-2-yl) carbamate (4b)

Yield: 98%. o = —8.6 (¢ = 0.50, CH;OH). '"H-NMR
(300 MHz, CDCL,): & (ppm) = 9.23 (s, 1H), 8.04-8.06 (d,
J =175 Hz, 2H), 7.64-7.69 (tt, 1H), 7.53-7.61 (dt, 2H),
7.22-7.24 (3H), 7.03-7.06 (2H), 4.83-1.85 (d, 1H), 4.29 (s,
1H), 3.02-3.09 (dd, J = 14.1 Hz, 6.3 Hz, 1H), 2.91-2.98
(dd, J=14.1 Hz, 7.5 Hz, 1H), 1.38 (s, 9H). "C-NMR (300
MHz, CDCl,): & = 169.5, 155.8, 138.5, 135.3, 133.9,
129.2, 128.9, 128.5, 127.3, 81.5, 56.1, 36.9, 28.1. HRMS
(ESI): calcd. for C,H,;N,0,S™ 403.1333, found 403.1311
[M — HJ". Melting point: 133-135°C.

(S)-Ttert-butyl(1-(4-nitrophenylsulfonamido)- 1-oxo-3-
phenylpropan-2-yl) carbamate (4c)

Yield: 96%. [a]i’ = 8.2 (¢ = 0.50, CH;OH). 'H-NMR (300
MHz, CDCL): & (ppm) = 9.57 (s, 1H), 8.35-8.38 (d, J
= 8.7 Hz, 1H), 8.22-8.24 (d, J = 8.7 Hz, 1H), 7.25-7.26
(3H), 7.06-7.07 (2H), 4.84-4.86 (d, J = 6.9 Hz, 1H),
4.24-4.26 (q, 1H), 3.04-3.108 (dd, J = 14.1 Hz, 6.3 Hz,
1H), 2.93-2.99 (dd, J = 14.1 Hz, 7.8 Hz, 1H), 1.40 (s,
9H). "C-NMR (300 MHz, CDCl,): & = 169.6, 156.1,
150.8, 143.9, 135.0, 129.9, 129.1, 128.9, 127.46,
124.0, 82.0, 56.2, 36.5, 28.1. HRMS (ESI): calcd. for
C,H,,N;0,S™ 4483.1184, found 448.1314 [M — HJ.
Melting point: 244-245°C.

(S)-Tert-butyl(1-(4-chloro-3-nitrophenylsulfonamido)-
1-oxo0-3-phenylpropan-2-yl)carbonate (4d)

Yield: 97%. [y = 12.8 (¢ = 0.50, CH,OH). 'H-NMR
(300 MHz, CDCl,): & (ppm) = 9.50 (s, 1H),8.48-8.49
(d, J=2.1 Hz, 1H), 8.18-8.21 (dd, J = 8.4 Hz, 2.1 Hz,)
7.72-7.75 (d, J = 8.4 Hz, 1H), 7.26 (3H), 7.07-7.10
(2H), 4.80-4.82 (d, J = 6.6 Hz, 1H), 4.20-4.27 (q, 1H),
3.04-3.11 (dd, J = 14.1 Hz, 6.3 Hz, 1H), 2.93-2.99 (dd,
J=14.1 Hz, 7.8 Hz, 1H), 1.40 (s, 9H). "C-NMR (300

MHz, CDCL,): & = 169.5, 156, 147.7, 138.3, 135.0,
133.1, 132.7, 129.1, 129.0, 127.5, 125.8, 82.2, 56.4,
36.3, 28.1. HRMS (ESI): calcd. for C,,H,,CIN;0,S
482.0794, found 482.0977 [M — H]. Melting point:
147-150°C.

(S)-Tert-butyl(1-(4-chlorophenylsulfonamido)- 1-oxo-3-
phenylpropan-2-yl) carbamate (4e)

Yield: 94%. [y = 6.8 (¢ = 0.50, CH,OH). 'H-NMR
(300 MHz, CDCl,: & (ppm) = 9.55 (s, 1H), 7.95-7.98
(d, J = 8.7 Hz, 2H), 7.49-7.52 (d, J = 8.7 Hz, 2H),
7.22-7.23 (3H), 7.02-7.04 (2H), 4.96 (s, 1H), 4.32 (1H),
3.01-3.08 (dd, J = 14.1 Hz, 6.3 Hz, 1H), 2.88-2.95 (dd,
J =14.1 Hz, 7.8 Hz, 1H), 1.38 (s, 9H). "C-NMR (300
MHz, CDCI3): § = 169.8, 155.9, 140.7, 136.8, 135.2,
130.0, 129.2, 129.2, 128.8, 127.3, 81.5, 55.9, 37.1, 28.2.
HRMS (ESI): caled. for C,,H,,CIN,0,S™ 437.0943,
found 437.0950 [M — H]". Melting point: 132-134°C.

(S)-Tert-butyl (1-(methylsulfonamido)-1-oxo-3-
phenylpropan-2-yl)carbamate (4f)

Yield: 98%. o2 = 17.6 (¢ = 0.50, CH;OH). 'H-NMR
(300 MHz, CDCL,): 8 (ppm) = 9.05 (s, 1H), 7.30-7.36
(m, 3H), 7.19-7.21 (dd, 2H), 4.94-4.97 (d, 1H), 4.38
(s, 1H), 3.24 (s, 3H), 3.16-3.24 (dd, J = 14.1 Hz, 6 Hz,
1H), 2.99-3.07 (dd, J = 14.1 Hz, 8.1 Hz, 1H), 1.41 (s,
9H). "C-NMR (300 MHz, CDCl,): § = 170.9, 155.9,
135.4, 129.3, 128.93, 127.4, 81.6, 56.2, 41.4, 37.1,
28.2. HRMS (ESI): caled. for C,sH,N,0,S 341.1177,
found 347.1192 [M — HJ". Melting point: 145-147°C.

(S)-Tert-butyl(4-methyl-1-oxo-1-(phenylsulfonamido)
pentan-2-yl) carbamate (4g)

Yield: 90%. iy’ = —9.4 (c = 0.50, CH,0H). 'H-NMR
(300 MHz, CDCl,): 6 (ppm) =9. 54 (s, 1H), 8.049
-8.074 (d, J=17.5 Hz, 2H), 7.61-7.66 (tt, 1H), 7.51-7.56
(td, 2H), 4.76 (s, 1H), 4.04 (S, 1H), 1.56-1.66 (m, 2H),
1.43 (s, 9H), 1.26 (1H), 0.85-0.91 (dd, 6H). "C-NMR
(300 MHz, CDCl5): 6 = 170.4, 156.3, 138.6, 133.9,
128.9, 128.4, 81.4, 53.5, 39.3, 28.2, 24.5, 22.8, 21.7.
HRMS (ESI): calcd. for C;;H,sN,O;S" 369.1490, found
369.1501 [M — HJ'. Melting point: 152-155°C.

(S)-Tert-butyl(4-methyl- 1-(4-nitrophenylsulfonamido)-
1-oxopentan-2-yl)carbamate (4h)

Yield: 96%. leliy = 4.6 (¢ = 0.50, CH,OH). '"H-NMR
(300 MHz, CDClL,): & (ppm) = 9.85 (s, 1H), 8.35 -8.39
(d, 2H), 8.23-8.28 (d, 2H), 4.75 (s, 1H), 4.00 (S, 1H),
1.63-1.65 (m, 3H), 1.45 (s, 9H), 0.86-0.93 (dd, 6H).
BC-NMR (300 MHz, CDCl,): § = 170.6, 156.6, 150.8,
144.0, 129.9, 124.1, 81.8, 53.4, 39.0, 28.2, 24.5, 22.8,
21.6. HRMS (ESI): caled. for C;H,,N;0,S™ 414.1340,
found 414.1360 [M — H]". Melting point: 121-123°C.
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(S)-Tert-butyl(1-(4-chloro-3-nitrophenylsulfonamido)-
4-methyl-1-oxopentan-2-yl)carbamate (4i)

Yield: 85%. [y = 23.2 (c = 0.50, CH,0H). 'H-NMR
(300 MHz, CDCL,): & (ppm) = 9.91 (s, 1H), 8.5-8.52
(d, J = 2.1 Hz, 2H), 8.20-8.23 (dd, J = 8.4 Hz, 2.1 Hz,
2H), 7.72-7.75 (d, J = 8.7 Hz, 2H), 4.78 (s, 1H), 4.02 (S,
1H), 1.61-1.65 (m, 2H), 1.43-1.51 (m, 10H), 0.87-0.96
(dd, 6H). "C-NMR (300 MHz, CDCl;): & = 170.9,
156.6, 152.5, 147.6, 138.5, 132.9, 132.7, 125.8, 82.0,
53.4,39.2,28.1, 24. 6, 22.8, 21.6. HRMS (ESI): calcd.
for C,;H,;CIN;0,S" 448.0951, found 448.0924 [M — HJ.
Melting point: 142-144°C.

Tert-butyl((2S)-3-methyl-1-oxo-1-(phenylsulfonamido)
pentan-2-yl)carbamate (4j)

Yield: 97%. oy = —11.8 (¢ = 0.50, CH,0H). '"H-NMR
(300 MHz, CDCL,): & (ppm) = 9.34 (s, 1H), 8.05-8.08
(d, J = 7.5 Hz, 2H), 7.61-7.66 (tt, J = 7.5 Hz, 1H),
7.51-7.56 (dt, J = 7.5 Hz, 2H), 4.9 (s, 1H), 3.89 (s, 1H),
1.85 (m, 1H), 1.67 (m, 2H), 1.42 (s, 9H), 1.06-1.13 (m,
1H), 0.82-0.88 (m, 6H). "C-NMR (300 MHz, CDCL,):
8 =170.0, 156.1, 138.5, 133.9, 128.9, 128.4, 81.1,
59.6, 36.4, 28.2, 24.6, 15.4, 11.1. HRMS (ESI): calcd.
for C;;H,sN,0,S™ 369.1490, found 369.1592 [M — HJ.
Melting point: 152-154°C.

Tert-butyl((2S)-3-methyl-1-(4-nitrophenylsulfonamido)-
1-oxopentan-2-yl)carbamate (4k)

Yield: 87%. la]y = 3.2 (¢ = 0.50, CH,OH). '"H-NMR
(300 MHz, CDCL,): & (ppm) = 9.99 (s, 1H), 8.353-8.39
(d, J=9.0 Hz, 2H), 8.25-8.28 (d, J = 9.0 Hz, 2H), 5.02
(s, 1H), 3.94 (s, 1H), 1.79-1.81 (m, 1H), 1.43-1.49
(10H), 1.04-1.18 (m, 1H), 0.83-0.88 (m, 6H). "C-NMR
(300 MHz, CDCl,): & = 170.7, 156.5, 150.8, 144.0,
129.9, 124.1, 81.6, 59.5, 36.5, 28.2, 24.7, 15.4, 10.9
HRMS (ESI): calcd. for C,;H,,N;O,S™ 414.1340, found
414.1359 [M — HJ. Melting point: 119-120°C.

Tert-butyl((2S)-1-(4-chloro-3-nitrophenylsulfonamido)-
3-methyl-1-oxopentan-2-yl)carbamate (41)

Yield: 98%. [aly' = 6.8 (¢ = 0.50, CH,OH). "H-NMR (300
MHz, CDCL,): & (ppm) =10.17 (s, 1H), 8.53-8.54 (d, J
= 8.4 Hz, 1H), 8.22-8.24 (d, J = 8.4 Hz, 1H), 7.74-7.76
(d, J=8.7 Hz, 2H), 5.07 (s, 1H), 3.90-3.96 (s, 1H), 1.81
(1H), 1.43 (10H), 1.10-1.14 (m, 1H), 0.84-0.89 (m,
6H). "C-NMR (300 MHz, CDCl,): & = 170.8, 156.0,
147.6, 138.5, 132.9, 132.8, 132.7, 125.9, 81.7, 59.5,
36.6, 28.2, 24.69, 15.4, 10.9. HRMS (ESI): calcd. for
C,;H,;CIN,0,S™ 448.0951, found 448.0967 [M — HJ.
Melting point: 125-127°C.

(S)-Tert-butyl(3-methyl-1-oxo-1-(phenylsulfonamido)
butan-2-yl)carbamate (4m)

Yield: 91%. ey = —13.4 (c = 0.50, CH,OH). '"H-NMR
(300 MHz, CDCl5): 8 (ppm) = 9.61 (s, 1H), 8.06 -8.09
(d, J =7.5 Hz, 2H), 7.61-7.66 (tt, J = 7.2 Hz, 1H),
7.51-7.56 (dt, 2H), 5.02 (s, 2H), 3.95 (s, 1H), 2.06-2.08
(m, 1H), 1.42 (s, 9H), 0.84-0.90 (dd, 6H). "C-NMR (300
MHz, CDCl5): & = 170.4, 156.2, 138.6, 133.9, 128.9,
128.4, 80.8, 59.9, 30.4, 28.2, 19.0, 17.6. HRMS (ESI):
calcd. for C,;;H,;,N,05S 355.1333, found 355.1320 [M —
H]'. Melting point: 165-167°C.

(S)-Tert-butyl(3-methyl- 1-(4-nitrophenylsulfonamido)-
1-oxobutan-2-yl)carbamate (4n)

Yield: 88%. laly = 2.2 (¢ = 0.50, CH,0H). 'H-NMR
(300 MHz, CDCl,): & (ppm) = 9.85 (s, 1H), 8.35-8.42
(d, J =9 Hz, 2H), 7.25-7.28 (d, J = 9 Hz, 2H), 4.97 (s,
1H), 3.83-3.90 (t, 1H), 2.03-2.14 (m, 1H), 1.43 (s, 9H),
0.89-0.93 (dd, 6H). "C-NMR (300 MHz, CDCL,): § =
170.6, 156.3, 150.8, 144.0, 129.9, 124.1, 81.6, 60.3, 30.2,
28.2, 19.0, 17.9. HRMS (ESI): calcd. for C¢H,,N;0,8
400.1184, found 400.1193 [M — H]. Melting point:
155-157°C.

(S)-Tert-butyl(1-(4-chloro-3-nitrophenylsulfonamido)-
3-methyl-1-oxobutan-2-yl)carbamate (40)

Yield: 84%. a1y’ = 26.6 (c = 0.50, CH;OH). 'H-NMR (300
MHz, CDCL,): § (ppm) = 9.89 (s, 1H), 8.53-8.54 (d, J=2.1
Hz, 1H), 8.2-8.24 (dd,/=8.4 Hz,J=2.1 Hz, 1H), 7.73-7.76
(d,J=8.4 Hz, 1H), 4.98 (s, 2H), 3.82-3.87 (t, 1H), 2.04-2.15
(m, 1H), 1.43 (s, 9H), 0.91-0.955 (dd, 6H). "C-NMR (300
MHz, CDCL): § = 170.6, 156.6, 147.6, 138.5, 133.0, 132.8,
132.7, 125.9, 81.7, 60.3, 30.2, 28.3, 19.1, 17.9. HRMS
(ESI): caled. for C,{H,,CIN;O,S 434.0794, found 434.0806
[M — HJ". Melting point: 127-130°C.

Tert-butyl (2-oxo-2-(phenylsulfonamido)ethyl)
carbamate (4p)

Yield: 92%. 'H-NMR (300 MHz, CDCL,): § (ppm) =
9.60 (s, 1H), 8.06-8.08 (d, J= 7.5 Hz, 2H), 7.61-7.67 (tt,
J=8.7 Hz, 1H), 7.52-7.57 (td, 2H), 5.242 (s, 1H), 3.823
(s, 2H), 1.44 (s, 9H). "C-NMR (300 MHz, CDCL,): § =
168.0, 156.3, 138.5, 134.0, 129.0, 128.3, 81.1, 44.8, 28.2.
HRMS (ESI): caled. for C,;H;N,0O5S" 313.0864, found
313.0866 [M — H]". Melting point: 116-120°C.

Tert-butyl(2-(4-nitrophenylsulfonamido)-2-oxoethyl)
carbamate (4q)

Yield: 90%. 'H-NMR (300 MHz, CDCL,): 8 (ppm) =
9.80 (s, 1H), 8.37-8.40 (d, J = 8.7 Hz, 2H), 8.26-8.29
(d, J = 8.7 Hz, 2H), 5.21 (s, 1H), 3.81-3.83 (d, /= 5.7
Hz, 2H), 1.46 (s, 9H). "C-NMR (300 MHz, CDCL,): &
=167.7, 156.7, 150.9, 143.9, 129.9, 124.2, 82.0, 45.4,
28.2. HRMS (ESI): calcd. for C,;H,(N,0,S™ 358.0714,
found 358.0697 [M — H]'. Melting point: 144-147°C.
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Tert-butyl(2-(4-chloro-3-nitrophenylsulfonamido)-2-
oxoethyl)carbamate (4r)

Yield: 81%. 'H-NMR (300 MHz, CDCl,): § (ppm) =
9.720 (s, 1H), 8.53-8,54 (d, J = 2.1 Hz, 1H), 8.21-8.25
(dd, J=2.1 Hz , J = 8.4 Hz, 1H), 7.74-7.77 (d, J = 8.4
Hz, 1H), 5.11-5.15 (t, 1H), 3.79-3.81 (d, 2H), 1.47 (s,
9H). "C-NMR (300 MHz, CDCL,): & = 167.7, 156.9,
147.8,138.4, 133.2, 132.7, 132.6, 125.8, 82.2, 45.6, 28.2.
HRMS (ESI): calcd. for C,;H,sCIN;O,S" 392.0325, found
392.0331 [M — HJ. Melting point: 142-145°C.

(S)-Tert-butyl(1-oxo-1-(phenylsulfonamido)propan-2-
yl)carbamate (4s)

Yield: 73%. [y = —23.4 (¢ = 0.50, CH,0H). '"H-NMR
(300 MHz, CDCL,): & (ppm) = 9.76 (s, 1H), 8.05-8.08
(d, J = 7.8Hz, 2H), 7.62-7.67 (tt, 1H), 7.51-7.56 (dt,
2H), 4.89 (s, 1H), 4.11 (s, 1H), 1.44 (s, 9H), 1.29-1.46
(d, 3H). "C-NMR (300 MHz, CDCl,): § = 170.6, 156.2,
138.6, 133.9, 128.9, 128.3, 81.4, 50.4, 28.2, 16.7.
HRMS (ESI): caled. for C,,H,,N,0O,S™ 327.1020, found
327.1101 [M — H]". Melting point: 142-145°C.

Tert-butyl (4-oxo-4-(phenylsulfonamido)butyl)
carbamate (6a)

Yield: 80%. 'H-NMR (300 MHz, CDCl): § (ppm) =
10.19 (s, 1H), 8.07-8.09 (d,.J = 14.1 Hz, 1H), 7.61-7.66 (t,
1H), 7.51-7.56 (td, 2H), 4.76 (s, 1H), 3.07-3.13 (q, 2H),

2.27-2.31 (t, J = 12.9 Hz, 2H), 1.66-1.77 (m, 2H), 1.46
(s, 9H). "C-NMR (300 MHz, CDCL,): § = 171.2, 157.2,
139.0, 133.7, 128. 9, 128.3, 80.1, 39.1, 33.44, 28.4, 26.1.
HRMS (ESI): caled. for C,sH,N,0,S™ 341.1177, found
341.1188 [M — H]". Melting point: 139-141°C.

Tert-butyl(4-(4-nitrophenylsulfonamido)-4-oxobutyl)
carbamate (6b)

Yield: 85%. 'H-NMR (300 MHz, CDCl,): & (ppm)
= 12.4 (s, 1H), 8.41-8.46 (d, 2H), 8.14-8.19 (d, 2H),
6.74-6.78 (t, 1H), 2.77-2.84 (q, 2H), 2.21-2.26 (t, 2H),
1.45-1.54 (m, 2H), 1.35 (s, 9H). "C-NMR (300 MHz,
DMSO): § = 171.6, 155.5, 150.2, 144.5, 129.1, 124.1,
77.5, 56.0, 32.7, 28.2, 24.2. HRMS (ESI): calcd. for
C,sH,N,0,S 386.1027, found 386.1040 [M — HJ".
Melting point: 163-165°C.

Tert-butyl (4-(4-chloro-3-nitrophenylsulfonamido)-4-
oxobutyl)carbamate (6¢)

Yield: 79%. 'H-NMR (300 MHz, CDCl,): & (ppm)
=10.93 (s, 1H), 8.56 (s, 1H), 8.25-8.28 (dd, J = 8.4
Hz, J = 2.1 Hz, 1H), 7.72-7.75 (d, J = 8.4 Hz, 1H),
4.84 (s, 1H), 3.10-3.17 (q, 2H), 2.285-2.328 (t, 2H),
1.714-1.80 (m, 2H), 1.47 (s, 9H). "C-NMR (300 MHz,
CDCl,): & = 171.6, 157.6, 147.6, 139.0, 132.7, 125.7,
80.6, 39.0, 33.5, 28.3, 26.3. HRMS (ESI): calcd. for
C,sH,,CIN,0,S™ 420.0638, found 420.0643 [M — HJ.
Melting point: 92-95°C.
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ABSTRACT: Histamine H, receptor antagonists play
a vital role in the first line treatment of a broad range
of allergic diseases. Frequent dosing of the antagonist
results in side effects like sedation and cardiovascular
toxicity. The present study highlights the
important structural requirement and mechanistic
interpretation of novel indolylpiperidinyl derivatives
as H, receptor antagonists so as to facilitate the
design of newer antihistaminics with increased
duration of action and comparatively reduced side
effects. The significance of the developed quantitative
structure-activity relationship (QSAR) models
were evaluated on the basis of statistical values of
square of correlation coefficient (r’); (multiple linear
regression (MLR), 0.86; and partial least squares
(PLS), 0.85). The predictive ability of the resulting
QSAR models was evaluated with cross-validated
correlation coefficient (r’cv) values (MLR, 0.82; PLS,
0.82) generated for the training set and r’ values
(MLR, 0.763; PLS, 0.855) derived for test set. The
final models comprised of multidimensional steric
(verloop length, verloop B;), electronic (total dipole
moment) and steric (KAlphal index) descriptors.
The study indicates that antihistaminic activity is
largely explained by steric and electronic parameters.
In line with parameters entered in the model some
indolylpiperidines derivatives were designed with
good antihistaminic properties and pharmacokinetic
profiles.
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1. Introduction

Among a wide range of mediators which are involved
in the pathophysiology of allergic diseases, histamine
remains the principal one and plays a fundamental role
in the genesis of these diseases, particularly rhinitis
and urticaria (/). Chronically, histamine also affects
inflammatory cells and causes cellular activation
(mast cells, basophils, and eosinophils) and release
of proinflammatory mediators e.g., leukotrienes and
cytokines and results in an increase in the expression of
class II human histocompatibility molecules (HLA) and
vascular endothelial adhesion molecules (2-4).

Antihistaminics prevent symptoms associated
with histamine release such as rhinorrhea, nasal and
conjunctival itching, and lacrimation, although they do
not control symptoms of nasal congestion (5). Depending
on their action on the central nervous system (CNS), they
are classified as "classical", or first-generation, and "non-
classical", or second-generation.

In general, first-generation H, antihistamines (for
example dexchlorpheniramine and hydroxyzine) cross
the blood brain barrier (BBB), bind with ease to the
cerebral H, receptors and also possess anticholinergic
properties (3,6). Their principal side effect is sedation,
dry mouth, and lack of receptor specificity at therapeutic
doses. This has led to the development of a second-
generation of H,-antagonists (7).

Second-generation H,-antagonists exhibit high
potency, long-lasting effects and minimal adverse effects.
They are unlikely to cross the BBB and rarely cause
sedation. Some findings suggest that second generation
H, receptor antagonists produce CNS depressant effects
due to their liability to penetrate into the CNS (8). Also,
adverse cardiac effects have been reported with second-
generation H, antihistamines namely astemizole and
terfenadine (9,10).

In line to the above discussion we felt that there
is a need to reevaluate the binding requirements
of antihistaminics by employing a computational
approach. One of the most promising techniques to get
insight into the structural requirements is quantitative
structure-activity relationship (QSAR), which came
into existence in the 1960's for the first time. QSAR is
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a mathematical relationship linking chemical structure
and pharmacological activity in a quantitative manner
for a series of compounds representing hydrophobic,
electronic, steric and other effects using multiple
regression correlation methodology. QSAR increases
the probability of success and reduces the time and cost
involved in the drug discovery process (/7). The aim of
this investigation was to develop QSAR models using
the multivariate analysis derived from global descriptors
with the purpose to elucidate the contribution of
substitutions of antihistamine antagonists and the forces
involved in drug receptor interaction. The study of de
novo contributions of the groups helped us to design and
predict activity of some newer analogs.

2. Materials and Methods

A series of 53 indolylpiperidinyl benzoic acid derivatives
was obtained from the literature for the present QSAR
studies (/2). For the current QSAR investigation
51 compounds were used and the remaining two
compounds (8 and 39) were excluded in view of
uncertain activity data since such data cannot be
used for model development using tools for structure
activity relationship (TSAR) software. Experimentally
determined biological activity of compounds in the series
was reported as a half minimum inhibitory concentration
(ICy,) value. Since biological activities are generally
skewed and are measures of the free energy of binding,
the reported inhibitory constant values were converted
into a corresponding negative log value.

The negative log ICs, values were used as the
dependent variable and various quantifying parameters
as the independent variable. All computational studies
were performed using TSAR (version 3.3) software (/3).

2.1. Drawing and optimization of structures

The organic structure of 51 indolylpiperidinyl benzoic
acid derivatives selected for QSAR studies, were sketched
using ChemDraw Ultra 10.0. All sketched chemical
structures were imported to a TSAR 3.3 spread sheet via
.mol files. Structure entry and substitutions defining is an
important stage in QSAR methodology. The substituents of
each chemical structure were defined into six substituents
namely R,, R,, Ry, R,, Rs, and R¢. All the substituents
were numbered according to their position in molecules,
and each molecule had a defined number of substituents
attached to the nucleus by a single bond. The substituent
pattern opted for is given in Supplemental Table S1 (http.//
www.ddtjournal.com/getabstract. php?id=538).

TSAR has a built in program CORINA, which
was used to convert all molecular structures and
substitutions to 3D structures. The 3D structure concept
was developed by Hiller (/4). The three dimensional
structure of a molecule is closely related to a large
variety of chemical, physical and biological properties.

The CORINA automatically generates 3D atomic
co-ordinates from the constitution of a molecule as
expressed by a connection table or linear string (/5).

The Cosmic module was used to optimize the
structure of compounds. Cosmic calculates molecular
energies by summing bond length, bond angle,
torsion angle, van der waals, and coulombic terms
for all appropriate sets of atoms. These calculations
involve the valence electrons of the atoms of the
molecule. These lead to further development of semi-
empirical molecular orbital (MO) calculations (16).
The calculations were terminated when the energy
difference or the energy gradient were smaller than 1 X
107 and 1 x 10" kcal/mol, respectively (17).

The data set consisting of compounds with
molecular structures and their biological activities were
divided into a training and test set. Twenty percent
of the compounds were selected with a maximum
dissimilarity algorithm and assigned to the test set; with
the remaining 80% assigned to the training set (/8).
The training set comprised of 41 molecules was used
for QSAR model development and the test set of 10
molecules was used for model validation.

2.2. Calculation of molecular descriptors

Descriptors can be defined as numerical quantities that have
been generated to represent the molecular configuration. It
also contributes toward better understanding of structural,
steric, electronic and multidimensional properties
responsible for activity. The aim of calculating molecular
descriptors is to provide all useful information about
all chemical structures and respective substituents to
build a good and predictive QSAR model. The nature
of descriptors used and the extent to which they encode
structural features related to biological activity is a crucial
part of a QSAR study. The success of the QSAR analysis
is significantly dependent on the accurate definition and
appropriate use of molecular descriptors. Molecular
descriptors are terms that characterize a specific aspect of a
molecule.

TSAR can calculate up to 500 descriptors (topological,
geometrical and electrostatic) derived from whole structures
as well as substitution of compounds under consideration.
Since a large pool of descriptors was calculated, there is
a significant requirement for data reduction to eliminate
chance correlation. A correlation matrix was used to reduce
the number of descriptors and to identify the best subset of
descriptors with minimum intercorrelation. The goal was
to remove redundancy among the descriptors and to detect
chance effects during model development.

A correlation coefficient describes the degree of linear
correlation between two variables. Pair wise correlation
coefficients were calculated for all pairs of descriptors.
If an intercorrelation coefficient > 0.5 was detected,
the descriptor with high correlation with biological
activity was kept and others were discarded. In the next
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phase data reduction was performed on the remaining
descriptors on the basis of z-values using a backward
elimination technique. Stepwise regressions were
developed and the descriptors having lower z-values were
discarded from the data set (/9).

The reduction process was repeated a number of
times and finally four independent descriptors: Verloop
L (Substituent 5), Verloop B; (Substituent 5), total dipole
moment (whole molecule), and Kalphal index (whole
molecule), which were highly correlated with biological
activity and exhibited minimum intercorrelation with
each other, were retrieved. The statistical values for the
most relevant descriptors and their corresponding z-values
used in QSAR development are shown in Table 1 and the
correlation matrix for the four descriptors is depicted in
Table 2.

2.3. Multivariate statistical analysis

Multivariate statistical analysis is a set of statistical tools
used for modeling a set of dependent variables, such
as biological activity, and molecular descriptors as the
independent variables (20). The relationship between the
structural parameters (global descriptors) and the biological
activities was quantified by multiple linear regressions
(MLR) and partial least squares (PLS). Values for F-to-enter
and F-to-leave were set to 4. Outliers in QSAR can be very
important and interesting, especially when the observed
biological activity is higher than the predicted one by
the developed model (higher residual value). Outliers
may be present due to inappropriate calculation of the
parameter values used. The mathematical model may not
be appropriate. There may be a lack of certain descriptors
or parameters to describe QSAR for entire compounds.
A different mechanism mode may even be a reason (2/).
Four outliers (6, 7, 10, and 23) were detected with the
help of a regression line equation. There could be various
reasons for the observed outliers. The acceptable and
robust QSAR model was selected on the basis of various

statistical significant parameters like correlation coefficient
(r), square of correlation coefficient (r°), cross-validated
correlation coefficient (r°cv), Fisher ratio (F), and standard
deviation (SD). The resulting models were validated by
a leave-one out cross-validation procedure and a test set
prediction to check their predictability and robustness.

In addition to MLR, PLS has also been performed
to check the robustness of the developed MLR model.
PLS was developed in the 1960's by Herman Wold as
an econometric technique. PLS is a robust multivariate
regression method suitable for overcoming general
problems in MLR related to over-abundant descriptors and
therefore comparable predictive models can be obtained by
the PLS method (22). The results of PLS were evaluated
on the basis of r’, r’cv, and statistical significance.

3. Results and Discussion

Multivariate regression analysis such as MLR and PLS
were carried out in order to discover the contribution
of the whole molecule and substituents for biological
activity. More specifically, the understanding of the
de novo contribution of the functional groups helped
to understand interactions between substitution on the
N- chain of the indole ring and the transmembrane
region of the H,-receptor active site. The set of 41
compounds were subjected to stepwise multiple linear
regression analysis in order to develop the QSAR
model, considering antihistaminic activity as dependent
variables and all the reduced set of descriptors as
independent variables. When the multiple regression
analysis was performed without deleting any outlier, we
retrieved a statistically insignificant model. In order to
improve the predictability and reliability of the model
the outliers were detected and it was found that four
compounds (6, 7, 10, and 23) had high residual values
and were too far away from the regression line. Various
models developed after deleting the four compounds
one by one and in combination exhibited a high value

Table 1. Statistical values for the most relevant descriptors used in QSAR

Abbreviation Coefficient Jacknife t-Value Covariance SE
Verloop L (subs.5) X, -0.24 0.02 -9.86 0.02
Verloop B; (subs.5) X, -0.30 0.02 -9.09 0.03
Total dipole moment (Whole molecule) X 0.12 0.01 7.71 0.01
KAlphal index (Whole molecule) X, 0.06 0.02 3.72 0.02

Table 2. Correlation matrix of classical descriptors used in QSAR models

Verloop L Verloop B, Total dipole moment KAlphal index

(subs.5) (subs.5) (Whole molecule) (Whole molecule) Log ICs,
Verloop L (subs.5) 1
Verloop B; (subs.5) —0.55 1
Total dipole moment (Whole molecule) 0.36 -0.40 1
KAlphal index (Whole molecule) 0.18 0.23 0.09 1
Log ICy, -0.13 -0.51 0.61 -0.01 1
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of I (0.86) and r’cv (0.82) for MLR analysis as shown
in Table 3. In addition to MLR, the data set was also
subjected to PLS analysis to check soundness of results
obtained from MLR analysis. The PLS model generated
showed comparable results to that of MLR (23) as
exhibited by the high value of 1* (0.85) and r'cv (0.82)
as shown in Table 4.

3.1. Validation of statistical output of multivariate equation
(PLS and MLR)

The model developed using MLR and PLS were validated
and checked for predictability and robustness on the basis
of the %, r’cv, F value and its standard error S value.

3.1.1. Squared correlation coefficient (v’)

In statistics, the coefficient of determination r* is the
proportion of variability in a data set that is accounted
for by a statistical QSAR model. In this determination,
the term "variability" is defined as the sum of squares.
There are equivalent expressions for r* based on
analysis of the fractionof total variance in the data,
which is explained by the regression model (24). It can
be calculated using the following formula.

' =1-YA"/Syy

Where! Syy = Z(yobs - Ymean)! ZAZ = Z(ym)s - ycal)2'
Where "y,.," is observed biological activities, "y,c.n"

is mean of biological activities value, and "y_," is
calculated biological activity used in the equation. Also
1’ is used to describe the goodness of fit of the data. Its
value should be greater than 0.7 for a sound model. The
statistical significance of the generated QSAR model
was evaluated in terms of 1’ values (MLR = 0.8657 and
PLS = 0.859) which explained a 86.57% and 85.90%
variance in biological activity. Moreover the 1 values
for the test set (MLR = 0.76 and PLS = 0.85) were also
found to be significant.

3.1.2. Cross validated regression coefficient (¥'cv)

Cross-validation is an important tool to avoid over
fitting of data, as over-fitting will give low accuracy
on validation. The predictive value of the models were
evaluated by LOO cross validation (24). The cross
validated coefficient r’cv was calculated using the
formula for PLS analysis.

rev=1- 2(Yprea — chs)z 72(Yprea = Y imean)
Where Y4, Yoo and Y,,.,, are predicted, actual and
mean values of the target propert (pICs,), respectively.
2 (Yprea — Y,..)’ is the predictive sum of squares (PRESS).
And for MLR, it can be calculated using the following
formula.

mean

r“cv = SD — PRESS/SD

Where SD is standard deviation and predicted residual
sum of square (PRESS) = 3 (Yo — Yeu) - This method
is used to predict the property value for a compound
from the data set, which in turn is predicted from the
regression equation calculated from the data for all of
the compounds. For evaluation, predicted values can be
used for squared correlation coefficient criteria. The r'cv
should be more than 0.6 and a small difference between
1 and r’cv indicates a good internal predictive ability
of developed model. A small difference in r* (0.86) and
r’cv (0.82) for MLR values is indicative of the high
predictive ability of the developed model. Similarly the
1* (0.85) and r’cv (0.82) values generated by PLS were
also very close.

3.1.3. Svalue (SD)

SD is measured as the error mean square, which
expresses the variation of the residuals or the variation
about the regression line. It indicates, how well the
function derived by the QSAR analysis predicts the

Table 3. Various equations derived after removing of outliers by the MLR method

S. No. Equation r rev S value Fvalue  Name of outliers
1. Y =-0.23X, - 0.32X, + 0.11X; + 0.05X, — 1.49 0.86 0.75 0.25 0.16 27.40 ND

2. Y=-024X, - 030X, +0.12X, + 0.06X, — 1.64 0.90 0.82 0.73 0.13 40.20 7

3. Y=-023X,- 029X, + 0.12X, + 0.06X, — 1.72 0.92 0.84 0.76 0.13 44.47 7,23

4. Y=-023X,- 032X, +0.10X, + 0.05X, — 1.43 0.89 0.79 0.70 0.15 32.29 23,6

5. Y =-0.23X, - 0.30X, + 0.11X; + 0.06X, — 1.72 0.93 0.86 0.82 0.12 51.58 6,7,10,23

Table 4. Various equations derived after removing of outliers by the PLS method

S. No. Equation Statistical significance ~ Cross validation ("cv)  Fraction of variance (')  Name of outliers
1. Y =-0.23X, - 0.30X, + 0.12X; + 0.06X, — 1.78 1.07 0.65 0.75 ND

2. Y =-0.23X,-0.28X, +0.13X; + 0.06X, — 1.92 0.99 0.77 0.82 7

3. Y =-0.23X, - 0.28X, + 0.12X; + 0.06X, — 1.95 1.02 0.77 0.84 7,23

4. Y =-0.22X, - 0.30X, + 0.12X; + 0.06X, — 1.73 0.95 0.75 0.78 23,6

5. Y =-022X,-0.27X, +0.12X; + 0.07X, - 2.03 0.97 0.82 0.86 6,7,10,23
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observed biological activity. Its value considers the
number of object 'n' and the number of variable 'k'.
Hereby, SD depends not only on the quality of fit but
also on the number of degrees of freedom. The low
values for the standard error estimate (0.118) of the
developed model further testify about the statistical
significance of the developed model. It can be
calculated using the following formula.

SD = XIZ(YObS - YCal)z/n — k — 1
3.1.4. F value (Fischer value)

It is a measure of the statistical significance of the
regression model. It can be calculated using the
following formula.

F=r(n—k-1)/k(l -1

A high value of F (51.584) indicates that the model
is statistically significant and a lower S value also
supported the quality of the model.

3.2. Test set prediction
3.2.1. Internal test set prediction

The internal predictive capability of the QSAR model
was also checked using test sets of compounds that were
excluded during model development. All the compounds
in the test set were treated in a manner analogous to the
compounds in the training set. The r* value of MLR =
0.763 and PLS = 0.855 derived for the test set illustrate
the high predictive ability of the developed model. The
actual and predicted activity obtained after MLR and PLS
analysis for the training and test set of antihistamines
are given in Supplemental Tables S2 and S3 (http://
www.ddtjournal.com/getabstract. php?id=538) and their
corresponding graphs are shown in Figures 1 and 2.
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Figure 1. Plot of actual versus predicted values for the
training set and test set molecules with the help of the
MLR statistical method.

3.2.2. External test set prediction

A model is claimed to be validated when it is also able
to predict the activities of external test set compounds.
So, the generated model was further evaluated by an
external test set comprising of H, receptor antagonists
from the literature (25). Thirteen compounds were
selected for the external test set showing diversity in an
activity range as given in Table 5. The overall squared
correlation coefficient was 0.68 (MLR) and 0.68 (PLS)
for the external test set (Figures 3 and 4) testifying to
the validity of the model.

3.3. Interpretation of the generated multivariate model

The highly predictive and robust MLR and PLS models
were selected on the basis of statistical significance
of the regression equations (Tables 3 and 4) obtained
from training set compounds, which explains the
relationship between biological activity and structures
of molecules. Descriptors obtained from the final
model (both MLR and PLS) were namely Verloop L
(substitution Rs), Verloop B, (substitution Rs), Total
dipole moment (whole molecule), and KAlphal index
(whole molecule).

The Verloop L and Verloop B, parameters are steric
parameters developed by Verloop and co-workers
and are used to characterize geometry of substitution
groups in the molecule. The length parameter, Verloop
L, is defined as calculated length of the substituent
along the axis of the bond connecting substituent with
parent molecule (26). Width parameter Verloop B,
characterizes distribution of atoms in the substituent
with respect to the connecting bond. In addition, the
Verloop B; parameter describes width of the substituent
in the direction perpendicular to L (27). The equation
clearly reveals that a decrease in length and width
of substitution R will increase binding affinity of
compounds.
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Figure 2. Plot of actual versus predicted values for the

training set and test set molecules with the help of the PLS
statistical method.
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Table 5. Structures along with —log IC;, values and estimated value of the 13 piperidinylpyrrolopyridines and its derivatives

as H, antagonists for external validation

Compound name

Structure of compound

Actual activity ICy,

Actual activity in
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Figure 3. Plot of the correlation graph between
experimental and estimated activities of the external test set
molecules by MLR.

The equation in Tables 3 and 4 clearly shows
that substitution on the N- chain of the indole ring is
negatively correlated with H,-antihistamine activity.
This apparently explains the difference in activity of
compounds 13 and 27 which differ only in substitution
on the N- chain of the indole ring. Compound 13
exhibited a higher antihistaminic activity because it
possesses a lower value for length and width parameters
at this position when compared to compound 27.

The decrease in H, antihistaminic activity with the
length of substituents can be further demonstrated by
the activity of compounds 1, 26, and 27, which differ
only in a single substitution. Compound 1 is more
active than compounds 26, and 27 as its R substitution
is shorter than the 2-[1,4]-dioxan-2-ylethyl of
compound 26, and the 2-pyridin-2-ylethyl of compound
27. Compounds 26 and 27 have more or less the same
length value. The above discussion reveals that while
designing newer molecules care must be taken to keep
the length and width of substitution at Rs in a limited
range because length and width of the substitution will
cause steric hindrance between drug and receptor and
consequently will decrease activity.

Total dipole moment for a whole molecule may
be approximated as the vector sum of individual bond
dipole moments. Moreover, dipole moment is a partial
charge-dependent parameter calculated on the basis
of center of charge over the substitution as the origin.
The total dipole moment describes the electrostatic
interaction between drug and receptor. It can be
calculated using the following formula.

n=exrg;

Where 1, is the distance of the ith atom from the
origin and q; is the atomic charge of the ith atom. The
descriptor uses Debye units. The total dipole moment
is often considered as the direct characteristic of
polarity of a molecule (28). The present series have
an indolylpiperidine ring, the aromatic w system of
which is formed by & electrons. Quantum mechanical
calculations showed distribution of electron density
among the atoms of the indole ring which results in a

-3 =25 . -0.5 0l_ns5 0.5

Predicted activity

R?=10.609

Actual activity

Figure 4. Plot of the correlation graph between
experimental and estimated activities of the external test set
molecules by PLS.

large molecular dipole moment which allows possibility
of dipole-dipole interactions between the H, receptor
and compounds under consideration. The basic nitrogen
of the indole ring is confined to the region accessible
to its counter ion on the histamine H,-receptor, i.e., the
carboxylate group of aspartic acid (Asp116) (29).

In the regression equation total dipole moment of
whole molecules is positively correlated with biological
activity. It means that larger electronic properties
of the compounds play a key role in the interaction
between drug and receptor. Increasing total dipole
moment of the whole molecule can increase binding
between molecules and receptor and thus can increase
interaction between molecules and the H, receptor. The
above interpretation is in line with mutational studies
done on cetrizine, a potent H, receptor antagonist.
Cetrizine contains a COOH group which interacts
with the protonated lysine (Lys200) present in the
transmembrane domain V of the H, receptor (30).
Likewise Indolylpiperidine derivatives containing a
COOH group form an ionic bond/H bond with the
positively charged amino group of lysine.

Another descriptor entering in the model was
KAlphal which helps to differentiate the molecules
according to their size, degree of branching, flexibility,
and overall shape (37). The KAlphal index encodes
information about several attributes of molecular shape,
based upon atom count and path count of various
orders. This index explains the elongated nature of
molecules and their branches at the end. Each K index
value would imply shape identity. Atoms other than
Sp’ hybrids make a different size contribution to a
molecule, thereby influencing its overall shape. Non-
carbon Sp’ atoms should be counted more or less than
one, the increment or decrement, called 'alpha' being
based on the size contribution of the atom in question
relative to a carbon Sp’. One basis of evaluating alpha
is to use covalent radius of the atom. The quality of the
equation and easy interpretation of the indices make this
result useful for prediction of possible antihistaminic
potency of some newer designed compounds (32).

The multivariate regression equation reveals that the
KAlphal index of the whole molecule of the compound
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is correlated positively with biological activity. It means
that if we increase the shape and branching of the lead
compound there will be an increase in H,-antihisaminic
activity because shape or steric configuration of
a molecule have a potential influence on physical
properties and biological activity. The QSAR studies
suggested that the catalytic site of the protein and the
steric requirements of the compounds play an important
factor in the antagonist’s potency.

This QSAR study clearly indicates that optimum
steric and electronic properties of whole molecules are
important for favorable interaction with the receptor.
On the basis of the final multivariate regression model,
some newer compounds were designed to find molecules
with higher antihistaminic potencies than the existing
series of indolylpiperidinyl benzoic acid derivatives.

4. Conclusion

On the basis of present study, it can be concluded that
physicochemical descriptors have sufficient reliability
to relate to the biological activity of indolylpiperidinyl
benzoic acid molecules with their structural features. This
physicochemical study suggests that the electronic and
steric interaction between drug and receptors are dominant
in whole molecules, whereas the multidimensional
steric interaction is dominant due to substitution at R;
in this series. It means that low length and width of
substitution Ry is important for interaction between drug
and receptors. The study provides better understanding
of the structural features and their binding affinities to the
histamine H, receptor and helped in the design of orally
active more potent H, receptor antagonists.
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ABSTRACT: A new series of N'-((1-(substituted
amino)methyl)-2-oxoindolin-3-ylidene)-4-(2-(methyl/
phenyl)-4-oxoquinazolin-3(4H)-yl)benzohydrazide
derivatives 4a-41 were designed and synthesized from
anthranilic acid. All the synthesized compounds were
characterized by spectroscopic means and elemental
analyses. The tail-flick technique and the carrageenan-
induced foot paw edema test were performed
for screening analgesic and anti-inflammatory
activity, respectively. All of the compounds were
also examined for their ulcerogenicity. Some of the
compounds showed significant activity. Among the
test compounds, 4b exhibited 53% and 69% analgesic
activity at a dose of 10 and 20 mg/kg, respectively. It
also displayed 47% (10 mg/kg) and 65% (20 mg/kg)
anti-inflammatory activity with one-fourth of ulcer
index of the reference drugs diclofenac and aspirin.

Keywords: Quinazolinone, isatin, schiff base, mannich
base, analgesic, anti-inflammatory

1. Introduction

Inflammation is a defensive but exaggerated local tissue
reaction in response to exogenous or endogenous insult.
It is a fundamental physiological process that is not only
essential for survival but at the same time is one of the
major causes of human morbidity and mortality (/,2). A
large number of non-steroidal anti-inflammatory drugs
(NSAIDs) are available clinically to treat inflammatory
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disorders. NSAIDs are one of the most widely used drug
categories against inflammation, mild to moderate pain
and fever. In the past decade, numerous advances have
taken place in the understanding of pathogenesis and as
a result, significant progress has been made and is still
being explored for the development of novel NSAIDs (3).
Prostaglandin synthetase or cyclooxygenase (COX) is
an enzyme which catalyzes the rate limiting steps in the
biosynthesis of cyclic endoperoxides from arachidonic
acid to form prostaglandins (PGs). The most important
mechanism of NSAIDs is considered to be primarily
by inhibition of PGs synthesis; specifically competitive
inhibition of COX (4). Generally, the NSAIDs inhibit
both isoforms COX-1 and COX-2. Most NSAIDs are
mainly COX-1 selective (e.g., indomethacin, aspirin,
ketoprofen, piroxicam, and sulindac). The mechanism of
action of celecoxib and rofecoxib is primarily selective
inhibition of COX-2 (5). Others are considered to have
mixed action on COX-1 and -2 (e.g., ibuprofen, naproxen,
diclofenac, etodolac, nabumetone, and meloxicam). Other
mechanisms that may contribute to NSAID mediated
anti-inflammatory activity include the reduction of
superoxide radicals, induction of apoptosis, inhibition of
adhesion molecule expression, decrease of nitric oxide
synthase, decrease of proinflammatory cytokine levels
(tumornecrosis factor-o, interleukin-1), modification of
lymphocyte activity, and alteration of cellular membrane
functions (6). However, long term clinical usages of
NSAIDs are associated with significant side effects such
as severe gastrointestinal ulceration, bleeding, intolerance
and nephrotoxicity (7,8). Therefore, investigation of new
NSAIDs is still a major challenge and production of safer
and more active NSAIDs and analgesic drugs are needed.

Quinazoline and quinazolinone nuclei have drawn
great attention due to their wide range of chemo-
therapeutic activities (9-15). Additionally, different
known anti-inflammatory drugs such as proquazone
I, fluoroquazone 11, and tryptanthrin III contain the
quinazoline nucleus (Figure 1) (/6-19). Also, it has been
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Figure 1. Some of the well established structures of

NSAID and our model compound with its common
pharmacophore features.

reported that the substitution pattern by different aryl
or heteroaryl moieties at 2/3 position of the quinazoline
nucleus markedly influences analgesic and anti-
inflammatory activity (20).

On the other hand the indole skeleton exists in a
variety of natural products and is the precursor for many
pharmaceuticals, such as indomethacin IV, etodolac
V, and tenidap VI (Figure 1). In recent decades, the
literature has been enriched with progressive findings
about synthesis and pharmacological activities of isatin
(oxidized form of indole) ring, which is a core structure
in various synthetic pharmaceuticals displaying a wide
variety of biological activities (27/-27).

Based on the above observations and in continuation
of our anti-inflammatory and analgesic drug research
program (28,29), it was of interest to synthesize a
novel series of quinazolinone derivatives with structure
modifications involving incorporation of isatin moieties
at the 3rd position and a methyl/phenyl group at the 2nd
position of the quinazolinone ring as a trial to obtain
safer and potent anti-inflammatory and analgesic agents.
The ulcerogenic activity of the compounds was also
determined.

2. Materials and Methods

2.1. Chemistry

The chemicals and reagents used were obtained from
various chemical units Merck India Ltd., Qualigens,

CDH, and SD Fine Chem. All solvents used were of
laboratory research (LR) grade and purified before use.

All reaction steps were monitored until completion
using thin layer chromatography (TLC). An iodine
chamber and UV lamp were used for visualization
of TLC spots. All melting points were performed
in open glass capillary tubes and were uncorrected.
'H-NMR spectra were performed on a Bruker ultra
shield (300 MHz) NMR spectrometer in CDCI; using
tetramethylsilane [(CH,),Si] as an internal standard.
Chemical shifts (8) were expressed as parts per million
(ppm). The multiplicities of the signals in the 'H-NMR
spectra were abbreviated by s (singlet), t (triplet), q
(quartet), and m (multiplet). The J constant was given
in Hz. Mass spectra were obtained on a JEOL-SX-102
instrument using electron impact ionization. All IR
spectra were recorded in KBr pellets on a Jasco FT-IR
410 spectrometer. Elemental analyses were performed
on a PerkinElmer model 240C analyzer and were within
+ 0.4% of the theoretical values.

2.1.1. Synthesis of 2-(methyl/phenyl)-4H-benzo[ 1,3 ]oxazin-
4-one (la, 1b)

For the synthesis of the 2-methyl derivative: A mixture of
anthranilic acid (1.37 g, 0.01 mol) and acetic anhydride
(10.2 mL, 0.1 mol) was refluxed on a gentle flame
for 1 h. The excess acetic anhydride was distilled off
under reduced pressure and the residue was dissolved
in petroleum ether and was kept aside for 1 h. The light
brown solid 1a obtained was filtered and dried (28).

For synthesis of the 2-phenyl derivative: To a
solution of anthranilic acid 13.7 g (0.1 mol) dissolved in
pyridine (60 mL), benzoyl chloride 28 g (0.2 mol) was
added and the mixture was stirred for 30 min at room
temperature followed by treatment with 5% NaHCO,
(15 mL). The solid thus obtained 1b was recrystallized
from ethanol (29).

2.1.2. Synthesis of 4-(2-(methyl/phenyl)-4-oxoquinazolin-
3(4H)-yl)benzohydrazide (2a, 2b)

A mixture of 2-(methyl/phenyl)-4H-benzo[1,3]oxazin-
4-one 1a/1b (1.61/2.23 g, 0.01 mol) and p-aminobenzo-
hydrazide (1.51 g, 0.01 mol) was dissolved in anhydrous
pyridine (50 mL) and heated on a sand bath for 10 h. The
resulting solution was cooled in an ice bath and treated
with dilute hydrochloric acid (100 mL). The product
separated 2a/2b was filtered, washed with water, and
crystallized from ethanol.

2.1.3. Synthesis of 4-(2-(methyl/phenyl)-4-oxoquinazolin-
3(4H)-yl)-N'-(2-oxoindolin-3-ylidene) benzohydrazide
(3a, 3b)

Equimolar quantities of 4-(2-(methyl/phenyl)-4-
oxoquinazolin-3(4H)-yl)benzohydrazide 2a/2b
(2.94/3.56 g, 0.01 mol) and isatin (1.47 g, 0.01 mol)
were dissolved in warm ethanol (30 mL) and heated on
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a steam bath for 1 h. After standing for approximately
24 h at room temperature, the crystalline products
3a/3b were separated by filtration, dried under vacuum
pressure and recrystallised from ethanol.

2.1.4. General procedure for the synthesis of N'-((1-
(substituted amino)methyl)-2-oxoindolin-3-ylidene)-
4-(2-(methyl/phenyl)-4-oxoquinazolin-3(4H)-
vl)benzohydrazide (4a-41)

To a solution of the derivative 3a/3b (4.23/4.85 g, 0.01
mol) in glacial acetic acid (50 mL) containing 37%
formalin (1 mL), the appropriate secondary amine
derivative (0.02 mol) was added. The reaction mixture was
refluxed on a water bath for 1-3 h. The reaction mixture
was concentrated to approximately half the initial volume,
and the resulting precipitate was recrystallized from
ethanol to get a pure form of the product. The method used
for the preparation and isolation of the compounds gave
materials of good purity, as evidenced by their spectral
analyses and by TLC. The spectral data for the title
compounds 4a-4l are presented in the appendix.

2.2. Animals

The animals used in the present study were Swiss albino
mice weighing 20-25 g and Wistar rats weighing 150-200
g were procured from Bapatla College of Pharmacy,
Bapatla, India. Animals were maintained in colony cages
at 25 + 2°C, relative humidity of 45-55%, maintained
under 12 h light and dark cycle and were fed standard
animal feed (30) and water ad [libitum. Animals were
maintained under standard conditions in an animal house
approved by the committee for the purpose of control and
supervision on experiments on animals (CPCSEA). The
protocol was approved by the Institutional Animal Ethics
Committee. All animals were acclimatized to laboratory
conditions for a week before use.

The synthesized compounds were evaluated for
analgesic, anti-inflammatory and ulcerogenic activities.
One-way analysis of variance (ANOVA) was performed
to obtain significance for all exhibited activities. Test
compounds and standard drugs were administered in
the form of a suspension (1% carboxy methyl cellulose
as a vehicle) by the oral route for analgesic and anti-
inflammatory studies and as a suspension of 10% (v/v)
Tween-80 by the intraperitoneal route of administration
for ulcerogenicity studies.

2.3. Analgesic activity

The analgesic activity was performed by the tail-flick
technique using Wistar albino mice (25-35 g) of either
sex selected by a random sampling technique (37,32).
Diclofenac sodium at a dose level of 10 and 20 mg/kg was
administered orally as a reference drug for comparison. The
test compounds at two dose levels (10 and 20 mg/kg) were

administered orally. The reaction times were recorded at 30
min, 1, 2, and 3 h after treatment and the cut-off time was
10 sec. The percent analgesic activity (PAA) was calculated
by the following formula: PAA = [T, — T//10 — T|] x 100;
where T, is the reaction time (sec) before treatment, and T,
is the reaction time (sec) after treatment.

2.4. Anti-inflammatory activity

Anti-inflammatory activity was evaluated by the
carrageenan-induced paw edema test in rats (33).
Diclofenac sodium at 10 and 20 mg/kg was administered
as a reference drug for comparison. The test compounds
were administered at two dose levels (10 and 20
mg/kg). The paw volumes were measured using the
mercury displacement technique with the help of a
plethysmograph immediately before and 30 min, 1,
2, and 3 h after carrageenan injection. The percent
inhibition of paw edema was calculated according to the
following formula: percent inhibition I = 100 % [1 — (a —
x)/(b —y)] where x is the mean paw volume of rats before
the administration of carrageenan and the test compounds
or the reference drug (test group), a is the mean paw
volume of rats after the administration of carrageenan in
the test group (drug treated), b is the mean paw volume
of rats after the administration of carrageenan in the
control group, y is the mean paw volume of rats before
the administration of carrageenan in the control group.

2.5. Ulcerogenicity

Ulceration in rats was induced as reported by Goyal
et al. (34). Albino Wistar rats weighing 150-200 g of
either sex were divided into various groups of six animals
each. The control group of animals was only given 10%
(v/v) Tween-80 suspension intraperitoneally. One group
was administered with aspirin intraperitoneally at a dose
of 200 mg/kg once daily for three days. Diclofenac was
also administered as a standard drug at 20 mg/kg once
daily for three days to another group of animals by the
same route. The remaining group of animals was given
the test compounds intraperitoneally at a dose of 20
mg/kg. On the fourth day, the pylorus was ligated using
the method of Shay et al. (35). Animals were fasted for
36 h before the pylorus ligation procedure. The animals
were sacrificed four hours post ligation. The stomach was
removed and opened along with the greater curvature.
Ulcer index was determined by the method of Ganguly
and Bhatnagar (36).

3. Results and Discussion
3.1. Chemistry
The synthetic pathway giving access to the titled

compounds 4a-41 is represented in Scheme 1.
Initially, 2-(methyl/phenyl)-4H-benzo[1,3]oxazin-
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4c: R= CHj, N(R|R,)= N(C¢Hs),
4d: R= CH3, N(R;R,)= piperazino
4e: R= CH;, N(RR;)= morpholino
4f: R= CH;, N(R|R,)= piperidino
4g: R= C¢Hs, N(R|Ry)=N(CH;),
4h: R= C¢Hs, N(R|R,)=N(C,Hjs),
4i: R= C¢Hs, N(R|R,)=N(C¢Hs),
4j: R= C¢Hs, N(R|R,)= piperazino
4k: R= C¢Hs, N(R|R,)= morpholino
41: R= C4Hs, N(R|R,)= piperidino

Scheme 1. Synthetic protocol of title compounds.

4-one la/1b were synthesized from anthranilic acid
using acetic anhydride/benzoyl chloride by a simple
acetylation/benzoylation followed by a ring closure
reaction. In the subsequent step, 4-(2-(methyl/phenyl)-
4-oxoquinazolin-3(4H)-yl)benzohydrazide 2a/2b were
synthesized by a simple reaction of compounds 1a/1b
with p-aminobenzohydrazide with elimination of a
water molecule. Before the final step, Schiff bases
3a/3b were synthesized by nucleophilic addition of the
amino derivatives 2a/2b with the carbonyl compound
isatin in ethanol. This reaction was followed by
dehydration to generate compounds 3a/3b by forming
a stable imine. In the last step, the title compounds
4a-41 were synthesized through a Mannich reaction
by treating compound 3a/3b with formaldehyde and
secondary amines like dimethylamine, diethylamine,
diphenylamine, piperazine, morpholine, and piperidine.
The physicochemical parameters of all the synthesized
compounds are summarized in Table 1. The structures of
the synthesized compounds were confirmed by spectral
(IR, 'H-NMR, and Mass) and elemental analyses data.

3.2. Analgesic activity

Using Wistar albino mice analgesic activity for title
compounds 4a-41 was carried out by the tail-flick
technique. The results obtained from the above study are
summarized in Table 2. The results of analgesic activity
indicate that all the test compounds exhibited a graded
dose response and not all of them are significant but
some of them gave significant activity. Moreover, this
study revealed that test compounds showed moderate

p-NH2C6H4CONHNH2
)\ Pyridine; 10 h
L,

cot™Y

(2a-2b)

O
Ethanol

Isatm /©/ ; :

N R
(3a-3b)
Ri | Glacial CH;COOH
HN [ HCHO
R,y 30 o
I
C.. .N
A o
ITI’
(4a-41) R,

analgesic activity at 30 min of reaction time; the activity
increased at 1 h, further it reached to peak level at 2
h and it decreased again at 3 h. Compound 4a and 4¢g
with dimethyl substitution showed good activity. With
the increased lipophilicity (diethyl group), compounds
4b and 4h showed an increase in activity. Substitution
with alicyclic amine (piperidine) in 4f and 41 further
increases the lipophilicity and retains the activity of
diethyl substitution. The presence of an additional
hetero atom such as nitrogen and oxygen in the alicyclic
amine rings such as: (piperazine and morpholine) in 4d,
4e, 4j, and 4k led to a decrease in activity which might
be due to a fall in lipophilicity. Aromatic substitution
(diphenyl group) in 4¢ and 4i showed lower activity.
The compounds with aliphatic substitution 4a, 4b, 4g,
and 4h had shown better activity than the rest of the
compounds 4c-4f and 4i-41 with alicyclic amine or
aromatic substitution. Compounds 4b, 4f, 4h, and 41
were found to be the most active analgesic agents and
they are almost equal or moderately more potent when
compared to the reference standard diclofenac sodium.

3.3. Anti-inflammatory activity

Anti-inflammatory activity was performed by the
carrageenan-induced paw edema test in rats. The anti-
inflammatory activity results (Table 3) showed that all
test compounds protected rats from carrageenan-induced
inflammation reasonably at 30 min of reaction time; the
activity increased at 1 h and it reached the maximum
level at 2 h. Declining activity was observed at 3 h. The
compounds possessing dimethyl amino substituents 4a
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Table 1. Synthesized compounds 4a-41

o]
H
N

PN

N

R

N\j L)
N
0 \\N/R1

Compound -R -N(R|R,) Mol. formula % Yield Mp (°C) R/
4a -CH, -N(CH,), C,,H,,N,O, 75 223-225 0.65
4b -CH, -N(C,H,), C,oH,:N,O, 72 256-258 0.72
4c -CH, N(C4Hy), Cy,H,NO, 78 280-282 0.49
4d -CH, - WH C,H,,N,0, 70 237-239 0.84
—i
de -CH, - b C,H,.N,O, 74 244-246 0.58
\_/
af -CH, - ) C1oHysNOs 81 219-221 0.78
4g -CH, -N(CH,), C,,H,N,O, 78 265-268 0.68
4h -CH, -N(C,H,), C4,HyNO, 72 252-254 0.61
4i -CH, N(C(H,), C.,H,N,O, 71 229231 0.70
4j -CH, - WH C4,H,N,0, 75 286-288 0.45
p—y
4k -CH; - b C1,Hay,N,O, 77 248-251 0.54
N
41 -C¢H; —N > CysHyNyO; 70 212-214 0.80
*Solvent system used was ethylacetate/hexane/formic acid (4:2:4, v/v).
Table 2. Analgesic activity of the synthesized compounds (Tail-flick method)
Analgesic activity (%)
Compound Dose (mg/kg)
30 min 1h 2h 3h
4a 10 35+0.93* 41 +£1.36* 45 +0.90* 33 +0.26*
20 46 +£0.51* 54 +£0.51** 62 +0.33** 39 +0.62*
4b 10 40+ 1.07** 48+ 1.16* 53+0.71* 37 4 1.42%F
20 53 +0.90* 62 £ 0.48*** 69 £ 0.79** 46 +1.53*
4c 10 25 + 1.64* 29 + 0.26* 34 + 1.45* 24+ 172
20 32 +1.55% 41+£1.21% 44 +1.86* 25+ 1.89*
4d 10 30+0.78* 36 +0.79* 41 +1.74% 20 + 1.40*
20 41 +£1.22* 52+1.37* 56 +1.42%* 33+ 1.19%
e 10 28 + 1.63* 35+0.56* 39+ 1.21* 27+ 1.82%
20 38+0.81% 46 +1.16* 50 £ 1.64* 28 +1.36™*
4f 10 37 +£0.96*** 47 £1.52* 49 +£0.58** 33+ 1.18%
20 50 + 1.94* 58 +2.02* 66 + 1.22** 44 £ 0.61%*
4g 10 33+ 1.69** 38 +0.56* 44 + 0.95* 32 4 1.29*
20 45+£0.67* 54 +£1.27** 60 + 0.74* 36+ 1.62%*F
4h 10 38 + 1.60* 47 + 1.52%* 50 +1.61* 354118
20 51+£0.51** 59+ 1.41** 68 £ 1.73*** 44 +1.10*
4 10 22 +2.12% 27 + 0.68* 30 + 1.09* 20 + 1.76*
20 30+ 1.39* 38+ 1.67* 43 +1.28* 23+ 061%
4j 10 29+ 0.67* 34+£2.43% 38 + 1.46* 27 +1.39*
20 40 +£0.52* 49 £1.16** 53 +0.87* 29+ 1.67*
4k 10 27 +1.38* 33+ 1.38* 36 + 0.56** 26+ 1.57*
20 37 £1.09* 48 +0.69* 51+2.10% 28 £0.75*
41 10 34 +0.81%* 45 +£1.47* 49 +£1.35** 31+ 1.80%
20 48 + 0.64* 55+ 1.59** 65 + 0.57** 40+ 1.50%
Control -- 3+0.39 6+0.52 5+0.63 4+0.43
Diclofenac 10 36+ 1.52%* 43+ 1.31% 47 + 1.87** 344+ 1.16%
20 48 +0.68* 57 & 1.47%** 63 +0.55* 39 + 0.74**

Each value represents the mean + SEM (n = 6).

Significance levels * p < 0.5, ** p < 0.01, *** p < 0.001 as compared with the respective control.
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Table 3. Antiinflammatory activity (Carrageenan induced paw edema test in rats) and ulcer index of the synthesized compounds

Anti-inflammatory activity (%)

Compound Dose (mg/kg) Ulcer index
30 min lh 2h 3h

4a 10 31+0.91% 38 +0.64** 42+ 1.41% 30+ 1.53% 0.55+0.32
20 42 +1.62% 50+ 1.35% 61 + 1.25%* 39 +0.58*

4b 10 36 +1.78% 44 +1.05% 47 +1.64%* 39+ 1.39* 0.46 £0.24
20 47 +0.63* 58 & 0.79%+* 65+ 1.57* 48+ 1.27**

4c 10 16 +1.53* 20+ 1.28% 20 + 1.24* 19 £ 1.65* 0.64 +0.29
20 25+ 0.39* 36 +0.62* 41 + 1.66* 25+ 1.14*

4d 10 24 + 1.50* 30 + 1.64* 34+1.51% 25+0.73* 0.88£0.57
20 33+ 1.07** 42 £1.90% 50 +0.74* 31+ 1.45*

4e 10 21+0.72% 26+ 0.77* 32+ 1.73* 24 £ 1.41* 0.70 £ 0.44
20 31 +0.59* 39+ 1.26% 46+ 1.29* 28 +1.27*

4f 10 25 +0.96* 33+£1.39* 36+ 1.41% 27 + 1.55%* 0.76 +0.50
20 36 +1.35* 45+ 1.71% 54+ 1.78** 34 +0.65*

4g 10 28+ 1.72%* 36 + 1.42%* 39 +1.65* 28 +1.03* 0.56+0.39
20 40+ 0.61% 49 £ 1.89% 58 + 1.93** 39 +2.07**

4h 10 34 + 1.46** 40+0.51* 42 +0.83* 38+ 1.28% 0.49+£0.27
20 45+ 1.22% 54+ 1.31%* 63 + 1.26%** 48 +1.19%

4i 10 15+£0.37* 18 & 1.54* 26+ 1.52% 17 £1.75% 0.68 +0.24
20 23+0.72% 32+ 1.82% 39 +1.18% 20£0.71*

4j 10 22+ 1.55% 27+ 1.71%* 33+ 1.47* 23 +1.19* 0.92 £ 0.60
20 30 + 0.44* 41 £0.94* 48 +1.82* 28+ 1.42*

4k 10 19 + 0.80* 23+ 1.65% 30 + 1.44* 21+1.51* 0.72 £ 0.41
20 28 + 1.45% 37 £ 1.37%* 42 + 1.34% 26+ 1.64*

41 10 24+0.71* 31+ 1.84* 34+ 1.62* 26+ 1.36% 0.77 +0.35
20 34+ 1.52% 44 £1,13% 51+0.93* 30+ 1.15%*

Control - 4.1+0.62 6.4+0.95 49+043 3.2+0.58 0.13£0.07

Diclofenac 10 30 +0.82** 36 £0.99* 40 £ 1.40%* 32+ 1.62% 1.61+0.53
20 42 +1.27* 52 & 1.28%** 59 + 1.28** 41 £1.29*

Aspirin 200 -- -- - - 1.79 £0.65

Each value represents the mean + SEM (n = 6)
Significance levels * p < 0.5, ** p < 0.01, ***

and 4g exhibited equipotent anti-inflammatory activity
to the reference standard diclofenac sodium. With
increased lipophilicity, compounds with diethyl amino
substituents 4b and 4h showed moderately more potent
activity than that of diclofenac sodium. Unlike analgesic
activity, the replacement of these alkyl groups with the
alicyclic amine (piperidine) in 4f and 41 led to a sharp
decrease in activity. Placement of an additional hetero
atom such as nitrogen and oxygen with the alicyclic
amine (piperazine and morpholine) in 4d, 4e, 4j, and
4k showed a further decrease in activity. Among all
the synthesized compounds, 4¢ and 4i with aromatic
substitution (diphenyl amino group) exhibited the
least activity. Moreover among the tested compounds,
2-methyl quinazolinone derivatives showed greater
analgesic and anti-inflammatory activity than the
corresponding 2-phenyl quinazolinone analogs.

3.4. Ulcerogenicity

In addition all test compounds were examined for
ulcerogenicity and the results are summarized in Table
3. All test compounds exhibited ulcer indexes less than
those obtained with the standard diclofenac and aspirin.
Results of the ulcer index revealed that compounds
bearing alkyl substituents 4a, 4b, 4g, and 4h showed a

pb< 0.001 as compared with the respective control.

negligible ulcer index, whereas the replacement of the
methyl group with a phenyl group at the 2nd position
of the quinazoline ring led to a slight increase in the
ulcer index. The other test compounds, 4d-4f and
4j-41 possessing alicyclic amines exhibited a higher
ulcer index. The test compounds exhibited 29-57%
and 26-51% of the ulcer index when compared to the
reference drug diclofenac (1.61 + 0.53) and aspirin (1.79
+ 0.65), respectively. Among the tested compounds, N'-
(1-((diethylamino) methyl)-2-oxoindolin-3-ylidene)-4-
(2-methyl-4-oxoquinazolin-3(4H)-yl)benzohydrazide
4b exhibited the least ulcer index (0.46 + 0.24) which
is about one-fourth of the ulcer index of the reference
standards. Out all of the tested compounds, N'-(2-oxo-
1-(piperazin-1-ylmethyl)indolin-3-ylidene)-4-(4-oxo-
2-phenylquinazolin-3(4H)-yl)benzohydrazide 4j was
found to possess the highest ulcer index (0.92 £ 0.60)
which is about 54% of the ulcer index of diclofenac and
aspirin.

4. Conclusion

In summary, a series of N'-((1-(substituted
amino)methyl)-2-oxoindolin-3-ylidene)-4-(2-(methyl/
phenyl)-4-oxoquinazolin-3(4H)-yl)benzohydrazide
derivatives 4a-41 were synthesized and characterized
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by IR, 'H-NMR, mass spectroscopy and elemental
analyses. Some of the test compounds exhibited
significant analgesic and anti-inflammatory activity
with a mild to moderate ulcer index. In general, it was
found that 2-methyl quinazolinone analogs showed
more potent activity than corresponding 2-phenyl
quinazolinone derivatives. Also, quinazoline derivatives
bearing alkyl amino groups exhibited the best activity
followed by derivatives bearing alicyclic amines
whereas derivatives having aryl amino groups showed
the least activity. Among all test compounds, N'-(1-
((diethylamino)methyl)-2-oxoindolin-3-ylidene)-4-(2-
methyl-4-oxoquinazolin-3(4H)-yl)benzohydrazide 4b
showed the most potent analgesic and anti-inflammatory
activity which is more potent than that of the reference
diclofenac. From this study we concluded that
incorporation of an isatin moiety at the 3rd position and
a methyl group at the 2nd position of the quinazolinone
ring resulted in potent analgesic and anti-inflammatory
activity with a minimal ulcer index. Hence, this analog
could be developed as a new class of analgesic and
anti-inflammatory agents. However, further structural
modification should be planned to enhance their
analgesic and anti-inflammatory activities with the low
ulcerogenic index.
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Appendix

Characterization data of the synthesized compounds in
the current study

2-Methyl-4H-benzo[1,3]oxazin-4-one (1a). Yield: 71%;
mp = 182°C; IR (KBr) v,,,, cm™: 3,096 (Ar-CH,,), 2,882
(CH;-CH,,), 1,712 (C=0), 1,636 (C=N), 1,055 (C-O-
Cstr); "H-NMR (300 MHz, CDCL,):  ppm: 2.38 (s, 3H,
CH,), 6.92-7.40 (m, 4H, Ar-H); MS (EI) m/z: 161 [M];
Anal. Calcd. for C,H,NO,: C, 67.07; H, 4.38; N, 8.69.
Found: C, 67.16; H, 4.40; N, 8.66.

2-Phenyl-4H-benzo[1,3]oxazin-4-one (1b). Yield: 80%;
mp = 120°C; IR (KBr) v,,, cm™: 3,077 (Ar-CH,,), 1,751
(C=0), 1,625 (C=N), 1,038 (C-0-C,,); 'H-NMR (300
MHz, CDCl,): 6 ppm: 6.95-7.78 (m, 9H, Ar-H); MS (EI)
m/z: 223 [M']; Anal. Caled. for C,,H,NO,: C, 75.33; H,
4.06; N, 6.27. Found: C, 75.42; H, 4.05; N, 6.29.

4-(2-Methyl-4-oxoquinazolin-3(4H)-yl)benzohydrazide
(2a). Yield: 74 %; mp = 174-176°C; IR (KBr) v,,, cm’":
3,363 (NH,,), 3,038 (Ar-CH,,), 2,932 (CH;-CH,,),
1,725 (C=0 of quinazoline), 1,650 (C=0 of amide);
'H-NMR (300 MHz, CDCl,): & ppm: 2.53 (s, 3H, CH,),
3.86 (s, 2H, NH,), 6.85-7.92 (m, 8H, Ar-H), 9.82 (s,
1H, CONH); MS (EI) m/z: 294 [M']; Anal. Calcd. for
C,H.N,O,: C, 65.30; H, 4.79; N, 19.04. Found: C,
65.54; H, 4.78; N, 18.97.

4-(4-Oxo-2-phenylquinazolin-3(4H)-yl)benzohydrazide
(2b). Yield: 77%; mp = 159-161°C; IR (KBr) v,
cm’: 3,384 (NH,,), 3,077 (Ar-CH,,), 1,751 (C=0O of
quinazoline), 1,669 (C=0 of amide); 'H-NMR (300
MHz, CDCl,): & ppm: 3.74 (s, 2H, NH,), 7.13-8.09 (m,
13H, Ar-H), 9.85 (s, 1H, CONH); MS (EI) m/z: 356
[M']; Anal. Calcd. for C,H,,N,O,: C, 70.77; H, 4.53; N,
15.72. Found: C, 70.99; H, 4.52; N, 15.67.

4-(2-Methyl-4-oxoquinazolin-3(4H)-yl)-N'-(2-oxoindolin-
3-ylidene)benzohydrazide (3a). Yield: 70%; mp
=190-192°C; IR (KBr) v,,, cm™': 3,368 (NH,,),
3,045 (Ar-CHg,), 2,940 (CH;-CH,,), 1,733 (C=0 of
quinazoline), 1,647 (C=0 of amide), 1,592 (C=N,,);
'H-NMR (300 MHz, CDCl,): & ppm: 2.60 (s, 3H, CH,),
7.06-8.20 (m, 12H, Ar-H), 8.94 (s, 1H, NH of isatin),
9.90 (s, 1H, CONH); MS (EI) m/z: 423 [M']; Anal.
Calcd. for C,,H;N;O;: C, 68.08; H, 4.05; N, 16.54.
Found: C, 67.90; H, 4.06; N, 16.60.

4-(4-Oxo0-2-phenylquinazolin-3(4H)-yl)-N'-(2-
oxoindolin-3-ylidene)benzohydrazide (3b). Yield: 75%;
mp = 203-205°C; IR (KBr) v, cm™: 3,390 (NH,,),
3,034 (Ar-CH,,), 1,747 (C=0O of quinazoline), 1,662
(C=0 of amide), 1,605 (C=N,,); '"H-NMR (300 MHz,
CDCL,): 6 ppm: 7.28-8.31 (m, 17H, Ar-H), 9.02 (s, 1H,
NH of isatin), 9.97 (s, 1H, CONH); MS (EI) m/z: 485
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[M']; Anal. Caled. for C,0H,(NsO,: C, 71.74; H, 3.94; N,
14.43. Found: C, 71.95; H, 3.93; N, 14.39.

N'-(1-((dimethylamino)methyl)-2-oxoindolin-3-ylidene)-
4-(2-methyl-4-oxoquinazolin-3(4H)-yl)benzohydrazide
(4a). IR (KBr) v, cm™: 3,361 (NH,,), 3,047 (Ar-CH,,),
2,935 (CH3-CH,,), 1,738 (C=0 of quinazoline), 1,672
(C=0 of amide); '"H-NMR (300 MHz, CDCL,): § ppm:
2.36 (s, 3H, CH; of quinazoline), 2.95 (s, 6H, N(CH,),),
4.51 (s, 2H, NCH,N), 6.98-7.83 (m, 12H, Ar-H), 9.87
(s, 1H, CONH); MS (EI) m/z: 480 [M]; Anal. Calcd.
for C,,H,,N.O;: C, 67.49; H, 5.03; N, 17.49. Found: C,
67.25; H, 5.05; N, 17.54.

N'-(1-((diethylamino)methyl)-2-oxoindolin-3-ylidene)-
4-(2-methyl-4-oxoquinazolin-3(4H)-yl)benzohydrazide
(4b). IR (KBr) v, cm™: 3,388 (NH,,), 3,020 (Ar-CH,,),
2,942 (CH5-CH,,), 1,745 (C=0 of quinazoline), 1,649
(C=0 of amide); '"H-NMR (300 MHz, CDCL,): § ppm:
1.62 (t, J = 5.4 Hz, 6H, CH; of C,Hy), 2.55 (s, 3H, CH,4
of quinazoline), 4.49 (q, J = 5.8 Hz, 4H, CH, of C,Hj,),
4.79 (s, 2H, NCH,N), 7.06-8.11 (m, 12H, Ar-H), 9.94
(s, 1H, CONH); MS (EI) m/z: 508 [M']; Anal. Calcd.
for C,,H,4N60O;: C, 68.49; H, 5.55; N, 16.52. Found: C,
68.71; H, 5.54; N, 16.46.

N'-(1-((diphenylamino)methyl)-2-oxoindolin-3-ylidene)-
4-(2-methyl-4-oxoquinazolin-3(4H)-yl)benzohydrazide
(4¢). IR (KBr) v,,, cm: 3,355 (NH,,), 3,066 (Ar-CH,,),
2,938 (CH;-CH,,), 1,720 (C=0 of quinazoline), 1,654
(C=0 of amide); '"H-NMR (300 MHz, CDCL,): § ppm:
2.28 (s, 3H, CH, of quinazoline), 4.35 (s, 2H, NCH,N),
6.85-7.97 (m, 22H, Ar-H), 9.81 (s, 1H, CONH); MS (EI)
m/z: 604 [M']; Anal. Calced. for C;;H,;N,O;: C, 73.50; H,
4.67; N, 13.90. Found: C, 73.67; H, 4.66; N, 13.86.

4-(2-Methyl-4-oxoquinazolin-3(4H)-yl)-N'-(2-oxo-1-
(piperazin-1-ylmethyl)indolin-3-ylidene)benzohydrazide
(4d). IR (KBr) v, cm™: 3,376 (NH,,), 3,052 (Ar-CH,,),
2,947 (CH;-CHy,), 1,741 (C=0 of quinazoline), 1,645
(C=0 of amide); '"H-NMR (300 MHz, CDCL,): & ppm:
2.40 (s, 3H, CH; of quinazoline), 3.09-3.53 (m, 1H, NH
of piperazine), 3.81-4.25 (m, 8H, CH, of piperazine),
4.47 (s, 2H, NCH,N), 6.82-8.01 (m, 12H, Ar-H), 9.99
(s, 1H, CONH); MS (EI) m/z: 521 [M']; Anal. Calcd.
for C,yH,;N,O5: C, 66.78; H, 5.22; N, 18.80. Found: C,
66.96; H, 5.21; N, 18.74.

4-(2-Methyl-4-oxoquinazolin-3(4H)-yl)-N'-(1-
(morpholinomethyl)-2-oxoindolin-3-ylidene)
benzohydrazide (4e). IR (KBr) v, cm™: 3,409 (NH,,),
3,041 (Ar-CHg,), 2,936 (CH;-CH,,), 1,728 (C=0 of
quinazoline), 1,662 (C=0 of amide), 1,065 (C-O-C,,);
'H-NMR (300 MHz, CDCL,): § ppm: 2.32 (t, J = 6.0
Hz, 4H, C,,C;-CH, of morpholine), 2.69 (s, 3H, CH,
of quinazoline), 3.45 (t, J = 5.2 Hz, 4H, C,,C,-CH, of
morpholine), 4.38 (s, 2H, NCH,N), 7.04-8.15 (m, 12H,

Ar-H), 9.82 (s, 1H, CONH); MS (EI) m/z: 522 [M];
Anal. Calcd. for C,,H,(N,O,: C, 66.66; H, 5.02; N,
16.08. Found: C, 66.87; H, 5.01; N, 16.03.

4-(2-Methyl-4-oxoquinazolin-3(4H)-yl)-N'-(2-oxo0-1-
(piperidin-1-ylmethyl)indolin-3-ylidene)benzohydrazide
f). IR (KBr) v, cm™: 3,364 (NH,,), 3,039 (Ar-CH,,),
2,950 (CH5-CH,,), 1,732 (C=0 of quinazoline), 1,657
(C=0 of amide); 'H-NMR (300 MHz, CDCL,): § ppm:
1.24-1.78 (m, 6H, C,,C,,Cs-CH, of piperidine), 2.22 (s,
3H, CH, of quinazoline), 2.57 (t, J = 5.6 Hz, 4H, C,,C,-
CH, of piperidine), 4.63 (s, 2H, NCH,N), 7.15-8.29 (m,
12H, Ar-H), 9.76 (s, 1H, CONH); MS (EI) m/z: 520
[M]; Anal. Caled. for C;,H,NO;: C, 69.22; H, 5.42; N,
16.14. Found: C, 69.05; H, 5.44; N, 16.18.

N'-(1-((dimethylamino)methyl)-2-oxoindolin-3-ylidene)-
4-(4-oxo-2-phenylquinazolin-3(4H)-yl)benzohydrazide
(4g). IR (KBr) v, cm™: 3,352 (NH,,), 3,074 (Ar-CH,,),
2,945 (CH,5-CH,,), 1,723 (C=0 of quinazoline), 1,640
(C=0 of amide); 'H-NMR (300 MHz, CDCL,): § ppm:
2.81 (s, 6H, N(CH,),), 4.55 (s, 2H, NCH,N), 6.90-8.07
(m, 17H, Ar-H), 9.85 (s, 1H, CONH); MS (EI) m/z: 542
[M']; Anal. Caled. for C5,H,N,O,: C, 70.84; H, 4.83; N,
15.49. Found: C, 70.59; H, 4.84; N, 15.55.

N'-(1-((diethylamino)methyl)-2-oxoindolin-3-ylidene)-
4-(4-oxo0-2-phenylquinazolin-3(4H)-yl)benzohydrazide
(4h). IR (KBr) v, cm™: 3,393 (NH,,), 3,038 (Ar-CH,,),
2,957 (CH;-CH,,), 1,742 (C=0 of quinazoline), 1,676
(C=0 of amide); 'H-NMR (300 MHz, CDCL,): § ppm:
1.75 (t, J = 5.8 Hz, 6H, CH, of C,H;), 4.32 (q, /= 5.2
Hz, 4H, CH, of C,H;), 4.70 (s, 2H, NCH,N), 7.12-8.34
(m, 17H, Ar-H), 10.03 (s, 1H, CONH); MS (EI) m/z:
570 [M']; Anal. Caled. for C;,H,N,O,: C, 71.56; H,
5.30; N, 14.73. Found: C, 71.78; H, 5.28; N, 14.69.

N'-(1-((diphenylamino)methyl)-2-oxoindolin-3-ylidene)-
4-(4-ox0-2-phenylquinazolin-3(4H)-yl)benzohydrazide
(4i). IR (KBr) v, cm: 3,358 (NH,,), 3,024 (Ar-
CH,,), 1,750 (C=0 of quinazoline), 1,665 (C=0 of
amide); 'H-NMR (300 MHz, CDCl,): & ppm: 4.52
(s, 2H, NCH,N), 6.99-8.03 (m, 27H, Ar-H), 9.97 (s,
1H, CONH); MS (EI) m/z: 666 [M]; Anal. Calcd. for
C,,H;N,O;5: C, 75.66; H, 4.54; N, 12.60. Found: C,
75.40; H, 4.55; N, 12.64.

N'-(2-oxo-1-(piperazin-1-ylmethyl)indolin-3-ylidene)-4-
(4-oxo-2-phenylquinazolin-3(4H)-yl)benzohydrazide (4j).
IR (KBr) v,,, cm’: 3,370 (NH,,), 3,058 (Ar-CH,,), 1,736
(C=0 of quinazoline), 1,643 (C=0O of amide); 'H-NMR
(300 MHz, CDCl5): 6 ppm: 2.81-3.38 (m, 1H, NH of
piperazine), 3.65-4.24 (m, 8H, CH, of piperazine), 4.34
(s, 2H, NCH,N), 6.87-7.80 (m, 17H, Ar-H), 10.09 (s,
1H, CONH); MS (EI) m/z: 583 [M]; Anal. Calcd. for
C,,H,0N,O5: C, 69.97; H, 5.01; N, 16.80. Found: C,
70.22; H, 4.99; N, 16.75.
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N'-(1-(morpholinomethyl)-2-oxoindolin-3-ylidene)-4-(4-
oxo-2-phenylquinazolin-3(4H)-yl)benzohydrazide (4k).
IR (KBr) v,,, cm™: 3,385 (NH,,), 3,028 (Ar-CH,,),
1,739 (C=0 of quinazoline), 1,652 (C=0 of amide),
1,053 (C-0O-C,,); 'H-NMR (300 MHz, CDCl,): & ppm:
2.56 (t, J = 5.6 Hz, 4H, C,,C;-CH, of morpholine),
3.32 (t, J = 6.0 Hz, 4H, C,,C,-CH, of morpholine),
4.46 (s, 2H, NCH,N), 7.05-8.09 (m, 17H, Ar-H), 9.90
(s, 1H, CONH); MS (EI) m/z: 584 [M']; Anal. Calcd.
for C,,H,xNO,: C, 69.85; H, 4.83; N, 14.38. Found: C,
69.64; H, 4.84; N, 14.43.

N'-(2-oxo-1-(piperidin-1-ylmethyl)indolin-3-ylidene)-4-
(4-oxo-2-phenylquinazolin-3(4H)-yl)benzohydrazide (41).
IR (KBr) v,,, cm’: 3,367 (NH,,), 3,033 (Ar-CH,,), 1,724
(C=0 of quinazoline), 1,670 (C=0 of amide); 'H-NMR
(300 MHz, CDCl,): & ppm: 1.12-1.67 (m, 6H, C,,C,,Cs-
CH, of piperidine), 2.30 (t, J = 5.2 Hz, 4H, C,,C,-CH,
of piperidine), 4.61 (s, 2H, NCH,N), 7.22-8.38 (m,
17H, Ar-H), 9.85 (s, 1H, CONH); MS (EI) m/z: 582
[M']; Anal. Calcd. for C;sHyN,O5: C, 72.15; H, 5.19; N,
14.42. Found: C, 72.41; H, 5.18; N, 14.38.
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ABSTRACT: In silkworm larvae, the mature
form of paralytic peptide (PP), an insect cytokine,
is produced from pro-PP in association with
activation of innate immune responses, resulting in
slow muscle contraction. We utilized this reaction,
muscle contraction in silkworms coupled with innate
immunity stimulation, to quantitatively measure
the innate immune stimulating activity of various
natural polysaccharides. B-Glucan of Gyrophora
esculenta (GE-3), fucoidan from sporophyll of Undaria
pinnatifida, and curldan induced silkworm muscle
contraction. We further demonstrated that GE-3
had therapeutic effects on silkworms infected by
baculovirus. Based on these findings, we propose that
the silkworm muscle contraction assay is useful for
screening substances that stimulate innate immunity
before evaluating therapeutic effectiveness in
mammals.

Keywords: Silkworm, innate immunity, polysaccharide

1. Introduction

Innate immunity is the first line of defense against
microbe infection. Recent studies indicate that
molecular mechanisms of innate immunity are highly
conserved among invertebrates and vertebrates (/,2).
Because innate immunity mechanisms are activated in
response to various pathogens, stimulation of innate
immunity may be an effective therapy against infectious
disease. For example, interferon stimulates the innate
immune system and is currently used for hepatitis C
antiviral therapy. In vitro screening for innate immunity
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Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.
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stimulants using immune cells from mammalian animals
has been developed (3-5). Serious problems, however,
are associated with in vitro assays using cultured cells
to evaluate innate immunity stimulants. For example,
most compounds from natural sources are contaminated
with lipopolysaccharides (LPS) from Gram-negative
bacteria, which stimulate innate immunity at very low
concentrations. Further, most candidate compounds
obtained by in vitro screening are not therapeutically
effective because of problems of pharmacokinetics in
animal bodies. Various issues with the so-called ADME
(absorption, distribution, metabolism, and excretion)
properties complicate this process. Therefore, for drug
development it is necessary to perform quantitative
measurement of therapeutic effects in vivo. Efficient
methods of evaluating the innate immune stimulating
activity of agents in vivo, however, are quite limited. To
overcome the problems in screening systems of innate
immune stimulants, we established an assay using the
silkworm Bombyx mori based on muscle contraction,
which is associated with activation of innate immunity
(6.7).

Recently, we reported that injection of yeast
B-glucans and bacterial peptidoglycans into the
silkworm Bombyx mori induces maturation of the
insect cytokine paralytic peptide (PP), which results
in muscle contraction of the larvae (6,7). Because the
muscle contraction, induced by macromolecules that
exist in the outer membrane of the bacteria or cell wall
of fungi, is a slow reaction requiring over 5 min (6,7),
it very clearly differs from the rapid muscle contraction
induced by neurotransmitters. Pre-PP is present in the
hemolymph of the silkworm larvae (&), then processed
to mature PP, which causes paralysis of the silkworm
larvae (9). PP induces activation of cellular and humoral
immunity (7,70), thus it is likely that the silkworm
muscle contraction by PP reflects activation of the innate
immune system. The advantages of using the silkworm
muscle contraction assay to evaluate immunostimulants
include the following: i) the system does not respond to
LPS due to presence of LPS-absorbing proteins in the
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hemolymph; i7) as the method is based on bioassay using
the silkworm body, it can be used to exclude compounds
with pharmacokinetic problems; and ii/) compounds
that are toxic can be excluded using the bioassay with
silkworm muscle specimens (/1-14).

We previously purified a polysaccharide with innate
immune-stimulating activity from green tea extracts
that induces silkworm muscle contraction (/5). In
the present study, we evaluated the innate immune
stimulating activities of various polysaccharides
using the silkworm muscle contraction assay system.
To further establish the usefulness of this system
for screening therapeutically effective materials, we
examined the therapeutic effect of B-glucans from
Gyrophora esculenta (GE-3) in a silkworm baculovirus
infection model (16).

2. Materials and Methods
2.1. Polysaccharides

GE-3 (17), an acid-hydrolyzed product of GE-3, a
sulfate of GE-3 (/8), lichenan (/9), isolichenan (/9),
and ukonan (20,21) were prepared as previously
described. Fucoidan (Riken Vitamin, Tokyo, Japan),
yeast B-glucans (Sigma-Aldrich, St. Louis, MO, USA
or Oriental Yeast Co. Ltd, Tokyo, Japan), curdlan
(Sigma-Aldrich), laminarin (Sigma-Aldrich), lentinan
(Ajinomoto, Tokyo, Japan), and schizophyllan (Kaken
Pharmaceutical Co. Ltd, Tokyo, Japan) were purchased
from the indicated vendors. The polysaccharides were
dissolved in 0.9% NaCl (2-20 mg/mL). LPS derived
from Escherichia coli, Vibrio cholerae Inaba 569B,
Pseudomonas aeruginosa 10, Klebsiella pneumoniae,
and Shigella flexneri 1A were purchased from Sigma-
Aldrich and dissolved in 0.9% NaCl (250 pg/mL).

2.2. Evaluation of silkworm larvae muscle contraction

We measured the muscle contraction activity of various
samples as previously reported (6,7). Briefly, the head
of the silkworm larvae (5th instar) was cut off, tied with
a string with a weight, and stabilized until autonomous
vibration terminated. Samples (50 pL) were injected
into the body fluid of decapitated silkworms with a 1-mL
syringe attached to a 27-gauge needle (Terumo). The
maximum length of each specimen before and after the
injection was measured to calculate the contraction ratio
(Contraction value; C value). One unit was defined as
the activity inducing 15% contraction of the specimen
at maximal contraction.

2.3. Detection of activated PP
The hemolymph of the silkworm fifth instar larva was

collected and an aliquot (75 pL) was mixed with 25 pL
of GE-3 suspension (80, 250, 800, or 2,500 pg/mL in

0.9% NaCl). The samples were incubated at 25°C for 3
min, heated at 100°C for 5 min, and then centrifuged at
10,000 g for 10 min. The proteins in the supernatant
were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. Immunoblot analysis was performed
with anti-PP antibody (a kind gift from Dr. Kamimura (§))
as previously described (7). Although this antibody also
reacts to pre-PP, it can be discriminated from mature PP
as their molecular weights differ. Chemically synthesized
mature PP (8) was used as a positive control.

2.4. Examination of therapeutic effects of GE-3 in a
silkworm nucleopolyhedrosis virus (NPV) infection
model

Bombyx mori nucleopolyhedrosis virus (NPV; 1.28 x
10° pfu/50 uL) (16) was injected into the hemolymph
of the silkworm larvae (5th instar), and then GE-3
solution or ganciclovir (250 pg/larva) was injected into
the hemolymph or into the midgut. Surviving larvae
were counted for 5 days post-inoculation. A survival
curve was prepared using the Kaplan-Mayer method
(GraphPad Prism3, MDF Co. Ltd., Tokyo, Japan).

3. Results

3.1. Activity of polysaccharides that induce silkworm
muscle contraction

B-Glucans are pathogen cell wall components and are
well known to induce activation of innate immunity (/,
22). Here, we first examined whether these materials
induce silkworm muscle contraction. Curldan of
Alcaligenes faecalis, GE-3, and fucoidan from the
sporophyll of Undaria pinnatifida induced muscle
contraction (Table 1). On the other hand, lentinan

Table 1. Induction of silkworm muscle contraction by
polysaccharides from natural origins

Polysaccharide  Structure Activity (unit/mg)
Curdlan B-1,3 Glucan 100
GE-3 B-1,6 Glucan 38
Fucoidan Sulfated polysaccharide 36
Yeast B-glucan ~ B-1,3 Glucan (+f-1,6 glucan) 33
(Sigma)

Yeast B-glucan B-1,3 Glucan (+B-1,6 glucan) 20
(Oriental yeast)

Lichenan B-1,3: 1,4 Glucan 6
Isolichenan a-1,3: 1,4 Glucan 6
Laminaran B-1,3 Glucan <1
Lentinan B-1,3 Glucan (+B-1,6 glucan) <10
Schizophyllan B-1,3 Glucan (+B-1,6 glucan) <2
Ukonan A Acidic polysaccharide <19
Ukonan B Acidic polysaccharide <10
Ukonan C Acidic polysaccharide <10
Ukonan D Neutral polysaccharide <17

Activity (1 unit) was defined as that causing muscle contraction with
the value of 0.15 (15% contraction). The inequality sign (<) indicates
that the activity was lower than the limits of detection (i.e., the
maximum dose tested did not induce 15% muscle contraction).
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and schizophyllan, which are reported to activate
mammalian immune cells (23,24), did not induce
muscle contraction. Laminarin, a f-1,3 glucan with
low molecular weight, shows little activity for inducing
TNF-a production in macrophages (25). Laminarin also
showed no activity in the silkworm muscle contraction
assay. Other plant polysaccharides, such as ukonan
A-D (26,27), showed little activity to induce silkworm
muscle contraction. Thus, various polysaccharides that
stimulate mammalian immune cells also stimulated
muscle contraction in silkworms.

Activity of immunostimulants for innate immunity
has been evaluated based on the induction of cytokine
production and phagocytosis by mammalian macrophages
(28,29). Because LPS from Gram-negative bacteria are
active in these assays at extremely low concentrations,
the effects of LPS derived from contaminated bacteria
in samples is a serious problem for evaluating
immunostimulation. We previously reported that E. coli
LPS do not induce silkworm muscle contraction (/J5).
Here, we further examined whether other bacterial LPS
fractions induce silkworm muscle contraction. LPS
fractions derived from Vibrio cholerae, Pseudomonas
aeruginosa, Klebsiella pneumoniae, and Shigella flexneri
did not induce silkworm muscle contraction, even with
administration of up to 12.5 pg (data not shown). These
findings indicate that the effects of LPS derived from
contaminated bacteria in the samples can be ignored in
the muscle contraction assay.

We then examined the mechanism of the GE-3
induced silkworm muscle contraction. We previously
reported that yeast B-glucan convert pro-PP into
mature PP in the silkworm hemolymph, resulting in
muscle contraction (7). Silkworm hemolymph was
incubated with GE-3 and immunoblot analysis was
performed to detect mature PP. The increase in mature
PP was dependent on the GE-3 concentration (Figure
1), indicating that GE-3 induced PP activation in the
silkworm hemolymph. This finding suggests that
the observed muscle contraction induced by GE-3

GE-3 (ng/ml)

Mature

PP 0 25 80

250 800 2500

Figure 1. Production of the active form of PP by GE-3 in
isolated hemolymph. The silkworm hemolymph (75 pL)
and GE-3 solution (25 pL) were incubated and then PP was
detected by immunoblotting. The final concentration of GE-3
is shown at the top of each lane. Arrow indicates the band
position corresponding to mature PP.

administration was mediated by PP production from
pro-PP in the hemolymph of the silkworm sample.

To identify the structural determinants of GE-3
necessary for silkworm muscle contraction, we tested
the activity of acid-hydrolyzed or sonicated GE-3. These
treatments resulted in decreased muscle contraction
(Table 2), suggesting that the high molecular mass of
B-1,6 glucans is necessary to induce muscle contraction.

3.2. Therapeutic effect of GE-3 against viral infection

We previously reported that the innate immune response
activated by PP contributes to defend silkworms from
Staphylococcus aureus infection (7). Microarray
analysis revealed that injection of PP alters gene
expression patterns in the silkworm hemocytes and fat
body cells, resulting in the induction of genes involved
in innate immunity (/0). Stimulants of innate immunity
are therapeutically effective against viral infection
(30-34). Thus, we hypothesized that activation of PP
by GE-3 would contribute to the defense against viral
infection in the silkworm. To test this, we first searched
for genes induced by both PP and baculovirus (Bombyx
mori nucleopolyhedrosis virus) infection (35,36) using
microarray analysis. Expression of Kall761 (integrin),
Ka07712 (MMP), arylphorin, promoting protein, and
actin A3 was induced in the hemocytes, and expression
of Ka07075 (BmkEts) was induced in the fat body cells
by both PP and baculovirus (Supplemental Table 1,
http://www.ddtjournal.com/getabstract.php?id=540).
Ka05805, whose function is unknown, was induced
in the two types of cells by both PP and baculovirus
infection. In addition, defensin, which is induced during
viral infection in Drosophila (37), was also induced by
PP injection in the silkworm fat body cells. Therefore,
PP induces the expression of a set of genes whose
expression is also induced during viral infection.

We next tested whether GE-3 administration contributes
to host defense against viral infection using a silkworm
NPV infection model (/6). Intra-hemolymph administration
of GE-3 delayed the NPV killing effect (Figure 2A). The
therapeutic effects of GE-3 for NPV-infected silkworms
were dose-dependent (Figure 2B). These results suggest
that GE-3 contributes to host resistance against viral
infection through the activation of innate immunity induced
by PP. The extent of the therapeutic effect by GE-3 was
comparable to that by ganciclovir, which was used as a
positive control (Figure 2C).

Table 2. Structure of GE-3 necessary for inducing silkworm
muscle contraction

Treatment to GE-3 Activity (units/mg)
None 38+ 6 (n=23)
Sonication 11+4(n=3)
Hydrolysis by sulfuric acid <2(m=5)

n: number of experiments.
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Figure 2. Therapeutic effects of GE-3 on silkworm larvae
survival after NPV infection. (A) GE-3 (1 mg/larva) was
injected into the hemolymph (ih) or midgut (im) of NPV-
infected larvae. Survival curves were compared between non-
treated and GE-3 injected groups using the log-rank test. N =
5 for each group. (B) Various concentrations of GE-3 solution
were injected into the hemolymph of NPV-infected larvae. N
= 5 for each group. p; log-rank test. (C) NPV or saline was
injected into the hemolymph and then ganciclovir (250 pg/larva)
was injected into the hemolymph. Silkworm larvae survival rate
was examined. Number of tested larvae is shown in parentheses.

4. Discussion

The findings of the present study demonstrated that
yeast B-1,6 glucans, GE-3 from Gyrophora esculenta,
fucoidan, and curdlan (B-1,3 glucan) induced silkworm
muscle contraction. These polysaccharides may
activate immune cells in the hemolymph to produce
mature PP, resulting in silkworm muscle contraction
(7). Some B-glucans, such as laminarin, lentinan, and
schizophyllan showed little activity in the silkworm
muscle contraction system. One possible explanation for
this is that receptors for silkworm muscle contraction
have different specificities from those of immune cells
in mammals. Another possibility is that B-glucans that
did not induce silkworm muscle contraction may have
ADME problems in the animal body. Further evaluation
is needed to address these possibilities.

LPS does not induce silkworm muscle contraction.
Therefore, contamination by LPS in the samples
can be ignored in this screening system. The limited
action of LPS in the silkworm muscle specimen can
be explained by the presence of LPS binding proteins
that neutralize LPS in the insect hemolymph (38,39).

Furthermore, using the silkworm model, ADMET
(absorption, distribution, metabolism, excretion, and
toxicity) of compounds can be easily evaluated (13,74,
40). We propose that screening substances that activate
innate immune systems using the silkworm muscle
contraction assay system is an efficient method for
identifying therapeutically effective compounds for
infectious diseases, as a pre-screening system prior to
more advanced stages of evaluation with mammals.

In the present study, we examined the therapeutic
effectiveness of B-1,6 glucans from GE-3 in a silkworm
model of NPV infection. Whereas several lines of
evidence suggest the effectiveness of polysaccharides
in the treatment for viral infectious diseases (30-32,
41), evidence for a relationship between therapeutic
effectiveness and stimulation of immunity by
polysaccharides is limited. Our results provide new
evidence for this relationship. We showed that genes
induced during NPV infection (35,36) were also
induced in the hemocytes and fat body cells of the
silkworm when PP was activated. These findings
suggest that various molecules involved in the defense
system against NPV infection may be induced by
PP activation. For example, tetraspanin and integrin,
which are induced in hemocytes after PP activation,
are induced during NPV infection (35). Association
of these molecules contributes to the cellular immune
response (42), suggesting that they are involved in
cellular immune responses to exclude virus-infected
cells during NPV infection. Mechanism of which PP
induces these gene expressions will be interesting
subjects for future.
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ABSTRACT: Janus-activated kinase-2 (JAK2)
plays an important role in the activation of signal
transducer and activation of transcription 3 (STAT3),
which is over expressed in majority of ovarian tumors.
We have reported previously that diindolylmethane
(DIM) induces apoptosis in ovarian cancer cells by
inhibiting STAT3. However, the role of JAK2 in our
model was not yet understood and hence evaluated in
this report. SKOV-3 human ovarian cancer cells were
used to evaluate concentration and time dependent
effects of DIM. Interleukin 3 (IL-3) and epidermal
growth factor (EGF) were used to activate JAK2.
Tumor xenograft studies were used to determine
modulation of JAK2 in vive. DIM treatment
blocked the phosphorylation of JAK2 at Tyr-1007
in a concentration-dependent manner. In a time-
dependent study, inhibition of JAK2 by DIM was as
early as 1 h, which was followed by the inhibition of
STAT3 and survivin. IL-3-induced phosphorylation
of JAK2 and STAT3 was significantly blocked by
DIM. IL-3 treatment blocked DIM-induced apoptosis.
EGF treatment resulted in the activation of JAK2
and STAT3 but suppressed by DIM. These results
indicate the involvement of cytokines and growth
factors in the activation of JAK2/STAT3 and that
DIM suppress their activation. Furthermore, DIM
in combination with cisplatin drastically reduced the
phosphorylation of JAK2 when compared to cisplatin
alone. Western blot analysis of tumors from DIM
treated mice showed significant inhibition of JAK2
activation as compared with controls. These findings
provide a rationale for further clinical investigation
of DIM for its potential use alone or in combination
with chemotherapy of ovarian cancer.

Keywords: Diindolylmethane, JAK2, STAT3, apoptosis,
EGF, cisplatin
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1. Introduction

Ovarian cancer still remains a leading gynecological
malignancy not only in western countries, but all over the
world (7). It is the fifth leading cause of cancer related
deaths, has the highest mortality rate among gynecologic
cancers and is the most lethal malignancy of the female
reproductive system (2). Greater than 90% of ovarian
cancers arise from the surface epithelium. Ovarian
tumorigenesis is associated with ovulation-associated
wound repair and inflammation (/,3). Janus activated
kinase/signal transducer and activation of transcription
(JAK/STAT) is a major pathway that is activated during
inflammation (4).

JAK/STAT pathway is pivotal in transducing
multitude of signals for development and homeostasis
in mammals (5). JAK activation plays an important
role in cell proliferation, differentiation, migration and
apoptosis (5-7). These cellular events are critical in
growth and development of various organs. Mutations
such as JAK2V617F that constitutively activates or fails
to regulate JAK signaling confer oncogenic properties
to a cell (6,8). JAK family comprises of four members,
JAK1, JAK2, JAK3, and TYK2 (9). Activation of JAKs
occurs by ligand receptor mediated mutlimerization
(10). Activated JAKs subsequently auto-phosphorylate
their receptors and additionally phosphorylate STATs
(11). Phosphorylated STATs dimerize and translocate to
nucleus, where they bind to specific regulatory sequences
to activate or repress transcription of target genes such as
Mecl-1 and survivin (12,13). Thus, JAK/STAT signaling
provides a direct mechanism to translate an extracellular
signal into a transcriptional response and hence an
important target for therapeutic intervention.

Accumulating epidemiological studies strongly
indicate an inverse relation between intake of cruciferous
vegetables and ovarian cancer (/4). 3,3'-Diindolylmethane
(DIM, Figure 1) is an important indole compound present
in cruciferous vegetables (/5). DIM was shown to possess
anti-cancer properties against several cancers (/5). Our
laboratory previously demonstrated that DIM inhibits
proliferation of ovarian cancer by inducing apoptosis in
ovarian cancer cells by targeting STAT3 and epidermal
growth factor receptor (EGFR) (/6,17). However, whether
these effects are mediated through JAK2 was not clear.
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Figure 1. Formation of 3,3'-diindolylmethane (DIM) from
indole-3-carbinol (I3C).

In the current study, we show that JAK?2 is a mediator of
STAT3 activation in our model. We also show that JAK2
is an important downstream signal transducer of EGFR.

2. Materials and Methods
2.1. Chemicals

BR-DIM was a kind gift from Dr. Michael Zeligs (Bio
Response, Boulder, CO, USA). Antibodies against p-JAK2
(Tyr-1007), p-STAT3 (Tyr-705), survivin, Cl-caspase
3, and CI-PARP were procured from Cell Signaling
Technology (Danvers, MA, USA). Actin antibody, EGF,
and IL-3 were procured from Sigma Aldrich (St. Louis,
MO, USA). McCoy's 5A medium was purchased from
Mediatech (Manassas, VA, USA). Cisplatin was obtained
from Novaplus (Bedford, OH, USA).

2.2. Cell lines and cell culture

SKOV-3 cells were procured from American Type Culture
Collection (ATCC, Manassas, VA, USA). SKOV-3 cells
were maintained in McCoy's 5A medium supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotic
mixture. Cells were maintained at 37°C in a humidified
incubator circulated with 5% CO,/95% air. Normal
ovarian surface epithelium (NOSE) cells were kind gift
from Dr. Jinsong Liu (M.D. Anderson Cancer Center, TX,
USA) were cultured in 1:1 mixture of MCDB105 and
medium 199 supplemented with 15% FBS and 1% PSN
as described previously (/7).

2.3. Western blotting

SKOV-3 cells were exposed to varying concentrations of
DIM alone or in combination with cisplatin. In another
experiment cells were exposed to 10 ng/mL IL-3 or 50
ng/mL EGF prior to treating with 75 uM DIM. Cells
were collected, lysed, and 20-80 pg of protein was
subjected to SDS gel electrophoresis and proteins were
blotted onto PVDF membrane. After blocking with
10% nonfat dry milk in Tris buffered saline (TBS), the
membrane was incubated overnight with corresponding
primary antibodies. Subsequently, the membrane was
incubated with appropriate secondary antibody, and the
immunoreactive bands were visualized using enhanced
chemiluminiscence kit (Thermo Scientific, Rockford,
IL, USA) according to manufacturer's instructions as
described by us previously (/8).

2.4. Annexin V apoptosis assay

SKOV-3 cells were plated at a density of 0.3 x 10° cells
per well in a six-well plate and allowed to attach overnight.
Cells were exposed to IL-3 an hour before treatment with
DIM. After 24 h, cells were washed, suspended in binding
buffer and incubated for 15 min with annexin V-FITC
(BD Biosciences, San Jose, CA, USA). Fluorescence was
measured using C6 Accuri flow cytometer (Ann Arbor,
MI, USA) with a minimum of 10,000 events per sample as
described by us previously (/9).

2.5. EGF and IL-3 treatment

SKOV-3 cells were exposed to 50 ng/mL EGF or 10 ng/mL
IL-3 for 15 min followed by treatment with 75 uM DIM
for 24 h. Cells were then processed for apoptosis assay or
Western blotting as described above.

2.6. Analysis of tumors from control and DIM treated mice

Four to six week old female athymic nude mice were
purchased from Charles River Laboratories (Wilmington,
MA, USA). The use of mice and their treatment was
approved by Institutional Animal Care and Use Committee
(IACUC), Texas Tech University Health Sciences Center,
and all experiments were carried out in strict compliance
with regulations. Mice were fed with antioxidant-free AIN-
76A special diet for a week before starting the experiment.
About 5 x 10° SKOV-3 cells were injected subcutaneously
into both right and left flanks. Mice were randomly
arranged in each group. Control group received PBS
whereas mice in the treatment group received 3 mg DIM
suspended in PBS by oral gavage every day. Tumors from
female athymic nude mice that received PBS or 3 mg DIM
suspended in PBS by oral gavage every day were excised,
snap frozen and lysed as explained by us previously (/8).
Tumor lysates were subjected to Western blotting for
monitoring the activation of JAK2 as explained above.

2.7. Quantitation and statistical analysis

Densitometric analysis and quantitation was analyzed
using UNSCAN-IT (Orem, UT, USA). All the statistical
analysis was performed using Prism 5.0 (GraphPad
Software Inc., San Diego, CA, USA). The data represents
mean + S.D. Student's ¢-test was used to compare the
control and treated groups. All statistical tests were two
sided. Differences were considered statistically significant
when the p value was less than 0.05.

3. Results
31. DIM inhibits activation of JAK?2 in ovarian cancer cells

JAK2/STATS3 is aberrantly expressed in ovarian tumors
(20). Therefore targeting JAK2-STAT3 may inhibit the
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growth of ovarian cancer cells. We previously identified
STAT3 as a critical target of DIM in ovarian cancer
cells (/7). However, the role of JAK2 in DIM mediated
inhibition of STAT3 was not clear. Hence to determine
the effect of DIM on JAK2, SKOV-3 ovarian cancer cells
were treated with various concentrations of DIM for 24
h. Our Western blotting results reveal that DIM inhibits
the activation of JAK2 by blocking its phosphorylation at
Tyrosine 1007 (Figure 2A). The effect of DIM on JAK2
was concentration dependent with about 80% inhibition
of p-JAK2 (Tyr-1007) by exposure to 75 uM DIM
(Figure 2B). We had previously shown that DIM was least
effective on normal ovarian surface epithelial (NOSE) cells
(17). Interestingly, our current results exhibit that normal
ovarian cells do not show any constitutive activation of
JAK?2? as indicated by the absence of phosphorylation at
Tyr-1007 (Figure 2C). These studies clearly suggest that
JAK2 is a target of DIM in ovarian cancer cells.

3.2. Early inhibition of JAK-2 by DIM

Since we observed remarkable inhibition of JAK2
phosphorylation by DIM, we next determined the kinetics
of JAK2 inhibition. SKOV-3 cells were treated with 75
uM DIM for desired time points and the cell lysates were
evaluated by Western blotting. Our results indicate that
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Figure 2. DIM treatment inhibits the activation of
JAK?2 in ovarian cancer cells but not in normal ovarian
surface epithelial cells. SKOV-3 cells or normal ovarian
surface epithelial cells (NOSE) were treated with various
concentrations of DIM or treated with 75 pM DIM for desired
time internals. Cells were collected, lysed and subjected
to Western blotting. (A) Representative blots of p-JAK2
(Tyr-1007) and its (B) quantitation showing the concentration-
dependent effect of DIM in SKOV-3 cell. (C) Representative
blot of p-JAK2 (Tyr-1007) showing that DIM has least effect
on NOSE cells. Actin was used as loading control.

inhibition of JAK2 activation by DIM was as early as 1
h (Figure 3). Since recent literature suggests that STAT3
was down stream of JAK?2, we also looked for p-STAT3.
DIM treatment substantially blocked the activation of
STAT3 by suppressing its phosphorylation at Tyr-705
in SKOV-3 cells, and this inhibition started 1 h after
treatment. Inhibition of STAT3 activation correlated
with inhibition of JAK2 activation (Figure 3). Similarly,
survivin, a downstream target of JAK2-STAT3 was
substantially downregulated by 1 h of DIM treatment
(Figure 3). These results not only substantiate that JAK2
is a target of DIM, but also indicate that STAT3 and
survivin were regulated by JAK?2 in our model.

3.3. DIM regulates STAT3 pathway via JAK?2 activation

Our above observations demonstrate a link between JAK2,
STAT3, and survivin in our model. To firmly establish
the association between these molecules, SKOV-3
cells were stimulated with IL-3. IL-3 is a cytokine that
phosphorylates JAK2 at Tyr-1007 and activates it. Our
results show that treatment of SKOV-3 cells with 10
ng/mL IL-3 not only increased the activation of JAK2 by
2-fold but also increased the phosphorylation of STAT3
at Tyr-705 and expression of survivin by approximately
2.3- and 2-fold, respectively (Figure 4). To determine the
effect of DIM on IL-3 induced activation/expression of
these molecules, cells were treated with IL-3 for 15 min
followed by treatment with DIM for 24 h. Our interesting
results show that DIM treatment significantly blocked IL-3
induced phosphorylation of JAK2 (Tyr-1007), p-STAT3
(Tyr-705) and expression of survivin (Figure 4). These
results confirm that STAT3 and survivin were regulated by
JAK?2 in our model.

3.4. IL-3 treatment blocks DIM-induced apoptosis in
SKOV-3 cells

We further questioned ourselves, whether activating

75 uM DIM
P-IAK: 00
LS TAL e o, TSR
Sunivin. R

A m— e

Time (h) ( 1 2 4 8 16 24
7 p-JAK2 N p-STAT3
2 E 1.25
3 =]
> >
g £
3 a
< <
o~ ~
:
& 0 1 2 4 & 16 24 2 0 1 2 4 8 16 24

Figure 3. DIM treatment inhibits activation of JAK2 as
early as one hour. Representative blots and their quantitation
showing the time dependent effect of 75 uM DIM on p-JAK2
(Tyr-1007), p-STAT3 (Tyr-705) and survivin. Actin was used
as loading control. * p < 0.05 compared to control.
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Figure 4. JAK2 is a critical target in DIM mediated
apoptosis. SKOV3 cells were stimulated with 10 ng/mL IL-3
for 15 min followed by treatment with 75 uM DIM for 24
h. (A) Whole cell lysates were resolved on 10% SDS-PAGE
for the analysis of phosphorylation of JAK2 at Tyr-1007,
phosphorylation of STAT3 at Tyr-705 and expression of
survivin. Actin was used as loading control. Quantitation
of (B) p-JAK2 and (C) p-STAT3 were represented as bar
diagram.

JAK2 would abrogate DIM mediated apoptosis. To
answer this question, SKOV-3 cells were treated with
IL-3 followed by 75 uM DIM for 24 h and apoptosis
was determined. As expected, IL-3 treatment reduced
the apoptosis induced by DIM in SKOV-3 cells (Figure
5A). For example, apoptosis mediated by 75 uM
DIM alone was approximately 2.5-fold over control
whereas in presence of IL-3, DIM-induced apoptosis
was only 1.2-fold over control suggesting that IL-3
substantially blocked DIM-induced apoptosis (Figure
5B). Accordingly, IL-3 treatment significantly reduced
the cleavage of caspase-3 and PARP induced by DIM
treatment in SKOV-3 ovarian cancer cells (Figure 5C).

3.5. EGFR regulates JAK2-STAT3 pathway in our model

EGEFR is activated in around 70% of ovarian tumors.
Several studies demonstrated the possibility that
EGFR activation in ovarian cancer would lead to
phosphorylation of JAK2/STAT3 (20). Interestingly,

our published studies indicated that EGFR is a target
of DIM in ovarian cancer cells both in vitro and in vivo
(16). We hypothesized that regulation of JAK2/STAT3
by DIM in ovarian cancer cells was mediated through
EGFR. To test our hypothesis, SKOV-3 ovarian cancer
cells were treated with EGF before treatment with DIM.
EGF is a ligand of EGFR, subsequent binding of which
leads to the activation of EGFR. Figure 6A clearly
demonstrates that EGF treatment lead to the activation
of JAK2 and STAT3 in SKOV-3 cells. Activation of
JAK2 and STAT3 was approximately 2.5- and 2-fold,
respectively by EGF as compared to constitutive
expression in SKOV-3 cells (Figures 6B and 6C).
Interestingly, DIM treatment significantly suppressed
EGF mediated phosphorylation of JAK2 and STAT3
(Figures 6A-6C), confirming the role of EGF in the
activation of JAK2 and STAT3.

3.6. JAK?2 inhibition potentiates the effect of cisplatin

Cisplatin is a drug used clinically to treat patients
with ovarian cancer. However, cisplatin has several
side effects including systemic toxicity. DIM was
previously shown by us to potentiate the effect of
cisplatin in ovarian cancer cells (/7). To determine
the involvement of JAK2 in the effect of DIM with
cisplatin combination, SKOV-3 cells were treated with
50 uM DIM for 24 h followed by treatment with 10 uM
cisplatin for 24 h. As expected, our results indicate that
DIM treatment alone and in combination with cisplatin
remarkably reduced the phosphorylation of JAK2 at
Tyr-1007 (Figure 7A). Approximately 70% reduction in
the expression of p-JAK2 (Tyr-1007) was observed in
DIM treated SKOV-3 cells (Figure 7B). The decrease in
the phosphorylation of JAK2 in combination treatment
(DIM and cisplatin) was further reduced when compared
with cisplatin treatment alone (Figure 7B). These results
suggest that DIM treatment can potentiate the effect of
cisplatin in ovarian cancer cells by targeting JAK2.

3.7. DIM treatment suppresses the growth of ovarian
tumors by inhibiting JAK2 phosphorylation

In our previously published studies, we have shown
that oral administration of 3 mg DIM per day for 48
days significantly suppressed the growth of SKOV-3
ovarian tumor xenografts in athymic nude mice (/6,17).
To further establish whether JAK2 activation play
any role in the growth of ovarian tumors, the tumors
from control and DIM treated mice were analyzed
by Western blotting. Our results reveal that JAK2
phosphorylation in tumors from the mice that received
DIM was approximately 50% lesser than in the tumors
from mice from control group (Figure 8). Based on
these observations, it can be concluded that reduced
tumor growth in DIM treated mice was associated with
reduced activation of JAK2.
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Figure 5. IL-3 treatment abrogates DIM induced apoptosis. (A) Effect of IL-3 on DIM induced apoptosis in SKOV-3 cells
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uM DIM for 24 h. (A) Whole cell lysates were resolved on 10% SDS-PAGE to detect the phosphorylation of JAK2 at Tyr-1007
and phosphorylation of STAT3 at Tyr-705. Actin was used as loading control. Quantitation of (B) p-JAK2 and (C) p-STAT3 blots
was also represented in bottom panel.
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Figure 7. DIM potentiates the effect of cisplatin by
inhibiting JAK2 phosphorylation. (A) Representative blots
and (B) quantitation of p-JAK2 showing the effect of 50 uM
DIM, 10 uM cisplatin or combination of both in SKOV-3
ovarian cancer cells. * p < 0.05 when compared to control.
* p < 0.05 when compared to IL-3 treatment. * p < 0.05
when compared to cisplatin treatment.

4. Discussion

The primary objective of the current study was to test
whether the anti-cancer effects of DIM were mediated
by inhibition of JAK2. JAK2 is an important therapeutic
target in ovarian cancer. Its activation has been
observed in a large fraction of human ovarian tumors
compared with normal ovarian tissues (20). Moreover
JAK?2 signaling regulates gene expression of various
pro-survival and anti-apoptotic molecules (35). Inhibition
of JAK?2 signaling triggers cell death in human cancer
cells (20,21). Our results show that SKOV-3 cells,
which come from high grade ovarian tumors, have
higher constitutive phosphorylation of JAK2, whereas
normal ovarian surface epithelial (NOSE) cells do not
express JAK?2 in its activated form. Our findings are
in agreement with previously published study which
reported that normal and benign ovaries lack activated
JAK2 and it is aberrantly expressed only in low and
high grade ovarian carcinomas (6).

Various cytokines and growth factors can activate
JAK2. IL-3, a pleotripic cytokine is well known to
activate JAK2 by phosphorylation at Tyr-1007 (22). DIM
treatment not only eliminated constitutive activation
of JAK2, but also blocked IL-3 mediated activation of
JAK2. Interestingly, IL-3 treatment abrogated DIM-
induced apoptosis as shown by reduced cleavage of
caspase 3 and PARP as well as by annexin V staining
of treated cells. Interestingly, AG490 a JAK?2 inhibitor
was shown to induce apoptosis in various cancer cells
suggesting that JAK?2 is required for cell survival and
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Figure 8. DIM suppresses ovarian tumor growth by
inhibiting p-JAK2. Tumors from control and DIM treated
mice were excised, lysed and analyzed by Western blot
for p-JAK2 (Tyr-1007). Actin was used as loading control.
Densitometric quantitation was represented. * p < 0.05
compared to control.

hence a target in cancer cells (/4,20).

One of the major downstream effector of JAK2
is STAT3 (6,14,20). Activated JAK2 subsequently
auto-phosphorylates its receptors and additionally
phosphorylates STAT3. Phosphorylated STAT3
dimerizes and translocates to nucleus, where it binds
to specific regulatory sequences to activate or repress
transcription of target genes (23). Hence, JAK2 and
thereby STAT3 play an important role in various
stages of cancer progression. Our results demonstrate a
relationship between JAK2 and STAT3 in ovarian cancer
cells. The inhibition of STAT3 activation was consistent
with inhibition of JAK2 activation in our time dependent
study. Importantly, IL-3 treatment not only activated
JAK2, but subsequently increased the phosphorylation
of STAT3 but inhibited by DIM. Our results also
demonstrate a link between JAK2/STAT3 and survivin.
Expression of survivin was increased by IL-3 treatment
and reduced by DIM. It is noteworthy that the gene
expression profiling of a previous study showed that
survivin is a target of DIM in breast cancer (24). Our
results establish that JAK2 causes STAT3 activation in
ovarian cancer cells and the apoptotic effects of DIM
were due to inhibition of JAK2/STAT3 activation. These
results are in agreement with previous studies which
demonstrated that inhibition of JAK2/STAT3 pathway
induced apoptosis and inhibited cell growth (27,25).

Over expression of EGFR occurs in almost 70%
of ovarian cancers (26). Activation of EGFR has been
associated with poor progression and increase in
survival of ovarian cancer cells. Our previous studies
showed that EGFR as a target of DIM (/6). Our current
study established a cross-talk between EGFR and
JAK2/STAT3 pathway. EGF, a ligand known to activate
EGFR, significantly activated JAK2 and STAT3
by phosphorylation. Nevertheless, DIM treatment
substantially suppressed the phosphorylation of JAK2
and STAT3 mediated by EGF. Our studies indicate that

www.ddtjournal.com



100

Drug Discoveries & Therapeutics. 2012; 6(2):94-101.

perhaps DIM targets EGFR-JAK2-STAT3 signaling
axis to inhibit the growth of ovarian cancer. Our results
are in agreement with the findings of previous study
which indicated a link between EGFR and JAK?2/
STAT3 in carcinomas ().

Our previously published results showed that
administration of 3 mg DIM/day substantially retarded
the growth of ovarian tumors in vivo (17). The tumor
suppressive effects were mediated by reduction in JAK2
phosphorylation in the present study. DIM is a major
phytochemical present in cruciferous vegetables (3). We
showed that DIM is minimally toxic to normal cells.
For example, 120 uM DIM inhibited 75% proliferation
of cancer cells whereas affected only 25% of NOSE
cells, showing selectivity towards cancer cells (/7). A
recent clinical study showed that dose of up to 300 mg
DIM was well tolerated in humans (27). Importantly,
DIM is in clinical trials to treat cervical neoplasia
and prostate carcinomas (28,29). Our current results
also established that inhibition of JAK2 activation by
DIM potentiates the effects of cisplatin, a clinically
used drug with several side effects. Hence, this gives
a possibility of using low non-toxic doses of cisplatin
if DIM is administered concomitantly with cisplatin.
Nevertheless, further clinical evaluations are required
to confirm the safety of DIM alone or in combination
with cisplatin in patients with ovarian cancer.

Taken together, our current study demonstrates the
rationale for further clinical investigation of DIM for its
potential use alone or in combination with chemotherapy
of ovarian cancer.
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ABSTRACT: The trend of biomarker use in drug
interventional clinical studies was analyzed using
ClinicalTrials.gov to provide an overview of how
biomarkers are used to streamline clinical studies
and to examine regional differences. A total of 3,383
clinical study data was analyzed according to phase,
region, sponsor, and therapeutic class. The number of
clinical studies using biomarkers has been increasing
constantly and is dependent on the number of Phase
I and II studies. The majority of studies (58.5%)
were sponsored by the United States, with the
studies being conducted mainly in the sponsor's
home region (80.3%). The use of biomarkers was
prominent in the oncology area (37.1%). Although
current data indicates some bias in the clinical use of
biomarkers, it is expected that their use will increase
in later phase studies or other therapeutic areas
as biomarker development proceeds. In addition,
limited regional use of biomarkers may lead to
differences in biomarker use in drug development
and in combination with political support may
result in differences in competitiveness of drug
development. Biomarkers would be a powerful tool
against deteriorating research and development
productivity when used more in appropriate clinical
study conditions.

Keywords: Drug development, clinical study efficiency,
industrial policy

1. Introduction

Deterioration in drug research and development
(R&D) productivity has occurred as a consequence of
a dramatic increase in the cost of launching new drugs;
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a trend that has had a major impact on pharmaceutical
companies (/,2). Paul et al. had reported that the cost to
launch one drug was $1,778 million including capital
costs (/). They showed that the cost incurred in clinical
development (Phase I-IIT) was higher compared with
that in the preclinical phase and accounted for 63% of
the total cost for each new molecular entity launched.
In addition, the cost of clinical studies increased in
later phases, with the average out-of-pocket cost
for Phase I, 11, and III studies to launch one product
being $128 million, $185 million, and $235 million,
respectively (/). Therefore, the impact of clinical study
failure, particularly in later phases, is substantial for
pharmaceutical companies.

Various methods and tools have been introduced
to improve the efficiency and success rate of clinical
studies. These approaches were included in the Critical
Path Opportunities List published by the Food and Drug
Administration (FDA) in 2006 (3). Seventy-six items
were discussed in the List and were thought to improve
the productivity of drug development when they became
available. The List included various topics, such as
clinical trial design, bioinformatics, and manufacturing,
with the number of items related to biomarkers being
the largest. Biomarkers are useful for precise diagnosis
of diseases, predicting patient outcomes, monitoring
disease status and response to treatment, excluding
patients potentially vulnerable to drugs, selecting
patients who would benefit from drugs, and selecting the
appropriate dose for patients. Biomarkers may therefore
contribute to the streamlining of R&D. As mentioned
above, the cost of clinical studies and impact of study
failure is considerable and biomarkers are used to
mitigate such impacts. However, it remains unclear how
biomarkers are used in clinical studies (e.g., phase of
studies, study sponsor, and therapeutic area).

Identifying the use of biomarkers in clinical studies
may provide information on how biomarkers can
contribute to streamlining of clinical studies and how
they can be used to increase the effectiveness of these
studies. In addition, cross-regional analysis of biomarker
use also needs to be considered. As the number of
clinical studies varies between regions, the number
of clinical studies using biomarkers may also vary
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between regions. Precise analysis may provide future
perspectives for drug development and identify strategic
differences among regions (4).

2. Methods

ClinicalTrials.gov is the biggest clinical study registry,
was developed by the US National Institutes of Health
(NIH) in collaboration with FDA and was used as the
clinical study database in this analysis. A keyword
search using "biomarker" (including "marker") was
used to obtain a set of data that identified biomarkers
with research interest. The data of the studies identified
were downloaded into a spread sheet with available
field data. XML files of these studies that included more
detailed information were also downloaded. To focus on
the effects of biomarkers on drug/therapy development,
clinical studies using drug (small molecule drugs and
biologics for therapeutic use) as a study intervention
were further selected using field data. These studies
included not only interventional studies, but also a small
number of observational studies. Observational studies
were therefore eliminated. The selected studies were then
stratified according to year (classified by start date), study
phase, region of sponsor (US, European Union (EU),
Japan or other), funding body (industry, US government,
or other), and therapeutic group (classified by condition
and intervention). For analysis, Phase I/II and II/II1
studies were regarded as Phase II and III, respectively.
The sponsor's region was classified according to the
location information provided. The therapeutic area
was selected on the basis of the drug intervention using
the therapeutic subgroup (2nd level) of the Anatomical
Therapeutic Chemical (ATC) classification system (5).

3. Results

A search of clinical studies registered in ClinicalTrials.
gov identified 40,172 drug interventional studies
conducted between 2002 and 2009 (Figure 1). Of these
studies, 3,383 studies were identified as the biomarker
studies that used any type of biomarker, while the
remaining 26,789 studies did not include a biomarker.
Biomarker studies were further analyzed.

The number of clinical studies using biomarkers has
been increasing year after year, with the proportion of
such studies compared to the total number of registered

Drug interventional study
40,172 studies

Biomarker study
3,383 studies

Non-biomarker study
26,789 studies

Figure 1. Flowchart showing disposition of biomarker
studies for analysis.

studies also increasing (Figure 2). These studies were
then stratified according to their phase. Information on
phase was missing in 11.1% of studies, although more
than two-thirds of these were considered to be early
phase studies based on their study size (< 100 subjects).
The number of Phase I and II studies using biomarkers
increased steadily, producing 153 Phase I studies
and 305 Phase II studies in 2009, and in parallel, the
proportion of these studies compared to the total number
of corresponding phase studies also increased with time,
reaching 11.6% and 13.6% in Phase I and II in 2009,
respectively. In contrast, the numbers of Phase III and IV
studies using biomarkers increased slightly, producing
71 Phase III studies and 61 Phase IV studies in 2009,
although the proportion of these studies compared to the
total number of corresponding phase studies remained
almost unchanged at around 6% (Figure 3).

When the studies were stratified according to location
of the study sponsor it was observed that 58.5% were
conducted by US sponsors, 31.5% by EU sponsors, 2.6%
by Japanese sponsors, and 7.4% by other sponsors. The
number of studies by US sponsor increased steadily,
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producing over 400 studies in 2009, while those from EU
sponsors also increased until 2007 but slightly decreased
in 2008 and 2009 (Figure 4). The number of studies by
Japanese sponsors remained low (at most 20 studies)
throughout the period. The relationship between sponsor
region and study location was analyzed, although study
site information was missing in 243 studies. It was
found that 80.3% of clinical studies conducted by the
US, EU, or Japanese sponsors were conducted in their
home country, while 76.9% of biomarker studies were
conducted in a single county and 16.1% as multinational
studies (Table 1). When this figure was grouped
according to sponsor region, different tendencies were
observed between the regions, with 10.9%, 25.7%, and
17.0% of US-, EU- and Japanese-sponsored studies
being multinational, respectively.

Regarding characteristics of study sponsors, the
number of industry funded studies (total 1,620 studies)
were more than that of the US government (i.e., NIH,
US National Institutes) (total 826 studies), whereas
the proportion of biomarker use was higher in US
government-funded studies (e.g. 13.4% in 2009) than
industry-funded studies (e.g. 6.0% in 2009) (Figure 5).

Studies were classified into therapeutic subgroups of
interventional drugs to analyze biomarker use according
to therapeutic areas. As shown in Table 2, the number
of clinical studies using biomarkers was notably high
for antineoplastic agents (37.1%), followed by lipid
modifying agents (6.1%), drugs used in diabetes (5.0%),
and drugs for treatment of bone diseases (3.9%) (Table
2). These studies were then classified according to
sponsor characteristics and the number of studies was
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Figure 4. The number of biomarker studies grouped
according to sponsor region.

grouped into four major therapeutic subclasses. The
US government, US industry, and EU industry funded
826, 853, and 656 studies, respectively; however, when
these numbers were divided into therapeutic areas, a
different trend was observed (Table 3). The number of
clinical studies on antineoplastic agents was high in
US government-funded investigations. A similar trend
was observed in US industry-funded studies, although
the number was relatively low in EU industry-funded
studies.

4. Discussion

Our analysis illustrated that researchers have shown an
increasing interest in the use of biomarkers in clinical
trials over time, with the proportion of such studies
compared to total number of studies also rising. This
trend may reflect the increase in Phase I and II studies
and the fact that biomarkers are used extensively in
oncology studies that are predominantly early phase
investigations. It has been reported that development of
antineoplastic/immunologic agents was the most active
of all therapeutic classes (6), due to accumulation of
knowledge in cancer biology and an associated increase
in the number of molecular-targeted medicines. It has
also been reported that biomarker use has increased
in oncology Phase I studies, with pharmacodynamic
markers being used most frequently for the study of the
mechanism of action (7). Early phase studies tend to
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Figure 5. The number and proportion of biomarker
studies grouped according to funding by industry or the
US government.

Table 1. The number of studies grouped according to sponsor location and type of study

Sponsor location and type of clinical study US sponsor

EU sponsor JP sponsor Total

Single country study in home region 1,522 (76.9%)

Single country study outside home region 96 (4.9%)
MNT including home region 190 (9.6%)
MNT outside home region 25 (1.3%)
No site information 145 (7.3%)
1,978 (total)

539 (50.6%)
187 (17.5%)
232 (21.8%)

31 (35.2%)
32 (36.4%)
1 (1.1%)

2,092 (66.8%)
315 (10.1%)
423 (13.5%)

42 (3.9%) 14 (15.9%) 81 (2.6%)
66 (6.2%) 10 (11.4%) 221 (7.1%)
1,066 (total) 88 (total) 3,132 (total)

MNT: multinational trial.
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Table 2. The number of studies grouped by therapeutic class

ATC2  Therapeutic class Number of studies

Table 3. The number of studies in major therapeutic
classes grouped according to funding by industry or the US
government

A10 Drugs used in diabetes 168 (5.0%)
All Vitamins 79 (2.3%)
BO1 Antithrombotic agents 64 (1.9%)
C09 Agents acting on the rennin- 82 (2.4%)
angiotensin system
C10 Lipid modifying agents 205 (6.1%)
GO03 Sex hormones and modulators of the 83 (2.5%)
genital system
JO5 Antivirals for systemic use 69 (2.0%)
JO6 Immune sera and immunoglobulins 71 (2.1%)
LO1 Antineoplastic agents 1,255 (37.1%)
L02 Endocrine therapy 74 (2.2%)
L03 Immunostimulants 92 (2.7%)
L04 Immunosuppressants 97 (2.9%)
MO1 Antiinflammatory and antirheumatic 63 (1.9%)
products
MO5 Drugs for treatment of bone diseases 134 (3.9%)
N06 Psychoanaleptics 66 (2.0%)
RO3 Drugs for obstructive airway diseases 82 (2.4%)

ATC classes with less than 50 studies were eliminated.

include biomarkers in oncology and other therapeutic
areas, such as pharmacodynamics, pathology, or
biomarker exploration, and these collectively contribute
to the large number of biomarkers used in Phase I and
II investigations. Although use of pharmacodynamic or
pathological markers has increased, these markers were
usually limited to secondary or exploratory endpoints.
Clinical studies using a biomarker as a primary endpoint
or patient stratification are still infrequent. This suggests
that biomarkers useful for evaluating true endpoints or
for selecting patients have not increased to a great extent,
and therefore use of biomarkers in later phase studies
has not increased. Considering the fact that later stage
studies are more costly, development of biomarkers
suitable for these studies is necessary to enhance
efficiency of clinical studies. Although development
of these biomarkers is difficult, FDA recognized the
necessity of these biomarkers and efforts have been
made to establish some surrogate markers through
Critical Path Initiatives. The pharmaceutical industry also
understands the importance of predictive markers for
patient selection and investigational drugs, and there is
now extensive development of these markers, primarily
for antitumor agents. FDA also acted in concert with
the pharmaceutical industry and released guidelines to
support such development activities (8,9). The number
of these markers is still insufficient, although the number
of investigational drugs using patient stratification
markers is increasing, mainly in antitumor drug studies.
Therefore, the number of biomarkers will definitely
increase with the development of pharmacogenomics
technology and related regulations and guidelines. These
regulations support use of biomarkers, not only in the
area of oncology, but also other therapeutic areas and
ultimately will help streamline drug development.

Therapeutic class US Government US Industry EU Industry

Antineoplastic agents 470 333 171
Drugs used in diabetes 28 43 34
Lipid modifying agents 22 61 36
Drugs for treatment of 5 34 55
bone disease

Total 826 853 656

The number of biomarker-related clinical studies
was highest in the US. This may be due to the US being
the largest pharmaceutical market. In addition, US
government policies strongly support healthcare-related
R&D (e.g., National Cancer Program and Critical Path
research). In spite of the large number of clinical studies
using biomarkers, the majority of studies were conducted
in a single country. The proportion of single country
studies is higher than the previously reported rate in
North America (54.7%) or Western Europe (27.0%) (4).
This is due to the majority of studies being relatively small
Phase I or II investigations conducted at a small number
of investigational sites. In addition, the large number of
US government-funded studies conducted mainly in the
US also affected this difference. A higher proportion of
single country studies also indicates the lower proportion
of global studies. The recent study globalization was
led by cost constraints; however, it is known that
there are ethnic differences in pharmacogenomics in
certain cases, and therefore it is reasonable to conduct
clinical studies and collect data in home countries to
avoid such potential biases (/0). To utilize biomarkers
more efficiently, it is important to collect unbiased data
within home countries, i.e., conducting clinical studies
within home countries is important to streamline R&D
that uses biomarkers. In this context, the situation in
Japan is worrisome as the number of biomarker studies
is quite small despite Japan being the second largest
pharmaceutical market as a single country. As the
Japanese regulatory authorities often require clinical data
of Japanese patient populations for review and approval,
the small number of biomarker studies may lead to a
future lag in biomarkers being used in drug development
studies, which would be similar to the problem of drug
lag in the country (//). An example of such biomarker
lag is the preclinical renal toxicity markers developed
by the Critical Path Institute's Predictive Safety Testing
Consortium. These markers were authorized by FDA and
European Medicines Agency (EMA) in 2008, whereas
Japanese Pharmaceuticals and Medical Devices Agency
(PMDA) only authorized these in 2010 (/2,13). There is
a potential risk that biomarker lag may therefore occur
in Japan. An increase in the number of clinical studies
and use of biomarkers in Japan should be encouraged to
avoid this situation.

www.ddtjournal.com



106 Drug Discoveries & Therapeutics. 2012; 6(2):102-107.

Finally, while US and EU industries and the US
government funded studies more or less equally, the
US government funded more oncology studies. The
number of oncology studies was substantial compared
to other therapeutic areas, with this difference being
related to the US healthcare-related policies. National
Cancer Institute (NCI) gained the biggest share of the
US NIH budget, with the budget for studies including
biomarkers constituting almost half of its budget. This
trend contributed to the considerable number of early
stage oncology studies. In this way, the US government
has led the development of biomarkers and the industry
has followed. Combined with the aforementioned R&D
concentration in home regions, it is likely that the US
R&D competitiveness will increase led by the US
government, particularly in the field of oncology.

The use of biomarkers has been increasing, although
their use is still limited in early phase and oncology
studies. Various strategic actions have been implemented
to improve this situation, such as investment in the
development of biomarkers and preparation of various
guidelines for biomarker development. These actions
will help biomarker development and streamline clinical
studies using biomarkers.

It has also become evident that biomarker use is
active in the US, particularly in the field of oncology,
mainly due to the US government healthcare-
related policies. Collecting data in home regions and
implementing policies to support this together with
the aforementioned strategies will strengthen the
competitiveness of drug development in all countries.

As discussed above, the use of biomarkers has not
been sufficient to date. When development of biomarkers
proceeds, particularly patient selection markers, this
could lead to segmentation of patient populations.
Small patient populations could be an obstacle in drug
development if streamlining of development is not
achieved using biomarkers. Market segmentation may
also be a disincentive for pharmaceutical companies
even when drugs can be developed using small patient
populations. In contrast, provision of safe and effective
drugs to small patient populations is necessary from a
national perspective of health, and therefore governments
also need to play a role in the development and use of
biomarkers. The roles of the pharmaceutical industry
and government in biomarker development and use are
mutually complementary and collaboration between
these parties is important for the development of
medicine using biomarkers.

Biomarkers would be powerful tools against
deteriorating R&D productivity when used more in
appropriate clinical study conditions.

Limitation. ClinicalTrials.gov was employed in this
research, although due to the nature of this database it is
possible that there may be a registration bias. As US is
the largest pharmaceutical market and many industries

try to first launch their product in this market, many
industry-funded studies are registered on this site. US
academia and national institutes also register their studies
under US Investigational New Drugs (IND), whereas
clinical studies conducted by EU or Japanese academia
or national institutes may not have been registered on
this site. These studies may be covered by other registries
such as the Japanese Pharmaceutical Information Center
(JAPIC), University Hospital Medical Information
Network (UMIN) (Japan), or EudraCT (Europe),
although the format of these registries is not unified
and therefore integration of this information was not
possible. In addition, data before 2004 may be limited
as clinical study registration was only encouraged by the
International Committee of Medical Journal Editors in
2004 (14). Furthermore, there were some cases in which
the contents of the study synopsis were not detailed.
Therefore, our research could have underestimated the
use of biomarkers due to limitations in the keyword
search. Further detailed research on the purpose of
biomarker use needs to be considered.
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ABSTRACT: Japan-China Joint Medical Workshop
(2012) on standardization of perioperative
management on hepato-biliary-pancreatic surgery was
held by the Center for Medical Standards Research,
IRCA-BSSA Group in Japan on April 15-16, 2012.
Experts in the fields of surgery, anesthesia, pharmacy,
and public health from 21 health institutions
from Japan and China presented their research
achievements and shared their medical experience
of perioperative management on hepato-biliary-
pancreatic surgery, which should facilitate building
of guidelines for hepatocellular carcinoma and be
expected to promote standardized management of
liver cancer in Asia.

Keywords: Guideline, standardized management, liver
surgery, liver transplantation

From advocacy of evidence-based medicine to
establishment of clinical pathways, the concept of
"standardized management of care" has garnered
substantial attention globally and has been fully
implemented in several countries. Clinical practices
prove that standardized management of care contributes
to normalized medical practices, optimized health care
programs, decreased medical risks, increased efficiency
of medical services, and reduced health care costs
(1,2). In this context, the Center for Medical Standards
Research (CMSR) was established by the IRCA-
BSSA Group in Japan in 2011, aiming to promote the
advancement of evidence-based medicine, standardization
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The "Japan-China Joint Team for Medical Research
and Cooperation"

Dr. Jiahong Dong (E-mail: dongjh301@163.com) and
Dr. Wei Tang (E-mail: tang-sur@h.u-tokyo.ac.jp)

of medical care, and systematic cataloging of research
findings in related disciplines. Many research programs
on standardized management of diseases have been
promoted by CMSR since the establishment, especially
for the research between Japan and China. Concerning
liver cancer, the Japan-China Joint Team for Medical
Research and Cooperation on Hepatocellular Carcinoma
was established in 2011 with the support of CMSR.
The team carried out a retrospective study and analyzed
the published guidelines for hepatocellular carcinoma
(HCC) worldwide, and clarified principles of evidence-,
resource-, and population-based guidelines that should be
given a great deal of attention in constructing prospective
guidelines for HCC, especially for China and other Asian
countries (3,4).

As part of the standardized management of liver
cancer, the Japan-China Joint Team for Medical
Research and Cooperation on Hepato-Biliary-Pancreatic
Surgery was also established with the support of
CMSR. In order to promote information exchange
between experts from Japan and China, the Japan-China
Joint Medical Workshop (2012) on Standardization
of Perioperative Management on Hepato-Biliary-
Pancreatic Surgery was held by CMSR at the University
of Tokyo, Tokyo, Japan on April 15-16, 2012. Experts
in the fields of surgery, anesthesia, pharmacy, and
public health from 21 health institutions from Japan and
China presented their research achievements and shared
their medical experience of perioperative management
on hepato-biliary-pancreatic surgery.

In this workshop, experts from the Chinese PLA
General Hospital, Peking Union Medical College
Hospital, Peking University People's Hospital, and
other institutes introduced the current Chinese research
status and their experience on the topics of protection
of remnant liver function, perioperative management
for abdominal surgery, and so on. Specifically, the
experts' research and experience on perioperative
management of safe liver resection from the University
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of Tokyo Hospital (UTH) was impressive since the
short-term mortality after hepatectomy in this hospital
is nearly 0 which is far less than that in representative
hospitals of other countries (ranges: approximate 4-6%)
(5-11). Their research and experience are shared as the
following. First, in preparation for safe hepatectomy,
they thought that evaluation of liver function, volumetric
analysis, and keeping sufficient functional liver volume
were thought to be important, and asserted that 7)
the indocyanine green (ICG) test is a key method to
estimate liver function (/2-14); ii) volumetric analysis
using preoperative simulation is useful (/5-77), and iii)
portal vein embolization (PVE) (16,18,19) and venous
reconstruction can contribute to securing sufficient
functional liver volume (20-22). Second, in intra-
operative management, control of central vein pressure
(CVP), transection technique, and inflow occlusion
should be paid close attention to. They proposed that 7)
low CVP should be achieved by some techniques such as
infusion restriction, reducing TV (23), and blood salvage
(24); ii) clamp crushing remains the first choice (25-28);
and 7i7) intermittent inflow occlusion is safe and useful
(29,30). Third, in post-operative management, prevention
of infection including proper placement and management
of drainage tubes (3/) administration of antibiotics,
control of ascites including exact control of water
balance and proper administration of diuretics should be
considered (32). The experience of UTH on management
of safe hepatectomy may provide a valuable referencefor
standardization of perioperative management of liver
surgery (11).

Experts from UTH also introduced their research
and experience in living donor liver transplantation
(LDLT). They emphasized that most important in LDLT
is safety of the living donor with good quality of life
after donation (33-35). To assure this, a careful protocol
based evaluation process under a multidisciplinary
approach (36,37) and a tailored graft selection algorithm
(38) have been established. As for the recipients, three
important points in pre-operative examination have been
stressed. First is exclusion of pulmonary hypertension.
Specifically, when right ventricular systolic pressure
(RVSP) is evaluated to be more than 50 mmHg by
ultrasound imaging (US), the pressure must be measured
directly. If the pressure is actually more than 50 mmHg,
the patient should be contraindicated for LDLT. Second
is exclusion of infectious disease that may seriously
compromise survival. Bacterial, viral, and fungal checks
are necessary for successful LDLT. Third is the check
for esophageal varices and treatment, and endoscopic
ligation if necessary. In postoperative care, four major
complications including infection, acute cellular rejection
(ACR), biliary stenosis, and thrombosis occur with rates
of approximately 40%, 30%, 10%, and 8%, respectively.
Close monitoring and early intervention is mandatory in
every aspect for better survival of the recipient. In case
of suspected infectious complications, treatment with

prophylactic administration of antibiotics, and antiviral
or antifungal drugs may be justified (39-417). Of note
is the novel approach with plasma (1 — 3) B-D-glucan
measurement for preemptive treatment of fungal diseases
that may often become fatal once becoming symptomatic
(41). Meticulous adjustment of immunosupppressive drug
levels (42), regularly performed US to confirm intact
blood flow, in combination with adequate anticoagulation
may further contribute to early sound recovery of the
recipient. The experience of UTH on LDLT may also
contribute to the standardization of liver surgery.

In conclusion, the Japan-China Joint Medical
Workshop (2012) discussed the hot topic of standardization
of perioperative management on hepato-biliary-pancreatic
surgery, with information exchange from Japan and
China. The experts' research and experience presented
in this workshop should facilitate building of guidelines.
Furthermore, these achievements are expected to promote
standardized management of liver cancer in Asia.
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