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Acta Pharmacologica Sinica (APS) celebrates the 80-year anni-
versary of the establishment of SIMM by publishing this spe-
cial issue to commemorate this event. APS, the official journal
of the Chinese Pharmacological Society, has been published in
association with SIMM since its launch in 1980. The founding
editor-in-chief, Prof Guang-sheng DING, and many prominent
SIMM scientists have served on the APS editorial board in the
past. With consistent support from SIMM, APS has grown to
be China’s leading international journal in the fields of phar-
macology and pharmacy, publishing high quality papers from
all over the world. To commemorate the 80th anniversary of
SIMM, APS has organized this special issue including per-
spective, review and original articles contributed by principle
investigators from SIMM in various disciplines"". These
articles highlight some of the research achievements accom-
plished at SIMM and provide an insight into the progress of
drug research in China.

SIMM, established in 1932, is a comprehensive institute
engaged in fundamental and applied research in drug discov-
ery and development. Throughout its 80-year history, SIMM
has trained many outstanding pharmaceutical scientists and
technologists who have developed a number of new drugs
that have made their mark in the international arena, such as
artemisinin (anti-malarial), sodium dimercaptosuccinate (anti-
dote against heavy metal poisonings), sobuzoxan (anti-tumor)
and huperzine A (to treat Alzheimer’s disease), to name a few.
Since the implementation of the “Knowledge Innovation Pro-
gram” at the Chinese Academy of Sciences, a series of major
achievements have transpired in drug discovery: Antofloxacin
hydrochloride is the first patented quinolone-class antibiotic
agent discovered at SIMM following a relentless pursuit that
lasted more than 10 years; and depsides salt from Salvia milti-
orrhiza has emerged in prominence with the modernization of
traditional Chinese medicine.

We remain confident that the achievements made by SIMM

scientists during the past 80 years have laid a solid foundation
to advance the drug discovery capabilities in China and that
newly developed drugs will continue to be introduced to the
international market in growing numbers. In tandem, APS
will uphold its objective to publish excellent research being
performed by both domestic groups and those abroad. Given
the development of drug research in China and improved
international cooperation, we believe that APS will remain as a
platform for publishing high quality papers of key significance
in the multidisciplinary field of pharmacology and related life
sciences.

I hope this issue will appeal to the broad readership with an
interest in the drug discovery and development efforts being
performed in China. Join us in celebrating the 80th anniver-
sary of SIMM and enjoy the articles in this special issue.
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In the past decade, the success of angiogenesis inhibitors in clinical contexts has established the antiangiogenic strategy as an
important part of cancer therapy. During that time period, we have discovered and reported 17 compounds that exert potent inhibition
on angiogenesis. These compounds exhibit tremendous diversity in their sources, structures, targets and mechanisms. These studies
have generated new models for further modification and optimization of inhibitory compounds, new information for mechanistic studies
and a new drug candidate for clinical development. In particular, through studies on the antiangiogenic mechanism of pseudolaric acid
B, we discovered a novel mechanism by which the stability of hypoxia-inducible factor 1a is regulated by the transcription factor c-Jun.
We also completed a preclinical study of AL3810, a compound with the potential to circumvent tumor drug resistance to a certain

extent. All of these findings will be briefly reviewed in this article.
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Introduction

Angiogenesis drives tumor progression; in particular, angio-
genesis is critical for the growth and metastasis of solid
tumors™. The inhibition of tumor angiogenesis has therefore
become an important strategy for cancer therapy. Several
inhibitors of tumor angiogenesis, such as bevacizumab (Avas-
tin), sorafenib (Nexavar) and sunitinib (Sutent), have been
successfully used in the clinic to treat solid tumors™.. This suc-
cess has led to increased efforts to discover new angiogenesis
inhibitors with different mechanisms of action and/or distinct
chemical structures. During the past 10 years, we have discov-
ered and reported on 17 compounds that demonstrate potent
inhibition of angiogenesis (Table 1). In contrast to the inhibi-
tors that are already employed for clinical purposes, these
newly discovered antiangiogenic agents display intriguing
diversity in their sources, chemical structures, antiangiogenic
mechanisms, and molecular targets. This review will focus on
these diverse characteristics of the 17 newly discovered anti-
angiogenic compounds, as well as the representative findings
that have been produced by the mechanistic investigation and
preclinical development of these compounds.
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An overview of the 17 antiangiogenic compounds

In a search for new angiogenesis inhibitors, we performed
extensive evaluations of thousands of natural products and
synthetic or semi-synthetic compounds over the course of the
past 10 years. From this process, 17 compounds were discov-
ered to possess antiangiogenic activity (Table 1). The mecha-
nisms of action of several of these compounds have been
investigated, and one of these compounds, namely, AL3810,
has been registered as an IND (investigational new drug) for
cancer therapy in China.

Analyses of these 17 compounds indicate their diverse
sources (Table 1). In particular, 7 of these inhibitors are
derived from terrestrial sources, and 5 of these 7 compounds
(pseudolaric acid B, triptolide, 10-hydroxycamptothecin,
11,11’-dideoxyverticillin and shiraiachrome A) are used in
traditional Chinese medicine (TCM). It is also notable that
quercetin is present both in many fruits and vegetables and in
olive oil, red wine and tea. Of the remaining 10 compounds
that were identified, 5 are marine-derived inhibitors, 3 of
which [JG3, MDOS and Grateloupia longifolia polysaccharide
(GLP)] are saccharides and 2 of which are saponins from sea
cucumber. The final 5 inhibitors are chemically synthesized;
these synthesized compounds are also representative of a
great diversity of chemical structures, including terpenoids,
alkaloids, flavonoids, saccharides, saponins and pyrido-
pyrimidines, as shown in Table 1.
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Table 1. Angiogenesis inhibitors discovered in the Shanghai Institute of Materia Medica since 2001.

No Inhibitors Chemical structure Origin Targets Antiangiogenic mechanisms Refs

Terrestrial natural products
1 Pseudolaric
acid B

The root bark of Microtubulin 1. To increase the phosphorylated c-Jun [16,
Pseudolarix amabilis, while reducing the non-phosphorylated 18,
aTCM c-Jun at Ser63/73, which impairs its 22,
function in stabilizing HIF-1a; 23]
2. To reduce HIF-1a protein by promoting
its proteasome-mediated degradation;
3. To abrogate hypoxia-induced VEGF
secretion via reducing HIF-1a protein.

2 Triptolide Tripterygium wilfordii  XPB; RNAP Il 1. Toincrease the levels of HIF-1a mRNA, [20,
Hook F, a TCM but to reduce its transcriptional func- 21]
tion;
2. To decrease mRNA levels of HIF-1a
target genes including VEGF, BNIP3,
and CAIX;
. To lower the secretion of VEGF protein,

and to reduce sprout outgrowth.

3 MFTz-1 An endophyte Topoisomerase . To reduce HIF-1a accumulation, irrelev- [17,
o 0 - Streptomyces sp. Il ant to its topoisomerase Il inhibition; 25]
0 d>: 1s9131 of Magnolia 2. To abrogate the HIF-1a-driven increase
0]
0.

/—Q_ﬁ hookeri in VEGF mRNA;
3. To reduce constitutive, HIF-1a-inde-

Macrolide pendent VEGF secretion and con-
currently antagonize inducible, HIF-1o-
dependent VEGF secretion.

4 10-Hydroxy- HO N o) Camptotheca Topoisomerase 1. To inhibit proliferation, migration and [19]
camptothecin % acuminata, a TCM | tube formation of HMEC cells;
7 o 2. To inhibit angiogenesis in CAM assays;
3. To elicit apoptosis in HMEC cells.
OH O

Diterpenoid triepoxide 3

[N

Alkaloid
5 11,11-di- CHs The fungus Shiraia VEGF 1. To antagonize the antiapoptotic effects [6]
deoxyverti- H3C\N/;\(O H bambusicola, a TCM  VEGFR of VEGF, and to inhibit VEGF-induced
cillin S-s N H ’l\‘ HUVEC migration and tube formation;
Y 2. To completely block VEGF-induced
microvessel sprouting and vessel
©\‘ ; 0 growth;
'}‘ H/I'»\I\SEN\ 3. To decrease VEGF secretion and to
0 CHas suppress VEGF-induced tyrosine phos-
CHa phorylation of Fit-1 and KDR/FIk-1.
Indole alkaloid
6 Shiraia- The fungus Shiraia VEGFR-2; FGFR; 1. To suppress the autophosphorylation of [7]
chrome A bambusicola, a TCM PDGFR; EGFR VEGFR-2, FGFR, PDGFR, and EGFR;

2. To inhibit the proliferation, migration,
and tube formation of HMEC;

3. To inhibit the formation of new micro-
vessels in a rat aorta culture model as
well as in the CAM assay.

Naphthoquinone

(To be continued)
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No Inhibitors Chemical structure Origin Targets

Antiangiogenic mechanisms Refs

7 Quercetin Many fruitsand ~ MMP-2
vegetables, as

well as olive oil,

red wine, and

tea

Flavonoid

Marine-derived natural products
8 JG3 Marine oligoman-

nurarate blocks

Heparanase

Sulfated oligosaccharide

9 MDOS HER2; EGFR;
VEGFR; PDGFR;
c-Kit; FGFR1;
c-Src

R,00C COOR, Marine oligoman-
R.O o9\ |R:O nurarate blocks
HO. QR4 g 0 R
— BY N COOR,

R=S0:Na, R;=S0;Na or H,
R>=CH,CH(OH)CHs or Na, n=2-8

Sulfated oligosaccharide

10 Grateloupia Tissue factor
longifolia
polysac-

charide

Sulphated polysaccharide
(MW: 1.8x10°)

The marine alga
G longifolia

11 Philinopside
E

Sea cucumber KDR
(pentacta quad-

rangularis)

Saponin

1.

1.

. To inhibit proliferation, migration, and

. To combat heparanase activity via

. To inhibit KDR phosphorylation and

[29]
tube formation of HMEC and HUVEC;

. To display an antiangiogenic effect in

Vivo;

. To decrease the expression and

activity of MMP-2.

[27,
binding to the KKDC and QPLK 42]

domains of the heparanase molecule;

. To abolish heparanase-driven inva-

sion, and to inhibit the release of
heparan sulfate-sequestered bFGF
from the extracellular matrix, and to
repress subsequent angiogenesis;

. To inactivate bFGF-induced bFGFR

and ERK1/2 phosphorylation and
to block bFGF-triggered angiogenic
events by binding to bFGF.

To directly inhibit HER2, EGFR,
VEGFR, PDGFR, c-Kit, FGFR1 and
c-Src, with little impact on FGFR2;

[8]

. To inhibit phosphorylation of PTKs,

exemplified by HER2, EGFR and
VEGFR2, and downstream molecules
of Erk1/2 and AKT;

. To act as an ATP competitive inhibitor

via directly binding to the residues
of entrance rather than those of the
ATP-binding pocket.

To decrease tissue factor at both
mRNA and protein levels;

[30]

. To inhibit proliferation of HMECs and

HUVEC and tube formation and to
reduce the number of migratory cells
in a VEGF-independent manner;

. To reduce new vessel formation and

the vessel density in Matrigel plugs
implanted in mice.

[9]
downstream signaling;

. To specifically interact with KDR

extracellular domain, and to block
its interaction with VEGF and the
downstream signaling;

. To markedly suppresses avp3

integrin-driven downstream signaling
and as a result, to disturb the
physical interaction between KDR and
avB3 integrin in HMECs, followed by
disruption of the actin cytoskeleton
organization and decreased cell
adhesion to vitronectin.

(To be continued)
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No Inhibitors

Chemical structure

Origin Targets

Antiangiogenic mechanisms Refs

12 Philinopside
A

Synthetic inhibitors
13 AL3810

0
o N

=
0] N

LA :NHZ

14 BB

Saponin

CONHCH3;

Naphthamide

Sea cucumber VEGFR; FGFR1; 1.
(pentacta quad- PDGFRB; EGFR
rangularis) 2.

Synthetic VEGFR1Z; 1.
VEGFR2;
FGFR1; 2.

PDGFRpB

Synthetic EGFR 1

_O /Nw .
||\1 2.
)

Br< : NH

Uinonazoline

15 TKI-28 cl
NT |
HN)\N N~ O

|

Pyrido-pyrimidine

~

16 TKI-31 Cl

Pyrido-pyrimidine

Synthetic ErbB-2; EGFR; 1.
KDR; PDGFR;

c-kit; c-Src 2.

Synthetic VEGFR2; 1.
PDGFRB; c-kit;

c-Src

To inhibit the proliferation, migration
and tube formation of HMECs;

To suppress the formation of new
microvessels in cultured rat aorta
and angiogenesis in CAM assays;

[10]

. To inhibit VEGFR, FGFR1, PDGFRp,

and EGFR.

To inhibit VEGFR1, VEGFR2, FGFR1
and PDGFR;

To inhibit the autophosphorylation
of VEGFR2, PDGFR, and FGFR1 in
endothelial cells;

[11,
31)

. To exhibit potent antiangiogenesis

activity, manifested by significant
inhibition of microvessel outgrowth
of rat arterial ring and CAM in ex vivo
angiogenesis models.

To selectively inhibit EGFR;

To abrogate autophosphorylation

of the EGF-stimulated EGFR and
phosphorylation of its key down-
stream signaling molecules ERK and
AKT in A549 cells;

[12]

. To exhibit antiangiogenesis activity,

as evidenced by antagonizing EGF-
induced HMECS migration in vitro,
blocking HMECS tube formation, and
inhibiting microvessel sprouting from
rat aortic rings.

To inhibit ErbB-2, EGFR, KDR, PDGFRB, [13]
c-kit and c¢-Src in cell-free systems;

To block their autophosphorylation

and subsequently to downregulate
phosphorylation of many downstream

signaling proteins at the cellular level;

. To inhibit cell proliferation driven by

EGF, VEGF and PDGF, and cell migra-
tion and tube formation in HMECs.
To inhibit VEGFR2, PDGFRB, c-kitand  [14]
c-Src, showing no activity against

VEGFR1 and EGFR;

. To repress VEGF-induced phos-

phorylation of VEGFR2 in endothelial
cells and PDGFBB-induced phos-
phorylation in fibroblast cells, leading
to the inhibition of PI3K/Akt/mTOR,
MAPK42/44 (ERK) and paxillin;

Acta Pharmacologica Sinica
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No Inhibitors Chemical structure Origin

Targets

Antiangiogenic mechanisms Refs

17 C9 HaCO OCH3

o)

/

(L
H:CO N

I
CHs

Indolinone

Synthetic

Microtubulin

1.

. To suppress VEGF-induced endo-

thelial cells proliferation, migration
and their differentiation into capillary-
like tube formation.

To inhibit proliferation, migration and  [24]
tube formation of endothelial cells,

and angiogenesis in aortic ring and

CAM assays;

. To induce disassembly of micro-

tubules in endothelial cells and to
downregulate Raf-MEK-ERK signaling
activated by pro-angiogenic factors;

. To disrupt capillary-like networks

and newly formed vessels in vitro
and to rapidly decrease perfusion

of neovasculature in vivo, and to
induce endothelial cell contraction
and membrane blebbing in neova-
sculature dependent on the Rho/Rho
kinase pathway.

Abbreviations: BNIP3, BCL2/adenovirus E1B 19 kDa protein-interacting protein 3; CAIX, carbonic anhydrase IX; CAM, chick chorioallantoic membrane;
EGFR, epidermal growth factor receptor; ERK, extracellular signal regulated kinase; bFGF, basic fibroblast growth factor; FGFR1, FGF receptor 1;
HER2, human epidermal growth factor receptor-2; HIF-1a, hypoxia-inducible factor 1alpha; HMEC, human dermal microvasculature endothelial
cells; HUVEC, human umbilical vein endothelial cells; KDR, receptor for vascular endothelial growth factor; MEK, MAPK/ERK kinase; MMP-2, matrix
metalloproteinase-2; PDGFBB, platelet derived growth factor BB; PDGFR, platelet-derived growth factor receptor; RTK, receptor tyrosine kinase; VEGF,
vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; TCM, traditional Chinese medicine.

The apparent differences in the sources and chemical
structures of the 17 inhibitors are reflected in their distinct
(potential) targets. These targets include angiogenic kinases
(angiokinases), extracellular matrix (ECM) components and
the hypoxia-inducible factor 1a (HIF-1a)-vascular endothelial
growth factor (VEGF) axis, among others (Table 1, Figure 1).
Moreover, the antiangiogenic activities of these compounds
revealed in the in vitro, ex vivo and/or in vivo experimental
models are mediated by distinct molecular signaling pathways
(Figure 1).

Angiokinase inhibitors

Although many protein tyrosine kinases (PTKs) contribute to
the angiogenic process, the VEGF-VEGF receptor (VEGFR)
axis is the main target for clinical applications of antiangio-
genic therapy®. Of the 17 compounds listed in Table 1, 9 com-
pounds, namely, 11,11’-dideoxyverticillin, shiraiachrome A,
MDOS, philinopside A, philinopside E, AL3810, BB, TKI-28,
and TKI-31, were found to directly inhibit this axis'*™! (Table
1 and Figure 1). The former 5 compounds are derived from
natural products, whereas the latter 4 inhibitors are synthetic.
These 9 compounds display different profiles of PTK inhibi-
tion, as they have distinct selectivity against various receptor
and/or non-receptor tyrosine kinases, including human epi-

Pseudolaric acid B 11,11'-Dideoxyverticillin AL3810
MFTZ-1 shiraiachrome A i BB
10-hydroxycamptothecin |[ MDOS ! TKI-28
triptolide philinopside A, E TKI-31
l | Grateloupia
longifolia
HIF-1a | JG3 | |Quercetin| polysaccharide
@ ® ® @
VEGF-VEGFR axis Heparanase MMP-2 Tissue factor
Y Y Y
Proliferation, Sprout outgrowth New vessel formation
migration, in a rat aorta model ||in Matrigel plugs
tube formation implanted in mice
of HMEC or Angiogenesis Vessel density
HUVEC cells in CAM assays in tumor xenografts
in nude mice
in vitro ex vivo in vivo
Experimental antiangiogenic activities

Figure 1. A schematic overview of molecular signaling that possibly medi-

here.

ates experimental antiangiogenic activities of the compounds discussed

Acta Pharmacologica Sinica
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dermal growth factor receptor 2 (HER2), epidermal growth
factor receptor (EGFR), VEGEFR, platelet-derived growth factor
receptor (PDGFR), c-Kit, fibroblast growth factor receptor 1
(FGFR1) and/or c-Src. Nevertheless, all 9 of these compounds
can directly suppress the critical angiokinase VEGFR, produc-
ing significant experimentally observed antiangiogenic effects
as a result (Table 1 and Figure 1). In particular, AL3810 has
been in clinical trials because it not only displays excellent
anticancer and antiangiogenic activities but also demonstrates

good pharmacokinetics and toxicity in preclinical studies! .

HIF-1a-VEGF axis inhibitors
We also found that of the 17 identified antiangiogenic com-
pounds, 4 compounds, namely, pseudolaric acid B, MFTZ-1,
10-hydroxycamptothecin and triptolide, can indirectly inhibit
the VEGF-VEGEFR axis by decreasing cellular HIF-1a accu-
mulation and thereby reducing VEGF expression and secre-
tion>?!! (Figure 1). We define these compounds to be HIF-1a-
VEGEF axis inhibitors. HIF-1a is a critical transcription factor
that impacts tumor angiogenesis by regulating the expression
of VEGF. HIF-1a has thus been proposed as a promising anti-
cancer target.

The HIF-1a-VEGEF axis inhibitors reduce the cellular amount
of HIF-1a in different ways. Pseudolaric acid B targets micro-
tubulin and causes its depolymerization™ *!. Pseudolaric acid
B inhibits angiogenesis by reducing the stability of HIF-1a
and thereby downregulating the VEGF-VEGFR axis™> '* ],
However, there has been no direct evidence indicating any
association between its antiangiogenic activity and its inhi-
bition of microtubulin® *!. By contrast, MFTZ-1 does not
affect either the degradation of HIF-1a protein or the level of
HIF-1a mRNA. Instead, MFTZ-1 can abrogate the HIF-1a-
driven increase in VEGF mRNA and VEGF protein secretion,
producing antiangiogenic effects. Specifically, MFTZ-1 can
reduce constitutive, HIF-1a-independent VEGF secretion and
concurrently antagonize inducible, HIF-1a-dependent VEGF
secretion, in an effect that is independent of its inhibition of its
primary target, topoisomerase 111" >/,
genesis by 10-hydroxycamptothecin

The inhibition of angjio-
1 may be associated with
this drug’s suppression of HIF-1a expression, which occurs
via the repression of topoisomerase I-dependent transcription.
This mechanism of action is possibly similar to the mechanism
that is used by topotecan, another camptothecin derivative®,
In contrast to the previous 3 inhibitors, triptolide may enhance
the levels of cellular HIF-la mRNA and protein™. However,
triptolide also causes the downregulation of VEGF expres-
sion and secretion®, possibly because it binds to XPB (which
is also known as ERCC3) and causes the degradation of RNA
polymerase I1”", disrupting the transcriptional function of

HIF-1a.

ECM component inhibitors

ECM components including heparanase and matrix metal-
loproteinase (MMP) are critically involved in the metastatic
and angiogenic capabilities of tumor cells. Inhibitors target-
ing ECM components are increasingly emerging as promising

Acta Pharmacologica Sinica

agents for cancer therapy. We have discovered a series of
compounds that inhibit tumor angiogenesis by targeting hepa-
ranase and MMP. Oligomannurarate sulfate (JG3), a novel
oligosaccharide, was identified as a heparanase inhibitor.
JG3 significantly inhibits tumor angiogenesis and metastasis,
both in vitro and in vivo, by combating heparanase activity;
in particular, this effect is mediated through the binding of
JG3 to the KKDC and QPLK domains of heparanase. In addi-
tion, JG3 abolished heparanase-driven invasion, inhibited the
release of basic fibroblast growth factor (bFGF) from the ECM
and repressed subsequent angiogenesis”!. By contrast, the
antiangiogenic effects of quercetin were found to be associated
with its downregulation of MMP-2!. In fact, however, other
studies reveal complicated molecular mechanisms involved in
the antiangiogenic activity of quercetin, including its inhibi-
tion of the synthesis and accumulation of the HIF-1a protein;
this inhibition reduces the production and secretion of VEGF,
as discussed above™.

Other angiogenesis inhibitors

C9 and GLP exert antiangiogenic effects through relatively
unique mechanisms of action (Table 1). C9 is a new microtu-
bule-depolymerizing agent. In striking contrast to pseudolaric
acid B, C9 elicits its antiangiogenic and vascular disrupting
effects by inducing microtubule disassembly, the downregu-
lation of Raf-MEK-ERK signaling and the reorganization of
actin through the Rho/Rho kinase pathway. GLP is a new
type of polysaccharide isolated from the alga G longifolia. GLP
causes obvious in vitro and in vivo antiangiogenic effects that
are not associated with classical VEGF-VEGER signaling. GLP
decreases tissue factor at both the mRNA and protein levels,
and this effect may be involved in the inhibition of angiogen-
esis by GLP™,

Our findings provide the following beneficial clues to facili-
tate the future discovery of angiogenesis inhibitors: (1) Natural
products are an important source of angiogenesis inhibitors.
In particular, through drug discovery guided by therapeutic
experiences from long-established TCM practices, inhibitors
of angiogenesis could be obtained that have new chemical
structures and unique mechanisms of action; examples of
these sorts of inhibitors include pseudolaric acid B, triptolide,
11,11’-dideoxyverticillin and shiraiachrome A (Table 1). The
original medicinal materials producing these compounds
have long been used to either treat various angiogenesis-
related diseases, such as rheumatoid arthritis, microbial skin
diseases and psoriasis” " *!, or cause the early termination
of pregnancies™. (2) Marine-derived compounds could be
another important source of angiogenesis inhibitors, and cer-
tain compounds with specific types of chemical structures,
such as saccharides, should be subjected to particular scrutiny;
as demonstrated by JG3”' and GLP™, these compounds may
exhibit unique modes of antiangiogenic activity. (3) Chemi-
cal synthesis, particularly if it is based on rational designs and
modifications, is a common, frequently necessary method of
generating compounds with possible medical applications;
this principle is demonstrated by AL3810 in this instance!" ")



and is generally exemplified by a variety of clinically utilized
drugs. (4) The compounds that we have discovered (Table
1) can be used as chemical models for further modification
and optimization to improve their therapeutic potential as
angiogenesis-inhibiting drugs for clinical use. (5) The known
primary target(s) of certain compounds, such as pseudolaric
acid B™"***l and MFTZ-1", are not necessarily related to their
antiangiogenic effects, indicating that unknown and poten-
tially novel mechanism(s) are involved in these effects; these
mechanisms merit further investigation.

The discovery that the stability of HIF-1x protein is
regulated by c-Jun based on mechanistic studies of the
antiangiogenic activity of pseudolaric acid B

Pseudolaric acid B is a diterpenoid isolated from the root bark
of Pseudolarix amabilis®?.

strated to both elicit potent anticancer effects by depolymeriz-
[22, 23]

Pseudolaric acid B has been demon-

ing microtubulin
[22]

and circumvent tumor multidrug resis-
tance'™. Detailed structure-activity studies have revealed that
the components of pseudolaric acid B that are essential to its
anticancer activity include a hydrophobic group (-CO, Me or
-Me) at C-7, a A” double bond, an acyloxy (OAc) at C-4,3 and
a side chain with a conjugated double bond and a hydrophilic

131 Based on its traditional use in Chinese folk

terminal group
medicine for facilitating the early termination of pregnancy,
we first discovered and reported that its antiangiogenic activ-
ity occurred because it accelerates the proteasome-executed
degradation of the HIF-1a protein™.

We previously reported that the activation of the transcrip-
tion factor c-Jun plays a critical role in the circumvention of

34, 35]

tumor multidrug resistance by salvicine . Based on those

earlier findings, we investigated the effect of pseudolaric acid
B and found that it could also drive c-Jun phosphorylation®l,
During our attempts to correlate HIF-1a protein degradation
with the c-Jun phosphorylation induced by pseudolaric acid
B, a novel mechanism was revealed in which c¢-Jun in its non-
phosphorylated form regulates the stability of the HIF-1a pro-
tein™ ! (Figure 2).

HIF-1a is a transcription factor that drives neoangiogenesis
by regulating the expression of various target genes, includ-
ing the proangiogenic genes VEGF and VEGEFR, in response to

Bl The ubiquitina-

hypoxia during the growth of solid tumors
tion-mediated, proteasome-executed degradation constitutes
a critical methanism of regulating the stability of the cellular
HIF-1a protein!.

sensitive prolyl hydroxylase at the Pro402 and Pro564 residues

[38]

HIF-1a can be hydroxylated by an oxygen-

within its oxygen-dependent degradation domain (ODD)
This hydroxylation will promote the ubiquitination of HIF-1a
at Lys532, a process that is effectively mediated by the ubiq-
uitin ligase known as the Von Hippel-Lindau tumor sup-
pressor (pVHL)™. This ubiquitination then, in turn, leads to
the reduced stability of HIF-1a by facilitating its degradation
through the 26S proteasome™ (Figure 2).

Our studies demonstrated that c-Jun binds to the ODD of
HIF-1a protein, protecting HIF-1a from being ubiquitinated
and thereby enhancing its stability by reducing its suscep-
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Figure 2. The antiangiogenic mechanism of pseudolaric acid B. Solid or
broken lines indicate the relationships between the linked factors with
direct experimental evidence (solid lines) or with logical possibility (broken
lines) in the case of pseudolaric acid B.

tibility to the proteasome-executed degradation (Figure
2). Notably, this binding requires the domains of c-Jun for
DNA binding and heterodimerization but is independent of
Ser63/73 phosphorylation. Further investigations have clari-
fied that only non-phosphorylated c-Jun, ie, c-Jun without
transcriptional activity, can bind to and protect HIF-1a"™> ',
Relatively constant total levels of c-Jun are generally main-
tained within the cell. Pseudolaric acid B causes the increased
phosphorylation of c-Jun, thus reducing the proportion of
c-Jun that is in the Ser63/73-non-phosphorylated form. Con-
sequently, the quantity of c-Jun that is able to bind to HIF-la
decreases, impairing the ability of c-Jun to stabilize HIF-1a"!
(Figure 2). Our findings constituted the first discovery of a
function for the non-phosphorylated form of c-Jun; in accor-
dance with these results, a function-converter model of c-Jun
was proposed, in which Ser63/73 phosphorylation serves as a
function converter that shifts c-Jun from its non-transcriptional
functions to its transcriptional functions™!.

The development of AL3810 as a clinically promising
angiokinase inhibitor

Various PTKs are aberrantly activated during tumor progres-
sion. Several of these PTKs, including VEGFR, PDGFR, and
FGFR1, have been demonstrated to contribute to tumor angio-
genesis""?'. In recent years, we have discovered hundreds of
compounds with inhibitory activities against different PTKs
and have reported that 9 compounds exhibit potent antiangio-
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genic effects (Table 1). Of these 9 compounds, AL3810 (also
designated as E-3810)P" demonstrates the greatest potential
for clinical use.

AL3810 is a synthetic multitargeted PTK inhibitor that inhib-
its VEGFR1, VEGFR2, PDGFRa, PDGFRp, and FGFR1 with
1C;, values in the nanomolar rangem’ 3 In endothelial cells,
AL3810 can suppress the autophosphorylation of VEGFR2,
PDGFRp and FGFR1. AL3810 thus displays apparent anti-
angiogenic activity in all of the tested in vitro, ex vivo, and in
vivo models (Figure 1). Even at millimolar concentrations,
however, AL3810 demonstrates no cytotoxic effects on cancer
cell lines. Nevertheless, AL3810 can elicit broad-spectrum in
vivo antitumor activity in human kidney, pancreas and liver
cancer xenograft models; its activity appears to make it more
potent than several commercially available multitargeted
PTK inhibitors, such as sorafenib and Sutent. Moreover, its
antitumor activity is closely correlated with its antiangiogenic
activity!™ .

Notably, it appears that tumors do not easily become resis-
tant to AL3810, as xenografted tumors re-grown after the with-
drawal of AL3810 demonstrate a response to a second cycle of
AL3810 treatment that is similar to the response observed for
the first treatment cycle. By contrast, tumors re-grown after
the withdrawal of sunitinib treatment display reduced sensi-
tivity to a second cycle of treatment with sunitinib. However,
these sunitinib-resistant tumors remain sensitive to AL3810"",
Although this result requires further confirmation, particu-
larly in the clinical context, and the mechanism underlying
this result also must be clarified, its potential importance is
obvious, particularly given that tumors are generally prone to
becoming resistant to the PTK inhibitors that are currently in
clinical use’.

The oral bioavailability of AL3810 is excellent, reaching 31%

M Moreover, the concentration of AL3810 in differ-

in rats
ent tissues is higher than the concentration of AL3810 in the
plasma of tumor-bearing nude mice. In particular, a 51.7-fold
increase in the concentration of AL3810 was detected in the
examined tumoral tissues when compared with that in plasma,
demonstrating the high affinity of AL3810 to tumors™. In
addition, AL3810 has a relatively long terminal half-life of
approximately 4 h; this extended half-life may help explain

BU - All of these results indicate

its persistent antitumor effects
that AL3810 possesses a favorable pharmacokinetic profile.

The prominent advantages of AL3810, which include its
potent antiangiogenic effect, its broad spectrum of antitumor
activity, its ability to potentially circumvent the drug resis-
tance of tumors and its favorable pharmacokinetic profile,
make it an excellent candidate for development as an antican-
cer drug. AL3810 has already entered into clinical trials in
Europe to assess its potential use for this application, and its
clinical trials in China will be launched shortly™" !,

Concluding remarks

As an aspect of international efforts to explore new antiangio-
genic compounds, we investigated the inhibition of angiogene-
sis by 17 compounds. These compounds have diverse origins,

Acta Pharmacologica Sinica

structures, primary targets and mechanisms. Our findings
provide new models for the further modification and optimi-
zation of antiangiogenic compounds, and new clues related to
the examination of antiangiogenic mechanisms. Tumor drug
resistance poses a challenge for the antiangiogenic agents that
are in current use!l. Therefore, one of the most urgent tasks
in the future will be to both demonstrate the critical molecular
mechanism(s) underlying the effects of AL3810 and acceler-
ate the clinical development of AL3810 to meet the potential
clinical need for agents that can circumvent this tumor drug
resistance. The detailed dissection of the structure-effect rela-
tionships of certain compounds to analyze the relationships
between their antiangiogenic mechanisms and their cytotoxic-
ity and between their primary targets and their antiangiogenic
mechanisms could be another important task to accomplish, as
well; the elucidation of these relationships could generate new
strategies for cancer therapy.
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Immunosuppressant discovery from Tripterygium
wilfordii Hook f: the novel triptolide analog (5R)-5-
hydroxytriptolide (LLDT-8)

Wei TANG, Jian-ping ZUO™

Laboratory of Inmunopharmacology, State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy
of Sciences, Shanghai 201203, China

The Chinese traditional herb Tripterygium wilfordii Hook f (TWHF) has been widely used in the treatment of autoimmune and
inflammatory diseases. Over the past few decades, great efforts have been made to explore modern preparations of TWHF with higher
efficacy, solubility, and lower toxicity. In this study, we reviewed several examples both of naturally occurring compounds and their
derivatives in TwHF, and summarized the preclinical evaluations with regard to autoimmune and inflammatory diseases. All of the
candidate compounds described herein have been or are currently in clinical trials. Although some studies encountered problems, the
data still provided valuable references for future studies. (5R)-5-hydroxytriptolide (LLDT-8, Leitengshu) is a novel triptolide derivative
with potent immunosuppressive and anti-inflammatory activities developed at Shanghai Institute of Materia Medica. Indeed, a Phase
| clinical trial for this compound has been completed in rheumatoid arthritis patients. The results will provide the basis for the further
exploration of this ancient herb and encourage the research and development of valuable traditional Chinese medicine.
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Introduction

For thousands of years, natural products have played an
important role throughout the world in treating and prevent-
ing human diseases!" ™. The discovery and development of
immunosuppressants from natural sources have an impressive
record: mycophenolic acid (MPA) and cyclosporin A (CsA),
the fungal metabolites isolated in 1932 and 1970}, respec-
tively; rapamycin, found in 197581 FK506, extracted from a
culture filtrate of Streptomyces tsukubaensis in 1987% '%; and
fingolimod (FTY720), described in 1995 Although the cur-
rent industry model for drug discovery does not favor natural
products, the resources are so vast as to seem unlimited, and
these emerging tools will provide important discoveries, lead-
ing to new medicines!'. Furthermore, the drugs already in
use as immunosuppressants (eg, cyclophosphamide, metho-
trexate, azathioprine, cyclosporin) are associated with some
significant problems, including toxicity, a lack of reversibility,
and increased susceptibility to viral and other infections™.
Indeed, exploring new and innovative immunosuppres-
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sants from natural sources has now become a focus of intense
research.

Tripterygium wilfordii Hook f (TwHF) and its extracts
have been widely used in the treatment of autoimmune and
inflammatory diseases, including rheumatoid arthritis (RA),
systemic lupus erythematosus (SLE), and dermatomyositis
(DM)!"® and have beneficial effects on tissue and organ
transplantation”?. In 1993, the ethyl acetate (EA) extract of
TwHF was entered into a Phase I study for the treatment of
RA patients” ), and many clinical trials have tested triptolide
for the treatment of RA and psoriasis[%’ 1. In addition, PG490-
88/F60008 (Figure 1), a water-soluble prodrug of triptolide,
has been approved for entry into a Phase I clinical trial for the
treatment of solid tumors™ .

The Shanghai Institute of Materia Medica (SIMM) has made
great efforts to discover drugs from natural products that
are of clinical value and have contributed to the treatment of
autoimmune diseases, such as RA, SLE, and multiple sclerosis
(MS). By combining basic and applied research efforts and
through the collaboration between chemistry and biology, the
SIMM has developed several series of immunosuppressive
drug candidates against autoimmune diseases: LLDT-8 (Figure
1), a novel triptolide analog from the Chinese traditional herb
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Figure 1. The structure of triptolide and its derivatives, PG490-88 (F60008) and LLDT-8.

TwHEF, that will enter into a Phase II clinical trial involving RA
patients in China®*; SM934, a water-soluble derivative of
artemisinin; and periplocoside E, a pregnane glycoside identi-
fied from Periploca sepium Bge.

This review focuses on the drug candidates isolated from
TwHEF. Regardless of the success or failure in treatment, the
experience gained through the exploration and practice is
invaluable.

TwHF, a representative Chinese medicinal herb showing
immunosuppressive and anti-inflammatory activities
TwHEF is a deciduous climbing vine that grows up to 12 meters
and has brown, angular, downy twigs. The leaves are light
green, smooth adaxially, and pale gray with light-colored hairs
abaxially. As a well-known Chinese medicinal herb, TWHF
is distributed widely in southern China, including Fujian,
Zhejiang, and Anhui Provinces. The Chinese herb Lei Gong
Teng is derived from the roots of TWHF and has been used
in traditional Chinese medicine for more than two thousand
years. The description of TWHF has been traced to the period
of the Three Kingdoms (220-280 AD) when these plants were
recorded as “Mangcao” in Shennong’s Chinese Materia Medica.
In the ensuing thousand years, much Chinese literature,
including Materia Medica of South Yunnan (dian nan ben cao)
and Guidelines and details on roots and herbs (Bencao gangmu) of
the Ming dynasty, Chinese herbal Iconographia Plantarum of the
Qing dynasty, and Icons of Chinese medicinal plants in the 20th
century, has recorded the resources, efficacy and medicinal
application of TWHF. Modern research on the pharmacology
of TwHEF focuses on active component identification, structure
modification and novel derivative discovery.

For centuries, Chinese people have used TwHF and its
extracts for the treatment of autoimmune and inflamma-
tory diseases, including RA, SLE, and DM. Contemporary
researchers have attempted to standardize the TWHF extract
for further development and investigate its efficacy in autoim-
mune diseases, and some progress had been achieved in recent
years. The ethyl acetate (EA) extract of TWHF was entered
into a Phase I study that included 13 patients with established
RA in 1993”']. The EA extract of TwHF at dosages up to 570
mg/d appeared to be safe, and doses >360 mg/d were associ-
ated with clinical benefits in the patients with RAP'. The dos-

age was normalized to previous extracts by assessing the con-
tent of triptolide and tripdiolide. A randomized, controlled,
24-week study was then conducted in 2004 in patients with
active RA and 6 or more painful and swollen joints”. The
results demonstrated that the treatment with a standardized
extract from the peeled roots of TwHF administered (60 mg 3
times daily) over 24 weeks may be both effective and safe in
treating patients with active rheumatoid arthritis.

With the recent technological developments in the isola-
tion and structural identification of compounds, more than
100 components have been isolated from TwHF, with most
of them having a potent therapeutic efficacy for a variety of
autoimmune and inflammatory diseases. Among the reported
active components from this herb, including triterpene, diter-
pene and macrocyclic alkaloids, the most noteworthy compo-
nent is triptolide. Triptolide, an oxygenated diterpene, was
identified as the most active component, accounting for the
immunosuppressive effects of TWHF"" ", Over the past few
decades, much research has been conducted on the clinical
use of triptolide for the treatment of autoimmune and inflam-
matory diseases, such as RA, SLE, nephritispé’ 43-52]
sis® and Crohn’s disease®™, and kidney transplantation
However the strong toxicity, particularly with regard to male
reproductive toxicity, limits the application of triptolide to a
great extent™ ™,

To identify more effective compounds with less toxicity and
higher solubility, the structural modification of triptolide was
studied, and derivatives were synthesized and evaluated for
their biological activities. In the past few years, new water-
soluble triptolide derivatives have been designed and syn-
thesized, including PG490-88 or F60008. PG490-88 or F60008,
a prodrug of triptolide, is converted to triptolide in vivo by
plasma esterases following intravenous administration® ",
Table 1 summarizes the preclinical pharmacological study of
triptolide and PG490-88/F60008 against autoimmune diseases
and transplantation rejection. Although PG490-88 or F60008
has been approved for entry into a Phase I clinical trial for the
treatment of solid tumors, two lethal events were observed
in twenty patients, and the high inter-individual variability
rendered PG490-88 or F60008 a far from optimal derivate of
triptolide !,

, psoria-
[54]
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(5R)-5-hydroxytriptolide (LLDT-8, Leitengshu), a novel
triptolide analog in clinical trials

Great efforts have been made at the SIMM in the search for
promising triptolide analogs with a low toxicity and relative
high immunosuppressive activity, and a series of novel trip-
tolide analogs have been successfully synthesized. We have
identified one derivative, (5R)-5-hydroxytriptolide (LLDT-8,
Leitengshu), which demonstrates potent immunosuppressive
and anti-inflammatory activities®'. Over the course of ten
years, the biological activity of LLDT-8 has been evaluated,
and the underlying mechanisms have been investigated with
regard to many autoimmune and inflammatory diseases. The
administration of LLDT-8 reduced the incidence and severity
of collagen-induced arthritis in DBA/1 mice™. To assess the
long-term effectiveness of LLDT-8, 3-month-treatment experi-
ments were performed. The oral administration of LLDT-8
(0.125, 0.25, and 0.5 mg/kg, starting at 1 d before the booster
immunization) consistently attenuated the severity of CIA
compared with untreated mice. LDP, Leigongteng Duodai
Pian, is the prescription drug of the extracts of TWHF used
for treating RA in China. The preventive effect of LLDT-8 at
a dose of 0.25 mg/kg was similar to LDP at 20 mg/kg in CIA
mice. We also tested the therapeutic effect of LLDT-8 after
the establishment of RA, and the inhibitory profile was per-
sistent during the 3-month observation. LLDT-8 also exerted
therapeutic effects on experimental autoimmune encephalo-

myelitis (EAE)P", concanavalin A-induced acute hepatitis®™”’,

graft-versus-host disease (GVHD)"?, allograft rejection”,
and bleomycin-induced lung fibrosis™. LLDT-8 effectively
inhibited human T cell immune responses without affecting
the NK cytotoxic activity, and this immunosuppressive activ-
ity was parallel to that observed for murine immunity™!. The
mechanism of LLDT-8 involves a variety of immune cells and
molecules and includes limiting T cell function and prolifera-
tion, inhibiting macrophage activation, inducing regulatory
T cell expansion, and interfering with IFN-y-related signal-
ing[31740]
displayed a much lower toxicity both in vitro and in vivo. The
CCy, value of LLDT-8 was 256.6+73.8 nmol/L, and the CCs,
value of triptolide was 2.1+0.3 nmol/L in murine splenocytes.

. More importantly, compared to triptolide, LLDT-8

The immunosuppressive effects of LLDT-8 and triptolide were
also tested in mitogen- and alloantigen-induced lymphocyte
proliferation assays. The ICs, values of triptolide for inhibit-
ing ConA-induced T lymphocyte proliferation, LPS-induced
B lymphocyte proliferation, and mixed lymphocyte reaction
(MLR) were 6.7£0.2, 8.6+2.8, and 2.7+£0.6 nmol/L, respec-
tively, with the IC5, values of triptolide being close to or even
higher than the CCs, values. This result indicated that the
activities of triptolide were largely dependent on its cytotox-
icity. However, the ICs, values of LLDT-8 for inhibiting the
lymphocyte proliferation caused by ConA, LPS, or MLR were
lower than its CCs, values (IC5=131.7+32.4, 171.5£17.3, and
38.8+5.1 nmol/L, respectively), thus excluding the possibility
that the inhibitory activities of LLDT-8 were attributable to its
cytotoxicity®. When administered in mice, the lethal dose
for 50% of the animal test population of LLDT-8 is 9.3 mg/kg
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(intraperitoneal), whereas that of triptolide is 0.86 mg/kg,
with a 10-fold lower acute toxicity in vivo™. Table 2 sum-
marizes the preclinical pharmacological study of LLDT-8 as
an immunosuppressant drug candidate. Female RA patients
who were over the 35 years of age and menopausal or did
not have birth demands were enrolled in a tolerability and
pharmacokinetic study. The tolerability and pharmacokinetic
properties of LLDT-8 and its initial therapeutic efficacy were
assessed and determined. According to the pharmacokinetic
and pharmacodynamic results reported using experimental
animals, the initial dose should be set at 0.25 mg/d. In accord
with the dose escalation scheme, the highest dose could be
set at 4 mg/d in the phase I clinical trial for LLDT-8"". The
results of the clinical trial will provide the basis for the further
exploration of this novel derivate of triplide and encourage
the research and development of valuable traditional Chinese
medicine.

Concluding remarks

Research on TWHF has long been an intense issue. During the
past few decades, several drug candidates from this herb have
been or are currently in clinical trials. However, it has been
demonstrated that some compounds cannot be considered
the optimal derivative of triptolide. For other compounds, for
example, LLDT-8, we are still awaiting the results of the clini-
cal studies. Regardless of the results of the trials, research on
this important ancient medicinal herb will continue.
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Pharmacological actions and therapeutic
applications of Salvia miltiorrhiza depside salt and
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Salvia miltiorrhiza, a traditional medical herb known as danshen, has been widely used in China to improve blood circulation, relieve
blood stasis, and treat coronary heart disease. S miltiorrhiza depside salt is a novel drug recently developed at the Shanghai Institute
of Materia Medica; it contains magnesium lithospermate B (MLB) and its analogs, rosmarinic acid (RA) and lithospermic acid (LA), as
active components. The drug has been used in the clinic to improve blood circulation and treat coronary heart disease. The pharma-
cological effects of the depside salt from S miltiorrhiza and its components have been extensively investigated. Experimental studies
have demonstrated that magnesium lithospermate B possesses a variety of biological activities, especially protective effects in the car-
diovascular system such as attenuation of atherosclerosis and protection against myocardial ischemia-reperfusion injury. Rosmarinic
acid and lithospermic acid also show beneficial effects on the cardiovascular system. This paper reviews the recent findings regarding
the mechanisms underlying the pharmacological actions of the active components of S miltiorrhiza depside salt, based on published

works and our own observations.
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Introduction

The dried roots of Salvia miltiorrhiza, a traditional medical
herb known as danshen, are used in China for the treatment of
coronary heart disease, hepatitis, menstrual disorders, menos-
tasis, blood circulation diseases, and other cardiovascular dis-
eases'l. The chemical constitutents of S miltiorrhiza have been
studied for more than 60 years, but research has been focused
mainly on the lipophilic diterpenoid quinones. In recent
decades, the pharmacological activities of the water-soluble
components of S miltiorrhiza have been investigated, includ-
ing the active constituents magnesium lithospermate B (MLB,
also called salvianolic acid B), rosmarinic acid (RA), lithosper-
mic acid (LA), prolithospermic acid, ammonium potassium
lithospermate B, and magnesium salvianolate E oligomers of
caffeic acids (Figure 1). Pharmacological studies have shown
that water-soluble extracts from danshen can provide an alter-

native regimen for the prevention of ischemic heart diseasel.
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In 2005, the State Food and Drug Administration (SFDA) of
China approved a new drug application for S miltiorrhiza dep-
side salt, with MLB, RA, and LA as the primary active com-
pounds, for the treatment of chronic angina. A clinical study
showed that intravenous infusion of S miltiorrhiza depside salt
had an observable therapeutic effect in patients with the coro-
nary heart disease angina pectoris'’. In this article, we review
the recent findings from our group and others in order to pres-
ent the pharmacological profiles and therapeutic applications
of the main components of S miltiorrhiza depside salt — MLB,
RA, and LA — and the mechanisms underlying their clinical
efficacy.

Pharmacokinetic properties of S miltiorrhiza depside salt
An understanding of the pharmacokinetics and bioavailabil-
ity of herbal medicinal products can enable us to link data
from pharmacological assays to clinical effects and also help
in designing rational dosage regimens. The pharmacokinetic
properties of S miltiorrhiza depside salt have been investigated
using liquid chromatography-tandem mass spectrometry fol-
lowing intravenous administration in animals™ * and healthy
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Figure 1. Salvia miltiorrhiza depside salt and its main components.

volunteers”. The bioavailability of MLB is extremely low;

it has been calculated to be only 1.07%+0.43% in dogs™ and
0.02% in rats'”. The elimination time (t,/,) of MLB, RA, and
LA is 1.04, 0.75, and 2.0 h, respectively, in rats”; 0.71, 0.51,
and 0.83 h in dogs'; and 2.33, 0.23, and 3.74 h in healthy Chi-
nese volunteers!”), following intravenous administration of S
miltiorrhiza depside salt. The pharmacokinetic properties of
S miltiorrhiza depside salt are summarized in Table 1. Given
that MLB has been shown to have low permeability through
Caco-2 cell monolayers, its low bioavailability could be due to
poor absorption and metabolism!'”.
olism, including a first-pass effect, poor absorption, and wide
distribution contributed significantly to MLB’s extremely low
systemic bioavailability.

Cytochrome P450 isoenzymes (CYPs), the most impor-
tant phase I enzymes in the metabolism of xenobiotics, are

Overall, extensive metab-
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involved in the metabolism of most drugs. Recently, MLB
was found to act as a weak inhibitor of CYP1A2 in human
liver microsomes'", to down-regulate CYP3A4 and CYP1A2
mRNA expression in the absence of rifampicin and to inhibit
rifampicin-induced CYP3A4 mRNA expression in HepG2
cells™®. However, Liu et al reported that MLB could signifi-
cantly transactivate the CYP3A4 reporter gene construct in
either HepG2 or Huh?7 cells and the PXR mRNA expression in
LS174T cells™. These data suggest that MLB may modulate
the metabolism of the other drugs by induction or inhibition
of specific drug-metabolizing enzymes. Additionally, the
metabolism of MLB itself can be changed.

Pharmacological actions of magnesium lithospermate B
(MLB)

Salvianolic acid B and lithospermic acid B were identified
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Table 1. Pharmacokinetic properties of S miltiorrhiza depside salt.
Species Pharmacokinetic
. . Doses MLB RA LA References
(administration) parameters
Beagle dogs
(iv) 6 mg/kg Tonax (D) 0.39+0.14 0.39+0.1 0.47+07 Li et a®
Cinax (Mg/L) 977511576 874+131 308+40
AUC oy (MgLh™) 5097+871 460+68 171427
AUC_,y (mgL™h™) 51004871 461+68 172428
MRT_ (h) 0.46+0.04 0.40+0.02 0.50+0.02
V/F (L/kg) 0.44+0.13 0.50+0.09 0.26+0.06
T1j2q (M) 0.05+0.01 0.04+0.01 0.07+0.01
Tayop (h) 0.71+0.32 0.51+0.18 0.83+0.48
CL/F (Lh™kg™) 0.3940.20 0.72+0.20 0.27+0.13
Rats 60 mg/kg AUC o) (Mg ™Y 51.6+12.4 6.6+1.8 25.5+2.3 Li et al®
(iv) AUC o,y (mgh™ L") 52.3+12.6 6.9+1.7 26.6+3.1
MRT . (h) 0.55+0.09 0.32+0.07 1.75+0.16
V (L/kg) 1.89+0.68 1.13+0.51 0.12+0.02
T104 (D) 0.13+0.07 0.12+0.04 0.13+0.06
Tayop (h) 1.04+0.09 0.75+0.14 2.00+0.60
CL (Lhkgh) 1.09+0.26 1.02+0.32 0.04+0.01
Human 100 mg/kg Crnax (ME/L) 492541861 17461 361+101 Jiaetal”
(iv) Tomax (D) 0.64+0.31 0.47+0.21 1.01+0.20
ti5 (h) 2.33+0.92 0.23+0.11 3.74+0.54
MRT (h) 1.16+0.62 0.54+0.07 4.24+1.59
AUC,,; (NngmML*h™) 4537+1265 129+28 1229+330

Aeo_o4 1, €Xcreted in 24-h urine sample as unchanged drug; AUC, area under the plasma level-time curve; C,., maximum concentration of drug; CL,
systemic clearance; MRT, mean retention time; NC, not calculable; SD rat, Sprague-Dawley rat; t;,,, terminal elimination half-life; T,,,,, absorption half-
life; T,,op €limination half-life; T,..,, time of occurrence for maximum (peak) drug concentration.

decades ago as the major components of danshen. They were
originally reported to have identical structures except for the
configurational assignments of two stereocenters, recently
through chemical correlation, they were shown to be the same
compound™,

Currently, MLB is used as a quality-control ingredient and
active marker for danshen products by the National Pharma-
copoeia Council of China™. As the major component (con-
tent >85%) of S miltiorrhiza depside salt, the pharmacological
actions of MLB have been extensively investigated.

Attenuation of atherosclerosis

A large body of evidence has demonstrated that MLB is capa-
ble of preventing the development of atherosclerosis in vivo
and in vitro. The in vivo evidence for the anti-atherosclerotic
effects of MLB is compiled in Table 2. Intimal hyperpla-
sia results from the proliferation and migration of vascular
smooth muscle cells (VSMCs) after endothelial injury and
excessive oxidative stress, which were significantly reduced
by MLB treatment. It has been found that PDGF-BB, SDF-1q,
and high glucose could induce VSMC proliferation and migra-
tion, which were suppressed by MLB through the following
signaling pathways: those induced by PDGF-BB was mediated

via inhibiting the phosphorylation of PI3K/Akt and ERK!'®,
those induced by SDF-1a via suppressing the expression lev-
els of CXCR4 receptor and downstream molecules of SDF-1a/
CXCR4 axis!"”, and those induced by high glucose via induc-
ing the nuclear factor erythroid 2-related factor-2 (Nrf2)-
antioxidant responsive element (ARE)-NAD(P)H:quinone
oxidoreductase-1 (NQO1) (Nrf2-ARE-NQOT1) pathway!®.
Furthermore, MLB was able to induce VSMC apoptosis by
up-regulating p53!"’. Most recently, Cho et al elucidated the
mechanisms by which MLB regulates the cellular prolifera-
tion in VSMCs. Using fluorescein isothiocyanate (FITC)-
conjugated MLB to track its cellular localization, these authors
found that MLB bound to the non-muscle myosin heavy chain
(NMHC-IIA), thereby allowing MLB to suppress the PDGE-
induced proliferation of VSMCs"". In addition to inhibit-
ing the proliferation and migration of VSMCs, subsequently
preventing neointimal hyperplasia, many other effects are
involved in the anti-atherogenic effects of MLB, including the
scavenging of ROS/free radicals, attenuation of injury of the
vascular endothelium, inhibition of inflammatory reactions,
avoidance of lipid deposition, and modulation of the immune
response.

Acta Pharmacologica Sinica
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Table 2. Anti-atherosclerotic effects of magnesium lithospermate B.

Animal models Mechanisms References

Cholesterol-fed rabbits | Intimal thickening Hung et al™®
1 Apoptosis in neointimal restenotic lesions
1 p53 in neointimal restenotic lesions

Cholesterol-fed rabbits 1 LDL resistant to Cu**-induced oxidation Wu et al?!!
1 Vitamin E content in LDL
| Severity of atherosclerosis
| Plasma cholesterol
| Endothelial damage

ApoE™”~ mice | lintimal thickening Lin et al®”
| MMP-2 and MMP-9 expression and activity
| LPS-induced HASMCMMP-2 and MMP-9 expression and activity
| ERK and JNK phosphorylation

ApoE”~ mice | Intimal thickening Chen et al®®
| COX-2 expression
| LPS-induced HASMC NADPH oxidase activity
| LPS-induced HASMC PGE, production, ICAM-1 expression
| LPS-induced HASMC ERK and JNK phosphorylation

Rat model of carotid artery balloon injury | Neointimal formation Hur et a/™®!
| ROS
| PDGF-BB stimulated VSMC proliferation and migration
| PDGF-BB stimulated VSMC PI3K/Akt and ERK phosphorylation
Rat model of carotid artery balloon injury 1 Neointimal hyperplasia Pan et al'*”!
| SDF-1a-stimulated cell proliferation and migration
| CXCR4 receptor
| Promoter activity of NF-kB
| Raf-1, MEK, ERK1/2, phospho-ERK1/2, FAK, and phospho-FAK
Cholesterol-fed rabbits | Cu**-induced LDL oxidation in vitro Yang et al*
| HAECs-mediated LDL oxidation
| oxLDL-induced cytotoxicity and ROS production in HAECs
| Lipid deposition in the thoracic aorta
| Intimal thickness of the aortic arch and thoracic aorta
| Neointimal formation in the abdominal aorta
Carotid artery balloon injury in STZ-induced | Diabetes-related neointimal hyperplasia Hur et a/*®
diabetic rats | Hyperglycemia-accelerated proliferation and migration of VSMCs
1 Nrf2-ARE-NQO1 pathway

ApoE™~ mice | CD36 gene expression
| Lipid uptake in macrophages
| Modified LDL (mLDL) uptake in PMA-stimulated THP-1 and RAW 264.7 cells Bao et all*®

COX-2, cyclooxygenase-2; CXCR4 receptor, cysteine-x-cysteine chemokine receptor 4; HAECs, human aortic endothelial cells; LDL, low-density lipoprotein;
HASMC, human vascular smooth muscle cell; ICAM-1, intercellular adhesion molecule 1; LPS, lipopolysaccharide; MMP, matrix metalloproteinase; Nrf2-
ARE-NQO1, nuclear factor erythroid 2-related factor-2 (Nrf2)-antioxidant responsive element (ARE)-NAD(P)H:quinone oxidoreductase-1 (NQO1); oxLDL,
oxidized LDL; PDGF, platelet-derived growth factor; PMA, phorbol-12-myristate-13-acetate; ROS, reactive oxygen species; VSMC, vascular smooth muscle
cell; STZ, streptozotocin.

Acta Pharmacologica Sinica
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Free radical scavenging and anti-oxidant activity

MLB exhibited iron chelating and scavenging activities against
free hydroxyl radicals (HO-), superoxide anion radicals (O, "),
1,1-diphenyl-2-picryl-hydrazyl (DPPH) radicals, 2-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS) radicals

[26]

and hydrogen peroxide (H,O,)'™, as well as xanthine oxidase

271 Intracellular and extracellular oxida-

inhibitory activity
tive stress can induce oxidative modification of low-density
lipoprotein (LDL) to oxLDL, one of the important substances
that drive intimal immune cell infiltration. Inhibiting the for-
mation of oxLDL is beneficial in preventing the development
of atherosclerosis®!. It was found that MLB inhibited serum
LDL oxidation™!, and MLB-treated LDL exhibited vitamin
E-binding ability and was resistant to Cu**-induced oxida-

tion!?",

These studies suggest that MLB can attenuate patho-
logical increases in the peroxidation of lipids, thus suppress-
ing the development and progression of atherosclerosis. Con-
sistent with this line of evidence, our previous study showed
that MLB prevented auto-oxidation and Fe®/VitC induced
lipid peroxidation in rat serum, liver, kidney, heart, and brain
homogenates in vitro and exerted similar effects in an ex vivo

21 In

experiment with the exception of brain homogenate
addition to preventing lipid oxidation, the scavenging of ROS
contributes to the effects of MLB on preventing injury-induced
neointimal formation in rats and in cholesterol-fed rabbits,
inhibiting VSMC proliferation and migration, and preventing
human aortic endothelial cells from oxidative injury-mediated
cell death"® !,

It has been shown that MLB suppresses NADPH oxidase
activity, subsequently reducing ROS generation in response
to TNF-a, H,O,, and Ang-II in human aortic smooth muscle
cells (HASMCs)P"; MLB has also been shown to directly
reduce excessive ROS generated by high glucose through the
enhancement of high glucose-induced Nrf2 action and the
subsequent heme oxygenase-1 expression in HEK293T cells™".
Moreover, the entire Nrf2-ARE signaling pathway has been
found to be involved in the antioxidative effects of MLB. In
that study, MLB acted at least in part by activating the Nrf2-
ARE-NQOI1 pathway and also restored redox balance during

18 Thus, we

hyperglycemia-induced chronic oxidative stress
believe that the prevention of oxidative stress and related vas-
cular complications by MLB contributes to its anti-atheroscle-

rotic effects.

Preventing endothelial dysfunction

The death or injury of endothelial cells (ECs) may contribute
to the initial endothelial pathophysiological processes, such
as angiogenesis, atherosclerosis, and thrombosis. MLB was
found to attenuate the endothelial damage in cholesterol-fed
rabbits™ and to protect human endothelial cells from oxida-
tive stress-induced damage via inducing the expression of
glucose-regulated protein 78 (GRP78)"?, thus suggesting that
MLB could maintain the integrity of the initial endothelium.
Endothelial injury leads to a significant increase in LDL per-
meability, which plays a role in the formation and develop-

ment of atherosclerosis. MLB inhibited the VEGF-induced

LDL permeability of ECs® and reduced the TNF-a-induced
permeability and disorganization of vascular endothelial-
cadherin in ECs by decreasing VEGF protein expression via
modulation of the ERK pathway™!. Loss of the cell-cell adher-
ence junction also increases endothelial permeability. MLB
could attenuate TNF-a-induced tyrosine phosphorylation of
junctional proteins, including vascular endothelial cadherin
and P-catenin. An immunoprecipitation study showed that
MLB prevented -catenin disassociation from the cytoskeleton
in TNF-a-treated HUVECs™!. In addition to reducing the
endothelial permeability, MLB also modulated the hemostatic
properties of ECs. MLB increased the fibrinolytic and antico-
agulant potential of cultured HUVECs by up-regulating the
expression of tissue-type plasminogen activator (t-PA) and
thrombomodulin (TM) and down-regulating the expression of
plasminogen activator inhibitor type 1 (PAI-1)". The NF-xB
and ERK-AP-1 pathways were considered possible targets of
MLB in the attenuation of the PAI-1 production response to
TNF-a in HUVECs!.

Atherogenic recruitment of leukocytes involves a sequence
of rolling, firm adhesion, lateral migration and transend-
othelial diapedesis and is controlled by chemokines. During
atherosclerosis, circulating monocytes and lymphocytes may
interact with adhesion molecules, such as vascular adhesion
molecule-1 (VCAM-1), intercellular adhesion molecule-1
(ICAM-1) and E-selectin on ECs, to establish firm adhe-
sion, which may be an early event in atherogenesis. MLB
pretreatment notably attenuated TNF-a-induced expression
of VCAM-1 and ICAM-1 and the binding of monocytes to
HAECs, which was associated with its anti-inflammatory
property through inhibition of the NF-xB pathway™ *!. In
IFN-y-treated ECs, MLB inhibited IFNy-induced JAK-STAT
signaling pathways and consequently suppressed IFN-y-
induced expression of chemokines (including IP-10, Mig,
and I-TAC), IP-10 promoter activity, IP-10 protein release,
and monocyte adhesion to ECs*l. These studies support the
potential clinical application of MLB in vascular inflammatory
diseases, including atherosclerosis.

MLB regulates vascular homeostasis by exerting a num-
ber of vasoprotective effects, including the stimulation of
vasodilation, suppression of VSMC proliferation, and inhibi-
tion of inflammatory responses. Many of these effects are
mediated by the most potent endogenous vasodilator, NO.
Endothelial cell-derived NO acts as an important mediator
in the cardiovascular, nervous, and immune systems*'. Our
previous studies showed that MLB could inhibit Ca*" influx
and stimulate NO production in ECs treated with hypoxia/
reoxygenation, which in turn could attenuate cell injury™?.
MLB could also inhibit Ca** influx and decrease NO release
in ECs exposed to hypoxia and attenuate cell injury in ECs!*’),
In HUVECs, MLB enhanced NO production via the AMPK/
PI3K/ Akt pathway™. MLB was also found to produce
endothelium-dependent vasodilation by regulating NO pro-
duction through the modulation of heme oxygenase-1 and
arginase activities"'!.

Taking all these data together, we conclude that MLB dimin-

Acta Pharmacologica Sinica
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ishes endothelial dysfunction through up-regulating anti-
inflammatory responses and promoting vasodilation, which
may contribute to the prevention and treatment of various
cardiovascular disorders, including atherosclerosis.

Anti-inflammatory effects and regulation of matrix metallopro-
teinases expression and activity

The inflammatory response is involved in the pathogenesis of
atherosclerosis, and the initial degradation of the extracellular
matrix (ECM) is an inevitable step for vascular cell hyper-
trophy, proliferation, and migration, which in turn plays an
important role in vascular remodeling and contributes to the
vulnerability of atherosclerotic plaques to rupture. Vascular
cells, including SMCs, can secrete matrix metalloproteinases
(MMPs), the enzymes that selectively digest the individual
components of the ECM. MLB treatment effectively attenu-
ated MMP-2, MMP-9?? and COX-21% protein expression in
cholesterol-fed ApoE”~ mice, which was related to the reduced
thickness of the intima and protection of these mice against
atherosclerosis. In HASMCs, MLB reduced the LPS-induced
MMP-2 and MMP-9 expression via downregulating the JNK
and ERK signaling pathways™ and inhibited the LPS-induced
COX-2 expression via reducing PGE, production, ICAM-1

331 Furthermore,

expression and NADPH oxidase activity
MLB also inhibited MMP-2 expression and activity in response
to TNF-a, Ang II, and H,O, in HASMCs via reducing NADPH
oxidase-dependent ROS generation™. Moreover, MLB down-
regulated the SDF-la-stimulated up-regulation of CXCR4
(total and cell-surface levels), Raf-1, FAK, and phospho-FAK,
as well as the promoter activity of NF-xB, which provided a
beneficial effect against the counteracting effects of inflamma-
tion on VSMCs!"". These studies demonstrate that MLB can
stabilize arterial atherosclerotic plaques and reduce the risk of
coronary heart disease.

Modulation of lipid profiles

In cholesterol-fed rabbits, MLB treatment attenuated the
increase in plasma cholesterol predominantly in -VLDL?!,
MLB treatment was also found to decrease the atherosclerotic

area, cholesterol deposition®" !

125]

and lipid levels of aortic ves-
sels'™. However, MLB does not exert obvious lipid-lowering
effects. The relationship between lipid lowering and the
atheroprotective effects of MLB is still unclear. Because dys-
lipidemia is one of the main risk factors that lead to atheroscle-
rosis, further investigations are required to explore the effects

of MLB on cholesterol metabolism.

Potential immunomodulators

The activation of T lymphocytes plays a promoting role in the
inflammatory processes of atherosclerotic diseases, and func-
tional, immune-stimulating dendritic cells (DCs) have recently
been detected in the aortic intima, the site of origin for athero-
sclerosis. Immunosuppressive methotrexate for treatment of
atherosclerosis is currently under investigation™. One study
found that MLB effectively suppressed maturation of human
monocyte-derived dendritic cells (h-monDC) induced by ox-

Acta Pharmacologica Sinica

LDL through activation of PPARY[45] and inhibition of 1L-2,
IL-4, TNF-a, and IFN-y production from activated T cells?;
MLB also effectively reduced the expression of T cell activation
markers CD25 and CD69". With molecular modeling, MLB
was found to act as an inhibitor of protein-protein interactions
between the SH2 domains of the Src-family kinases, Src and
Lck. The potency of MLB binding to Src and Lck was higher
than RA, a natural compound known as the Lck SH2 domain
inhibitor””. Because Lck is a T cell-restricted Src family pro-
tein tyrosine kinase, and inhibition of the Lck SH2 domain
has been suggested as a possible mechanism underlying the
immunosuppressant activity of RA, it appears that MLB may
act as an immunosuppressive agent'*.

CD36, a member of the class B scavenger receptors, is a high-
affinity receptor for oxidatively modified low-density lipopro-
tein (oxLDL) and has been implicated in the pathogenesis of a
variety of vascular inflammatory diseases. MLB was found to
be antagonistic against CD36-oxLDL binding, which was fur-
ther validated by its inhibition of oxLDL uptake in RAW 264.7
cells". Yi et al confirmed the specificity and efficacy of MLB
in inhibition of CD36-mediated lipid uptake in vitro and in vivo
and demonstrated that MLB was an effective CD36 antago-
nist®!. These results support a role for MLB as an immune
modulator with cardioprotective effects, which would increase
its therapeutic potential in atherosclerotic pathologies.

Protecting against myocardial ischemia and reperfusion (I/R)
injury

Cardiac glycosides are drugs that are clinically used to relieve
the symptoms of congestive heart failure via their reversible
inhibition on Na'/K"-ATPase located in human myocardium.
However, narrow safety margins and severe side effects make
administration of these drugs difficult. MLB is a non-steroid
compound possessing inhibitory activity against Na*/K"-
ATPase with potency comparable to that of cardiac glycosides
but without the apparent adverse effects. Therefore, MLB
has great potential in the treatment of congestive heart fail-
ure, provided that it undergoes the necessary clinical trials®”.
MLB has been found to exert protective effects on the heart in
various animal models. In a porcine model of myocardial I/R,
MLB increased capillary density and decreased infarct size®".
In C57 mice, MLB was found to inhibit cardiac hypertrophy
and infarction and to improve cardiac function at 4 weeks

1 In rats with left anterior

after induction of the infarction!
descending coronary artery ligation, MLB treatment effec-
tively improved left ventricle (LV) function and the appear-
ance of the myocardium as compared with a group with acute
myocardial infarction (AMI)®***; MLB treatment also pre-
vented myocardial remodeling, a deleterious consequence of
myocardial infarction (MI), by significantly down-regulating
the mRNA expression level and activity of MMP-9°%. MLB
was found to bind to MMP-9 at the catalytic domain and to
function as a competitive inhibitor of MMP-9"* and thus
could attenuate the enhancing effects of MMP-9 on migration,
proliferation, collagen synthesis, cytokine secretion, as well
as the association between cardiac fibroblasts and myofibro-
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blast transition™.

Metabolomics offers a new approach to the
research of traditional Chinese medicines. Lu et al, who ana-
lyzed plasma from MI rats and built partial least-squares dis-
criminate analysis (PLS-DA) models, found that MLB was able
to regulate 22 identified MI biomarkers in rat plasma®; this
biomarker pattern was similar to the metabolomic profile of
propanolol, indicating that the two drugs might have similar
mechanisms. They further demonstrated that MLB exhibited a
protective effect on MI mainly by decreasing the concentration
of cAMP and Ca* and inhibiting PKA",

The cardioprotection of MLB could benefit from improv-
ing myocardial cell function and/or preventing myocardial
cell death. MLB seems to have pleiotropic effects and may
act on multiple molecular targets to exert its protection effect
on cardiomyocytes. We found that MLB reversibly inhibited
L-type Ca® current (Ic,;) without significant effects on the
fast-inactivating Na" current (Iy,), delayed rectifier K" current
(Ix) and inward rectifier K* current (Iy,) in single ventricular
myocytes of adult guinea pigs, suggesting that the voltage-
dependent Ca” antagonistic effects of MLB work together with
its antioxidant action for attenuating heart ischemic injury™.
Furthermore, it was found that MLB administration signifi-
cantly decreased myocardiocyte apoptosis during I/R via
interactions with multiple targets, including elevating super-
oxide dismutase activity, thioredoxin activity and glutathione
concentration; reducing malondialdehyde concentration®";
direct/indirect inhibiting stress-activated protein (SAP) kinase
activity and nuclear translocation of the active kinase®;
inhibiting the poly (ADP-ribose) polymerase-1 pathway and
improving the integrity of mitochondria and nuclei of heart
tissuel®. It was also reported that MLB prevented LPS-induced
neonatal cardiomyocyte injury through inhibition of the TLR4-
NF-xB-TNF-a pathway® and protected against cardiotoxicity
of doxorubicin in mice through blockade of oxidative stress®'l.
More recently, MLB was found to protect starving cardiomyo-
cytes by blocking the early stage of autophagic flux and inhib-
iting the apoptosis that occurred during autophagy'®.

In addition to exerting direct benefit effects on a heart
undergoing I/R, MLB can protect the heart from I/R injury
through indirect effects, as described below.

First, MLB attenuates the risk of I/R via anti-atherosclerotic
properties (see the section “Attenuation of atherosclerosis”).

Second, MLB produces vasodilator and vasorelaxant effects.
Studies from our group and those of others have demon-
strated that these effects result from attenuating intracellular
Ca®* concentrations ([Ca*];) in VSMCs!®, inhibiting Ca* chan-
nels in the VSMCs with a minor component mediated by the
opening of K* channels®, decreasing [Ca™"]; by inhibiting K*

65]

currents and depolarizing membrane potential in ECs!®”, acti-

vating large-conductance Ca**-activated K* (BK,) currents

[66, 67]

in smooth muscle cells , and inhibiting Ky currents chan-

nels in smooth muscle cells and increasing NO release from
endothelium™ 1,

Third, MLB produces antiplatelet, anticoagulant and anti-
thrombotic effects. In myocardial ischemic rabbits, MLB

significantly reduced whole-blood and plasma viscosity,

improved hemorheology, prevented angiospasm and platelet
aggregation, and reduced oxidative injury®. MLB was also
found to delay thrombus-initiation time and damp photo-

chemical reaction-inducedmast cell degranulation in rat mes-

[69]

entery Our previous study showed that MLB decreased

the thrombin-activated release of 5-HT and aggregation in
rabbit platelets, probably by attenuating [Ca*]"”’. MLB also

inhibited platelet aggregation induced by high shear stress”"l.
Wu et al attributed the antiplatelet effect of MLB to a specific
interaction with the platelet collagen receptor a2p1”?. Ma et al

further demonstrated that the binding of MLB to integrin a2f1
2+
|

caused changes in [Ca™];, the levels of cytoskeleton-related

proteins such as coronin-1B and the cytoskeletal structure of

platelets, and therefore concluded that integrin a2p1 might be
one of the direct target proteins of MLB in platelets”.

[74

Fourth, MLB improved myocardial microperfusion”, myo-

cardial microvascular reflow!®

[68]

, as well as coronary blood

flow MLB also possessed antihypertensive effects partly

due to inhibiting angiotensin converting enzyme activity'””.
Finally, MLB protected bone marrow stem cells from apop-

tosis”® and synergized with vitamin C in inducing embryonic
stem cell differentiation into matured and functional cardio-

myocyteslm,

Other pharmacological actions
In addition to its effects on the cardiovascular system, MLB
has other pharmacological actions as discussed below.

Preventing cerebral ischemia-reperfusion injury and neuro-
degeneration

Cerebral ischemia-reperfusion (I/R) injury is the main reason
for the loss of neurons in ischemic cerebrovascular disease.
In focal cerebral I/R rats, MLB treatment protected the brain
against I/R injury by reducing lipid peroxides, scavenging free
radicals and improving energy metabolism!”. MLB exerted
neuroprotection against ischemic stroke by inhibiting the Na*/
K*-ATPase via binding to the extracellular pocket of the Na*/
K'-ATPase a subunit and then promoting blood circulation””).
The anti-apoptotic effect of MLB on rheologically induced
endothelial injury probably also contributes to its effectiveness
in the treatment of cerebrovascular diseases'™.

Alzheimer’s disease (AD) and Parkinson’s disease (PD)
are common degenerative brain disorders. One of the major
pathological features of AD is the appearance of senile
plaques characterized by extracellular aggregation of amyloid
B-peptide (AP) fibrils. Inhibition of Af fibril aggregation is
therefore regarded as one possible method to halt the pro-
gression of AD. MLB was found to inhibit fibril aggregation
as well as to destabilize the preformed A fibrils. Moreover,
preincubation with MLB significantly reduced the cytotoxic
effect of AP, 4 on human neuroblastoma SH-SY5Y cells!®.
Interestingly, MLB was found to alleviate the memory impair-
ments induced by cholinergic dysfunction or AB,s_;; peptide
owing to its antagonism of GABA 4 receptorslsz]. MLB was also
found to protect rat cerebral microvascular endothelial cells
(rCMECs) against H,O,-induced apoptosis through the PI3K/
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Akt/Raf/MEK/ERK pathway, which may partly contribute to
its beneficial effects on AD™!, given that rCMECs apoptosis is
considered partially responsible for the pathogenesis of AD.
PD is associated with mitochondrial dysfunction, oxida-
tive stress, and activation of the apoptotic cascade. MLB was
found to exert protective effects on MPP"-induced apoptosis
in SH-SY5Y cells (a classic in vitro model for PD) by relieving
%], These observations suggest that MLB has
therapeutic potential for the treatment of neurodegenerative

oxidative stress
diseases.

Inhibitory effects on liver fibrosis

In a double-blind trial consisting of 60 patients, MLB was
found to effectively reverse liver fibrosis in chronic hepatitis B,
and it was more effective than the control drug, IFN-y, in the
reduction of serum HA content, overall decrease of 4 serum
fibrotic markers, and decrease of ultrasound imaging score
without side effects or toxicity™. Hepatic fibrosis is character-
ized by hepatic stellate cell (HSC) activation. It was reported
that MLB inhibited HSC proliferation and collagen produc-
tion, decreased the cells” TGF-B1 autocrine levels, amelio-
rated oxidative damage and eliminated ROS accumulation in
hepatocytes®!.

liver fibrosis and activation of HSCs in thioacetamide-induced
[87, 88

MLB was also found to significantly attenuate
hepatic fibrosis in rats™” *!. Taken together, these results sug-
gest that MLB may be used as an effective anti-fibrotic agent
in the treatment of hepatic fibrosis.

Improving renal function and preventing diabetic nephropathy

Tubular epithelial cells can undergo an epithelial-to-mesen-
chymal transition (EMT), which plays an important role in the
pathogenesis of renal interstitial fibrosis (RIF). MLB not only
prevented and reversed EMT in HK-2 cells®™ *” but also pre-
vented tubular EMT in HgCly-induced fibrosis in kidneyslgl].
Our data showed that MLB ameliorated renal cortical micro-

circulation (%31

and inhibited mesangial cell proliferation
which may be related to the drug’s renoprotective effects.

Diabetic nephropathy, a common cause of renal disease,
accounts for significant morbidity and mortality in patients
with diabetes. In in vitro studies, MLB was found to inhibit
the high glucose-induced proliferation of mesangial cells and
extracellular matrix production, partially through suppress-
ing the cell-cycle process, and also inhibited the activities of
MMP-2 and MMP-9 via the NF-xB-dependent pathway™™.
MLB also inhibited glucose-induced ROS generation and
subsequent PKC inactivation and TGF-p1 and fibronectin
downregulation in mesangial cells™. In in vivo studies, MLB
treatment effectively inhibited diabetes-associated TGF-f1,
fibronectin and collagen upregulation in the renal cortex and
significantly suppressed the progression of renal injury in
streptozotocin-induced diabetic rats (STZR)", Similar effects
were found in Otsuka Long-Evans-Tokushima Fatty (OLETF)
rats with type 2 diabetes®. The results of these studies sug-
gest that MLB may be a promising therapeutic agent for pre-
venting and treating diabetic nephropathy.
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Pharmacological actions of rosmarinic acid (RA)

Both in vitro and in vivo studies show that RA possesses anti-
oxidant activity as well as anti-inflammatory activities'” **,
which results in the multiple pharmacological actions of RA;
this multi-target mechanism is similar to that described previ-

ously for MLB.

Pharmacological properties of RA on the cardiovascular system

First, RA can prevent cardiomyocyte dysfunction. It has been
reported that RA could inhibit adriamycin-induced apoptosis
in H9¢2 cardiac muscle cells by inhibiting ROS generation and
JNK and ERK activation®. RA also prevented cardiopathol-
ogy and lowered blood pressure in fructose-fed hypertensive
rats as a result of inhibition of p22phox NADPH oxidase"™.
Second, our results showed that RA possessed a potential
vasolilator effect due to decreasing [Ca®]; in VSMCs. More-
over, RA did not affect the basal level of [Ca®']; but instead
attenuated ATP-stimulated [Ca®]; increases in the absence of
external Ca** and reduced KCl-induced [Ca®"]; increases in the
presence of external Ca*®!. Third, RA was found to reduce
the risk of MI via its anti-atherosclerotic properties, and it
could penetrate membranes to inhibit lipid peroxidation in situ
without causing any noticeable alteration of the membrane
structure™). The immunoregulatory activities of RA may also
contribute to its anti-atherosclerotic effects. RA was found to
induce apoptosis of activated T-cell subsets from rheumatoid
arthritis patients via a mitochondrial pathway!"”, to inhibit
1] and to sup-
press IFN-y-mediated induction of indoleamine 2,3-dioxyge-

TCR-induced T-cell activation and proliferation

nase transcription via down-regulation of STAT1 activation
in IFN-y-stimulated murine bone marrow-derived dendritic
cells"™.

Other pharmacological findings

In addition to the benefits to the cardiovascular system, RA
has other pharmacological effects. (1) Due to its scavenging
of peroxynitrite (ONOO"), daily consumption of RA exhibited
protective effects against the memory impairments caused
by the neurotoxicity of A[325_35[104]. In addition, it has been
reported that RA could protect MES23.5 dopaminergic cells
against 6-OHDA-""! or MPP*"*Linduced neurotoxicity in
vitro and achieve neurorescue effects in 6-ODHA-lesioned rat
model of PD in vivo". (2) RA has an early renal protective
role in nephritic damage. RA was found to be potent in the
treatment of diabetic nephropathy. It reduced expression of
renal connective-tissue growth factor (CTGF) in STZ-induced
rat animal models and in high glucose-stimulated HK-2
cells"®. (3) RA treatment in mice with existing cholestatic
liver fibrosis inhibited HSC activation and progression of liver
fibrosis via PPARYy derepression mediated by suppression of

canonical Wnt signaling in HSCs"*..

Pharmacological actions of lithospermic acid (LA)
LA is a competitive inhibitor of xanthine oxidase that is able
to directly scavenge superoxide and inhibit superoxide pro-



duction in vitro and thus exhibits hypouricemic and anti-

inflammatory actions in vivo™".

Our group reported that LA
exerted vasodilator action by modulating Ca** homeostasis in
VSMCs!® and prevented atherosclerosis by inhibiting VSMC

proliferation and migrationml].

Summary and perspectives

S miltiorrhiza depside salt has been widely prescribed for
years. Further investigations to elucidate the mechanisms
underlying the protective actions of S miltiorrhiza depside salt
and its effects on cardiovascular diseases (CVDs) are under
way in our laboratory. The drug comprises three safe and
effective components with multiple pharmacological actions,
accounting for its pleiotropic pharmacological effects, and it
may act at multiple molecular targets, mainly because of its
anti-inflammatory and anti-oxidative activities. Currently, S
miltiorrhiza depside salt is used primarily for treating CVDs
and other circulatory disturbance-related diseases.

Combining S miltiorrhiza depside salt with drugs used to
treat hepatic fibrosis (ie, malotilate) may enhance their thera-
peutic effects. Combining S miltiorrhiza depside salt with
antidiabetic drugs reduces the severity of complications of dia-
betes, such as diabetic nephropathy and diabetic atheroscle-
rosis. However, the possibility that such combinations may
result in adverse drug interactions must be taken into account.
Targeting cellular functions as a system rather than at the
single-target level significantly increases therapeutic potency.
Further research is warranted to address the mechanisms of
the multitarget actions of S miltiorrhiza depside salt and to
translate this knowledge into clinical practice.
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Computational drug discovery is an effective strategy for accelerating and economizing drug discovery and development process.
Because of the dramatic increase in the availability of biological macromolecule and small molecule information, the applicability of
computational drug discovery has been extended and broadly applied to nearly every stage in the drug discovery and development
workflow, including target identification and validation, lead discovery and optimization and preclinical tests. Over the past decades,
computational drug discovery methods such as molecular docking, pharmacophore modeling and mapping, de novo design, molecu-
lar similarity calculation and sequence-based virtual screening have been greatly improved. In this review, we present an overview of
these important computational methods, platforms and successful applications in this field.
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Introduction

The process of novel drug discovery and development is
generally recognized to be time-consuming, risky and costly.
The typical drug discovery and development cycle, from con-
cept to market, takes approximately 14 years', and the cost
ranges from 0.8 to 1.0 billion USD?. Rapid developments in
combinatorial chemistry and high-throughput screening tech-
nologies have provided an environment to expedite the drug
discovery process by enabling huge libraries of compounds to
B4 Although the
investment in new drug development has grown significantly

be screened and synthesized in short time

in the past decades, the output is not positively proportional to
the investment because of the low efficiency and high failure
rate in drug discovery®. Consequently, various approaches
have been developed to shorten the research cycle and reduce
the expense and risk of failure for drug discovery. Computer-
aided drug design (CADD) is one of the most effective meth-
ods for reaching these goals.

CADD is a widely used term that represents computational
tools and sources for the storage, management, analysis and
modeling of compounds. It covers many aspects of drug
discovery, including computer programs for designing com-
pounds, tools for systematically assessing potential lead candi-
dates and the development of digital repositories for studying

*To whom correspondence should be addressed.
E-mail hljiang@mail.shcnc.ac.cn
Received 2012-06-17 Accepted 2012-07-08

chemical interactions!®

. In the post-genomic era, benefiting
from the dramatic increase in biomacromolecule and small
molecule information, computational tools can be applied to
most aspects of the drug discovery and development process,
from target identification and validation to lead discovery and
optimization; the tools can even be applied to preclinical tri-
71 which greatly alters the pipeline for drug discovery

and development. Figure 1 shows a flowchart for the tasks

als

that computational approaches have been applied to and the
computational methods used at each stage. The use of com-
putational tools could reduce the cost of drug development by
up to 50%"".

The commonly used computational drug discovery
approaches can be categorized into structure-based drug
design (SBDD), ligand-based drug design (LBDD) and
sequence-based approaches. SBDD methods, such as molecu-
lar docking and de novo drug design, rely on the knowledge of
the structure of the target macromolecule, which are mainly
obtained from crystal structures, NMR data and homology

models™.

In the absence of three-dimensional (3D) structures
of potential targets, LBDD tools, including quantitative struc-
ture-activity relationship (QSAR), pharmacophore modeling,
molecular field analysis and 2D or 3D similarity assessment,
can provide crucial insights into the nature of the interactions
between drug targets and ligands, which allows predictive
models that are suitable for lead discovery and optimization
to be constructed™. In recent years, to deal with situations

that neither the target structure nor the ligand information is
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Figure 1. Multiple computational drug discovery approaches that have been applied in various stages of the drug discovery and development pipeline,
including target identification and validation, lead discovery and optimization, and preclinical tests.

available, sequence-based approaches that use bioinformatic
methods to analyze and compare multiple sequences have
been developed to identify potential targets from scratch and
to conduct lead discovery! ™.
are unable to fulfill the practical needs of drug discovery and

Currently, all single methods

development. Therefore, combinational and hierarchical strat-
egies that employ multiple computational approaches have
been frequently and successfully used.

The efficiency, accuracy and speed of these computational
methods largely depend on several technical aspects, includ-
ing conformation generation and sampling, scoring functions,
optimization algorithms, and molecular similarity calcula-
tions!” 117,
widely used computational tools in the fields of target identifi-

In this paper, we focus on these topics and the

cation and lead discovery and address some of the most recent
methodologies, platforms and applications.

Methodologies and platforms

Some remarkable methodologies and platforms focused on
computational drug discovery and development have been
developed and constructed. In this section, several methodol-
ogies and platforms that involve target identification, docking-
based virtual screening, conformation sampling, scoring func-
tions, molecular similarity calculation, virtual library design
and sequence-based drug design are summarized. These
aspects are intimately linked, and improvements in any aspect
could benefit the others (Figure 2).

Target identification
As the first stage in the drug discovery pipeline, the identifica-
tion of drug targets from large quantities of candidate macro-
molecules is both important and challenging!®l.

major tools for target identification are genomic and proteomic
[17]

The current

approaches, which are laborious and time-consuming
Therefore, to complement the experimental methods, compu-

Acta Pharmacologica Sinica

tational tools and platforms, including reverse docking and
pharmacophore mapping, have been developed.

TarFisDock is a web server that identifies drug targets using
a reverse docking strategy to seek all possible binding proteins

[18]

for a given small molecule The development of TarFis-

Dock was based on the widely used docking program, DOCK
(version 4.0)" !, This platform consists of a front-end web
interface written in PHP and HTML with MySQL as database
system. DOCK is used as a back-end tool for reverse dock-
ing. The advantage of TarFisDock is obvious; it could be a
valuable tool for identifying potential targets for a compound
with known biological activity, a newly isolated natural prod-
uct or an existing drug whose pharmacological mechanism is
unclear. In addition, this platform is also able to find poten-
tial targets that could be responsible for the toxicity and side
effects of a drug, which could allow for the prediction of the
off-target effects of a drug candidate. Indeed, studies have
shown that off-target effects have been largely responsible for
the high attrition rate in drug development””. Furthermore,
TarFisDock could provide valuable information for construct-
ing drug target networks in order to study the drug-target
interaction in a more systematic way. The reliability of this
methodology has been tested on vitamin E and 4H-tamoxifen
by identifying their putative binding proteins. The results
indicated that TarFisDock could predict 50% of the reported
corresponding targets. However, this method still has certain
limitations: (1) the protein entries are not sufficient to cover
all the protein information of disease related genomes; (2) the
flexibility of the proteins is not considered during the docking
procedure; and (3) the scoring function, which was intended
to evaluate small molecules, may not be accurate enough for
evaluating reverse docking!®.

A web-accessible potential drug target database (PDTD)
was constructed for TarFisDock. This database currently
contains more than 1100 protein entries with 3D structures
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Figure 2. Important methodologies and platforms in the computational drug discovery field introduced and discussed in this article, with a focus on

target identification and lead discovery fields.

obtained from the Protein Data Bank. The general informa-
tion for these proteins was extracted from the literature and
several online databases, such as TTD?, DrugBank[ZS], and
Thomson Pharma. This database contains diverse information
on more than 830 potential drug targets, and each drug target
has structures in both the PDB and MOL2 formats. Informa-
tion on related diseases, biological functions and associated
signaling pathways has also been collected. All of the targets
were classified according to their function and their related
diseases. PDTD has a keyword search function for parameters
such as the PDB ID, the target name and the disease name!".
As a comprehensive and unique repository of drug targets,
it could be used for in silico drug target identification, virtual
screening, and the discovery of secondary effects for existing
drugs.

Another important issue in target identification is finding
the best interaction mode between the potential target can-

didates and the small molecule probes. In addition to the
reverse docking method, pharmacophore modeling and map-
ping can be used to identify the optimal interaction mode. A
pharmacophore model is the spatial arrangement of features
essential for a molecule to interact with a specific target recep-
tor. PharmMapper is the first web-based tool to use a ‘reverse’
pharmacophore mapping approach to predict potential drug
targets against any given small molecule’™. However, the
PharmMapper server requires a sufficient number of avail-
able pharmacophore models that describe the binding modes
of known ligands at the binding sites. Thus, a large, in-house
database of pharmacophore models annotated with their
target information was constructed (PharmTargetDB). The
target protein structures in complex with small molecules
were carefully extracted from the DrugBank™, BindingDB"",
PDBBind™®!, and PDTD®?! databases, and over 7000 pharma-
cophore models (covering information for over 1500 drug

Acta Pharmacologica Sinica
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targets) based on the complex structures were generated. A
sequential combination of triangle hashing (TriHash) and
genetic algorithm (GA) optimization was adopted to identify
the pharmacophore that best fit the task. Benefiting from the
highly efficient and robust triangle hash mapping method,
PharmMapper is computationally efficient and has the ability
to carry out high throughput screens. The algorithm is highly
automated, and the interface is user friendly. For experienced
users, optional parameters controlling speed and accuracy and
the candidate targets subset can be freely customized. The
major limitation of the program is that the pharmacophore
database only includes drug targets that have PDB structures
with a co-crystallized ligand. However, PharmTargetDB is
updated periodically as the number of structures deposited in
PDB grows™.

Docking-based virtual screening

Virtual screening based on molecular docking has become
one of the most widely used methods of SBDD. The primary
criteria for any docking method are docking accuracy, scoring
accuracy, and computational efficiency, which are all strongly
influenced by the conformational searching method™ .
Molecular docking is a typical optimization problem; there-
fore, it is difficult to obtain the global optimum solution. Most
conformational optimization methods in docking programs
can only deal with a single objective, such as the binding
energy, shape complementarity, or chemical complementar-
ity. This type of method is not effective for solving real-world
problems, which normally involve multiple objectives!.
Therefore, an optimization algorithm that comprises several
objectives and results in more reasonable and robust bind-
ing modes between ligands and macromolecules is urgently
needed.

A newly developed docking methodology, GAsDock,
uses an entropy-based multi-population GA to optimize the
binding poses between small molecules and macromolecule
receptors®?
for optimization, and contracted space was used as the con-

. Information entropy was employed in the GA

vergence criterion, ensuring that GAsDock can converge rap-
idly and steadily. A validation test docking known inhibitors
into the binding pockets of thymidine kinase (TK) and HIV-1
reverse RT indicated that GAsDock is more accurate than
other docking programs, such as GOLD®, FlexX®™!, DOCK®,
Surflex, and Glide™. To increase the accuracy and speed of
the process, an improved adaptive genetic algorithm has been
developed that supports a flexible docking method. Some
advanced techniques, such as multi-population genetic strat-
egy, entropy-based searching technique with self-adaption
and quasi-exact penalty, were introduced into this algorithm.
A new iteration scheme was also employed in conjunction
with these techniques to speed up the optimization and con-
vergence processes, making this method significantly faster
than the old method™. In addition, two sets of multi-objec-
tive optimization (MO) methods, denoted MOSFOM (Multi-
Objective Scoring Function Optimization Methodology), that
simultaneously consider both the energy score and the contact
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score were developed. MOSFOM primarily emphasizes a new
strategy to obtain the most reasonable binding conformation
and increase the hit rates rather than to accurately predicting
the binding free energy®'.

Conformation sampling

One of the imperative aspects of drug design and develop-
ment is to perceive the bioactive conformations of the small
molecules that determine the physical and biological proper-
ties of the molecules. Many of the drug discovery methods,
such as molecular docking, pharmacophore construction and
matching, 3D database searching, 3D-QSAR, and molecular
similarity analysis, involve a conformational sampling pro-
cedure to generate conformations of small molecules in the
binding pocket and a scoring phase to rank these conforma-
tions. A practical conformation ensemble should guarantee
that the conformers are energy reasonable and span the con-
formational space in an appropriate amount of time. Other
sophisticated criteria, such as pharmacophore and binding
pocket mapping, have also been implemented to sample the
conformers, making the conformation generation process a
multi-objective optimization process™.

A highly efficient conformational generation method named
Cyndi, which is based on the multi-objective evolution algo-
rithm (MOEA), has been developed. Using multiple objectives
to control energy accessibility as well as geometric diversity,
Cyndi is capable of searching the conformational space in
nearly constant time and of sampling the Pareto frontier at
which both the energy and diversity features are favored. The
conformers are encoded into GA individuals with information
on the dihedral torsions of the rotatable bonds; the VDW and
the torsional energy terms are two distinctive objectives for
separating the generated conformers in energy space using the
Tripos force field®. Cyndi ensures that the generated confor-
mation ensemble simultaneously meets multiple criteria, such
as low energy and geometric diversity, instead of concentrat-
B3 Recently, Cyndi was updated to
incorporate the MMFF94 force field to more rationally assess

ing on just one criteria

the conformational energy. A comparison between Cyndi
and MacroModel integrated in Maestro V7.5 (Schrodinger
Inc), focusing on the balance between the sampling depth of
the conformational space and the conformational costs with
respect to the algorithm method used has been performed.
MacroModel was shown to have comparable performance
to Cyndi in terms of retrieving the bioactive conformations,
while Cyndi performed better at discovering bioactive con-
formations in the shortest amount of time with regard to the

efficiency of the conformation sampling™’.

Scoring function

The scoring function is an essential component in virtual
screening. One major scoring method is the knowledge-
based scoring method, which typically extracts structural
information from experimentally determined protein-ligand
complexes and employs the Bolztmann law to transform
the atom pair preferences into distance-dependent pairwise
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potentials*,

The potential of mean force (PMF) scoring
function can convert structural information into free energy
without any knowledge of the binding affinities and is there-
fore expected to be more applicable. This method implicitly
balances many opposing contributions to binding, such as
solvation effects, conformational entropy and interaction
enthalpy™

these fields are introduced below.

. Several remarkable methodologies focused on

A kinase family-specific PMF scoring function named
kinase-PMF was developed with a kinase data set of 872 com-
plexes from the PDB database to assess the binding of ATP-
competitive kinase inhibitors"?. This scoring function inherits
the functional form and atom type of PMF04**l. Compared
to eight other commonly used scoring methods, kinase-PMF
had the highest success rate in identifying not only positive
compounds from decoys but also crystal conformations. Thus,
this method could allow researchers to screen and optimize hit
compounds in kinase inhibitor development*?.,

An improved PMF scoring function named KScore, which
is based on several diverse training sets and a newly defined
atom-typing scheme using 23 redefined ligand atom types,
17 protein atom types and 28 newly introduced atom types
for nucleic acids, has been developed. In comparison with
the existing PMF potentials, such as PMF99 and PMF04, the
pairwise potentials for different atom types used in KScore
have been significantly improved, particularly in the field of
reflecting experimental phenomena, including the interaction
distances and the strengths of hydrogen bonding, electrostatic
interactions, VDW interactions, cation-i interactions and
aromatic stacking. KScore is a powerful tool for distinguish-
ing strong binders from a series of compounds and can be
applied to large-scale virtual screening. In addition, further
improvements should be possible by modifying the atom-
typing scheme and diverse training sets'*!l. KScore has been
integrated into the previously mentioned molecular docking
program GAsDock™.

On the basis of the concept and formalism of PMF and a
novel iteration method, a knowledge-based scoring function
named IPMF was developed. This scoring function integrates
additional experimental binding affinity information into the
knowledge base as complementary data to the generally used
structural information. The employed iteration method is to
extract the 3D structural information and the binding affinity
information in order to yield an “enriched” knowledge-based
model. The performance of IPMF was evaluated by scoring
a diverse set of 219 protein-ligand complexes and comparing
the results to seven commonly used scoring functions. As a
result, the IPMF score performs best in the activity predic-
tion test. In addition, when re-ranking binding poses, IPMF
also demonstrated marginal improvements over the other
evaluated knowledge-based scoring functions. These results
suggest that the additional binding affinity information can
be used not only for developing scoring functions but also for
improving their ability to predict binding affinities. The IPMF
approach provides a well-defined scheme to introduce bind-
ing information into typical statistical potentials, which may

be applicable to other knowledge-based scoring functions®!.

Molecular similarity methods

As the cornerstone of structure-activity relationship (SAR)
and structural clustering analysis, molecular similarity is a
pivotal concept in LBDD. Similarity-based virtual screening
and candidate ranking are considered to be one of the most

.47 and have been

powerful tools in medicinal chemistry'
successfully applied in a number of cases. Similarity search-
ing programs can generally be categorized into 2D and 3D
similarity according to whether 3D conformation information
is considered. 2D similarity methods are efficient for quickly
profiling neighboring compounds. However, it may to some
extent provide different hits for the same queries as different
2D similarity definitions target different aspects of the infor-
mation. This method also tends to discover close structural
analogues instead of novel scaffold hits*’. However, 3D simi-
larity methods typically consider multiple aspects of the 3D
conformation, including pharmacophores, molecular shapes,
and molecular fields. 3D methods can be conveniently used to
accomplish scaffold hopping to identify novel compounds.

Based on the pharmacophore matching approach, which
was used as the engine of the previously mentioned Pharm-
Mapper Server™, a method named SHAFTS (SHApe-FeaTure
Similarity) has been developed for rapid 3D molecular similar-
ity calculation. This method adopts hybrid similarity metrics
of molecular shape and colored (or labeled) chemistry groups
annotated by pharmacophore features for 3D calculation and
ranking in order to integrate the strength of both pharmacoph-
ore matching and volumetric similarity approaches. The trip-
let hashing method is used to enumerate fast molecular align-
ment poses. The hybrid similarity consists of shape-densities
overlaps and pharmacophore feature fit values and is used to
score and rank alignment modes. SHAFTS achieved superior
performance in terms of both overall and early stage enrich-
ments of known actives and chemotypes compared to other
ligand-based methods™. SHAFTS has been integrated into
ChemMapper Server (unpublished result).

Spherical harmonic (SH) is a set of orthogonal spherical
functions that can easily represent the shape of a closed curve
surface, such as a molecular surface. SH expansion theory has
been successfully applied in virtual screening, protein-ligand
recognition, binding pocket modeling, molecular fragment
similarity, and so forth. SHeMS is a novel molecular shape
similarity comparison method derived from SH expansion. In
this method, the SH expansion coefficients are weighted to cal-
culate similarity, leading to a distinct contribution of overall
and detailed features to the final score. In addition, the refer-
ence set for optimization can be configured by the user, which
allows for system-specific and customized comparisons. A
retrospective VS experiment on the directory of useful decoys
(DUD) database and principal component analysis (PCA)
reveals that SHeMS provides dramatically improved perfor-
mance over the original SH (OSH) and ultra-fast shape recog-
nition (USR) methods™*.

Acta Pharmacologica Sinica



www.nature.com/aps
Ou-Yang SS et al

®

1136

Virtual library construction

De novo drug design aims to chemically fill the binding sites of
target macromolecules. One of the critical challenges of this
process is to select fragment sets that have the best potential to
be parts of new drug leads for a given target. Virtual library
construction including focused library, targeted library and
primary screening library has been suggested as one way to
overcome this challenge™. Another challenge is to set up
proper criteria for product judgement. To solve this problem,
drug-likeness and structural diversity have been introduced
into library design to reduce the size and increase the screen-
ing efficiency of the constructed libraries.

Focused libraries concentrate on one particular target and
are built on the basis of a lead compound or pharmacoph-
ore, while targeted libraries are designed to seek drug leads
against specific targets!"!. A new efficient approach that
adopts the advantages of both focused and targeted libraries
and integrates technologies from docking-based virtual screen-
ing and drug-like analysis was established to build, optimize
and assess focused libraries. A software package named
LD1.0 was successfully developed using the new approach”.
Building blocks are selected from given fragment databases to
create a series of virtual libraries. The virtual libraries are then
optimized by library-based GA and evaluated on the basis of
specified criteria such as docking energy, molecular diversity
and drug-likeness. GA retains libraries with higher scores and
creates new libraries to form the next generation of focused
libraries. Once the termination condition is satisfied, GA opti-
mization ends®".

Sequence-based drug design

The 3D structures of most proteins have not previously been
determined, and many of the proteins do not even have a
known ligand. In this situation, neither structure-based
methods nor ligand-based methods can be employed to con-
duct drug discovery and development research. Therefore,
a method to predict ligand-protein interactions (LPIs) in
the absence of 3D or ligand information is urgently needed.
Recently, a sequence-based drug design model for LPI was
constructed solely on the basis of the primary sequence of pro-
teins and the structural features of small molecules using the
support vector machine (SVM) approach!™, This model was
trained using 15000 LPIs between 626 proteins and over 10000

B2 In

active compounds collected from the Binding Database
the validation test of this model, nine novel active compounds
against four pharmacologically important targets were found
using only the sequence of the target. This is the first example

of a successful sequence-based drug design campaign!™.

Applications

The newly developed computational drug discovery
approaches have been successfully applied in several cases,
which suggests that these methods may further emphasize the
role of computational drug discovery in the drug R&D work-
flow.
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Application of computational methods to target identification
The combinational strategy of the reverse docking tools Tar-
FisDock and the PDTD database have been successfully used
to identify the targets for several bioactive compounds whose
in vivo targets are unknown. Colonization of the human stom-
ach by the pathogenic bacterium Helicobacter pylori is a major
cause of gastrointestinal illnesses. However, because of the
lack of mature protein targets, discovering anti-H pylori agents
is a daunting task. Using the active natural product discov-
ered by anti-H pylori screening as a probe, potential binding
proteins were screened from PDTD using the reverse docking
tool TarFisDock. A subsequent homology search indicated
that among the 15 candidates discovered by reverse dock-
ing, only diaminopimelate decarboxylase (DC) and peptide
deformylase (PDF) had homologous proteins in the H pylori
genome. Enzymatic assays demonstrated that the natural
product and one of its analogs are potent inhibitors against H
pylori PDF (HpPDF), with ICs, values of 10.8 and 1.25 pmol/L,
respectively. The X-ray crystal structures of apo-HpPDF and
inhibitor-HpPDF complexes were determined, demonstrating
at the atomic level that HpPDF is a potential target for screen-
ing new anti-H pylori agents®™.

A natural component of ginger, [6]-gingerol, has been
reported to exhibit anti-inflammatory and antioxidant prop-
erties and exert substantial anticarcinogenic and antimuta-

genic activities™.

Despite its potential efficacy in cancer, the
mechanism by which it exerts its chemopreventive effects was
elusive. By using TarFisDock, [6]-gingerol was docked to each
target in PDTD to identify its potential in vivo targets. The
top 2% of protein hits from the ranked list were considered
to be potential target candidates. Subsequent experimental
data revealed that [6]-gingerol can effectively suppress tumor
growth in nude mice by inhibiting leukotriene A, hydrolase
(LTA H). These findings indicated a crucial role for LTA,H in
cancer and supported the anticancer role of [6]-gingerol in tar-
geting LTA,H to prevent colorectal cancer™!,

Sphingosine-1-phosphate (S1P) is a sphingolipid metabo-
lite that regulates many cellular and physiological processes,
including cell growth, survival, movement, angiogenesis,
vascular maturation, immunity and lymphocyte traffick-
ing®*. Although S1P could exert its biological function by
binding to five S1P receptors on the cytomembrane, consider-
able evidence has suggested that S1P has direct intracellular
targets. Using an in silico target identification approach, S1P
was discovered to specifically bind to the histone deacetylases
HDAC1 and HDAC?2 to regulate histone acetylation™. S1P
was also found to be a missing cofactor for the E3 ubiquitin
ligase TRAF2'Y. These achievements illustrate the pivotal role
of S1P in the “inflammation-cancer” chain-related TNFa sig-
naling pathway and in the regulation of gene expression and
transcription.

Applications of computational methods in lead discovery
RhoA, one of the most characterized member of the Rho
GTPase family, is essential for multiple cellular processes,
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including cytoskeletal rearrangement, gene expression, mem-
brane trafficking as well as cell adhesion, migration, differ-

entiation, proliferation and apoptosis/**’!

. This protein is a
promising target for treating cardiovascular diseases. Using a
docking-based virtual screening strategy in conjunction with
chemical synthesis and bioassays, a series of first-in-class small
molecular RhoA inhibitors were discovered from the SPECS
database. A hierarchical docking strategy was adopted:
DOCK4.0™ was used for the initial screening, and the stan-
dard DOCK score was used to rank the resulting list; the top
3000 candidates were further docked and ranked by their new
scores with Glide in standard precision (SP) mode® . In the
end, eight compounds showed high RhoA inhibition activities,
and two of them showed significant inhibitory effects against
PE-induced contraction in thoracic aorta artery rings!®.
Insulin-like growth factor-1 receptor (IGF-1R), a receptor
tyrosine kinase, plays a pivotal role in signaling pathways
involved in cell growth, proliferation and apoptosis®!. IGF-
1R has been shown to be overexpressed in many human can-
cers, which suggests it might be a promising target for cancer
therapy!”
with molecular docking was applied hierarchically to dis-

I, Pharmacophore-based virtual screening combined

cover IGF-1IR inhibitors. Beginning with the complex crystal
structure of IGF-1R and its inhibitor, pyridine-2-one, the key
interactions between the protein and the ligand at the ATP-
binding site were used to construct a pharmacophore model.
The SPECS database was screened using this model. The top
ranked hits were then docked to the ATP-binding site using
Glide™ *. This strategy led to the identification of a series
of novel thiazolidine-2,4-dione analogues as potential IGF-1R
inhibitors; the molecules demonstrate favorable inhibitory
potency and selectivity against IGF-1R over insulin resistance
(IR)!*¥,

A prospective application of the LBDD program SHAFTS
is the discovery of novel inhibitors for p90 ribosomal S6 pro-
tein kinase 2 (RSK2). Overexpression and aberrant activation
of RSK2 have been linked to many human diseases, such as
breast cancer, prostate cancer, and human head and neck
squamous cell carcinoma!®. Using the putative 3D conforma-
tions of two weakly binding RSK2 inhibitors with moderate
activity as the query templates, 16 compounds with ICs, lower
than 20 pmol/L, which would be missed by conventional 2D
methods, were identified via chemotype switching directed
by the SHAFTS calculation. The most potent hits show low
micromolar inhibitory activities specifically for RSK2, and
one compound also exhibits potent anti-migration activity in
MDA-MB-231 tumor cells"".

In another study, a series of novel small molecule inhibi-
tors of cyclophilin A (CypA) were identified using a de novo
drug design approach. CypA plays an essential role in many
biological processes, including enhancing the rate of protein
folding/unfolding"

phatase activity of calcineurin” ¥, facilitating viral replication
75,76]

, inhibiting the serine/threonine phos-

and infection!
[77, 78]

, and inducing neuroprotective/neurotrophic
effects . In addition, CypA has been reported to be over-

expressed exclusively in cancer cells, particularly in solid

tumors, suggesting that CypA is an important regulator of car-

cino genesism].

The identification of potent, structurally novel
small molecule CypA inhibitors is urgently needed, as the
most currently available CypA inhibitors are primarily natural
products and peptide analogs that may face pharmacokinetic
problems. Using the fragment structures of previously discov-
ered CypA inhibitors™!

natorial library containing 255 molecules was designed using

as building blocks, a focused combi-

the LD1.0°Y program. By applying a docking-based virtual
screening strategy that targets the binding pocket of CypA, 16
compounds were selected for synthesis and bioassay. Accord-
ing to the experimental results, these compounds all showed
high CypA inhibitory activities. The binding affinity and
inhibitory activity of the most potent compound among the
identified novel CypA inhibitors are approximately 10 times
more potent than the best previously known inhibitor!®".

Outlook

Great progress has been made in methodology development
and the application of computational drug discovery, resulting
in a paradigm change in both industry and academics. Tak-
ing advantage of computational methods, potent hits can be

obtained in a matter of weeks®?.

Searching for new chemical
entities has led to the construction of high quality datasets and
libraries that can be optimized for either molecular diversity
or similarity. In addition, distributed computing has become
more popular in large-scale virtual screening, in part because
of increasingly powerful technology'.

Although it is apparent that computational drug discov-
ery methods have great potential, one should not rely on
computational techniques in a black box manner and should
beware of the Garbage In-Garbage Out (GIGO) phenomenon.
The in silico components in research must still be coupled
with experiment resources, and computational discovery
tools are not substitutions for the more important in cerebro
component!” & 8
accuracy and effectiveness of existing technologies, the most

. In the future, in addition to increasing the

important tendency in computational drug discovery field
will be the integration of computational chemistry and biology
together with chemoinformatics and bioinformatics, which
will result in a new field known as pharmacoinformatics™ ®,
Inspired by the completion of the human genome and numer-
ous pathogen genomes, great efforts will be made to under-
stand the role of gene products in order to exploit their func-
tions, which could be of great help for discovering new drug
targets®!. Computational methods involving target identifi-
78] and designed
small molecules will also be extensively used as probes for

cation will become more attention-getting
functional research® *.
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Qinghaosu and its derivatives are widely used in the world as a new generation of antimalarial drug. Up to now, some important pro-
gresses of Qinghaosu research have been made, including synthesis of new Qinghaosu derivatives and analogs, investigation on their
bioactivities and mode of actions. The present review briefly describes these efforts made by researchers in China, particularly in this

Institute.
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On 23rd May 1967, China established National Steering Group
on antimalarial drug research, more than 60 institutes and
500 researchers joined in this project. After screening of over
5000 traditional Chinese medicines, Qinghaosu (QHS), an
antimalarial principle, was isolated from Artemisia annua L in
197282 At the end of 1975, its unique chemical structure was
elucidated, as a sesquiterpene lactone bearing a peroxy group,
quite different from that of all known antimalarial drugs®.

Early pharmacological and clinic studies showed QHS have
rapid onset of action, low toxicity and high effect on both
drug-resistant and drug-sensitive malaria. However, its short-
comings (poor solubility in water or oil; high rate of parasite
recrudescence) needed to be overcome. In 1976, our Institute
was charged with this important mission, and a research in
relationship between chemical structure and activity immedi-
ately started.

First of all, the function of peroxy group for antimalarial
activity was examined. The negative result of deoxyqinghaosu
(Scheme 1) against P berghei in mice demonstrated that the per-
oxy group was essential. Soon afterwards, it was found that
some other simple peroxides including monoterpene ascari-
dol had no antimalarial activity. These experimental results
proved peroxy group to be an essential but not a sufficient
factor. At that time, we noted the molecule contained a rare
segment -O-C-O-C-O-C=0, and realized that whole molecular
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Scheme 1. Synthesis of Qinghaosu derivatives.

skeleton might play an important role for antimalarial activity.

When dihydroartemisinin (DHA) was found to be more
active than QHS, but was still with poor solubility and lower
stability (as a lactol) than QHS, we decided to prepare its
derivatives. In 1976-1977, over 50 derivatives of DHA were
synthesized (Scheme 1) and evaluated!*” .

The first 25 compounds (in oil solution) were tested in mice
infected chloroquine-resistant P berghei though intramuscular
injection®. Most of these derivatives showed higher activity
than QHS (SDs, 6.20 mg/kg) and DHA (SDs, 3.65 mg/kg). In
the ether series, SM 224 (R=CHj, SD5, 1.02 mg/kg) is more
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active than SM 227 (R=C,H;, SD;s, 1.95 mg/kg) and oth-
ers. Then, SM 224, SM 108 (ester, R=C,H; SDs, 0.66 mg/kg)
and SM 242 (carbonate, R=n-C;H;, SD5, 0.50 mg/kg) were
compared with regard to activity, stability, toxicity and cost.
Because SM 224 was highly soluble in oil and more stable than
others, it was selected as candidate and named as artemether.
At the same period, water-soluble sodium artesunate (ester,
R=COCH,CH,COONa) was developed by the Guilin Phar-

maceutical Factory"!

. QHS suppository in 1986; artemether
oil injection and sodium artesunate aqueous injection in 1987
were approved as new antimalarial drugs. Since then, other
new antimalarial drugs such as dihydroartemisinin, coartem
(artemether and benflumetol), co-naphthoquine (naphtho-
quine phosphate and QHS), compound-dihydroartemisinin
were successively developed in China?.

Since 1980s, millions malaria patients in the world (mainly
in China, Southeast Asia and Africa) were saved by admin-
istration of QHS, QHS derivatives and their combinations.
Artemether, artesunate and coartem have been enrolled in
WHO'’s “List of Essential Medicines” .

Artemisinins can kill drug-resistant P falciparum, its antima-
larial mechanism must be different from that of the previously-
used antimalarial drugs. Elucidation of its mode of action is
really an interesting project. Up to now, many research papers
have been published®®. Chinese researchers first reported
in 1979 that artemisinin drugs had a direct parasiticidal action
against P falciparum in the erythrocytic stage both in vitro and
in vivo, and observed their morphologic changes under the

electron microscope!™ ™!,

The main pathological ultrastruc-
tural changes caused by QHS were quick damage of the mem-
brane system of the asexual forms of parasites, the swelling
and spiral deformation of the membrane of food vacuoles,
limiting membrane and the membrane of mitochondria, fol-
lowed by swelling of the nuclear membrane and endoplasmic
reticulum. Among the latter results made in Chinal”?"],

series of reaction of artemisinins and Fe*, which involes the

a

intermediate of oxygen-centered or carbon-centered free radi-
cals, is noteworthly.
For exploring the mode of action, reaction of QHS and Fe™*

was carefully studied by Chinese chemists® !

. The major
products tetrahydrofuran 3 and 3-hydroxy deoxyqinghaosu
4 were proposed to be derived from primary C-centered free
radical 1 and secondary C-centered free radical 2, respec-
tively, as shown in Scheme 2. In addition, the electron spin
resonance (ESR) signals of the C-centered free radicals were
detected™ !,

It is worthy to note that compound 3 and 4 are also the
major metabolites of QHS in vivo or in human'® %!,

With the clarification on the C-centered free radicals partici-
pation mechanism, it is then interested whether this free radi-
cal mechanism is related to its antimalarial activity. Thus, the
stable and UV-detectable C-12 aromatic substituted deriva-
tives of QHS were synthezied™.

as the catalyst, the Friedel-Crafts alkylation gave the desired

Using the usual Lewis acid

product 2,4’ -dimethoxyphenyl deoxoartemisinin 5 and also
11la-methyl epimer 6 as the by-product (Scheme 3). These

Acta Pharmacologica Sinica

Primary C-centered
free radical 1

Secondary C-centered
free radical 2

l -Fe?

l -Fe?

H

FeSO,
ag. CH,CN
—_— + Unreacted 6
90%
OMe
6 2%

Scheme 3. Reaction of QHS derivatives and FeSO,.

products were separated and subjected to both bioassay and
chemical reaction with ferrous ion. It is interesting to find
that the derivative with normal configuration at C-11 showed
higher antimalarial activity and also higher chemical reac-
tivity in the reaction with ferrous ion. On the contrary, the
1la-methyl epimer 6 was obviously less active and almost
inert to the reaction with ferrous ion (Scheme 3, Table 1).

In the case of 11a and 11p-epimers of a-hydroxy naphthyl
deoxoqinghaosu, similar result was also obtained®!. Their
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Table 1. The EDs,- and EDgg-values against P berghei K173 strain (admin-
istered orally to mice as suspensions in Tween 80).

Compound EDs, (Mg/kg) EDgo (Mg/Kkg)
Artemether 1 3.1

5 1.27 5.27

6 4.18 76.27

lower activity may be attributed to the steric hindrance around
O-1 atom in 1la-epimer, which blocks the way for Fe" to
attack O-1 (Figure 1).

Figure 1. 11a-methyl group blocks the attack of Fe?* on O-1.

The close relationship between antimalarial activity and the
primary C-centered free radicals strongly suggests that the
Fe**-induced cleavage of peroxide bond in artemisinins leads
to C-centered free radicals, a highly potent alkylating species.
Then, what targets would be alkylated? Up to now, a growing
list shows that heme, heme-containing protein, translationally
controlled tumor-associated protein (TCTP), sarcoendoplas-
mic reticulum Ca** ATPase (SERCA)-type protein encoded by
PfATP6 might be the targets". Recently, Chinese researchers
reported that artemisinins are distributed to malarial mito-
chondria and directly impair their functions™.

As for process of alkylation of targets, there was another
interesting topic. Considering that malaria-parasite-infected
red blood cells have a high concentration of the reducing glu-
tathione (GSH) and excess GSH might be responsible for pro-
tecting the parasite from the toxicity of heme, Chinese chemists
have performed some reactions, such as artemisinins reacted
with cysteine or GSH in the present of a catalytic amount of
ferrous ion™” ****. Successful isolation and identification of
the cysteine-artemisinins or GSH-artemisinins adducts proved
the formation of covalent bond in these adducts. It is instruc-
tive that the C-centered radicals derived from QHS and their
derivatives could attack free cysteine and cysteine rasidue not
only in peptide but also probably in protein.

The outstanding characteristics of QHS, including high anti-
malarial action , less significant side effects and less clinical

resistance, impelled researchers to extend its medical applica-
tion. As a result, hundreds of artemisinin derivatives and ana-
logs were synthesized and widely assayed in China. So far,
the successful examples are artemether and artesunate, which
were found to be effective in the treatment of Schistosomia-
sis™ ¥, From 1993, artemether and artesunate were studied in
randomized, double-blind, placebo-controlled trials in China,
and approved as the prophylactic drugs for schistosomiasis
japonica in 19961, Afterwards, they were found to have simi-
lar activity against S mansoni and S haematobium in other coun-
tries®!.

Since 1992, when this Institute first reported that some
components of Artemisia annua L (such as artemisinic acid,
artemisinin B) have antitumor activity in vitro™ **, hundreds
of papers have described the cytotoxicity of QHS and related
compounds against tumor cells. Artesunate and DHA are
most favorable molecules. In 2001 Efferth et al reported that
artesunate showed antitumor activity against 55 tumor cell
lines, and it was most active against leukemia and colon can-
cer cell lines. It is notable that none of CEM leukemia sublines,
resistant to doxorubicin, vincristin, methotrexate or hydroxyu-
rea showed cross-resistance to artesunate™. Since then, more
new artemisinin derivatives and analogs were synthesized
and tested against human cancer cells. Some compounds

40 For

showed high activity at the nano- to micromolar range
example, this Institute in collaboration with French cooperator
found that a dihydroartemisinin ether containing cyanoaryl-
methyl group 7 (Figure 2) was very active against P388 and
Ab549 cell lines, as comparable to VCR, whereas its deoxy-ana-
log 8 (Figure 2) was inactive. Thus peroxy group was proved
to be essential for antitumor activity, like for antimalarial

activity”"*. In addition, the type of derivative was proved to
target G, phase of the cell cycle™. Thus far, antitumor activ-

ity of artemisinins and the underlying mechanisms have been

o
H
é—Q—CHzNHC4Hg(t) O~-CH,CH,NH, O~-CH,CH,NHCH,CH;—O
H, on
Maleate Maleate Maleate
SM 905 SM 934 SM 1044

Figure 2. Some compounds with anticancer or immunosuppressive
activity.
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widely studied®*", however, few clinical trials were reported.

Antimalarial chloroquine was used as immunosuppres-
sive agent. Therefore, the research on immunological activity
of QHS and its derivatives became an attractive program in
China in the 1980". At the begining, mainly new antimalarial
drugs (QHS, artemether and artesunate) were studied in labo-
ratories in China. Afterwards, the clinical trials of artesunate
for the treatment of DLE, SLE, rheumatoid arthritis, polymor-
phous light eruption and chronic actinic dermatitis were con-
ducted. Some clinical data were promising, for example, 56
patients with lupus erythematosus (DLE 16, SCLE 10, and SLE
30) were treated by sodium artesunate (iv 60 mg, once a day,
15 d a course, 2-4 courses), with effective rate at 94%, 90%, and
80%, respectively™.
immunosuppressive agents, more artemisinin derivatives

To search for highly potent, low toxic

were synthesized and screened in this Institute since 2001°'*,
Compounds with various structures were tested in respect to
their cytotoxicity to lymphocyte, inhibition activity on ConA-
induced T cell proliferation and LPS-induced B cell prolifera-
tion, in comparison with QHS, artesunate, artemether and
cyclosporin A (CsA). At last, SM 735, SM 905, SM 933, and SM
934 (Figure 2) were selected and tested in the animal models
for 2,4-dinitrofluorobenzene (DNFB)-induced delayed-type
hypersensitivity (DTH) reaction, sheep red blood cell (SRBC)-
induced antibody production, and experimental autoimmune
encephalomyelitis (EAE). Up to date, a number of papers
related their immuno-suppressive activity and possible mech-
anisms have been published mainly from this Institute™**,
The preclinical research of SM 934 is in progress.

During the latter period of the program of the relationship
between chemical structure and activity of artemisinins, SM
1044 was isolated as a by-product during the preparation
of SM 934, and interestingly showed excellent antileukemia
activity in vitro and in vivo in the Ruijin Hospital, Shanghai
Jiao Tong University School of Medicine!®*!
artemisinins may be a new kind of promising candidates. I

. These alkaline

sincerely hope they will be successfully developed for treat-
ment of cancer, auto-immune or other diseases, like arte-
mether as antimalarial drug 30 years ago.
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This review describes the major discoveries of structurally diverse and/or biologically significant compounds from plant resources

in China, mainly from the traditional Chinese medicines (TCMs) since the establishment of our research group in 1999. In the past
decade, a large array of biologically significant and novel structures has been identified from plant resources (or TCM) in our laboratory.
The structural modification of several biologically important compounds led to more than 400 derivatives, some of which exhibited
significantly improved activities and provided opportunities to elucidate the structure-activity relationship of the related compound
class. These findings are important for drug discovery and help us understand the biological basis for the traditional applications of

these plants in TCM.
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Introduction

Natural products have long been used by humans, especially
in the healthcare industry, providing us products from food
supplements to chemical therapeutics to biological probes
and beyond. Natural products from both plants and microbes
have had great success in past drug discovery programs'
2. Structural novelty and biological significance are the two
major innovative elements of natural products chemistry and
are also key issues for drug development. The identification
of natural compounds with novel structures and important
biological activities, especially those possessing new carbon
skeletons, has been the main challenge in the fields of natural
products, organic synthesis and pharmacology. Traditional
Chinese medicines (TCM) medications are proven reservoirs
of novel lead structures, including the well-known examples
of artemisinin (an antimalarial)®® and huperzine A (for AD
treatment)°. China has rich medicinal plant resources, and
approximately 11 000 species have been documented, only
approximately 30% of which have been chemically studied.
We therefore view TCM plants as a promising resource for
lead structures that deserve further investigation. In depth
chemical and pharmacological studies of TCM plants will also
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E-mail jmyue@mail.shcnc.ac.cn
Received 2012-06-13 Accepted 2012-07-03

provide starting points for TCM development and standard-
ization.

In the past decade, chemical studies conducted in our
research group have led to the isolation more than 2700 struc-
turally diverse compounds from 125 plants (most with appli-
cations in TCM or folk medicine), of which 650 compounds
were new structures, and 63 compounds featured unprece-
dented carbon skeletons or possessed unique structural motifs.
The biosynthetic origins of most of these compounds with
new carbon skeletons or unique structural motifs were pro-
posed. Biological tests on these isolates via collaboration with
the pharmacological research groups both in our institute and
in outside organizations revealed that 182 compounds were
active in the tested assays, and a number of them showed
significant bioactivities associated with fatal human diseases.
The structural modification of a few of the most promising
bioactive compounds or drug leads produced more than 400
derivatives, 58 of which showed obviously improved activity.
These studies also demonstrated the structure-activity rela-
tionship of the related compound classes. The major research
findings are summarized here.

Structurally diverse and novel alkaloids

Daphniphyllum alkaloids (Figure 1): The genus Daphniphyllum
is mainly distributed in the southern Asia, with 10 species
growing in China. Some of these species have long been used
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Figure 1. Alkaloids isolated from Daphniphyllum genus.

in TCM for the treatment of various disorders. Daphniphyllum
alkaloids possessing highly complex and polycyclic features
have been a challenging topic in natural products and organic
synthesis. Since we published the first chemical studies on
D subverticillatum in 2003, a total of 194 structurally complex
alkaloids have been isolated from 9 species of Daphniphyl-
Ium in our research group, 72 of which were novel structures.
Among the novel compounds, 14 of them had new skeletons
or possessed rearranged carbon frameworks®?". Some alka-
loids showed strong cytotoxic activity™l.

Daphnipaxinin (1), the first diamino Daphniphyllum alka-
loid, was isolated from D paxianum. The structure of 1 was
determined by spectroscopic methods, and its absolute config-
uration was assigned by CD spectrum. A series of structurally
related Daphniphyllum alkaloids with an unusual degraded
skeleton of C-22-noryuzurimine-type (2-5)">'! were identi-
fied from D longeracemosum and D yunnanense. Compound
4 showed strong cytotoxic activities, with ICs, values of 3.0
and 0.6 pmol/L against the tumor cell lines P388 and A549,
respectively®. The discovery of daphnilongeranin A (6)™,
the first seco-10,17-longistylumphlline alkaloid from D longer-
acemosum, suggested that the hypothetical biosynthetic route
proposed for daphnicyclidine A should be reconsidered. The
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chemical investigation of D yunnanense also afforded the first
C22-n0r,10,17-seco-yuzurimine-type alkaloid, daphniyunnine
B (7)!", which represents the most degraded compound in the
Daphniphyllum alkaloid class.

A series of Daphniphyllum alkaloids possessing cage-like
skeletons were isolated from the seeds of D paxianum!™!
and D macropodum™. Compounds 8-11 are the representa-
tives of these cage-like Daphniphyllum alkaloids; in particu-
lar, paxdaphnine A (11) is the first identified 1,19-bisnor-
Daphniphyllum alkaloid with a highly caged skeleton and a
constrained Ring-A by the formation of C2-C8 and C1-C9
bonds, whose absolute configuration was determined by X-ray
diffraction of its iodide derivative. Two structurally relevant
alkaloids, paxdaphnidine A (12), bearing a unique pentacyclic
framework, and paxdaphnidine B (13), possessing an uncom-
mon tetracyclic skeleton, were isolated from the twigs and
leaves of D paxianum. Deoxycalyciphylline B (14) and deoxy-
isocalyciphylline B (15) were the major alkaloids with a unique
fused hexacyclic skeleton from the stem of D subverticillatum™.
Their structures were assigned based on spectroscopic meth-
ods and chemical evidence, and that of 14 was confirmed by a
single crystal X-ray diffraction determination.

Recently, angustimine (16), featuring an unprecedented



skeleton, and angustifolimine (17), a rare diamino Daphniphyl-
lum alkaloid, were isolated from D angustifolium'®. Calyci-
numines A (18) and B (19) were isolated from D calycinum").,
Compound 18 is the first example of C-22-nor yuzurimine-
type alkaloid, whose structure was confirmed by a single crys-
tal X-ray diffraction study, and calycinumine B (19) features an
unprecedented heteroatom-containing adamantane-like motif.
C,C-linked dimeric indolizidine alkaloids (Figure 2): Flueg-
gea virosa Roxb ex Willd (Euphorbiaceae) is a TCM that has
been used to treat rheumatism, pruritus, cephalic eczema, leu-
corrhea, and injuries. Previous chemical studies on this plant
identified a number of indolizidine-type alkaloids known as
Securinega alkaloids. In our recent study of this plant, two
unprecedented C,C-linked dimeric indolizidine alkaloids,
flueggenines A (20) and B (21), along with their precursor
(-)-norsecurinine, were isolated from the roots of F virosa®.
Their structures and absolute configurations were elucidated
by extensive spectroscopic analyses. The biogenetic origin of
these two compounds could be traced back to the coexisting
major alkaloid (-)-norsecurinine via a self-catalyzed Baylis-
Hillman reaction as the key step to achieve the dimerization.
Other structural classes of alkaloids (Figure 2): Alkaloids are
a class of structurally interesting and biologically important
natural products. In the past years, we examined the chemi-
cal components of eight other plant species in the families
Loganiaceae, Apocynaceae, and Lycopodiaceae, and a total of
142 structurally diversified alkaloids were isolated from the
genera Gelsemium™ !, Ervatamia™ >, Stephania®™ **, Winchia®,
and Lycopodium®™”
had novel skeletons. Some alkaloids showed strong cytotoxic

, of which 42 were new compounds and 5

activities. For example, gelseganines A-D (22-25), a new class
of monoterpenoid indole alkaloids that bear an N,-iridoid unit,
together with three new analogs (26-29) ** were isolated
from the stems and leaves of Gelsemium elegans, a well-known
toxic plant in Southeast Asia. The structures of 22-29 were
determined by spectroscopic analysis, single-crystal X-ray dif-
fraction, and chemical evidence. A plausible biogenetic path-
way for alkaloids 22-25 was also postulated.

Complex and novel terpenoids

Triterpenoids (limonoids) from Meliaceae plants (Figure 3):
China has a rich diversity of Meliaceae. To date, 62 species
and 12 varieties of 15 genera in the Meliaceae family have been
documented, and these are mainly distributed in the provinces
south of the Yangtze River. Plants of this family are known
to metabolize abundant nortriterpenoids (limonoids) with
diverse and complex structures that have been demonstrated
to have a variety of important biological activities, such as
antifeeding, antibacterial, anticancer and antimalarial activi-
ties.

In the past several years, our research group made tremen-
dous efforts to explore biologically significant chemical com-
ponents from the plants in the Meliaceae family, which has
led to the isolation of more than 600 structurally diverse com-
pounds from 30 plant species. Among these, 406 were new
structures, and 32 possessed previously unknown skeletons.
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Figure 2. Dimeric indolizidine alkaloids and monoterpenoid indole
alkaloids.

A variety of assays revealed that 50 additional compounds had
important biological activities® 7"
ported the traditional medical applications of several plants in

. Our research results sup-

the Meliaceae family. This is by far the most systematic and
leading chemical study on the plants of the Meliaceae family
worldwide. Several representative examples are summarized
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Figure 3. Triterpenoids (limonoids) isolated from Meliaceae plants.

below.

Walsuronoid A (30)P%, a limonoid featuring an unprec-
edented 3,4-peroxide-bridged A-seco skeleton, together
with walsuronoids B (31) and C (32), possessing a rare
18(13—14)-abeo-limonoid skeleton, was isolated from Walsura
robusta. Their structures were elucidated by spectroscopic
analysis and chemical correlation, and that of 30 was con-
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firmed by single-crystal X-ray diffraction. Compounds 31 and
32 showed antimalarial activities, which well matched the tra-
ditional application of this plant as a treatment for malaria.
Compounds 33-38 are 9,10-seco-tetranortriterpenoids that
were discovered in the seeds of the Chinese marine mangrove
plant Xylocarpus granatum™ . Xylogranatin A (33) featured a
unique 1,9-oxygen bridge, whose structure was confirmed by
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Figure 4. Structurally interesting and biologically important diterpenoids.

single-crystal X-ray diffraction, and xylogranatin D (38) fur-
nished a novel skeleton via C-30-C-9 linkage that was postu-
lated to arise from 36 via an y-hydroxyl ketone rearrangement,
and this pathway was chemically mimicked. Compounds
33-38 were cytotoxic to the tumor cell lines P388 and A549,
with IC;; values ranging from 6.3 to 15.7 pmol /L.

Turrapubesins A (39) and B (40)"", two tetranortriterpenoids
representing the first examples of halogenated and maleimide-
bearing limonoids, respectively, were isolated from the twigs
and leaves of Turraea pubescens. Their absolute configurations
were determined by X-ray crystallography (39) and by CD
analysis of a dihydrogenated derivative (40).

Four 16-norphragmalin-type limonoids, chuktabularins A-D
(41-44)"", featuring unprecedented carbon skeletons of a bio-
synthetically extended C2 or C3 unit at C-15 forming a unique
2,7-dioxabicyclo[2.2.1]heptane moiety, and two limonoids,
chuktabrin A (45), with the unique 1,3-dioxolan-2-one and
3,4-dihydro-2H-pyran motifs, and chuktabrin B (46)"” possess-
ing an unprecedented polycyclic skeleton, were isolated from
Chukrasia tabularis. Their structures were elucidated by spec-
troscopic analyses and single crystal X-ray diffraction.

The chemical investigations of Dysoxylum hainanense
revealed a series of ring A modified triterpenoids among
which dysoxyhainanin A (47)" possessed a unique 1,3-cyclo-
2,3-seco A ring with a formamido-containing appendage, dys-
oxyhainanin B (48)"" featured an unprecedented 1,2-dinor-
3,10:9,10-bisseco skeleton, and dysoxyhainic acid A (4:9)[521 had

OH
OO‘
HO OMe

HO HoHO OH—OR

80 R

81 CO(CH=CH)s(CH,):CHs
82 COPh 83

an unprecedented 2-nor-1,3-cyclotirucallane skeleton. Four
compounds, dysoxyhainanin A (47) and dysoxyhainic acids
B-C, showed significant activities against four gram-positive
bacteria, Staphylococcus aureus ATCC 25923, S epidermidis
ATCC 12228, Micrococcus luteus ATCC 9341, and Bacillus subti-
lis CMCC 63501, with MICs in the range of 6.25-50 pg/mL.

Walsucochins A (50) and B (51), with a novel carbon skel-
eton, were isolated from Walsura cochinchinensis®. Their
structures, including absolute configuration, were elucidated
by spectral methods. Both compounds significantly attenu-
ated H,O,-induced damage in PC12 cells in a dose-dependent
manner at dosages of 1, 5, and 10 pmol/L.

A chemical study of the stems of Khaya senegalensis led to the
isolation of two limonoids, namely khayalenoids A (52) and B
(53)™], with an unprecedented 8-oxa-tricyclo[4.3.2.0*"]unde-
cane motif in the nortriterpenoid core. Their structures, with
absolute configuration, were determined by spectroscopy,
X-ray crystallography, and CD analysis. Recently, another
limonoid with an unprecedented carbon skeleton, grandifo-
tane A (54), was isolated from the stem bark of K grandifoli-
B4 The absolute configuration of 54 was determined by
spectroscopy, X-ray crystallography, and ECD calculations. A

ola

biogenetic route for grandifotane A (54) synthesis from a mex-
icanolide-type limonoid precursor, involving an enzymatic
Baeyer-Villiger oxidation as the key step, was proposed.
Aphanamolide A (55)"%, featuring an unprecedented carbon
skeleton with a C-3-C-6 bond, was isolated from the seeds of

Acta Pharmacologica Sinica
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Aphanamixis polystachya. Its structure was established using
spectroscopic methods.

Walsucochinoids A (56) and B (57)"%, two rearranged
limonoids possessing an unprecedented carbon framework,
Their absolute
configurations were assigned based on a detailed examination

were isolated from Walsura cochinchinensis.

of spectroscopic data, single crystal X-ray diffraction analysis,
and CD experiments.

Diterpenoids (Figure 4): Diterpenoids are a class of structur-
ally interesting and biologically important natural products
that are found in many TCM plants, and some were even
proven to be the active ingredients in their respective plants.
More than 260 diterpenoids were obtained by our research
group in the past years from the Euphorbia”, Trigonoste-
mon”7, Daphne®™, Pseudolarix® ®, Siegesbeckia™, Sapium™,
and Larix®™! genera. Among them, 122 were new compounds,
and 4 possessed novel carbon scaffolds. Biological tests dem-
onstrated that 49 compounds exhibited important biological
activities in a variety of bioassays, some of which demon-
strated the biological basis of the traditional applications of
those plants in TCM medication.

Diterpenoids from the Euphorbiaceae family: Lathyranoic
acid A (58)7?, the first seco-lathyrane diterpenoid with a new
skeleton was isolated from the seeds of Euphorbia lathyris. Its
structure was elucidated by spectroscopic analysis and chemi-
cal transformation. Lathyranoic acid A was proposed to be
biosynthetically produced from the co-existing diterpenoid
Euphorbia factor L11 with an enzymatic Baeyer-Villiger oxida-
tion as the key and the committed step, and its chemical syn-
thesis was achieved (Scheme 1).

0 H\ Q
©)J\O o o OAc 0Bz \&
',,// N \ 0]
s e
N H WOH
HS
AcO OBz 58
Euphorbia factor L11
B| m-CPBA, NaHCO3;, N\A  NalO4, HySOy,,
CH,Cl,, 0°C, 8h, THF, H,0O, RT, 48h,
24% yield. 35% vyield.

H H(Or@

c'))/o cl
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Scheme 1. Chemical transformations from Euphorbia factor L11 to 58.

Two highly modified daphnane-type diterpenoids,
trigochilides A (59) and B (60), together with six highly oxy-
genated diterpenes, trigochinins A-I (61-66)"""", were isolated
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from the twigs and leaves of Trigonostemon chinensis Merr col-
lected from Yunnan Province. Trigochilides A (59) and B (60)
contain 12-carbon-containing polyketide appendages, which
are linked to the diterpenoid core at C-16 by a C-bond and
form a macrolactone between C-1" and C-3, while trigochinins
A-I (61-66) share a rare 4,6-oxetane moiety. Their structures
were elucidated by spectroscopic analysis, X-ray crystallogra-
phy, and CD analysis. Compounds 64 and 65 showed potent
cytotoxic activities against HL-60 tumor cell lines with ICs,
values of 8.1 and 6.4 pmol/L, respectively. Compound 66
significantly inhibited MET tyrosine kinase activity (IC5=1.95
pmol/L). Trigonochinenes A-E (66-71)"""), five antibacterial
diterpenoids, were isolated from the aerial parts of this plant
collected from Hainan Province. Compounds 67-70 possess
a rare 3,4-secocleistanthanic skeleton, and compound 71 is a
highly aromatized tetranorditerpene. Compounds 67-71 were
tested for antimicrobial activity against 11 microorganisms in
vitro. All compounds tested were active against Helicobacter
pylori-SS1, with MICs of 12.5-25 pg/mL, and compounds
67-70 also significantly inhibited the growth of the drug
(metronidazole)-resistant strain H pylori-ATCC 43504, with
MICs of ca 50 pg/mL. Compounds 69 and 71 also exhibited
selective activities against the gram-positive bacteria Staphy-
lococcus aureus ATCC 25923, Staphylococcus epidermidis ATCC
12228, and Micrococcus luteus ATCC 9341 with MICs in the
range of 6.25-50 pg/mL.

Twelve new highly oxygenated daphnane-type diterpe-
noids, genkwanines A-L (72-83)"), were isolated from the
bud of Daphne genkwa, a well-known TCM. These compounds
showed very potent cytotoxic activities against two tumor cell
lines, P388 and A549, with ICs, levels of 0.15-8.40 pmol/L.
Most interestingly, three of the compounds, 75, 78, and 81,
and two known compounds, yuanhuacine and yuanhuadine,
strongly inhibited the endothelial cell line HMEC at the ICs
levels of 2.90-15.0 pmol/L.

Sesquiterpenoids: Sesquiterpenoids are the major compo-
nents of many TCM plants, and they have a broad spectrum of
biological activities including antiinflammatory, antiparasitic,
antitumor, and anti-HIV properties. More than 18 TCM plants
in the families of Chloranthaceae (four genera, Chloranthus,
Sarcandra, and Hedyosmum)® ! and Compositae (five gen-
era, Eupatorium® *"), Vernonia®™, Siegesbeckia, Saussurea, and
Parasenecio)®™, and a fungus (Lactarius piperatus)'™, have
been investigated in our laboratory, which led to the identifica-
tion more than 280 compounds. Among them, 126 were new
compounds, and 8 possessed new carbon skeletons. Biological
activity screening revealed that 28 isolates showed important
biological activities in a number of tested bioassays, and some
of the results were consistent with the traditional applications
of these plants in TCM.

Mono- and dimeric sesquiterpenoids (Figure 5): The Chlo-
ranthaceae family has 16 species and 5 variants belonging to
three genera, Chloranthus, Sarcandra and Hedyosmum, in China.
Most plants in this family have been applied in TCM and/or
Chinese folk medicine for a variety of indications. Chemical
studies of seven species in the Chloranthaceae family con-
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Figure 5. Structurally complex sesquiterpenoids.

ducted in our research group identified 42 new mono- and
dimeric sesquiterpenoids, of which the sesquiterpenoid dim-
ers are particularly interesting, especially 4 of these dimers,
which possessed unprecedented carbon skeletons.
Chlorahololides A-F (84-89)"" *, six highly complex ses-
quiterpenoid dimers, were isolated from whole C holostegius.
Their structures and absolute configurations were established
by spectroscopy, X-ray crystallography and CD analysis.
Chlorahololides A-F (84-89) exhibited potent and selective
inhibition of the delayed rectifier (I) K current, with ICs,
values of 10.9£12.3, 18.6+2.5, 3.6+10.1, 2.7+0.3, 27.545.1, and
57.5+6.1 pmol/L, respectively. It is noteworthy that the activi-
ties of chlorahololides A-F (84-89) are 18- to 388-fold more
potent than the positive control tetraethylammonium chloride
(IC5=1.05£0.21 mmol/L), a classical blocker of the delayed
rectifier K* current. Three more sesquiterpenoid dimers, mul-
tistalides A-B and chloramultilide A (90-92), were isolated
P01 Serratustones A (93) and B
(94), which share an unprecedented carbon skeleton repre-

from whole C multistachys

senting a novel dimerization of an elemane and a eudesmane

[86]

sesquiterpenoid, were isolated from C serratus™. Two novel
lindenane-type sesquiterpenoid dimers, sarcanolides A (95)
and B (96), featuring an unprecedented carbon framework via
the formation of C-11-C-7’ bond, were isolated from whole S
2 The structures of compounds 93-96, including

the absolute configuration were fully determined by spectros-

hainanensis

copy, X-ray crystallography, and CD analysis in combination
with ECD calculation. A number of novel sesquiterpenoids
were also isolated from plants in the Chloranthaceae fam-
ily; eg, hlorantene A (97) isolated from C serratus possessed a
unique C-4 to C-10 linkage'™”.

Phloroglucinol-coupled sesquiterpenoids (Figure 5): Euca-
lyptus globulus Labill, a tall timber tree, grows widely in the
southern part of China. Its fruits and leaves have been used
as a Chinese folk medicine to treat flu, dysentery, eczema, and
scald. A large number of phloroglucinol-coupled sesquiterpe-
noids and other classes of phloroglucinol-coupled compounds
were isolated from E globulus and other species in the Euca-
Ilyptus genus. Of these, eucalyptals A-C (98-100)"", with a
novel 3,5-diformyl-isopentyl phloroglucinol-coupled cadinane
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carbon framework, were isolated from the fruits of E globulus.
Their structures were elucidated by spectroscopic analysis,
and that of 98 was confirmed by single-crystal X-ray diffrac-
tion. Compounds 98-100 showed selective activity against
HL-60, with IC5, values of 1.7, 6.8, and 17 pmol/L, respec-
tively.

Miscellaneous

In addition to our particular interests in natural alkaloids and
terpenoids (tri, di, and sesquiterpenoids), we isolated more
than 300 phenolics and prenylated polyketides from approxi-
mately 20 TCM or herb plants. Among them, approximately
60 were new compounds, and 6 had new carbon skeletons
(Figure 6). In particular, 48 of these compounds showed
significant biological activities in a variety of bioassays and
provided a scientific foundation for the use of a number of tra-
ditional Chinese herbs!"®",

A series of phenolic compounds were isolated from the
ethanolic extract of whole Sarcostemma acidum. Sacidumlig-
nan D (101)"* was found to have an unprecedented rear-
ranged tetrahydrofuran lignan skeleton. Psoracorylifols A-E
(102-106)"* represented five novel compounds from buguzhi,
a well-known TCM made from the seeds of Psoralea corylifolia.
The structure of 102 was confirmed by single-crystal X-ray
diffraction. Psoracorylifols D and E (105 and 106) exhibit
an unprecedented carbon skeleton. A plausible biogenetic
origin of psoracorylifols A-E (102-106) was also postulated.
Psoracorylifols A-E (102-106) showed significant inhibition
against two strains of H pylori (S51 and ATCC 43504), with

115 R=OH
117 R=00H

113 14s

Figure 6. Phenolics and prenylated polyketides.

102 103
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MICs of 12.5-25 pg/mL, respectively. Notably, the activity
of psoracorylifols A-E (102-106) are 5-10 times stronger than
that of metronidazole against H pylori ATCC 43504, a drug
(metronidazole)-resistant strain; metronidazole is a critical
ingredient in combination therapies of H pylori infection. The
chemical investigation of the seeds of Psoralea corylifolia also
revealed a number of prenylflavonoids, among which the two
new compounds, corylifols A and B (107 and 108)!"", signifi-
cantly inhibited two hospital pathogenic gram-positive bacte-
ria, S aureus ATCC 25923 (MICs: 0.147 and 0.037 mmol/L) and
S epidermidis ATCC 12228 (MICs: 0.147 and 0.037 mmol/L)
in vitro. Cinnacassides A-E (109-113)!""! are five novel gly-
cosides with a unique geranylphenylacetate aglycone carbon
skeleton from a common TCM (Rougui) based on the stem
bark of Cinnamomum cassia. Each of the cinnacassides A-D
(109-113) possessed one of the four stereoisomers of the agly-
cone. Their structures were established by extensive spectro-
scopic analysis and chemical and chiroptical methods. Plau-
sible biosynthetic routes for 109-113 were also proposed.
Harrisotones A-E (114-118), five novel prenylated
polyketides with a rare spirocyclic hydroperoxypolyketide-
derived skeleton, along with the new hydroperoxypolyketide
harrisonol A (119), were isolated from Harrisonia perforate™™.
Their structures were extensively elucidated through spectro-
scopic analysis and CD spectra. The origins of compounds
114-118 could be traced back to harrisonol A (119). Harriso-
tone A and C and harrisonol A (114, 116, and 119) exhibited
significant cytotoxic activity against P388 tumor cells, with
IG5, values of 1.56, 2.35, and 0.27 pmol/L, respectively. Har-

104 105

o
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H?—IO OMe
OH o
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risotone A (114) and harrisonol A (119) also showed moderate
activity against A549 tumor cells, with ICs, values of 24.5 and
26.6 pmol/L, respectively.

Structural modifications and structure-activity relation-
ship studies

In our search for bioactive natural products
38, 39, 41, 42, 44-46, 51-53, 58, 63, 68, 70, 73-81, 85, 87-88, 93, 95-98, 103-109, 115-120]

[13, 16, 22, 24, 25, 29, 33, 36,

, a large
number of compounds were found to exhibit a variety of
biological activities, and 11 compounds with particularly
promising potential were selected for structure optimization
and structure-activity relationship studies. As a result, over
400 new derivatives were obtained. Among these derivatives,
58 showed significantly improved activities, which provided
opportunities to explore the structure-activity relationship
of the related compound class/"'*!
discuss the structure optimization and structure-activity

. As an example, we will

relationship study of the antiangiogenesis pseudolaric acid B
(PAB)™!. PAB is the major active component of a well-known
TCM (Tujinpi), the root bark of Pseudolarix kaempferi, which
has traditional applications as an antifungal and abortifacient
for use in the early stage of pregnancy. PAB also showed
strong cytotoxic activity. In our collaboration study, this com-
pound was found for the first time to have strong antiangio-
genic activity with a unique mode of antitumor action*"*],
A structural modification of PAB was thus conducted, and
more than 40 derivatives were prepared in the first round.
Antitumor assays showed that nine derivatives in the series
120a-120n showed significantly improved activities, while
those in the 121a-121d and 122a-122g series were inactive.

121a-121d

120a-120n 122a-122g

Observation of the structures of PAB and its derivatives
revealed a clear antitumor structure activity relationship
(Scheme 2)"!: (1) All of the active PAB compounds tested in
our study (120a-120n) have amphipathic properties and pos-
sess a hydrophobic domain of a constrained-rings system and
a hydrophilic domain consisting of a side chain possessing an
conjugated double bond and a terminal carboxylic acid. (2) A
hydrophobic group R' at C-7 and a A’ double bond are neces-
sary for the anticancer activity, and the bulk and steric factor
of R' also seem relevant to the activity. (3) The chain length
and/or the conjugated double bonds in the side chain are
essential for the anticancer activity. (4) Any structural changes
in the seven-membered ring, eg, A” double bond migration
and oxygenation at C-7 or C-8, will render the analogs inac-
tive. (5) The C-4 acetoxyl group is crucial for the activity and
its removal or replacement with a bulk acyloxy group sig-
nificantly attenuated the activity. (6) The free carboxylic acid
group in the terminus of the side chain is necessary for the
anticancer activity, while acylation or amidation of this group
with either a hydrophilic or a hydrophobic group is detrimen-
tal to the activity.

PAB is also a strong antifungal agent. The anticancer SAR
of the aforementioned PAB analogs is very similar to the anti-
fungal SAR reported by our group™!, except for the difference
in the modification of the R' group. The modification of the
R' group of PAB showed a particularly exciting result with
respect to anticancer activity. Meanwhile, in an antifungal
assay, all of the structurally modified PAB analogs showed
attenuated activities or were completely inactive®!. Our stud-
ies suggest that PAB is very promising as an anticancer drug

121c R2=Y©

o o Cl
R2=""~"ch, 121d R2=/K©/

o)
120a R2=/CHs

120b
122a R3= —HACHZOH 122¢ R3 =_H©
122b R3= _f CH:0H (j
CH,0OH
\<CH220H 122f R®=—N">""OH

122¢ R3__ OH

N 1229 RS= —NQ

H H OH
122d R3=—-NgNH2

J

~
:
|

Green: Modification with hydrophobic R* is allowed

Red: Modification is forbidden

Scheme 2. Preparation of PAB derivatives and structure activity relationship study.
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lead but limited as an antifungal lead due to its loss of activity

upon modification and strong cytotoxic side effects.

Acknowledgements
This work was supported by the National Science & Technol-

ogy Major Project “Key New Drug Creation and Manufactur-
ing Program” (Grant No 2011ZX09307-002-03), the foundation
of the Ministry of Science and Technology (2012CB721105) of
China, and the National Natural Science Foundation (Grant
No 30025044, 30630072, and 21072203) of China.

References

1

10

11

12

13

14

15

16

17

18

Newman DJ, Cragg GM. Natural products as sources of new drugs
over the last 25 years. J Nat Prod 2007; 70: 461-77.

Newman DJ, Cragg GM, Snader KM. Natural products as sources
of new drugs over the period 1981-2002. J Nat Prod 2003; 66:
1022-37.

Li Y, Wu YL. Advances in medicinal chemistry and pharmacology
of artemisinin and its derivatives; Chapter 11. In: Bai DL, Chen
KX, editors. Progress in chemistry series advances in medicinal
chemistry. Beijing: Chemical Industry Press; 2004. p 433-503.

Liu JS, Zhu YL, Yu CM, Zhou YZ, Han YY, Wu FW, et al. The structures
of huperzine A and B, two new alkaloids exhibiting marked anti-
cholinesterase activity. Can J Chem 1986; 64: 837-9.

Xu ZL, Chu BM, Luan XH, Wu WZ, Cai DG. The structural identification
of fordine. Med J Chin PLA 1985; 10: 263-4.

Zhang CR, Fan CQ, Dong SH, Liu HB, Zhou WB, Wu Y, et al. Angusti-
mine and angustifolimine: two new alkaloids from Daphniphyllum
angustifolium. Org Lett 2011; 13: 2440-3.

Zhang CR, Liu HB, Dong SH, Zhu JY, Wu Y, Yue JM. Calycinumines A
and B, two novel alkaloids from Daphniphyllum calycinum. Org Lett
2009; 11: 4692-5.

Yang SP, Yue JM. First diamino Daphniphyllum alkaloid, daphni-
paxinin, with an unprecedented heterohexacyclic skeleton from
Daphniphyllum paxianum. Org Lett 2004; 6: 1401-4.

Zhan ZJ, Yang SP, Yue JM. Paxdaphnidines A and B, novel penta-
and tetracyclic alkaloids from Daphniphyllum paxianum. J Org Chem
2004; 69: 1726-9.

Yang SP, Yue JM. Two novel alkaloids with a unique fused hexacycylic
skeleton from Daphniphyllum subverticillatum. J Org Chem 2003;
68: 7961-6.

Fan CQ, Yin S, Xue JJ, Yue JM. Novel alkaloids, paxdaphnines A and
B with unprecedented skeletons from the seeds of Daphniphyllum
paxianum. Tetrahedron 2007; 63: 115-9.

Zhan ZJ, Zhang CR, Yue JM. Caldaphnidines A-F, six new Daphni-
phyllum alkaloids from Daphniphyllum calycinum. Tetrahedron
2005; 61: 11038-45.

Zhang CR, Liu HB, Feng T, Zhu JY, Geng MY, Yue JM. Alkaloids from
the leaves of Daphniphyllum subverticillatum. J Nat Prod 2009; 72:
1669-72.

Zhang CR, Yang SP, Yue JM. Alkaloids from the twigs of Daphni-
phyllum calycinum. J Nat Prod 2008; 71: 1663-8.

Yang SP, Zhang H, Zhang CR, Chen HD, Yue JM. Alkaloids from
Daphniphyllum longeracemosum. J Nat Prod 2006; 69: 79-82.
Zhang H, Yang SP, Fan CQ, Ding J, Yue JM. Daphniyunnines A-E,
alkaloids from Daphniphyllum yunnanense. J Nat Prod 2006; 69:
553-7.

Gan LS, Wang XN, Fan CQ, Wu Y, Yue JM. Alkaloids from fruits of
Daphniphyllum oldhamii. Helv Chim Acta 2007; 90: 2395-400.
Wang XN, Gan LS, Fan CQ, Yin S, Yue JM. Alkaloids from the fruits of

Acta Pharmacologica Sinica

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Daphniphyllum macropodum. Helv Chim Acta 2007; 90: 2156-62.
Yang SP, Yue JM. Alkaloids from Daphniphyllum longeracemosum.
Helv Chim Acta 2006; 89: 2783-8.

Chen X, Zhan ZJ, Yue JM. Longistylumphyllines A-C, three new
alkaloids from Daphniphyllum longistylum. Helv Chim Acta 2005;
88: 854-60.

Chen X, Zhan ZJ, Yue JM. Oldhamiphylline A: a novel hexacyclic
alkaloid from Daphniphyllum oldhami. Chem Biodivers 2004; 1:
1513-8.

Gan LS, Fan CQ, Yang SP, Wu Y, Lin LP, Ding J, et al. Flueggenines
A and B, two novel C,C-linked dimeric indolizidine alkaloids from
Flueggea virosa. Org Lett 2006; 8: 2285-8.

Yin S, He XF, Wu Y, Yue JM. Monoterpenoid indole alkaloids bearing
an N,-iridoid from Gelsemium elegans. Chem Asian J 2008; 3:
1824-9.

Xu YK, Yang SP, Liao SG, Zhang H, Lin LP, Ding J, et al. Alkaloids from
Gelsemium elegans. J Nat Prod 2006; 69: 1347-50.

Zhang H, Wang XN, Lin LP, Ding J, Yue JM. Indole alkaloids from
three species of the Ervatamia genus: E officinalis, E divaricata, and
E divaricata Gouyahua. J Nat Prod 2007; 70: 54-9.

Zhang H, Yue JM. Indole alkaloids from the whole plants of Erva-
tamia officinalis. Helv Chim Acta 2005; 88: 2537-42.

Zhang H, Yue JM. Hasubanan type alkaloids from Stephania longa. J
Nat Prod 2005; 68: 1201-7.

Zhang H, Yue JM. New stephaoxocane alkaloids from Stephania
longa. Helv Chim Acta 2006; 89: 1105-9.

Gan LS, Yang SP, Wu Y, Ding J, Yue JM. Terpenoid indole alkaloids
from Winchia calophylla. J Nat Prod 2006; 69: 18-22.

Yin S, Fan CQ, Wang XN, Yue JM. Lycodine-type alkaloids from
Lycopodium casuarinoides. Helv Chim Acta 2006; 89: 138-43.

Liao SG, Chen HD, Yue JM. Plant orthoesters. Chem Rev 2009; 109:
1092-140.

Han ML, Zhang H, Yang SP, Yue JM. Walsucochinoids A and B: new
rearranged limonoids from Walsura cochinchinensis. Org Lett 2012;
14: 486-9.

Yang SP, Chen HD, Liao SG, Xie BJ, Miao ZH, Yue JM. Aphanamolide
A, a new limonoid from Aphanamixis polystachya. Org Lett 2011, 13:
150-3.

Yuan T, Zhu RX, Zhang H, Odeku OA, Yang SP, Liao SG, et al. Struc-
ture determination of grandifotane a from Khaya grandifoliola by
NMR, X-ray diffraction, and ECD calculation. Org Lett 2010; 12:
252-5.

Yuan T, Yang SP, Zhang CR, Zhang S, Yue JM. Two limonoids,
khayalenoids A and B with an unprecedented 8-oxa-tricyclo[4.3.2.0%"]
undecane motif from Khaya senegalensis. Org Lett 2009; 11: 617-
20.

Zhou ZW, Yin S, Zhang HY, Fu Y, Yang SP, Wang XN, et al. Walsuco-
chins A and B with an unprecedented skeleton isolated from Walsura
cochinchinensis. Org Lett 2008; 10: 465-8.

Zhang CR, Fan CQ, Zhang L, Yang SP, Wu Y, Lu Y, et al. Chuktabrins
A and B, two novel limonoids from the twigs and leaves of Chukrasia
tabularis. Org Lett 2008; 10: 3183-6.

He XF, Wang XN, Gan LS, Yin S, Dong L, Yue JM. Two novel triter-
penoids from Dysoxylum hainanense. Org Lett 2008; 10: 4327 -30.
Yin S, Wang XN, Fan CQ, Liao SG, Yue JM. The first limonoid peroxide
in the meliaceae family: walsuronoid a from Walsura robusta. Org
Lett 2007; 9: 2353-6.

Zhang CR, Yang SP, Liao SG, Fan CQ, Wu Y, Yue JM. Chuktabularins
A-D, four new limonoids with unprecedented carbon skeletons from
the stem bark of Chukrasia tabularis. Org Lett 2007; 9: 3383-6.
Wang XN, Yin S, Fan CQ, Wang FD, Lin LP, Ding J, et al. Turrapubesins



42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

A and B, first examples of halogenated and maleimide-bearing
limonoids in nature from Turraea pubescens. Org Lett 2006; 8:
3845-8.

Yin S, Fan CQ, Wang XN, Lin LP, Ding J, Yue JM. Xylogranatins A-D:
novel tetranortriterpenoids with an unusual 9,10-seco scaffold from
marine mangrove Xylocarpus granatum. Org Lett 2006; 8: 4935-8.
Fan CQ, Wang XN, Yin S, Zhang CR, Wang FD, Yue JM. Tabularisins
A-D, phragmalin ortho esters with new skeleton isolated from the
seeds of Chukrasia tabularis. Tetrahedron 2007; 63: 6741-7.

Wang XN, Yin S, Fan CQ, Lin LP, Ding J, Yue JM. Eight new limonoids
from Turraea pubescens. Tetrahedron 2007; 63: 8234-41.

Liu J, Yang SP, Su ZS, Lin BD, Wu Y, Yue JM. Limonoids from the
stems of Toona ciliata var henryi (Meliaceae). Phytochemistry 2011;
72:2189-96.

Lin BD, Chen HD, Liu J, Zhang S, Wu Y, Dong L, et al. Mulavanins
A-E: limonoids from Munronia delavayi. Phytochemistry 2010; 71:
1596-601.

Zhang B, Yang SP, Yin S, Zhang CR, Wu Y, Yue JM. Limonoids from
Khaya ivorensis. Phytochemistry 2009; 70: 1305-8.

Xie BJ, Yang SP, Yue JM. Terpenoids from Dysoxylum densiflorum.
Phytochemistry 2008; 69: 2993-7.

Zhang H, Odeku QA, Wang XN, Yue JM. Limonoids from the stem
bark of Khaya grandifoliola. Phytochemistry 2008; 69: 271-5.

Wang XN, Fan CQ, Yin S, Gan LS, Yue JM. Structural elucidation of
limonoids and steroids from Trichilia connaroides. Phytochemistry
2008; 69: 1319-27.

Liu HB, Zhang H, Li P, Wu Y, Gao ZB, Yue JM. Kv1.2 potassium
channel inhibitors from Chukrasia tabularis. Org Biomol Chem 2012,
10: 1448-58.

He XF, Wang XN, Ying S, Dong L, Yue JM.
triterpenoids from Dysoxylum hainanense.
28:4818-24.

Dong SH, Zhang CR, Dong L, Wu Y, Yue JM. Onoceranoid-type triter-
penoids from Lansium domesticum. J Nat Prod 2011; 74: 1042-8.
Yuan T, Zhang CR, Yang SP, Yue JM. Limonoids and triterpenoids
from Khaya senegalensis. J Nat Prod 2010; 73: 669-74.

Dong SH, Zhang CR, He XF, Liu HB, Wu Y, Yue JM. Mesendanins A-J,
limonoids from the leaves and twigs of Melia toosendan. J Nat Prod
2010; 73: 1344-9.

Lin BD, Zhang CR, Yang SP, Zhang S, Wu Y, Yue JM. D-ring-opened
phragmalin-type limonoid orthoesters from the twigs of Swietenia
macrophylla. J Nat Prod 2009; 72: 1305-13.

Lin BD, Yuan T, Zhang CR, Dong L, Zhang B, Wu Y, et al. Structurally
diverse limonoids from the fruits of Swietenia mahagoni. J Nat Prod
2009; 72: 2084-90.

Chen HD, Yang SP, Wu Y, Dong L, Yue JM. Terpenoids from Toona
ciliata. J Nat Prod 2009; 72: 685-9.

Chen HD, Yang SP, Liao SG, Zhang B, Wu Y, Yue JM. Limonoids and
sesquiterpenoids from Amoora tsangii. J Nat Prod 2008; 71: 93-7.
Xie BJ, Yang SP, Chen HD, Yue JM. Agladupols A-E, triterpenoids
from Aglaia duperreana. J Nat Prod 2007; 70: 1532-5.

Zhang CR, Yang SP, Zhu Q, Liao SG, Wu Y, Yue JM. Nortriterpenoids
from Chukrasia tabularis var. velutina. J Nat Prod 2007; 70: 1616-
9.

Liao SG, Yang SP, Yuan T, Zhang CR, Chen HD, Wu Y, et al. Limonoids
from the leaves and stems of Toona ciliate. J Nat Prod 2007; 70:
1268-73.

Yin S, Wang XN, Fan CQ, Lin LP, Ding J, Yue JM. Limonoids from the
seeds of the marine mangrove Xylocarpus granatum. J Nat Prod
2007; 70: 682-5.

Gan LS, Wang XN, Wu Y, Yue JM. Tetranortriterpenoids from Cipa-

Ring A modified novel
Eur J Org Chem 2009;

www.chinaphar.com
Yang SP et al

65

66

67

68

69

70

71

72

73

74

75

76

i

78

79

80

81

82

83

84

85

86

1157

dessa baccifera. J Nat Prod 2007; 70: 1344-7.

Chen YY, Wang XN, Fan CQ, Yin S, Yue JM. Swiemahogins A and B,
two novel limonoids from Swietenia mahogany. Tetrahedron Lett
2007; 48: 7480-4.

Wang XN, Fan CQ, Yue JM. New pregnane steroids from Turraea
pubescens. Steroids 2006; 71: 720-4.

He XF, Wang XN, Ying S, Dong L, Yue JM. Ring A-seco triterpenoids
with antibacterial activity from Dysoxylum hainanense. Bioorg Med
Chem Lett 2011; 21: 125-9.

Zhang F, Liao SG, Zhang CR, He XF, Chen WS, Yue JM. Limonoids
and diterpenoids from Toona ciliata Roem var yuunanensis. Planta
Med 2011; 77: 1617-22.

Lin BD, Zhang CR, Yang SP, Wu Y, Yue JM. Phragmalin-type linomoid
orthoesters from the twigs of Swietenia macrophylla. Chem Pharm
Bull 2011; 59: 458-65.

Zhang CR, Yang SP, Chen XQ, Wu Y, Zhen XC, Yue JM. Limonoids from
the twigs and leaves of Chukrasia tabularis. Helv Chim Acta 2008;
91: 2338-50.

Wang XN, Fan CQ, Yin S, Lin LP, Ding J, Yue JM. Cytotoxic terpenoids
from Turraea pubescens. Helv Chim Acta 2008; 91: 510-9.

Liao SG, Zhan ZJ, Yang SP, Yue JM. Lathyranoic acid A: first
secolathyrane diterpenoid in nature from Euphorbia lathyris. Org Lett
2005; 7: 1379-82.

Chen HD, He XF, Ai J, Geng MY, Yue JM. Trigochilides A and B, two
highly modified daphnane-type diterpenoids from Trigonostemon
chinensis. Org Lett 2009; 11: 4080-3.

Chen HD, Yang SP, He XF, Ai J, Liu Z, Liu HB, et al. Trigochinins A-C:
three new daphnane-type diterpenes from Trigonostemon chinensis.
Org Lett 2010; 12: 1168-71.

Chen HD, Yang SP, He XF, Liu HB, Ding J, Yue JM. Trigochinins D-I:
six new daphnane-type diterpenoids from Trigonostemon chinensis.
Tetrahedron 2010; 66: 5065-70.

Dong SH, Liu HB, Xu CH, Ding J, Yue JM. Constituents of Trigono-
stemon heterophyllus. J Nat Prod 2011; 74: 2576-81.

Dong SH, Zhang CR, Xu CH, Ding J, Yue JM. Daphnane-type triter-
penoids from Trigonostemon howii. J Nat Prod 2011; 74: 1255-61.
Lin BD, Han ML, Ji YC, Chen HD, Yang SP, Zhang S, et al. Trigoxyphins
A-G: diterpenes from Trigonostemon xyphophylloides. J Nat Prod
2010; 73: 1301-5.

Yin S, Su ZS, Zhou ZW, Dong L, Yue JM. Antimicrobial diterpenes
from Trigonostemon chinensis. J Nat Prod 2008; 71: 1414-7.

Zhan ZJ, Fan CQ, Ding J, Yue JM. Novel diterpenoids with potent
inhibitory activity against endothelium cell HMEC and cytotoxic
activities from a well-known TCM plant Daphne genkwa. Bioorg Med
Chem 2005; 13: 645-55.

Yang SP, Dong L, Wang Y, Wu Y, Yue JM. Antifungal diterpenoids of
Pseudolarix kaempferi, and their structure-activity relationship study.
Bioorg Med Chem 2003; 11: 4577-84.

Yang SP, Wu Y, Yue JM. Five new diterpenoids from Pseudolarix
kaempferi. J Nat Prod 2002; 65: 1041-4.

Xiang Y, Zhang H, Fan CQ, Yue JM. Novel diterpenoids and diter-
penoid glycosides from Siegesbeckia orientalis. J Nat Prod 2004;
67:1517-21.

Liu HB, Zhang H, Yu JH, Xu CH, Ding J, Yue JM. Cytotoxic diterpenoids
from Sapium insigne. J Nat Prod 2012; 75: 722-7.

Xue JJ, Fan CQ, Dong L, Yang SP, Yue JM. Novel antibacterial
diterpenoids from Larix chinensis Beissn. Chem Biodivers 2004; 1:
1702-7.

Yuan T, Zhu RX, Yang SP, Zhang H, Zhang CR, Yue JM. Serratustones
A and B representing a new dimerization pattern of two types of
sesquiterpenoids from Chloranthus serratus. Org Lett 2012; 14:

Acta Pharmacologica Sinica



www.nature.com/aps
Yang SP et al

1158

3198-201.

87 Yang SP, Gao ZB, Wang FD, Liao SG, Chen HD, Zhang CR, et al.
Chlorahololides A and B, two potent and selective blockers of the
potassium channel isolated from Chloranthus holostegius. Org Lett
2007; 9: 903-6.

88 Yang SP, Gao ZB, Wu Y, Hu GY, Yue JM. Chlorahololides C-F: a new
class of potent and selective potassium channel blockers from
Chloranthus holostegius. Tetrahedron 2008; 64: 2027-34.

89 Yuan T, Zhang CR, Yang SP, Yin S, Wu WB, Dong L, et al. Sesquiter-
penoids and phenylpropanoids from Chloranthus serratus. J Nat
Prod 2008; 71: 2021-5.

90 ZhangsS, Yang SP, Yuan T, Lin BD, Wu Y, Yue JM. Multistalides A and
B, two novel sesquiterpenoid dimers from Chloranthus multistachys.
Tetrahedron Lett 2010; 51: 764-6.

91 Yang SP, Yue JM. Chloramultilide A, a highly complex sesquiterpenoid
dimmer from Chloranthus multistachys. Tetrahedron Lett 2006; 47:
1129-32.

92 He XF, Zhang S, Zhu RX, Yang SP, Yuan T, Yue JM. Sarcanolides A
and B: two sesquiterpenoid dimers with a nonacyclic scaffold from
Sarcandra hainanensis. Tetrahedron 2011; 67: 3170-4.

93 He XF, Yin S, Ji YC, Su ZS, Geng MY, Yue JM. Sesquiterpenes and
dimeric sesquiterpenoids from Sarcandra glabra. J Nat Prod 2010;
73:45-50.

94 Yin S, Xue JJ, Fan CQ, Miao ZH, Ding J, Yue JM. Eucalyptals A-C with
a new skeleton isolated from Eucalyptus globules. Org Lett 2007; 9:
5549-52.

95 Su ZS,Yin S, Zhou ZW, Wu Y, Ding J, Yue JM. Sesquiterpenoids from
Hedyosmum orientale. J Nat Prod 2008; 71: 1410-3.

96 Yang SP, Huo J, Wang Y, Lou LG, Yue JM. Cytotoxic sesquiterpenoids
from Eupatorium chinense. J Nat Prod 2004; 67: 638-43.

97 Huo J, Yang SP, Ding J, Yue JM. Cytotoxic sesquiterpene lactones
from Eupatorium lindleyanum. J Nat Prod 2004; 67: 1470-5.

98 Chen X, Zhan ZJ, Zhang XW, Ding J, Yue JM. Sesquiterpene lactones
with potent cytotoxic activites from Vernonia chinensis. Planta Med
2005; 71: 949-54.

99 Xiang Y, Fan CQ, Yue JM. Novel sesquiterpenoids from Siegesbeckia
orientalis. Helv Chim Acta 2005; 88: 160-70.

100 Fan CQ, Zhan ZJ, Li H, Yue JM. Eudesmane-type sesquiterpene
derivatives from Saussurea conica. Helv Chim Acta 2004; 87:
1446-51.

101 Zhang H, Liao ZX, Yue JM. Five new sesquiterpenoids from
Parasenecio petasitoides. Helv Chim Acta 2004; 87: 976-82.

102 Wang Y, Yang SP, Yue JM. Novel sesquiterpenes from the fungus
Lactarius piperatus. Helv Chim Acta 2003; 86: 2424-33.

103 Liao SG, Yuan T, Zhang C, Yang SP, Wu Y, Yue JM. Cinnacassides
A-E, five geranylphenylacetate glycosides from Cinnamomum cassia.
Tetrahedron 2009; 65: 883-7.

104 Yin S, Chen X, Su ZS, Yang SP, Fan CQ, Ding J, et al. Harrisotones
A-E, five novel prenylated polyketides with a rare spirocyclic skeleton
from Harrisonia perforate. Tetrahedron 2009, 65: 1147-52.

105 Yin S, Fan CQ, Dong L, Yue JM. Psoracorylifols A-E, five novel
compounds with activity against Helicobacter pylori from seeds of
Psoralea corylifolia. Tetrahedron 2006; 62: 2569-75.

106 Fan CQ, Yue JM. Biologically active phenols from Saussurea medusa.
Bioorg Med Chem 2003; 11: 703-8.

107 Yin S, Fan CQ, Wang Y, Dong L, Yue JM. Antibacterial prenylflavone
derivatives from Psoralea corylifolia and their structure-activity

Acta Pharmacologica Sinica

relationship study. Bioorg Med Chem 2004; 12: 4387-92.

108 Gan LS, Yang SP, Fan CQ, Yue JM. Lignans and their degraded deriva-
tives from Sarcostemma acidum. J Nat Prod 2005; 68: 221-5.

109 Fan CQ, Zhu XZ, Zhan ZJ, Ji XQ, Li H, Yue JM. Lignans from Saussurea
conica and their NO production suppressing activity. Planta Med
2006; 72: 590-5.

110 Liao SG, Zhang BL, Wu Y, Yue JM. New phenolic components from
Daphne giraldii. Helv Chim Acta 2005; 88: 2873-8.

111 Zhou ZW, Yin S, Wang XN, Fan CQ, Li H, Yue JM. Two new lignan
glycosides from Saussurea laniceps. Helv Chim Acta 2007; 90:
951-6.

112 Zhang CR, Yang SP, Liao SG, Wu Y, Yue JM. Polyoxygenated
cyclohexene derivatives from Uvaria rufa. Helv Chim Acta 2006; 89:
1408-16.

113 Liao SG, Wu Y, Yue JM. Lignans from Wikstroemia hainanensis. Helv
Chim Acta 2006; 89: 73-80.

114 Yang SP, Yue JM. Five new quassinoids from the bark of Picrasma
quassioides. Helv Chim Acta 2004; 87: 1591-600.

115 Yang SP, Yue JM. Two novel cytotoxic and antimicrobial triterpenoids
from Pseudolarix kaempferi. Bioorg Med Chem Lett 2001; 11:
3119-22.

116 Cai JH, Han C, Hu TC, Zhang J, Wang FD, Liu YQ, et al. Peptide
deformylase is a potential target for anti-Helicobacter pylori
drugs: reverse docking, enzymatic assay and X-ray crystallography
validation. Protein Sci 2006; 15: 2071-81.

117 Liu H, Li Y, Song MK, Tan XJ, Cheng F, Zheng SX, et al. Structure-
based discovery of potassium channel blockers from natural
products-virtual screening and electro-physiological assay testing.
Chem Biol 2003; 10: 1103-13.

118 Tong YG, Zhang XW, Geng MY, Yue JM, Xin XL, Tian F, et al.
Pseudolarix acid B, a new tubulin-binding agent, inhibits angiogenesis
by interacting with a novel binding site on tubulin. Mol Pharmacol
2006; 69: 1226-33.

119 Li MH, Miao ZH, Tan WF, Yue JM, Zhang C, Lin LP, et al. Pseudolaric
acid B inhibits angiogenesis and reduces hypoxia-inducible factor 1a
by promoting proteasome-mediated degradation. Clin Cancer Res
2004; 10: 8266-74.

120 Tan WF, Zhang XW, Li MH, Yue JM, Chen Y, Lin LP, et al. Pseudolarix
acid B inhibits angiogenesis by antagonizing the VEGF-mediated anti-
apoptotic effect. Eur J Pharmacol 2004, 499: 219-28.

121 Yang SP, Cai YJ, Zhang BL, Tong LJ, Xie H, Wu Y, et al. Structural
modification of an angiogenesis inhibitor discovered from traditional
Chinese medicine and a structure-activity relationship study. J Med
Chem 2008; 51: 77-85.

122 Zhang BL, Fan CQ, Dong L, Wang FD, Yue JM. Structural modification
of a specific antimicrobial lead against Helicobacter pylori discovered
from traditional Chinese medicine and a structure-activity relation-
ship study. EurJ Med Chem 2010; 45: 5258-64.

123 Wang FD, Yue JM. Novel and highly efficient syntheses of (+)-and
(-)-dihydrokawain using sonochemical Blaise reaction as the key
step. Eur J Org Chem 2005; 2005: 2575-9.

124 Zhang BL, Wang FD, Yue JM. A new efficient method for the total
synthesis of linear furocoumarins. Cheminform 2006; 37: 567-70.

125 Wang FD, Yue JM. Total synthesis of R-(+)-kavain via (MeCN),PdCl,-
catalyzed isomerization of cis-double bond and sonochemical Blaise
reaction. SynlLett 2005; 13: 2077-9.



Review

Acta Pharmacologica Sinica (2012) 33: 1159-1169
© 2012 CPS and SIMM  All rights reserved 1671-4083/12 $32.00

®

www.nature.com/aps

Bioactive natural products from Chinese marine flora

and fauna

Zhen-fang ZHOU, Yue-wei GUO™

State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203,

China

In recent decades, the pharmaceutical application potential of marine natural products has attracted much interest from both natural
product chemists and pharmacologists. Our group has long been engaged in the search for bioactive natural products from Chinese
marine flora (such as mangroves and algae) and fauna (including sponges, soft corals, and mollusks), resulting in the isolation and
characterization of numerous novel secondary metabolites spanning a wide range of structural classes and various biosynthetic
origins. Of particular interest is the fact that many of these compounds show promising biological activities, including cytotoxic,
antibacterial, and enzyme inhibitory effects. By describing representative studies, this review presents a comprehensive summary
regarding the achievements and progress made by our group in the past decade. Several interesting examples are discussed in detail.
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Introduction

The unique ocean habitat has caused marine organisms to
evolve distinctive metabolic pathways, producing remark-
able secondary metabolites that differ from those of terrestrial
plants. Because the compounds isolated from marine organ-
isms are structurally and biologically intriguing, research on
marine natural products has been attracting the attention of
chemists as a challenging research topic. To date, more than
30000 compounds bearing unusual structures and exhibiting
various bioactivities have been isolated from marine plants
and invertebrates.

In recent years, the interest in natural products from Chi-
nese marine organisms has increased dramatically, mak-
ing the annual average number of natural products isolated
from marine organisms increase rapidly. As one of the most
active research groups in this area, we have been devoted to
the investigation of Chinese marine plants and invertebrates
since 2000. In the course of our studies, a series of structurally
diverse and biologically interesting compounds belonging to
various structural classes, such as macrocyclic polydisulfides,
spirodioxynaphthalene, and alkaloids, have been isolated and
characterized. Through these productive studies, we have
made important contributions to the research and develop-
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ment of Chinese marine natural products. This review sum-
marizes the progress and achievements made by our group
in the study of Chinese marine flora and fauna in the past
decade, and several interesting examples are discussed in
detail.

Chemical studies on Chinese marine plants

Algae

Microalgae play important roles in marine biological systems.
Through their photosynthetic ability, algae are the major pro-
ducers of biomass and organic compounds in the ocean. More
importantly, many algal metabolites present unique structures
and are formed via biosynthetic routes that are quite different
from those known to produce terrestrial metabolites.

Marine dinoflagellates are flagellated organisms with both
photosynthetic and heterotrophic attributes. The lifestyle of
these organisms is diverse, and many of them participate in
symbiotic relationships. For some time, the study of dinofla-
gellates has focused on their toxin production and pigment
composition, and only a small number of these organisms have
been found to produce other secondary metabolites. As part
of our ongoing research on the biologically active substances
of Chinese marine organisms, three new polyhydroxylpolyene
compounds, lingshuiols A and B (1 and 2) and lingshuiol (3),
have been isolated from the Chinese marine dinoflagellate
Amphidinium sp collected at Lingshui Bay, Hainan Province,
China™ ? (Figure 1). The structures of these compounds are
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characterized by linear carbon chains, as determined by exten-
sive analyses of 2D NMR spectroscopic data; however, the
absolute configurations remain to be determined. In previ-
ous studies, polyhydroxylpolyene compounds were found to
exhibit antifungal, hemolytic, and antimicrobial activities®.
It was demonstrated that lingshuiol (3) possessed potent in
vitro cytotoxic activities against A549 and HL-60 cells, with
IG5, values of 0.21 and 0.23 pmol/L, respectively.

Red algae of the genus Laurencia are found throughout
the world, mostly in tropical and subtropical regions. Since
Irie’s pioneering investigations on Laurencia over the last four
decades'®, a number of cuparene- and laurane-derived sesqui-
terpenoids have been isolated from this genus. The chemi-
cal investigation of the Chinese red alga Laurencia okamurai
Yamada led to the isolation of a new laurane sesquiterpenoid,
3B-hydroxyaplysin (4), and two novel rearranged sesquiter-
penes, laurokamurenes A and B (5 and 6)""! (Figure 2). Their
structures, including their relative stereochemistry, were
determined based on a detailed interpretation of 2D NMR
spectra and comparisons with related known compounds. To
the best of our knowledge, this is also the first report of the
isolation of sesquiterpenes containing a 2,2,3-trimethylcyclo-
pentenyl moiety from a natural source. The sesquiterpenoids
isolated from the red algae of the genus Laurencia in recent
years can be classified into more than 20 sesquiterpenoid
skeletons®®. However, in most cases, the three methyl groups
in the aliphatic portion are located at either positions 1,2,3
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Figure 1. Structures of polyhydroxylpolyene
OH compounds 1-3.
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Figure 2. Structures of sesquiterpenes 4-8.

(laurene type) or 1,2,2 (cuparene type), with the exception of
laurokamurenes A and B (5 and 6).

Two novel aromatic valerenane-type sesquiterpenes, cauler-
pals A and B (7 and 8), were isolated from the Chinese green
alga Caulerpa taxifolia® (Figure 2). Compounds 7 and 8 were
evaluated for their inhibitory activity against human protein
tyrosine phosphatase 1B (PTP1B), a potential drug target
for the treatment of type 2 diabetes and obesity, but neither
compound exhibited a potent PTP1B inhibitory activity. It
is important to note that caulerpals A and B (7 and 8) are the
only two known compounds with an aromatic valerenane-
type carbon skeleton from a natural source.



Mangroves

Mangroves comprise a large number of various salt-tolerant
plants growing in tropical and subtropical intertidal estuarine
zones. Mangrove plants are usually categorized into two
subgroups, true mangrove and semi-mangrove plants, accord-
ing to their living environment. True mangrove plants are
confined to the typical intertidal mangrove habitats where the
seawater salinity is usually 17.0%0-36.4%o. Semi-mangrove
plants, however, grow on the landward fringe of the man-
grove habitats or in the terrestrial marginal zones that are sub-
jected to irregularly high tides. In general, mangrove plants
consist of 84 species globally, belonging to 24 genera and 16
families; 14 are semi-mangrove species!"" '\

Most of our studies involve plants belonging to the Rhizo-
phoraceae, Sonneratiaceae, Euphorbiaceae, and Meliaceae
families. A series of unusual compounds bearing unprece-
dented structures were identified in these taxa, some of which
showed marked biological activities and are currently in pre-
clinical studies.

For instance, an unusual novel macrocyclic polydisulfide
gymnorrhizol (9) was isolated from the mangrove plant Bru-
guiera gymnorrhiza (Rhizophoraceae family). Compound 9
possesses an uncommon carbon skeleton that is character-
istic of a 15-membered macrocycle composed of 3 repeated
1,3-dimercaptopropan-2-ol units"? (Figure 3). The structure
of compound 9 was established by extensive spectroscopic
studies and confirmed using X-ray crystallography™. The
first total synthesis of gymnorrhizol (9) was completed by our
group with a high overall yield™ (Scheme 1).

Prompted by the unusual structure of gymnorrhizol (9) and
its potent inhibitory activity against PTP1B (an ICs, value of
14.9 pmol/L), we investigated the same mangrove species col-
lected from different areas, which led to the isolation of two
new macrocyclic polydisulfides, 10 and 11", The structures
of 10 and 11 were unequivocally determined through single-
crystal X-ray diffraction analysis.

A plausible biosynthetic pathway for these cyclic polydisul-
fides was also proposed in which the 1,3-dimercaptopropan-
2-ol unit should be the common building block for the bio-
synthesis of all of these macrocyclic polydisulfides; the self-
cyclization of the 1,3-dimercaptopropan-2-ol unit of different
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Figure 3. Structures of macrocyclic polydisulfides 9-11 and their X-rays.

sizes gave rise to macrocyclic polydisulfides ranging from
5-membered to 30-membered polydisulfides or even to larger
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polydisulfides. Marine disulfide- and multisulfide-containing
metabolites are a special and important class of natural prod-
ucts. Due to the increasing interest in these compounds, the
progress in this area was previously summarized by our
group"®, encompassing the literature published between 1971
and 2010.

To obtain sufficient amounts of the polydisulfides for
pharmacological research, the mangrove plant B gymnor-
rhiza collected from Zhanjiang, Guangdong Province, was
investigated. Unexpectedly, instead of the ubiquitous mac-
rocyclic polydisulfides, seven new spirodioxynaphthalene
compounds, named palmarumycins BG1-BG7 (12-18) (Figure
4), were found™. Tt is noteworthy that these intriguing com-
pounds were generally considered to be fungal metabolites,
even though there were four reports on the isolation of pal-
18211 The fact
that compounds 12-18 were isolated in quite an appreciable

marumycins (or preussomerins) from plants

quantity indicated that these compounds were produced by
B gymnorrhiza; however, we could not rule out the possibility
that they were the metabolites of an endophytic or epiphytic
fungus. The absolute configurations of metabolites 12-18
were determined using time-dependent density functional
theory electronic circular dichroism (TDDFTECD) calcula-
tions of the solution conformers. It was found that compound
16 displayed an inhibitory activity against the HL-60 and
MCE-7 cell lines. Additionally, we published a report sum-
marizing the literature on the isolation, structure elucidation,
biological activities, biosynthesis, and chemical synthesis of
spirodioxynaphthalenes over the last 20 years™.

Although the chemical investigation of the plants belonging
to the Sonneratiaceae family was not as fruitful as that of the
Rhizophoraceae family, a novel a-alkylbutenolide dimer, para-
caseolide A (19), was isolated from the mangrove plant Son-
neratia paracaseolaris (Sonneratiaceae family); this compound is
characterized by an unusual tetraquinane oxa-cage bislactone
skeleton bearing two linear alkyl chains™! (Figure 5). More-
over, paracaseolide A (19) exhibited a potent inhibitory activ-
ity against the dual-specificity phosphatase Cdc25B, a key
enzyme for cell cycle progression, with an ICs, value of 6.44
pmol/L. A retrosynthetic pathway for paracaseolide A (19)
was proposed in which 19 should be biosynthesized through a
Diels-Alder [4+2] cycloaddition, starting from two molecules
of 20 (Scheme 2). Paracaseolide A (19) represents the first
example of an a-alkylbutenolide dimer from a natural source.
Upon publication, the article was immediately covered in the

Figure 4. Structures of spirodioxynaphthalene compounds 12-18.
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Figure 5. Structures of compounds 19 and 21-25.

journal of Natural Product Reports as “hot off the press”?!l.

In addition, three known compounds, integracins A and B
(21 and 22) and 15-dehydroxy-integracin B (24), were isolated
for the first time from the Chinese mangrove plant Sonneratia
hainanensis™ (Figure 5). Although compounds 21-24 had been
reported previously, their absolute configurations were not
resolved until their absolute chemistry was determined using
Mosher’s method, the specific rotation analysis of the alcohols
(24 and 25) obtained from integracin A (21) in two steps, and
chemical correlation. Integracin A (21) exhibited a cytotoxic
effect against the tumor cell lines HepG2 and NCI-H460, both
of which were 100% inhibited at 25 mg/mL.

The Euphorbiaceae family is composed of various species
that are distributed widely throughout China. Although poi-
sonous, most of the plants in this family are utilized in folk

OH OH OH OH OH OSOzH
Cly, C@ CI\©© cl,
HOY > S HOY >
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Scheme 2. Plausible retrosynthetic pathway for paracaseolide A (19).

medicine. Thus, the substances of the mangrove plant Excoe-
caria agallocha L (Euphorbiaceae family for the first time) were
investigated, which led to the isolation of four diterpenes with
an unprecedented skeleton, named excoagallochaols A-D
(26-29)P! (Figure 6). In addition to these terpenes, a novel
octacyclic alkaloid with an unusual scaffold, suffruticosine
(30), was isolated from Securinega suffruticosa (Pall) Rehd in
the same family” (Figure 6). The absolute configuration of
suffruticosine (30) was determined on the basis of CD spectral
analysis.

o
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R
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58T
> 3>
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N

Figure 6. Structures of diterpenoids and the alkaloid 26-36.

Plants of the Meliaceae family are a rich source of limonoids,
which are a structurally diverse group of natural products
with highly complex polycyclic skeletons. These unusual
structural features have attracted the attention of chemists as

www.chinaphar.com
Zhou ZF et al

1163

(@]
X C12H2s
- = o) |
H
HO
20

challenging targets for total synthesis, bioactivity evaluation,
and biosynthetic studies. Chemical investigation on the stem
bark of the plant Toona ciliata var pubescens resulted in the
isolation of nine new compounds, including toonapubesin A
(31), toonapubesic acid A (32), and their derivatives™ (Figure
6). The proposed structure of 32 was confirmed by the X-ray
diffraction analysis of its methyl ester, whereas the absolute
configuration was determined by a novel solid-state TDDFT
ECD approach on its methyl ester.

More importantly, macrolide (R)-de-O-methyllasiodiplodin
(33), isolated from the semi-mangrove Cerbera manghas, was
found to be a potent nonsteroidal antagonist of the miner-
alocorticoid receptor (MR), a drug target for the treatment of
hypertension and other cardiovascular diseases, showing an
IG5, value of 8.93 pmol/L. Due to its low natural yield, further
study on its structural derivatization/modification and the
structure-activity relationship (SAR) was conducted. Conse-
quently, a series of analogs were synthesized and evaluated
for their MR antagonistic activities™, and compounds 34-36
were found to exhibit a better selectivity and more potent
activity against MR than compound 33, with IC;, values rang-
ing from 0.58 to 1.11 pmol /L.

Chemical studies on Chinese invertebrates

Sponges

Sponges are animals of the phylum Porifera, which consists
of approximately 5000-10000 species that can be classified
mainly according to the composition of their skeletons as cal-
carea, glass sponges, and demosponges. Their chemical vari-
ability results from the individual species, particular metabo-
lism and complex environment. In the past half century, a
large number of compounds, including terpenoids, alkaloids,
and polyacetylenes, were isolated and characterized from vari-
ous sponges collected from different regions of the world.

For instance, five new sesquiterpenes, lingshuiolides A
and B (37 and 38), lingshuiperoxide (39), isodysetherin (40),
and spirolingshuidolide (41) were isolated from the Hainan
sponge Dysidea septosa™ (Figure 7). The absolute configura-
tion of lingshuiolide B (38) was established by using a modi-
fied Mosher’s method. The chemical study on another Dysidea
sp led to the discovery of a new sesquiterpene quinone (42),
along with a known related analog dysidine (43)"" (Figure
7). A bioassay showed that dysidine (43) had a potent PTP1B
inhibitory activity, with an ICs, value of 6.70 pmol/L, whereas
the new compound 42 exhibited a moderate PTP1B inhibitory
activity and cytotoxicity, with I1Cs, values of 39.50 and 19.45

Acta Pharmacologica Sinica
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Figure 7. Structures of compounds 37-47.

umol/L, respectivelyt™.

Three unprecedented diastereoisomeric dimers, cis-dimers
A (44) and B (45) and trans-dimer C (46), representing bis-
bisabolene skeletons, and their potential precursor dehy-
drotheonelline (47) have been isolated from the South China
Sea sponges Axinyssa variabilis and Lipastrotethya ana™ (Figure
7). The three diastereoisomers (44-46) were possibly biosyn-
thesized through an intermolecular [4+2] Diels-Alder cycload-
dition involving two molecules of dehydrotheonelline (47).
The trans- and cis-dimers were possibly formed through exo-
and endo-Diels-Alder coupling, respectively (Scheme 3). Fur-
thermore, a mixture of cis-dimers 44 and 45 and the pure trans-
dimer 46 were active at 50 mg/cm’ in a feeding-deterrence test
against the gold fish Carassius auratus, suggesting a possible
defensive role for these compounds.

Soft corals

Soft corals from the South China Sea have been extensively
studied by Chinese chemists and have yielded a plethora of
steroids and terpenoids. It has been suggested that such sec-
ondary metabolites produced by soft corals are most likely
involved in the defensive mechanisms of the animals; indeed,
the animals appear to be relatively free from predation.

As expected, the chemical study of the soft coral Lobophytum
cristatum Tixier-Durivault led to the isolation of two new pre-
nylgermacrane-type diterpenoids, lobophytumins A and B (48
and 49), two new prenyleudesmane-type diterpenoids, lobo-
phytumins C and D (50 and 51), and two new spatane-type

H
11.R¢/Ry

“uyy

e

48 R,
49 R,

50

Figure 8. Structures of diterpenoids 48-53 from L cristatum.

Acta Pharmacologica Sinica

41 42 R;=H, R,=OMe

43 R;=0H, R;=NHCH,CH,SOsH

Xy
47
X
endo-addition A
—_— P
44
c
Re]
£
©
@©
S
) X
Z
A
45

46

Scheme 3. Possible pathways for compounds 44-46.

diterpenoids, lobophytumins E and F (52 and 53) (Figure 8).
Their structures, including the relative configurations, were
determined via a detailed analysis of the spectroscopic data
and comparison with related known compounds. In addi-
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tion, the absolute configuration of lobophytumin C (50) was
tentatively assigned by comparing its specific rotation with
that of the closely related model compound (-)-f-selinene; in
contrast, the stereochemistry of C-11 in compounds 48-49 and
52-53 remains undefined. This is the first report of spatane-
type diterpenoids from a soft coral source®™, and it supports
Faulkner’s proposal of prenylgermacrene as the precursor of
many diterpenes, including quite different but biogenetically
related ones. In a bioactivity evaluation, lobophytumins C
and D (50 and 51) showed weak in vitro cytotoxicities against
the tumor cell lines A549 and HCT-116.

Casbane diterpenes are characterized by the presence of a
dimethyl-cyclopropyl moiety fused to the 14-membered ring,
structures that are extremely rare in nature and marine organ-
isms and previously found only in Sinularia microclavata™!,
From the Hainan soft coral Sinularia depressa, we isolated
nine casbane diterpenes (54-62), either cis or trans ring junc-
tions, including two pairs of epimers: depressin (54) and 1-epi-
depressin (55) and 10-hydroxydepressin (56) and 1-epi-10-
hydroxydepressin (57) (Figure 9). Compounds 56 and 57
played a key role in the establishment of the absolute stereo-
chemistry, as the S configuration at C-10 of both compounds
could be easily assigned using Mosher’s method. Three fur-
ther casbanes (59-61) displayed identical structures, with the
exception of the stereochemistries at the ring junction, which
were cis in 59 and trans in both 60 and 61. Compound 58
was similar to 57, except for the oxidization of the hydroxyl;
nevertheless, compound 62 had many similarities with
10-hydroxydepressin (56), with the exception of an additional
oxygen atom. 10-Hydroxydepressin (56) showed a cytotoxic
activity against the tumor cell lines HepG2 and SW-1990, with
IG5, values of 61 and 37 pmol/L, respectively, and an antimi-
crobial activity against Staphylococcus aureus and Escherichia
coli at the concentration of 17 pmol/L.

The genus Sarcophyton is a productive source for unusual
tetraterpenoids, which are constructed by coupling two cem-
branoid units through the Diels-Alder reaction. Five novel
biscembranoids, ximaolides A-E (64-68), together with their
proposed biogenetic precursor, methyl tortuosoate (63), were
isolated from the Hainan soft coral Sarcophyton tortuosum™
(Figure 10). The relative stereochemistries of ximaolides A
and E (64 and 68) were acquired by X-ray diffraction analysis,
whereas the stereochemistries of the other compounds were
suggested by both biosynthetic considerations and NOESY
experiments. Furthermore, ximaolide D (67) is the first
example of a biscembranoid possessing a tetrahydrofuran ring

Figure 9. Structures of casbane diterpenes 54-62.

between the A and B rings.

The study of Sarcophyton lactum also led to the discov-
ery of two unprecedented biscembranoids, bislatumlides A
and B (69 and 70), for which the dienophilic double bond
belonged to an a,B-conjugated-y-lactone, along with a new

cembranolide diterpene, isosarcophytonolide D (71)™! (Figure
10). Compounds 69 and 70 differ in the configuration of the
double bond at C-11: E for 69 and Z for 70. However, it was
proven that the isomerization of the double bond in 69 readily
occurred in the presence of trace amount of acid. Compounds
69 and 70 could be biosynthesized by the Diels-Alder addi-
tion of two cembranoid units. Compound 71 and the known
compound sarcophytonolide D (72) may comprise half of the
biosynthetic precursors, as shown in Scheme 4.

< 442
M2 o 69(AUR), 70 (A

Scheme 4. Plausible Diels-Alder reaction leading to compounds 69 and
70.

Steroids are a large group of compounds encountered in
marine organisms and are reported to display various bio-
activities. For instance, a novel steroid with an uncommon
21-oic acid methyl ester moiety, designated methyl spongoate
(73), was isolated from the Sanya soft coral Spongodes sp;
this steroid exhibited a potent cytotoxicity against BEL-7402
B Later, its stereoselective synthesis was
achieved in our laboratory®’. Owning to its unusual structure
and potent cytotoxicity, a number of analogs with different
C-20 side chains were synthesized and evaluated for their
cytotoxic activities, and some of the analogs were found to be
more potent than compound 73 against the A549, HCT-116,
HepG2, SW-1990, MCF-7, and NCI-H460 tumor cell lines. The
preliminary SAR study suggested that the unsaturated car-
bonyl moiety, a Michael acceptor in ring A, and the C-20 side
chain played important roles in the cytotoxic effect of these
derivatives!! (Figure 10).

tumor cells in vitro

Mollusks
Mollusks are a large phylum of invertebrate animals that are
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Figure 10. Structures of biscembranoids 63-73.

highly diverse in size and anatomical structure and also in
their behavior and habitat. Mollusks show such a variety in
body structures that it is difficult to find definite characteris-
tics that apply to all of the classification groups. The two most
universal features are a mantle with an important cavity used
for breathing and excretion and the structure of the nervous
system. However, most of the animals in the Opisthobranchia
family lose their mantles and require other defensive system
for protection. Thus, these animals usually produce structur-
ally diverse substances to form a chemical defensive system,
representing a different source of bioactive compounds from
marine organisms. As expected, a series of metabolites with
complex structures and intriguing biological activities have
been isolated from mollusks.

The study on the South China Sea nudibranch Tritoniopsis
elegans led to the isolation of four diterpenes, tritoniopsins A-D
(74-77), which display an unprecedented pyran ring in the
cladiellane framework and represent a novel cladiellane-based
diterpene family™ (Figure 11). These compounds were also
found in the nudibranch’s prey, Cladiella krempfi. The struc-
ture of tritoniopsin A (74) was elucidated by X-ray diffraction
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analysis, whereas the S configuration of the hydroxyl at C-6
in tritoniopsin C (76) was assigned by applying Mosher’s
method. Both tritoniopsins A and B (74 and 75) were discov-
ered from T elegans and C krempfi, but, surprisingly, the major
compound in this mollusk was tritoniopsin A (74). Such an
uneven metabolite distribution could be explained by the fact
that the mollusk either modified dietary tritoniopsin B (75) or
selectively accumulated compound 74. The presence of these
unique metabolites in both the nudibranch and the soft coral
C krempfi also confirmed the trophic relationship between the
predator and prey.

During the investigation of the nudibranch Glossodoris
rufomarginata and its unidentified prey sponge from the
South China Sea, it was observed that scalaradial (78) and
its deacetyl derivative (79) were the main components of the
extract of the dietary sponge, whereas a series of related sca-
laranes (80-84) (Figure 11), most likely derived from dietary
scalaradial, were isolated from the mollusk, thus proving
the ability of Glossodoris rufomarginata to modify dietary mol-
ecules™. The finding of these molecules (80, 81, and 84) with
a keto functionalization at C-12 is particularly interesting.
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Figure 11. Structures of the compounds 74-92 from mollusks.

This structural feature is quite common in the homoscalarane
series but unusual in the scalaranes, and in particular it has
been encountered only in nudibranch metabolites. In fact, in
addition to 12-deacetoxy-12-oxo-deoxoscalarin (80), previ-
ously isolated from Indian Glossodoris atromarginata™, only
one 12-keto-scalarane, 12-deacetoxy-12-oxo-18-epi-scalaradial,
from Pacific nudibranch Chromodoris youngbleuthi™
previously reported.

In our research on the sea hare Aplysia dactylomela, two
novel triterpenes, aplysiols A and B (85 and 86), characterized
as squalene-derived polyethers, were isolated”“” (Figure 11).
The absolute stereochemistry of aplysiol A (85) was deter-
mined using Mosher’s method and biogenetic considerations,
whereas the configuration of aplysiol B (86) was established
by an integrated NMR-QM (quantum mechanical) approach
on the basis of ®C NMR chemical shifts and *’Jc ; coupling-
constant DFT (density functional theory) calculations.

Marine pulmonata of the Onchidiidae family are shell-less
mollusks living on sheltered intertidal shores. Previous chem-
ical studies on distinct species in this family mostly focused on
polypropionates. In our study, onchidione (87), as the main
metabolite, was characterized from the first collection of the
Chinese marine pulmonate Onchidium sp (Figure 11), which

1, has been

was present both in the mucus and in the mantle®”!. The struc-
ture of the polypropionate was suggested by an analysis of
spectral data. In particular, the relative stereochemistry of the
central ring was supported by a series of nuclear overhauser
enhancement (NOE) experiments, and the complete structure
was confirmed by X-ray diffraction analysis. A recent study
on the second collection of the mollusk led to the isolation
of onchidiol (88) and 4-epi-onchidiol (89), related alcohols of
onchidione (87)"* (Figure 11). The absolute configurations
of onchidiol (88) and 4-epi-onchidiol (89) were established by
TDDFTECD. Moreover, the absolute chemistry of onchidione
(87) was corroborated by X-ray diffraction analysis, with the
final refinement using Cu-Ka data.

In the final section of this review, we describe the nitrogen-
containing compounds of marine mollusks. The first example
consists of phidianidines A and B (90 and 91) obtained from
Phidiana militaris, belonging to the Glaucidae family™” (Figure
11). The two novel alkaloids were characterized with an
unprecedented carbon skeleton featuring the presence of a
1,2,4-oxadiazole ring linking the indole system through a
methylene bridge and displaying an aminoalkylguanidine
group at C-3’. The 1,2,4-oxadiazole ring is extremely rare in
nature. The phidianidines were tested in a panel of tumor
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cell lines (C6 rat glioma cells, HeLa human epithelial cervical
cancer cells and CaCo-2 human epithelial colorectal adenocar-
cinoma cells) and non-tumor cell lines (H9c2 rat embryonic
cardiac myoblasts and 3T3-L1 murine embryonic fibroblasts)
and showed a strong and selective activity against C6 and 3T3-
L1 cells by ICs, values within the nanomolar range, as shown
in Table 1.

Table 1. Cytotoxicity profile of compounds 90 and 91 against tumor and
non-tumor cell lines, I1Cs, (UMol/L)%.

Cell line Phidianidine A (90) Phidianidine B (91)
C6 0.642+0.2 0.98+0.3
Hela 1.52+0.3 0.417+0.4
CaCo-2 35.5+4 100.2+8.5
3T3-L1 0.14+0.2 0.786+0.3
H9c2 2.26+0.6 5.42+0.8

?1Cso values are expressed as mean+SEM (n=24) of the three independent
experiments. Bold values show ICs, of less than 1 pmol/L.

The second example is an unusual molecule, actisonitrile
(92), found in the mantle of Actinocyclus papillatus™ (Figure
11), belonging to the Actinocyclidae family that is another
family of opisthobranch, which was never studied thus far.
Despite its structure is quite simple, the determination of the
absolute stereochemistry of 92 was a challenging task, yet
its absolute configuration was recently solved by a synthetic
approach. Thus, both the S and R enantiomers were synthe-
sized, and the comparison of optical rotation and CD profile
of the natural product with those of the pair of the synthetic
enantiomers resulted in the assignment of the R configuration
at the C-2 position of compound 92.

Conclusions

This review summarizes representative substances from Chi-
nese marine plants and invertebrates found by our group,
indicating that marine organisms are an inexhaustible source
of new molecules that often display unique structures and
sometimes have very interesting pharmacological proper-
ties, such as antifungal, antibacterial, enzyme-inhibitory, and
other activities. Some of the compounds isolated from marine
organisms even show promising activities within the nanomo-
lar range and can be developed as drug candidates or at least
lead compounds in the near future. Although our research on
marine natural products is limited, it has established the foun-
dation for further studies.

Because our understanding of the biosynthetic origin and
the real ecological role of these bioactive compounds remains
incomplete, further research to clarify these important issues
is necessary.
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Huperzine A, an active Lycopodium alkaloid extracted from traditional Chinese herb, is a potent, selective and reversible
acetylcholinesterase (AChE) inhibitor and has been widely used in China for the treatment of Alzheimer’s disease (AD). Accordingly,
some new mechanisms of action for huperzine A have been discovered over the past decades. In addition to its AChE inhibitory

effect, potent multifaceted neuroprotective effect through activating cholinergic system and directly acting on mitochondria have been
explored. Moreover, in order to maximize the efficacy and safety of huperzine A therapy, great efforts have been made to optimize
drug delivery system. In the present article, an attempt is made to discuss the current progress and future perspective for huperzine A

therapy in AD.
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Introduction
Alzheimer’s disease (AD) is a neurodegenerative dis-
order characterized by gradually loss of memory and
other cognitive functions. Understanding the complex-
ity of AD and its underlying pathophysiological mecha-
nisms of AD provides a potential new paradigm that may
help to develop new AD treatment!"l. Among the limited
therapeutic approaches, cholinergic replacement therapy
especially acetylcholinesterase inhibitors (AChEIs), has
been at the forefront of efforts to pharmacologically ame-
liorate the symptom of AD patients. So far, four AChEIs,
tacrine, donepezil, rivastigmine, and galantamine, have
been approved by the United States Food and Drug
Administration for the treatment of mild or moderate AD.
Huperzine A is a novel Lycopodium alkaloid isolated from
Chinese herb Huperzia serrata (Thunb) Trev (Qian Ceng Ta),
which was traditionally used to relieve pain, antidote the
poison, as well as alleviate swelling. Huperzine A is widely
proved to be a potent, selective and well-tolerated inhibitor of
acetylcholinesterase (AChE) (reviewed by™). This effect was
accidentally discovered in the 1970s while herbal extraction of
Huperzine serrata was used to treat schizophrenia and found
with significant cholinergic side effects. Huperzine A was

*To whom correspondence should be addressed.
E-mail hzhang@mail.shcnc.ac.cn
Received 2012-07-04 Accepted 2012-08-10

approved by State Food and Drug Administration of China
for AD therapy in 1994. Since then, large amount of clinical
studies have shown that huperzine A administration can sig-
nificantly improve the memory, cognitive skills, and daily life
abilities of AD patients with no severe side effects. Besides
being indicated for AD, huperzine A is also used in treating
memory impairment in vascular dementia (VaD) patients,
schizophrenia patients and sleep disorder in insomniacs
(reviewed by™).

Suggestions on the multifaceted neuroprotective effects of
huperzine A came from its superior preclinical and clinical
benefits as compared with other clinically used AChEIs, and
also from large numbers of laboratory studies evaluating the
mechanisms of this compound (reviewed by™). This perspec-
tive summarizes the evidences of novel insights of huperzine
A to reduce AD risk, the molecular mechanisms involved in
the anti-AD effects of huperzine A aside from its traditional
AChE inhibition, and the novel delivery system which modi-
fied release patterns of this drug.

Multifaceted pharmacological effects of huperzine A:
cholinergic-dependent and -independent mechanism

Although we are still at the stage of symptomatic treatments
for AD since AChEIs remains the most widely used drugs, we
are moving into an age in which disease-modifying agents,
particularly, drugs with potent neuroprotective effect are con-
sidered to play a significant role in delaying AD development.
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Interestingly, recent studies reveal that huperzine A, might
be of disease-modifying properties. The classical cholinergic
effect and novel potential non-cholinergic actions of huperzine
A are discussed as following paragraphs and summarized as
Figure 1.

Multiple lines of evidences proved that huperzine A is a
mixed-competitive and reversible AChE inhibitor, which
shows higher potency and selectivity of AChE inhibition both
in vitro and in vivo as compared with galanthamine, donepezil,
tacrine, and rivastigmine (reviewed by™™). The potent inhibi-
tory effect on AChE could in turn markedly enhance the syn-
aptic ACh release and consequently cholinergic neurotrans-
mission. Beside aforementioned classical effects, more and
more beneficial characters of huperzine A are continuously
discovered by employing various AD models, mainly from
two aspects: expanded effects of cholinergic system in neuro-
protection, and novel pharmacological target independent of
its AChE inhibitory effect.

Cholinergic system is well established as an important part
of the neuronal circuitry that modulates cognition, while,
muscarinic and nicotinic ACh receptor antagonists are well
known to produce or exacerbate cognitive impairments,
respectively”. Although ACh is generally considered to be a
neurotransmitter, it can also function as a cytokine and might
participate in various neuroprotective pathways: close asso-
ciation was found between ACh and the neurotrophins nerve
growth factor (NGF) and brain-derived neurotrophic factor in
the rat hippocampus'; activating M1 muscarinic ACh recep-
tor could activate the non-amyloidogenic APP pathway! '%;
a7 nicotinic ACh receptor is increasing believed to be a critical
link between inflammation and neurodegeneration in AD"",

@/\

In line with this observation, huperzine A administration was
found to enhance the expression and secretion of NGF, as well

12l enhance

as increase p75NTR mRNA in primary astrocytes
the non-amyloidogenic pathway by increasing the levels of
sAPPa™ possibly associated with M1 muscarinic ACh recep-

tor mediated pathway™*!

, and reduce the hypoxia ischemia-
triggered inflammatory response through a7 nicotinic ACh
receptor’"?. Since previous study has proven that huperzine
A had no direct effect on the amplitude or kinetics of nAChRs
activation®, above cholinergic system-associated beneficial
effects of huperzine A administration may mainly act through
the enhancement of synaptic ACh level. These neuroprotec-
tive effects are probably potential common performance of
cholinergic activation, since similar results are found from
other AChEIs®"!,

As shown in Figure 1, effect of huperzine A on the cholin-
ergic system may simultaneously contribute to symptomatic
and disease modifying efficacy in AD. Meanwhile, huperzine
A was recently found to exhibit additional benefits that appear
to be independent of AChE inhibition, and differentiate the
drug from other AChEIs. It is well known that mitochondria
are the powerhouse of the cell which participates in a number
of physiological functions®, and the mitochondrial dysfunc-
tion is considered as one of the key intracellular lesions associ-
ated with the pathogenesis of AD™!. We recently discovered
that huperzine A was able to effectively ameliorate brain mito-
chondrial malfunction under Ap®*! or ischemia insult®. We
further elucidated that the ameliorative effects of huperzine
A on Ap-induced mitochondrial dysfunction are associated
with the reduced production in reactive oxygen species (ROS)
and the increases in the activities of some key components of
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Figure 1. Summary of classical cholinergic and potential non-cholinergic pharmacological targets of huperzine A.
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the respiratory chain and key enzymes in tricarboxylic acid
(TCA) cycle®. These findings clearly implicate that mito-
chondrion appears to be an important target of huperzine A,
which is further supported by the findings that huperzine A
inhibited the penetration of AP into mitochondria and ame-
liorated Ap-induced TCA cycle dysfunction in isolated brain
cortical mitochondria™®
of huperzine A are clearly independent of cholinergic system

. The mitochondria-targeted effects

since there is no evidence indicated the existence of cholin-
ergic system in isolated brain mitochondria. As mitochondria
participate in a number of physiological functions that include
calcium homeostasis, signal transduction, oxidative stress
and apoptosis. This potential independent pharmacological
target of huperzine A on mitochondria may further interpret
the anti-oxidative stress®! 130,31, 5739
shown by huperzine A administration in various in vivo and in

and anti-apoptotic effects

vitro models (Figure 1). Interestingly, several lines of evidence
suggest that A directly interacts with several proteins on and
inside mitochondria™”: A could import into mitochondria
through a pore formed by the outer membrane (TOM40) and
the inner membrane (TIM22)*]; A could also interact with
mitochondrial proteins from the membrane permeability
transition pore (MPTP)*?, which may in turn affect the mito-
chondrial membrane potential; AP was also reported to bind
with B-amyloid binding alcohol dehydrogenase (ABAD) upon
entering into mitochondria and leading to mitochondrial dys-
function®*I. Although the precise molecular target of huper-
zine A on Af-induced mitochondrial dysfunction remains to
be clarified, whether and how huperzine A affects above men-
tioned AB-mitochondrion interactions could be a very promis-
ing future project.

Emerging evidence implies that a ligand-activated nuclear
transcription factor, peroxisome proliferator-activated receptor
(PPAR), could be a potential pharmacological target against
inflammation and brain damage after ischemic injury™*",
and potent dual PPARa/y agonist exerted anti-inflammatory

481 Moreover, similar as mito-

and neuroprotective effects
chondrion, endoplasmic reticulum (ER) is a multifunctional
organelle that plays a central role in various malignant events

49])

in AD (reviewed by! Considerable studies have proved

that huperzine A could effectively ameliorate ischemic inju-

[15, 17-19, 29], and our

ries in various in vivo and in vitro models
preliminary data also showed that huperzine A could affect
Ap-associated abnormal ER function (unpublished data). In
order to further understand the above beneficial effects, it is
also worthy to explore whether huperzine A could target on

PPAR or ER.

Controlled delivery of huperzine A as a better drug
administrtion strategy

Based on multifaceted beneficial profiles and well confirmed
memory improvement effects, huperzine A has been proved to
be one of the most promising agents for palliative therapy of
cognitive deficits in patients with AD. The recommended dose
of huperzine A for the clinical practice in China is 150-250 pg
b.i.d, and the most-recently published phase II clinical trial
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conducted in the United States showed that mild to moderate
AD patients treated with huperzine A (400 pg b.i.d.) mani-
fested significant improvement in cognitive function as com-
pared to placebo®. Meanwhile, it is also important to assess
the side effects and tolerability of huperzine A therapy at the
clinically used doses. As a specific AChE inhibitor, it will be
easy to predict that adverse effects of huperzine A should
relate to the well-known cholinergic activity. In fact, two US
Phase I studies have shown that, although rated as mild scale,
adverse symptoms included tachycardia, low energy levels,
and hypertension at multiple dose ranges; bradycardia, head-
ache, and intense dreams at a dose of 400 pg b.i.d.; muscle
cramps at 400 pg b.i.d; arthralgia at 300-400 pg b.i.d.

Taken together, the efficacy and safety data from clinical
trails of huperzine A treatment indicated that larger doses
of huperzine A were needed for better clinical effects in AD
patients, however, the increasing of dosage may also increase
the possibility of emergency of more severe side effects™".
It will be therefore very interesting to unravel the rational
behind above phenomenon and search for proper solution.
The pharmacokinetic data indicated that huperzine A had a
rapid and nearly complete oral absorption and was extensively
distributed into tissues after drug administration in dogs™.
The concentration of huperzine A in plasma quickly reached
its peak at 1.25 h with a steep ratio after oral administration,
the oral bioavailability is about 94% ", and approximately 20%
of the huperzine A level in plasma reached the cerebrospinal
fluid after both intranasal and intravenous administration!™.
In combination of clinical, pharmacological and pharmacoki-
netic data, it is suggested that the increased side effect caused
by high dosage of huperzine A may attribute to the promptly
reached peak plasma drug level after oral administration,
while the better efficacy shown by high dosage of huperzine
A may due to higher level and longer duration of huperzine A
in the plasma at this situation, besides, the high blood-brain-
barrier penetration rate allows more huperzine A entering
into the brain and maintain at a higher level, which could also
enhance the efficacy of huperzine A.

At present, huperzine A is available in the market mainly as
tablet or capsule, which has to be given orally 2-3 times per
day. The pharmacokinetic parameters of huperzine A deter-
mined that it is difficult to optimize both efficacy and safety
of the drug with the current two formulations, and it is not
convenient for AD patient who suffers memory disorder not
to miss scheduled self-medication. Therefore, developing new
sustained released drug formulations with long-term efficacy
may solve afore-mentioned problems. Currently, several new
controlled released formulations are developed, most of them
are performed on huperzine A loaded poly (lactic-co-glycolic
acid) (PLGA) microspheres using an oil/water emulsion
solvent evaporation technique®*
tained release could range from one day to six weeks. While

, and the period of the sus-

which delivery system exerts best efficacy still remain to be
explored, it is reported that ACh has been implicated in corti-
cal synaptic plasticity and memory processes, and suggested
the existence of a circadian rhythm in central cholinergic trans-



mission, which modulates memory processes, with high ACh
levels during wakefulness and reduced levels during slow-
wave sleep!™!
mulation with long lasting over than 12 h may not be a good

. Therefore, huperzine A sustained release for-

choice, based on the evidence that low levels of ACh during
slow-wave sleep were critical for the consolidation of declara-

tive memory[58]

. Developing novel delivery system with stable
and proper plasma concentrations during active cycle (light
cycle for human) could be a promising strategy to create better

clinical efficacy in AD therapy.

Conclusions and future prospects

AD is a multi-causal progressive neurodegenerative disease
with complicated pathogenesis, the major current obstacle of
this mysterious syndrome is the lack of effective therapeutic
strategy. However, based on the fact that a big gap exists
between bench research and clinical application, which is
termed as “valley of death”™), large increases in spending on
medical research have not produced corresponding increases
in new effective therapeutic strategy. Recently, the concept
of “translational medicine” is increasingly used to bridge
benchside to bedside, in order to broaden and deepen the
understanding of the real fact of AD pathogenesis, and also
to shorten the period of drug development. One innegligible
aspect is to further understand the beneficial profiles and
weakness of an existed effective drug when used in clinical
practice, trying to unravel the molecular mechanisms and
optimize the medicine performance. This article reflects the
research progress made in molecular pharmacology and phar-
macological therapy for treating AD with huperzine A, show-
ing that the classical cholinergic and potential non-cholinergic
target of huperzine A may shed more light on the successes
gained from huperzine A in the AD therapy. Accumulative
evidence suggests that single target drug always exert limited
clinical effects for AD therapy, while combined therapies or
drugs with multi-pharmacological activities would be a prom-
ising future therapeutic approach to address the varied patho-
logical aspects of the disease. The multiple neuroprotective
effects of huperzine A together with the optimized drug deliv-
ery system will give this drug new opportunity to prove its
merit, however, further studies still need to be performed to
validate its efficacy, especially solid evidence from the bedside.
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Discovery of N-(3,5-bis(1-pyrrolidylmethyl)-4-hydroxy-
benzyl)-4-methoxybenzenesulfamide (sulcardine) as
a novel anti-arrhythmic agent

Dong-lu BAI* *, Wei-zhou CHEN?, Yun-xin BO*, Yue-li DONG?, Ai-li KANG*, Wei-kang SUN?, Wei WANG?, Zhong-liang HU*,
Yi-ping WANG* *

Department of Medicinal Chemistry, Department of Pharmacology, State Key Laboratory of Drug Research, Shanghai Institute of
Materia Medica, Chinese Academy of Sciences, Shanghai 201203, China

Aim: To investigate the anti-arrhythmic effects of sulfamide analogues of changrolin and to characterize the sulfate of compound 6f
(sulcardine sulfate, Sul) as a novel anti-arrhythmic agent.

Methods: The anti-arrhythmic effects of compounds were studied against aconitine-induced arrhythmias in rats and ouabain-induced
arrhythmias in guinea pigs. The effects of Sul on transmembrane action potentials were investigated in isolated rabbit sinoatrial nodes
and guinea-pig papillary muscles using intracellular recording. With a whole-cell recording technique, the effects of Sul on sodium cur-
rent, calcium current, and potassium currents were examined in isolated single guinea-pig ventricular myocytes.

Results: In aconitine-induced arrhythmias of rats, sulfamide analogues of changrolin (4, 5, and 6a-6p) exhibited various anti-arrhyth-
mic activities. The sulfate of compound 6f (Sul) increased the amount of aconitine required to induce arrhythmias in each treated
animal. The EDg, value of Sul in rats was 196 mg/kg. In ouabain-induced arrhythmias of guinea pigs, 25, 50, and 100 mg/kg doses
of Sul increased the dose of ouabain required to induce VP, VT, and VF in a dose-dependent manner. In papillary preparations, Sul pro-
duced a concentration-dependent decrease in APA and V.., prolonged APDo, and ERP, whereas RP was unaffected. In the spontane-
ously beating sinus nodes, Sul reduced APA and V,,,, in a concentration-dependent manner. The whole-cell recording studies revealed
that Sul produced a reversible reduction in Iy, (1C50=26.9 pmol/L) and I¢, . (IC5,=69.2 umol/L), whereas the inward rectifier (I,) and the

delayed rectifier potassium currents (Ic) were unaffected.

Conclusion: As a multi-ion channel blocker, Sul may have potent efficacy in anti-atrial and ventricular arrhythmias.

Keywords: sulcardine; sulcardine sulfate; changrolin; heart; arrhythmias; aconitine; ouabain; sodium current; L-type calcium current

Acta Pharmacologica Sinica (2012) 33: 1176-1186; doi: 10.1038/aps.2012.119; published online 27 Aug 2012

Introduction

The use of anti-arrhythmic drugs has decreased over the last
20 years because of the side effect of pro-arrhythmia, more
serious rhythm disorders induced by some anti-arrhythmic
agents. The majority of anti-arrhythmic agents are ion channel
blockers. The Cardiac Arrhythmia Suppression Trial (CAST)
and subsequent CAST II studies have provided evidence indi-
cating that these drugs primarily act by blocking sodium ion
channels and may have the potential to increase mortality in
patients with structural heart diseasel". Since then, the study
of anti-arrhythmic agents has shifted away from sodium ion
channel blockers and focused on potassium channel blockers,
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such as amiodarone and sotalol derivatives, which have been
proven to be highly effective agents for treating life-threaten-
ing arrhythmias. However, no selective channel blocker has
yet been shown to unequivocally reduce the mortality associ-
ated with atrial or ventricular arrhythmias. Recent studies
have shown that amiodarone, an agent with a broad range of
effects, including the blocking of sodium, calcium and delayed
rectifier potassium current (I,) channels and non-competitive
B-blockade, can prolong the QT interval but rarely causes pro-
arrhythmia. The likely explanation for this paradox is that
mixed or multi-ion channel blocking effects decrease the pro-
arrhythmia side effect”. However, amiodarone therapy has
other serious side effects such as pulmonary, skin and thyroid
toxicities. Therefore, there is a major need for new drugs that
will control arrhythmias more safely and effectively. Based
on clinical data, compounds with appropriate mixed channel
blocking effects may be a promising route to new anti-arrhyth-
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mic drugs[3].

Since the 1980s, implantable cardioventer-defibrillators have
been an option for treating arrhythmia. However, an adjuvant
drug therapy is often required to provide maximum preven-
tion and treatment of life-threatening arrhythmias.

It is well-known that the anti-malarial drug quinine and
its optical isomer quinidine have anti-arrhythmic properties.
The demonstration of both anti-malarial and anti-arrhythmic
activities is not confined to quinine and quinidine. Febrifug-
ine is an alkaloid isolated from Dichroa febrifuga that was used
against malaria in traditional Chinese medicine. In the 1970s,
changrolin (1), a compound derived from febrifugine, was
found to have anti-arrhythmic properties in malaria patients
with arrhythmia and markedly diminished ectopic beats in
patients. In subsequent investigations of its anti-arrhythmic
effects, changrolin exhibited significant protective and thera-
peutic effects against arrhythmia, both in animal models
and in clinical trials. In animal studies, the anti-arrhythmic
potency of changrolin was higher and its toxicity was lower
than those of quinidine. Changrolin effectively prevented
atrial fibrillation induced by acetylcholine in rats and elevated
the threshold of electrically induced ventricular fibrillation in
rabbits and dogs. The results of clinical trials on 489 patients
with various arrhythmias demonstrated that changrolin was
most effective in reducing paroxysmal ventricular tachycar-
dia and ventricular premature beats by 85.7% and 84.3%,

respectively! °.

However, changrolin also exhibited some
side effects, including skin pigmentation and parasympatho-
lytic activity'. Aqueous solutions of changrolin are unstable
and turns brownish-yellow after storage at room temperature
for one or two days. The chemical structure of changrolin is
unlike those of currently marketed anti-arrhythmic drugs, and
a number of analogues and derivatives of changrolin have
been prepared and tested for anti-arrhythmic activity*".
Structurally, changrolin could be divided into three por-
tions: a quinazoline moiety, a 3,5-bis(1-pyrrolidylmethyl)-4-
hydroxy phenyl moiety and a linker between the two moieties.
In 1981, Sun et al reported that the benzoyl analogue of chang-
rolin, compound 2, exhibited protective effects against experi-
mental arrhythmia induced by aconitine. Compound 2 was
more potent than changrolin in protecting dogs from atrial
fibrillation induced by acetylcholine!®”!. Subsequently, Stout et
al reported an amide analogue 3, which is the amide-reversed
form of amide 2. Compound 3 possessed excellent profiles as

HZC—NO

N /) R OH @CONH OH
- )

H,C—N HZC*NG
2
1 Changrolin R=NH
4 R=NHCH,
5 R=NMe

Figure 1. Chemical structures of compound 1-6.

a class 1 anti-arrhythmic™. All of the SAR data reported so
far regarding the structure-activity relationships of changrolin
can be summed as follows:

1) The 3,5-bis(1-pyrrolidylmethyl)-4-hydroxyphenyl moiety
is essential for optimal anti-arrhythmic activity; pyrrolidine
yields greater activity than other secondary amines.

2) The quinazoline moiety could be replaced by a variety of
aromatic or heteroaromatic rings without loss of activity. The
position and type of substituents on the rings did not affect
activity.

3) The -NH-linker could be replaced with -CH,0O-,
-NHCO-, -CONH-, -CONHCH,-, and -CO-. Some amides
were found to be potent anti-arrhythmic agents.

4) The quinazoline moiety and -NH-linker could be simul-
taneously replaced by -(CH,),COOR group without loss of
activity (Figure 1).

Based on the reported structure-activity relationship data for
changrolin, further structural modifications were performed
by our groups. The purpose of this study was to assess the
protective and therapeutic effects against arrhythmia of the
new analogues of changrolin!*.

Materials and methods
Chemistry

The synthesis of all target compounds (4, 5, 6a-6p) is straight-
forward. The preparation of compounds 4 and 5 is depicted
in Scheme 1. Chloroquinazoline was coupled with 4-hydroxy-
benzylamine or N-methyl-4-hydroxyaniline to give compound
7 or 8. The target compounds 4 and 5 were obtained by Man-
nich reaction of 7 and 8, respectively, with formaldehyde and
pyrrolidine.

Sulfamides 6a, 6e, 6h, and 6k were prepared by the reac-
tion of 4-amino-2,6-bis(1-pyrrolidylmethyl)phenol (9)* with
the corresponding 4-substituted benzenesulfonyl chloride
(Scheme 2).

Sulfamides 6b, 6f, 6i, and 6m, the methylene insertion ana-
logues of compounds 6a, 6e, 6h, and 6k, were obtained by sul-
fonylation of 4-hydroxybenzylamine with 4-substituted benze-
nesulfonyl chlorides in the presence of triethylamine, followed
by Mannich reaction of the resulting sulfamides 10-13 with
formaldehyde and pyrrolidine in ethanol (Scheme 3).

Using N-methyl-4-hydroxy-aniline instead of 4-hydroxy-
benzylamine, the N-methyl analogues 6¢, 6g, 6j, and 6n were
synthesized in the same manner as described in Scheme 4.

/ -NR,
HZC’NJ R' HoC
|
@NH co Q OH Ar—SO0,N-(CH,), OH
HzC\NR2

H,C~
o) :

R’=H, Me, Et
n=0, 1

NR2= NQ N/\:>
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Cl ROOH R—< >—OH
J
N EtOH, reflux N/)

7 R=NHCH,
8 R=NMe

Scheme 1. Synthesis of compounds 4 and 5.

Hzc/N/J

OH

e

9

R@—sozm

EtOH

H,N

Scheme 2. Preparation of sulfamides 6a, 6e, 6h, and 6k.

H2NHZC@-OH

Et,N, EtOH

ROSOZCI

10 R=Me
11 R=OMe
12 R=Cl
13 R=NHAc

O e

HN/\:/ , HCHO RQ

EtOH, reflux

HZC'NO

6a R=Me
6e R=OMe
6h R=Cl
6k R=NHAc

OH

()

H2C’N/J
R@SOZNHCHZQ—
)

6b R=Me

6f R=OMe
6i R=Cl
6m R=NHAc

HN@ , HCHO

EtOH, reflux

OH

Scheme 3. Synthesis of the methylene insertion sulfamides 6b, 6f, 6i, and 6m.

The N-ethyl analogue 6d was prepared by coupling 4-tolu-
enensulfonyl chloride with 4-ethylamino-2,6-bis(1-pyrrolidyl-
methyl)phenol (18) in the presence of triethylamine in ethanol
(Scheme 5).

The two 1-naphthalenesulfamides 6o and 6p were yielded
via Mannich reaction of N-(4-hydroxyphenyl)-1-naphthalene-
sulfamide with formaldehyde and pyrrolidine or peperidine,

respectively.

Drugs and reagents

Sulfamide analogues of changrolin and sulcardine sulfate
(6f, a yellowish powder with purity over 98.5%, MW=611.76)
were synthesized by the chemists in our groups. Aconitine,
ouabain, and collagenase (type I) were purchased from Sigma

HZC'NO

EtHNQOH
HZC\NQ

18 6d

Hzc’NO

I‘Et

HZC\NQ

Me@—SOQCl

Et;N, EtOH

Scheme 5. Synthesis of N-ethylsulfamide 6d.

Chemical Co (St Louis, MO, USA). Other reagents, unless oth-
erwise specified, were commercial products of reagent grade
and purchased from Sigma-Aldrich China, Inc (Shanghai,
China).

HNC] , HCHO

MeHNO—OH |Y|e Me
ROSOZCI ROSOQN@OH ROSOZN oH
Et;N, EtOH EtOH, reflux
H.C-p
14 R=Me 6c R=Me
15 R=0Me 6g R=OMe
16 R=C| 6 R=Cl
17 R=NHAc 6n R=NHAC

Scheme 4. Synthesis of N-methyl analogues 6c¢, 6g, 6j, and 6n.
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Animals

Mice, Sprague Dawley rats, and guinea pigs were obtained
from the Shanghai Laboratory Animal Center (Shanghai,
China). The animals were cared for in accordance with the
institutional guidelines of the Animal Care and Use Commit-
tee of the Shanghai Institute of Materia Medica, Chinese Acad-
emy of Sciences.

Aconitine-induced arrhythmias in rats

Sprague Dawley rats of either sex weighing 220-250 g were
used. The animals were anesthetized by intraperitoneal injec-
tion of 1.2 g/kg urethane. Aconitine (10 pg/mL) was admin-
istered through continuous infusion into the saphenous vein
at a rate of 0.08 mL/min, and the electrocardiogram (ECG)
in lead II was recorded. The test compound was given orally
2 h prior to aconitine infusion. The time until the onset of the
first ventricular premature (VP), ventricular tachycardia (VT),
and ventricular fibrillation (VF) was chosen as the endpoint,
and the amount of aconitine required to induce the arrhyth-
mias was calculated. The percent increase in the amount of
aconitine required to induce arrhythmias in animals treated
with each test compound (above the mean value in the appro-
priate control group) was calculated, and log dose-response
curves were constructed by liner regression analysis. EDs,
values were defined as the dose of test compound required to
increase the arrhythmogenic dose of aconitine by 50% relative
to that required in control animals.

Ouabain-induced arrhythmias in guinea pigs

Guinea pigs of either sex weighing 250-300 g were anesthe-
tized with 1.2 g/kg urethane intraperitoneally. One jugular
vein was catheterized. Ouabain (300 pg/mL) was infused into
the jugular vein at a rate of 3 pg/min. The ECG in lead II was
recorded with subcutaneous steel-needle electrodes. The time
until the onset of the first VP, VT, and VF was chosen as the
endpoint, and the amount of ouabain required to induce the
arrhythmias was calculated.

Prophylactic index and therapeutic index

The prophylactic index and therapeutic index were obtained
by the following procedures: the performance of an acute
toxicity test in mice to obtain the medium lethal dose (LDs);
the use of an aconitine-induced arrhythmia model in rats to
obtain the medium effective dose (EDs,) in prophylactic tests
and the effective dose (ED) in therapeutic tests; and the calcu-
lation of the prophylactic indexes as the ratio LDs;:EDs, and
the therapeutic index as the ratio LDs:ED. Both indexes were
used to evaluate the compounds for their anti-arrhythmic
activities™™ !,

Action potential recording in isolated guinea-pig papillary
muscles

The guinea pig papillary muscle was dissected from the right
ventricle and superfused in a 1.5 mL chamber (15 mL/min)
with modified Tyrode’s solution gassed with 95% O,/5% CO,
at 32+0.5°C™"). The composition of the modified Tyrode’s

solution was as follows: 120.3 mmol/L NaCl, 4.0 mmol/L KCl,
1.2 mmol/L CaCl,, 1.3 mmol/L MgSO,, 25.2 mmol/L NaHCO;
and 5.5 mmol/L glucose (pH 7.4). The preparations were
allowed to equilibrate for 1 h before recording the control.
Action potentials (APs) were recorded using glass microelec-
trodes filled with 3 mol/L KCI and a tip resistance of 10-20
MQ. Signals were delivered to a microelectrode amplifier
(MEZ-7101, Nihon Kohden, Japan). The maximum upstroke
velocity of AP (V,..) was measured with a PowerLab System
(AD Instruments Pty Ltd, Australia). Both AP and V. were
monitored on the PowerLab System. The APs were elicited
with rectangular pulses (1 ms, twice the threshold) generated
by a stimulator (SEN-7203, Nihon Kohden, Japan) at 1 Hz.

Isolation of ventricular myocytes

The enzymatic dissociation method was described previ-
ously!™® "
through the aorta retrogradely with a Ca**-free Tyrode’s solu-

I In brief, the excised guinea pig heart was perfused

tion for 10 min at 37°C, followed by a Tyrode’s solution con-
taining 0.2 mg/mL collagenase (type I) for 3-4 min. The com-
position of the Tyrode’s solution was as follows: 135 mmol/L
NaCl, 5.4 mmol/L KCI, 1T mmol/L MgCl,, 0.33 mmol/L
NaH,PO,, 5 mmol/L HEPES and 5 mmol/L glucose (pH 7.4);
the solution was oxygenated with 100% O,. The ventricles
were then minced and gently triturated for 10 min in Kraft-
Briithe (KB) solution containing the following: 50 mmol/L
L-glutamic acid, 80 mmol/L KOH, 40 mmol/L KCl, 3 mmol/L
MgSO,, 25 mmol/L KH,PO,, 10 mmol/L HEPES, 1 mmol/L
EGTA, 20 mmol/L taurine, and 10 mmol/L glucose (pH 7.4).
Myocytes were harvested with 200 pm nylon mesh and stored
in KB solution at 20-24°C.

Voltage-clamp recording

A cell suspension was placed in a 3 mL chamber mounted
on the stage of a microscope (Optiphot-2; Nikon, Japan) and
superfused with an external solution via a PBS-8 solution
exchange system (ALA Scientific Instruments Inc, USA) at
a rate of 3 mL/min. Patch pipettes were pulled with a P-97
microelectrode puller (Shutter Instruments Co, USA), and had
a tip resistance of 1-5 MQ when filled with a pipette solution.
Whole-cell voltage-clamp recording was made from single
ventricular myocytes with an Axopatch-1D amplifier (Axon
Instruments, USA). After a gigaseal formation (seal resistance
1 GQ), the membrane was ruptured with gentle suction to
obtain the whole-cell voltage-clamp configuration. Voltage
command protocols were provided by the pClamp 6.0.4 soft-
ware package (Axon Instruments, USA) via a DigiData-1200
interface (Axon Instruments, USA). Capacitance compensa-
tion was routinely optimized, and series resistance was com-
pensated by 40%-80%. Linear leaks were subtracted digitally
online. Signals were filtered at 3 kHz, digitized at 10 kHz, and
stored in an IBM-compatible computer. Cell capacitance was
measured with a short hyperpolarizing ramp pulse (5 mV in 5
ms) from a holding potential of -40 mV. The membrane capac-
itance of myocytes ranged from 100-150 pF. The Na" current
(Ina), L-type Ca* current (Ic,;) and inward rectifier K* current
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(Ix1) were recorded at 20-24°C, whereas the delayed rectifier
K" current (Ix) was recorded at 3541 °C.

The composition of the external solution for recording Iy,
was as follows: 120 mmol/L tetraethylammonium chloride
(TEA-CI), 30 mmol/L NaCl, 1 mmol/L MgCl,, 1 mmol/L
CaCl,, 0.1 mmol/L CdCl,, 10 mmol/L HEPES, and 10 mmol/L
glucose (pH 7.4). The external solution used to record Ic,; con-
tained the following: 120 mmol/L TEA-CI, 1 mmol/L MgCl,,
10 mmol/L CsCl, 1.8 mmol/L CaCl,, 10 mmol/L HEPES and
10 mmol/L glucose (pH 7.4). The external solution used to
record the K* currents contained the following: 140 mmol/L
NaCl, 5.4 mmol/L KCl, 1 mmol/L MgCl,, 0.1 mmol/L CaCl,,
0.1 mmol/L CdCl,, 5 mmol/L HEPES, and 5 mmol/L glucose
(pH 7.4). The pipette solution for recording Iy, contained the
following: 80 mmol/L CsCl, 40 mmol/L CsOH, 10 mmol/L
EGTA, 10 mmol/L HEPES, and 5 mmol/L Na,ATP (pH 7.2).
The pipette solution for recording Ic,; contained the follow-
ing: 80 mmol/L CsCl, 40 mmol/L CsOH, 10 mmol/L EGTA,
10 mmol/L HEPES, and 5 mmol/L MgATP (pH 7.2), while
that for recording the K* currents contained the following:
140 mmol/L KClI, 0.5 mmol/L MgCl,, 10 mmol/L EGTA, 10
mmol/L HEPES, and 5 mmol/L K,ATP (pH 7.2). The myo-
cytes were perfused with external solutions and allowed to
equilibrate for about 5 min with ascending concentrations of
drug to generate concentration-response relationships.

Statistical analysis

Data are presented as the mean+SD. A two-tailed Student’s
t-test was used for analyses of anti-arrhythmic activity and AP
measurements. The patch-clamp data were analyzed using the
Clampfit 9.0 (Axon Instruments, USA) and Prism 3.0 software
(GraphPad Software, USA). For all tests, P<0.05 was consid-
ered statistically significant. The concentration of sulcardine
sulfate that yielded a 50% inhibitory effect (ICs, value) was
obtained by fitting the concentration-response relationship to
the equation: X=1/{1+([C]/IC5)N}, where X is the normalized
response, [C] is the concentration of the agent, and N is the
Hill coefficient.

Results and discussion

Anti-arrhythmic activity of sulfamide analogues (6a-6p) of
changrolin (1)

It was supposed that the aminophenol moiety in changrolin
could be oxidized into an iminoquinone unit, resulting in an
extended conjugated system with quinazoline in vivo, which
may be responsible for both the skin pigmentation in patients
after long-term administration of changrolin and the darken-
ing of the aqueous solution of changrolin at room temperature
in vitro. Because both bis(pyrrolidylmethyl)phenol and het-
eroaromatic or aromatic moieties in the changrolin molecule
are essential for anti-arrhythmic activity, two approaches
could be adopted to avoid the formation of the extended
iminoquinone-containing conjugate chromophore. First, the
-NH-linkage of the two aromatic rings in changrolin could be
replaced by -NHCH,- or -NMe-, giving compounds 4 and 5,
respectively. An alternative approach was the replacement of
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the quinazolylamino moiety in changrolin with an arylamido
group, such as in compounds 2 and 3, both of which have been

[6,7, 11]. Con-

reported to show potent anti-arrhythmic activities
sidering that sulfamide is the isostere of amide, we focused on
the analogues with a -SO,NH-linkage instead of -CONH- in
compound 2 and with an additional ~-CH,- unit between the
sulfamido and bis(1-pyrrolidylmethyl)phenol moiety (Table
1). A new series of aromatic sulfamide analogues of changro-
lin, 6a-6p, was thus designed and prepared.

Two analogues, 4 and 5, derived from changrolin by insert-
ing a methylene between the amino group and the phenol
ring and by methylation of the amino group in changrolin,
respectively, were first designed and synthesized. The anti-
arrhythmic activities of 4 and 5 were less potent than that of
changrolin itself. The pharmacological screening data of sul-
famides 6a-6p showed that most of the sulfamides possessed
anti-arrhythmic activity (Table 1). Among them, compound
6f (sulcardine) was the best one. Compounds with one carbon
extension (6i and 6m) or N-methyl substitution (6j and 6n)
did not change the potency markedly relative to 6h and 6k,
respectively. When the 1-pyrrolidyl group in 6o was replaced
by 1-piperidyl (6p), the anti-arrhythmic activity increased. In
the 4-methoxybenzenesulfamides group (6e, 6f, 6g), the inser-
tion of a methylene unit between the sulfamido and phenol
ring enhanced the prophylactic index up to 6-fold (6f vs 6e).
N-Methylation of 6e increased the prophylactic index by 2.3-
fold (6g vs 6e). In the 4-methylbenzensulfamides group,
although all of the compounds tested (6a-6d) exhibited anti-
arrhythmic activity, the results were ambiguous. Inserting a
methylene unit between the sulfamido and phenol ring in 6a
resulted in a slight change in both the prophylactic index and
the therapeutic index (6a vs 6b). N-Methylation of 6a caused
a 3.7-fold increase in the prophylactic index and a 5.5-fold
decrease in the therapeutic index (6c vs 6a). However, N-ethy-
lation of 6a resulted in a 5-fold decrease in both the prophylac-
tic index and the therapeutic index (6a vs 6d).

The prophylactic indexes of the naphthylenesulfamides
(60 and 6p) were much higher than those of the benzenesul-
famides, with the exception of 6f (sulcardine). There was no
obvious correlation of anti-arrhythmic activity with electron-
donating or electron-withdrawing substituents on the benzene
ring (6a, 6e, and 6k vs 6h; 6b, 6m vs 6i; 6¢c, 6g, and 6n vs 6j).
Surprisingly, 6f (sulcardine) had a much higher prophylactic
index than 6b. The optimal spectrum of prophylactic index
and therapeutic index was given by 6f (sulcardine).

To summarize our findings on the chemical modifications
of the structure of changrolin (1), we have found that the qui-
nazoline moiety could be replaced by an aromatic sulfonyl
group without loss of activity. The insertion of a methylene
unit between the sulfamido and phenol ring and N-methyla-
tion of sulfamido resulted in the retention of or an increase in
anti-arrhythmic activity.

Effects of compound 6f sulfate (sulcardine sulfate) on experi-
mental arrhythmia models in animals
Compound 6f sulfate was tested in various arrhythmia mod-
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Table 1. The anti-arrhythmic activity of sulfamide analogues of changrolin (6a-6p).

Compound Ar R " NR, Prophylactic The-rapeutic
index index
Changrolin (1) 16.2 2.0
6a Me@ H 0 1-pyrrolidyl 5.6 20
6b Me@ H 1 1-pyrrolidyl 3.8 12
6c Me@ Me 0 1-pyrrolidyl 21 3.7
6d MeO Et 0 1-pyrrolidyl 11 4.0
6e Me0~©— H 0 1-pyrrolidyl 5.5 -
6f (sulcardine) Meo@ H 1 1-pyrrolidyl 33 18
6g MeO‘@* Me 0 1-pyrrolidyl 13 6.1
6h C'@* H 0 1-pyrrolidyl 5.3 -
Gi C'O H 1 1-pyrrolidyl 5.5 8.6
6j CI@ Me 0 1-pyrrolidyl 3.9 -
6k AcHN@ H 0 1-pyrrolidyl 1.9 -
4-acetamidobenzene
el sulfonate of 6k 1-pyrrolidyl 4.0 -
6m AcHNQ— H 1 1-pyrrolidyl 3.2 -
6n ACHNO Me 0 1-pyrrolidyl 3.0 2.0
60 H 0 1-pyrrolidyl 20 5.2
6p H 0 1-piperidyl 34 9.7

els in animals. Against aconitine-induced arrhythmias in rats,
6f sulfate (100, 150, and 250 pg/kg) significantly increased the
amount of aconitine required to induce arrhythmias at each
dose tested (Table 2). The EDs, value of 6f sulfate in rats was
196 mg/kg. At 2,3, 4, and 6 h after administration, 6f sulfate
(at a dose of 1.5-fold EDs) significantly raised the arrhyth-
mogenic dose of aconitine to induce VP, VT, and VF in rats.
The effects of 6f sulfate reached a peak at 2-3 h and lasted up
to 6 h after administration (Table 3).

Against ouabain-induced arrhythmias in guinea pigs, 6f
sulfate at 25, 50, and 100 mg/kg increased the dose of ouabain
required to induce VP from 134+8 png/kg to 156+9, 176£16, and
187+14 pg/kg, respectively. The amount of ouabain required

to induce VT and VF was also increased as the administered
dose of 6f sulfate increased (Table 4).

Effects of compound 6f sulfate (sulcardine sulfate) on action
potentials

Guinea pig papillary muscle cells are characterized by firing
fast response action potentials. The application of 6f sulfate
(10, 30, and 100 pmol/L) reduced the action potential ampli-
tude (APA) and the maximum upstroke velocity of the action
potential (V) and prolonged the action potential duration
at 90% repolarization (APDy) as well as the effective refrac-
tory period (ERP) (Table 5). In rabbit sinoatrial nodal domi-
nant pacemaker cells, which are characterized by firing slow
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Table 2. Effects of compound 6f sulfate (sulcardine sulfate) on aconitine-
induced arrhythmia in rats (mean+SD, n=10). °P<0.05, °P<0.01 vs
control.

Table 5. Effects of compound 6f sulfate (sulcardine sulfate) on the fast
response action potentials of guinea-pig papillary muscles (meanSD,
n=6). "P<0.05, °P<0.01 vs control.

Dose (mg/kg, po) Aconitine (ug/kg, iv)

Sulcardine sulfate (umol/L)

Parameters Control

VP VT VF Lethal dose 10 30 100
Control 20+2 31+ 6 4247 6316 RP (mV) 87.312.0 87.3+1.8 88.0+2.1 88.812.4
Sulcardine 100 2142° 32+6° 38+4° 67+8° APA (mV) 119.7£1.2 119.0£1.5 116.3+1.8° 112.2+2.6°
150 25+2° 35+6° 45+13° 68+15° Vi (V/S) 248+45 230+45° 202+42° 176+39°
200 31+4° 45+11° 54+13° 88+19°  APDs, (Ms) 148419 149+18 155+22 159+22
APDg, (Ms) 172+21 173+18 178+20 191+26°
ERP (ms) 174+19 176+18 185422 204+34°
ERP/APDgq 1.01+0.06 1.02+0.03 1.04+0.02 1.06+0.06

Table 3. Time-response effects of compound 6f sulfate (sulcardine
sulfate) on aconitine-induced arrhythmia in rats (mean+SD, n=10).
°p<0.05, °P<0.01 vs control.

Time after . .
sulcardine sulfate Aconitine (kg/kg, iv)
administration (h) VP VT VF Lethal dose
Control 22+5 3016 3716 6618
2 44+14° 60+10° 88+19° 124+4°
3 42+7° 65+23° 81+17° 122+5°
4 34+4° 52+2° 59+8° 105+9°
6 32+6° 57+6° 65+10° 108+8°

Table 4. Effect of sulcardine on ouabain-induced arrhythmia in guinea
pigs (mean+SD, n=10-17). °P<0.05, °P<0.01 vs control.

Ouabain (ug/kg, iv)

Dose (mg/kg, po) n VP VT VE
Control 17 13448 175+30° 228+42°
Sulcardine 25 10 156+9° 220+22° 276+30
50 10 176+16° 203+19° 253433
100 10 187+14° 215+18° 258+30°

response action potentials, the application of 6f sulfate (10, 30,
and 100 pmol/L) reduced V., and the slope of phase 4 depo-
larization and decreased APA. At 100 umol/L, 6f sulfate also
prolonged APD, decreased MRP and SEF. The changes were
5.5%,11.6%, and 4.7 %, respectively (n=5, P<0.05) (Table 6).

Inhibition of sodium current and L-type calcium current in ven-
tricular myocytes

The above results suggest that 6f sulfate is a mixed or multi-
ion channel blocker against Na*, Ca*, and K" channels™.
Thus, the actions of 6f sulfate on cardiac ion channels were
studied with the whole-cell patch clamp method in isolated
ventricular myocytes. The application of 6f sulfate caused
a reversible reduction in Iy, (IC5=26.9 umol/L) and Ic,.
(IC5=69.2 pmol/L), whereas the inward rectifier (Ix;) and
the delayed rectifier potassium currents (Ix) were unaffected.
The inhibition of voltage-gated sodium and calcium channels
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Table 6. Effects of compound 6f sulfate (sulcardine sulfate) on the fast
response action potentials of guinea-pig papillary muscles (meanSD,
n=5). °P<0.05, °P<0.01 vs control.

Sulcardine sulfate (umol/L)

Parameters Control

10 30 100
APA (mV) 61.6+14.9 58.0+14.9° 56.2+13.8° 51.4+14.7°
APD (ms) 347.6491.1 346.8496.6 351.0495.9 366.8+100.0°
Vinax (V/8) 11.6+6.9 8.9+4.2° 7.3+2.4° 6.1+1.9°
MRP (mV) 55.0#12.1  54.4+11.5 51.8+9.6 48.6+11.4°
SDVP4 (V/s)  0.12+¢0.03  0.0940.03  0.0940.03  0.09+0.03
SEF (bpm)  181.6+43.2 183.4+47.4 180.8+46.2 173.0+43.4°

induced by 6f sulfate may contribute to its effect on atrial and
ventricular tachyarrhythmias.

An overall preclinical examination of 6f sulfate demon-
strated that this compound possesses a promising profile as
an anti-arrhythmic agent. Thus, the phase I clinical trial of
this compound is complete, and the data indicate that this
compound may be a novel anti-arrhythmic drug with low pro-
arrhythmic side effects.

Conclusion

We have designed and synthesized a series of sulfamide ana-
logues of changrolin (1) as potential anti-arrhythmic agents.
To avoid the formation of the extended conjugation system
from the changrolin molecule in vivo, which may be the cause
of skin pigmentation, changrolin was chemically modified by
two routes. One was the replacement of the quinazoline moi-
ety by aromatic sulfonyl groups; the other was the insertion of
a methylene unit between the NH group and phenol ring or
N-alkylation of the NH group.

Pharmacological screenings of the target compounds (4, 5,
and 6a-6p) demonstrated that all of the target compounds
possessed various anti-arrhythmic activities. A consider-
able improvement of the anti-arrhythmic potency of these
compounds compared to changrolin was observed. Based
on both the prophylactic and therapeutic indexes, the target
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compounds with better anti-arrhythmic activity are 6a, 6f, 6i,
60, and 6p. Among these compounds, compound 6f is excep-
tionally potent and was chosen for considera tion as a drug
candidate. The preclinical and phase I clinical studies of 6f in
the sulfate trihydrate form are complete. The compound has
been named sulcardine sulfate and is well-tolerated in phase
I trials. Sulcardine sulfate is now undergoing phase II trials.
The chemical structure of 6f is different from marketed anti-
arrhythmic drugs. As a multi-ion channel blocker, it may have
potent efficacy in anti-atrial fibrillation and anti-ventricular
tachycardia, which are two particularly important cardiac
arrhythmias with important clinical implications.

Experimental section

General methods

The 'H NMR spectra were recorded on Bruker Am-400 and
Bruker Ac-100 NMR spectrometers. The data are reported
in parts per million relative to TMS and are referenced to the
solvent in which they were analyzed. Elemental analyses
were obtained on an Elemental Vario EL instrument. Melting
points were determined on a Buchi-510 capillary apparatus
and are uncorrected. IR spectra were recorded on a Perkin-
Elmer-599B spectrometer. The solvent was removed by rotary
evaporation under reduced pressure, and flash column chro-
matography was performed on silica gel (200-300 mesh) from
the Qingdao Haiyang Chemical Company. Anhydrous sol-
vents were obtained by redistillation over sodium wire.

4-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxybenzyl]Jaminoquinazoline
(4)

A mixture of 4-chloroquinazoline (1.51 g, 9.12 mmol) and
4-hydroxybenzylamine (2.82 g, 22.9 mmol) in ethanol (6 mL)
was refluxed for 3 h. After cooling, the precipitate was col-
lected and washed successively with a saturated solution of
NaHCO, and water. The solid was recrystallized from EtOH-
H,O to give 4-(4-hydroxybenzyl)aminoquinazoline 7 (1.30 g,
56%), mp 231-232°C. 'H NMR (CDCls) & 4.58 (s, 2H), 6.58
(d, J=8.4 Hz, 2H), 7.33 (d, ]=8.4 Hz, 2H), 7.35 (m, 1H), 7.53 (d,
J=8.7 Hz, 1H), 7.61 (m, 1H), 7.97 (d, ]=8.8 Hz, 1H), 8.27 (s, 1H).
Anal. (C;sH;3N;0-H,0) C, H, N.

A mixture of 7 (1.30 g, 5.2 mmol), pyrrolidine (1.1 mL, 13.2
mmol) and a 36%-38% solution of formaldehyde (1.1 mL, 15
mmol) in ethanol (10 mL) was refluxed for 3 h. The solvent
was removed under reduced pressure to give an oil that
became crystalline upon standing. Recrystallization from
EtOH-H,0 yielded 4 (1.35 g, 63%), mp 155-156°C . 'H NMR
(CDCl;) 6 1.60-1.90 (m, 8H), 2.50-2.80 (m, 8H), 3.72 (s, 4H),
4.75 (s, 2H), 7.00-7.80 (m, 6H), 8.60 (s, 1H). Anal. (CxH;3N50)
C H,N.

4-N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxyphenyl]-N-methyl-
aminoquinazoline (5)

In the same manner as in the preparation of 7 and 4,
4-N-methyl-(4-hydroxyphenyl)aminoquinazoline (8) was
obtained from 4-chloroquinazoline and N-methylaminophenol
in 65% yield, mp 258-260°C (DMF-EtOH). 'H NMR (CDCls)

6 3.25 (s, 3H), 7.03 (d, J=8.5 Hz, 2H), 7.40 (d, J=8.5 Hz, 2H),
8.00-8.60 (m, 4H), 8.78 (s, 1H). Anal. (C;sH;3N;0) C, H, N.

Mannich reaction of 8 gave 5 in 51% yield. The crude prod-
uct was first purified by column chromatography (silica gel,
EtOH:25% NH,OH=10:0.25), and recrystallized from EtOH-
H,O, mp 129-130°C. 'H NMR (CDCl,) 6 1.55-1.80 (m, 8H),
2.30-2.60 (m, 8H), 3.45 (s, 3H), 3.62 (s, 4H), 6.90-7.80 (m, 6H),
8.50 (s, 1H). Anal. (C;sHyNsO) C, H, N.

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxyphenyl]-4-chlorobenzene-
sulfamide (6h)
To a solution of 2,6-bis-(1-pyrrolidiylmethyl)-4-aminophenol
(1.3 g, 4.8 mmol) in tetrahydrofuran (5 mL) was added drop-
wise a solution of 4-chlorobenzenesulfonyl chloride (1.0 g, 4.8
mmol) in tetrahydrofuran (5 mL). The mixture was stirred at
room temperature for 4 h. The solvent was removed in vacuo,
and the residue was dissolved in water. After neutralization
with 2 mol/L KOH solution, the mixture was extracted with
ethyl acetate. The organic layer was successively washed with
water and brine and dried over anhydrous Na,SO,. After
removing the solvent in vacuo, the residue was purified by
column chromatography (silica gel, CH;COOEt:CH,OH:25%
NH,OH=9:1:0.05). The resultant solid was recrystallized
from ethyl acetate to give the product 6h (1.3 g, 60%), mp
187-188°C. 'H NMR (CDCly) & 1.72-2.08 (m, 8H), 2.56-2.88
(m, 8H), 3.88 (s, 4H), 6.90 (s, 2H), 7.36 (d, ]=8.7 Hz, 2H), 7.64
(d, J=8.7 Hz, 2H). Anal. (C,HN;ClOsS) C, H, N, CL
Compounds 6a, 6e, and 6k were prepared in the same man-
ner as 6h.

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxyphenyl]-4-methylbenzene-
sulfamide (6a)

Yield: 47%, mp 160-161°C (EtOH-H,0). 'H NMR (CDCL) 6
1.76-2.12 (m, 8H), 2.38 (s, 3H), 2.72-3.08 (m, 8H), 3.96 (s, 4H),
6.99 (s, 2H), 7.18 (d, J=8.6 Hz, 2H), 7.56 (d, ]=8.6 Hz, 2H). Anal.
(C3H3;N3055) C, H, N.

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxyphenyl]-4-methoxy-
benzenesulfamide (6e)

Yield: 79%, white crystals, mp 143-144°C (CH,COOEt). 'H
NMR (CDCl;) & 1.64-1.94 (m, 8H), 2.35-2.65 (m, 8H), 3.65 (s,
3H), 3.81 (s, 4H), 6.75 (s, 2H), 6.85 (d, J=8.7 Hz, 2H), 7.58 (d,
J=8.7 Hz, 2H). Anal. (C5H;N;0,S) C, H, N.

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxyphenyl]-4-acetamido-
benzenesulfamide (6k)

Yield: 85%, mp 186-187°C (CH;COOE). 'H NMR (CDClL) &
1.82-2.06 (m, 8H), 2.17 (s, 3H), 2.83-3.07 (m, 8H), 3.76 (s, 4H),
7.09 (s, 2H), 7.54 (d, ]=8.6 Hz, 2H), 7.65 (d, ]=8.7 Hz, 2H), 9.50
(s, 1H). Anal. (C,H;N,0,S) C, H, N.

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxybenzyl]-4-methoxy-
benzenesulfamide (sulcardine, 6f) and the sulfate (sulcardine
sulfate)

(1) To a suspension of 4-hydroxybenzylamine (133 g, 1.08 mol)
in DMF (500 mL) was added dropwise 4-methoxybenzensul-
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fonyl chloride (206 g, 1.00 mol) in DMF (320 mL) over a period
of 30 min at 0-10°C with stirring, followed by the addition of
triethylamine (158 mL, 1.12 mol) over 30 min at the same tem-
perature. The stirring was continued for an additional 1.5 h
at room temperature. The reaction mixture was poured into
ice-water (5 L). After stirring for 10 min, the suspension was
allowed to stand for 2 h. The solid was filtered, washed with
water (300 mLx3), and dried in a desiccator over anhydrous
calcium chloride, yielding N-(4-hydroxybenzyl)-4-meth-
oxybenzenesulfamide (11) (248 g, 85%) as a white solid, mp
160-162°C. The authentic sample was obtained by recrystal-
lization from ethyl acetate, mp 161-162 °C. "H NMR (CD,OD)
6 3.70 (s, 3H), 3.76 (s, 2H), 6.48 (d, ]=8.4 Hz, 2H), 6.82(d, ]=8.4
Hz, 2H), 6.86 (d, ]=8.7 Hz, 2H), 7.56 (d, J=8.7 Hz, 2H). EIMS
(m/z): 293 (M), 254, 195, 185, 171, 155, 149, 122 (100), 107, 99,
77,65. Anal. (C,H;sNO,S) C, H, N.

(2) A mixture of 11 (230 g, 0.78 mmol), pyrrolidine (200 mL,
2.44 mol) and 36% aqueous formaldehyde (250 mL, 3.30 mol)
in ethanol (800 mL) was stirred under reflux for 8 h. The reac-
tion mixture was concentrated under vacuum to dryness. The
resulting oil residue was dissolved in chloroform (350 mL),
and the solution was washed with water (300 mLx3). Under
stirring, the organic layer was mixed with water (300 mL), and
then concentrated hydrochloric acid (approximately 165 mL)
was added portionwise at 0-10 °C to adjust the pH of the aque-
ous phase to ~2. The aqueous phase was washed with chlo-
roform (200 mL) and then mixed with additional chloroform
(300 mL). Under stirring, the two-phase mixture was treated
portionwise with 25%-28% aqueous ammonia (~300 mL) to
adjust the pH of the aqueous phase to 9-10. The organic layer
was separated, and the aqueous layer was further extracted
with chloroform (200 mLx2). The combined organic layer was
dried over anhydrous sodium sulfate and concentrated under
vacuum to dryness. The oily residue was treated with acetone
(45 mL) and isopropyl ether (290 mL), and the mixture was
heated under reflux until the suspension became a solution.
The solution was cooled to room temperature, seeded with an
authentic sample, and allowed to stand at 0°C overnight. The
solid was filtered and dried under vacuum, yielding product
6f (290 g, 81%) as a yellowish solid, mp 96-98°C. The authen-
tic sample was obtained by preparative TLC or column chro-
matography (silica gel; CHCI;:MeOH:25% NH,OH=92:7:1).
The compound could be recrystallized from ethanol-water, mp
101-102°C. 'H NMR (CDCl,) & 1.77-1.86 (m, 8H), 2.53-2.63
(m, 8H), 3.68 (s, 4H), 3.86 (s, 3H), 3.97 (s, 2H), 6.86 (s, 2H), 6.95
(d, J=8.7 Hz, 2H), 7.78 (d, J=8.6 Hz 2H). EIMS (m/z): 459 (M),
390, 388, 202, 171, 148, 107, 84, 70 (100). Anal. (CyH3N;O.S)
C H,N.

(3) Under stirring, the Mannich base 6f (150.5 g, 0.327 mol)
was mixed with 2 mol/L H,SO, (172 mL, 0.344 mol), and the
mixture was heated at 80°C until the solid dissolved. The
solution was cooled to room temperature, seeded with an
authentic sample, and the sulfate of 6f was formed as crys-
tals. To the stirred mixture was added anhydrous ethanol
(520 mL), and the mixture was allowed to stand at 0°C for 24
h. The solid was filtered, washed with ethanol, and recrystal-
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lized with 80% ethanol (250 mL). The sulfate was dried over
concentrated sulfuric acid in a desiccator, giving the sulfate of
6f (143 g, 71%) as a trihydrate, mp 125-140°C. "H NMR (D,0)
5 2.00-2.13 (m, 4H), 2.14-2.25 (m, 4H), 3.12-3.22 (m, 4H), 3.45-
3.55 (m, 4H), 3.90 (s, 3H), 4.20 (s, 2H), 4.33 (s, 4H), 7.06 (d, J]=8.7
Hz, 2H), 7.28 (s, 2H), 7.66 (d, J=8.9 Hz, 2H). “C NMR (D,0) 6
24.7,47.6,55.7,56.1, 58.1, 116.6, 122.5, 131.3, 132.3, 133.3, 136.0,
155.8, 164.8. EIMS (m/z): 459, 390, 388, 202, 171, 148, 107, 84, 70
(100). Anal. (C,H3N,0,5-H,SO,:3H,0) C, H, N, S.

Compounds 10, 12, 13, 6b, 6i, and 6m were also prepared by
the above-mentioned procedures for 11 and 6f.

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxybenzyl]-4-methylbenzene-
sulfamide (6b)
N-(4-hydroxybenzyl)-4-methylbenzenesulfamide (10) was
obtained in 73% yield, mp 183-184°C (EtOH). 'H NMR
(CDCl;) 6 2.45 (s, 3H), 3.96 (s, 2H), 6.70 (d, J=8.6 Hz, 2H), 7.03
(d, J=8.5 Hz, 2H), 7.31 (d, ]=8.7 Hz, 2H), 7.72 (d, ]=8.8 Hz, 2H).
Anal. (C4H;sNOsS) C, H, N.

Mannich reaction of 10 afforded the crude product 6b.
It was purified by column chromatography (silica gel,
AcOEt:MeOH:25% NH,OH=1:1:0.1) and recrystallized from
EtOH-H,O to give 6b in 80% yield, mp 129-130°C. 'H NMR
(CDCl,) 6 1.68-1.88 (m, 8H), 2.41 (s, 3H), 2.44-2.64 (m, 8H),
3.63 (s, 4H), 3.70 (s, 2H), 6.84 (s, 2H), 7.28 (d, J=8.7 Hz, 2H),
7.72 (d, J=8.8 Hz, 2H). Anal. (C,,H3:3N;O5S) C, H, N.

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxybenzyl]-4-chlorobenzene-
sulfamide (6i)
N-(4-hydroxybenzyl)-4-chlorobenzenesulfamide (12) was
obtained in 73% yield, mp 187-189 °C (EtOH). 'H NMR
(CDCL,) 6 3.14 (s, 2H), 6.76 (d, J=8.7 Hz, 2H), 6.95 (d, ]=8.7 Hz,
2H), 7.51 (m, 4H). Anal. (C;3sH;,NO;SCI) C, H, N, Cl.

Mannich reaction of 12 gave product 6i in 77% yield, mp
112-113°C (EtOH). 'H NMR (CDCl,) 6 1.67-1.87 (m, 8H),
2.43-2.63 (m, 8H), 3.63 (s, 4H), 3.97 (s, 2H), 6.81 (s, 2H), 7.42 (d,
J=8.6 Hz, 2H), 7.75 (d, ]=8.7 Hz, 2H). Anal. (CyHsN,0:SCl)
C H,N, Cl

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxybenzyl]-4-acetamido-
benzenesulfamide (6m)
N-(4-hydroxybenzyl)-4-acetamidobenzenesulfamide (13)
was obtained in 81% yield, mp 185-186°C (EtOH). 'H NMR
(CDCly) 6 2.12 (s, 3H), 3.97 (s, 2H), 6.72 (d, J=8.7 Hz, 2H), 7.08
(d, J=8.7 Hz, 2H), 7.78 (m, 4H). Anal. (C;sH;N,O,S) C, H, N.

Mannich reaction of 13 gave product 6m in 93% yield, mp
105-107 °C (EtOH-H,0). 'H NMR (CDCl5) & 1.68-1.88 (m, 8H),
2.16 (s, 3H), 2.48-2.68 (m, 8H), 3.65 (s, 4H), 3.94 (s, 2H), 6.83 (s,
2H), 7.60 (d, J=8.8 Hz, 2H), 7.69 (d, ]=8.8 Hz, 2H), 8.37 (s, 1H).
Anal. (C»H3N,0,5-H,0) C, H, N.

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxyphenyl]-N-methyl-4-
methyl-benzenesulfamide (6¢)

A mixture of 4-methylaminophenol sulfate (0.34 g, 2.0 mmol),
triethylamine (0.56 mL, 4.0 mmol) and 4-toluenesulfonyl chlo-
ride (0.37 g, 2.0 mmol) in ethanol (5 mL) was stirred at room
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temperature overnight. The solvent was removed under
reduced pressure, and the residue was treated with ether. The
ether layer was successively washed with 2 N hydrochloric
acid, a saturated solution of NaHCO, and water. The organic
layer was dried over anhydrous Na,SO,. After removal of
the solvent, the residue was recrystallized from EtOH to give
0.43 g (77%) of N-(4-hydroxyphenyl)-N-methyl-4-methyl-
benzenesulfamide (14), mp 136-137°C. "H NMR (CDCl;) &
2.35 (s, 3H), 3.04 (s, 3H), 6.64 (d, ]=8.4 Hz, 2H), 6.82 (d, ]=8.4
Hz, 2H), 7.14 (d, J=8.7 Hz, 2H), 7.36 (d, J=8.7 Hz, 2H). Anal.
(C4H5NOsS) C, H, N.

A mixture of 14 (0.33 g, 1.2 mmol), pyrrolidine (0.33 mL,
4.0 mmol) and a 36%-38% solution of formaldehyde (0.33
mL, 4.4 mmol) in EtOH (3 mL) was refluxed for 4 h. The
solvent was removed on a rotary evaporator, and the crude
product was purified by column chromatography (silica gel,
AcOEt:MeOH:25% NH,OH=9:1:0.05) to give an oil that crystal-
lized upon standing. Recrystallization from EtOH-H,O gave
0.41 g (78%) of 6¢c, mp 78-79°C. 'H NMR (CDCl,) & 1.68-1.88
(m, 8H), 2.38 (s, 3H), 2.43-2.63 (m, 8H), 3.10 (s, 3H), 3.66 (s,
4H), 6.74 (s, 2H), 7.17 (d, J=8.8 Hz, 2H), 7.40 (d, J=8.8 Hz, 2H).
Anal. (C,;H:3N;055) C, H, N.

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxyphenyl]-N-methyl-4-
methoxy-benzenesulfamide (6g)

In the same manner as for the preparation of 14 and 6c, N-(4-
hydroxyphenyl)-N-methyl-4-methoxybenzenesulfamide (15)
was obtained in 95% yield, mp 89-90°C (EtOH). 'H NMR
(CDCl;) 6 3.04 (s, 3H), 3.80 (s, 3H), 6.65 (d, ]=8.4 Hz, 2H), 6.72-
6.89 (m, 4H), 7.41 (d, J=8.7 Hz, 2H). Anal. (C,,H;sNO,S) C, H,
N.

Mannich reaction of 15 gave the product 6g in 78% yield, mp
125-127°C (EtOH-H,0). "H NMR (CDCl,) & 1.69-1.89 (m, 8H),
2.46-2.66 (m, 8H), 3.10 (s, 3H), 3.68 (s, 4H), 3.83 (s, 3H), 6.77
(s, 2H), 6.86 (d, J=8.7 Hz, 2H), 7.46 (d, ]=8.7 Hz, 2H). Anal.
(CxH3N;0,5) C, H, N.

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxyphenyl]-N-methyl-4-chloro-
benzenesulfamide (6j)

In the same manner as for the preparation of 14 and 6c, N-(4-
hydroxyphenyl)-N-methyl-4-chlorobenzenesulfamide (16) was
obtained in 80% yield, mp 162-163°C (Et,0). 'H NMR (CDCls)
63.16 (s, 3H), 6.73 (d, J]=8.6 Hz, 2H), 6.89 (d, ]=8.6 Hz, 2H), 7.55
(m, 4H). Anal. (C;3sH;,NO;SCl) C, H, N, Cl.

Mannich reaction of 16 gave the product 6j in 78% yield, mp
87-88°C (EtOH-H,0). 'H NMR (CDCl;) & 1.69-1.89 (m, 8H),
2.42-2.62 (m, 8H), 3.12 (s, 3H), 3.65 (s, 4H), 6.73 (s, 2H), 7.37 (d,
J=8.7 Hz, 2H), 7.46 (d, J=8.7 Hz, 2H). Anal. (CyH3N,0:SCl)
C, H N, CL

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxyphenyl]-N-methyl-4-
acetamido-benzenesulfamide (6n)

In the same manner as for the preparation of 14 and 6c, N-(4-
hydroxyphenyl)-N-methyl-4-acetamidobenzenesulfamide (17)
was obtained in 77% yield, mp 202-203°C (EtOH). 'H NMR
(CDCl;) 6 2.07 (s, 3H), 3.03 (s, 3H), 6.64 (d, ]=8.4 Hz, 2H), 6.82

(d, J=8.4 Hz, 2H), 7.36 (d, ]=8.8 Hz, 2H), 7.70 (d, ]=8.8 Hz, 2H).
Anal. (C;sH;¢N,O,S) C, H, N.

Mannich reaction of 17 gave the product 6n in 81% yield,
mp 96-97°C (EtOH-H,0). 'H NMR (CDCl;) & 1.67-1.87 (m,
8H), 2.17 (s, 3H), 2.44-2.64 (m, 8H), 3.09 (s, 3H), 3.64 (s, 4H),
6.73 (s, 2H), 7.43 (d, ]=9.0 Hz, 2H), 7.57 (d, J=9.0 Hz, 2H), 8.20
(brs, 1H). Anal. (C»sH3N,O,S -0.5H,0) C, H, N.

N-[3,5-bis(1-pyrrolidylmethyl)-4-hydroxyphenyl]-N-ethyl-4-methyl-
benzenesulfamide (6d)

Using the same procedure as for the preparation of 6a, com-
pound 6d was prepared from 4-ethylamino-2,6-bis(1-pyr-
rolidyl methyl)phenol and 4-toluenesulfonyl chloride in 48%
yield, mp 119-120°C (AcOEt). 'H NMR (CDCly) 6 1.21 (t, J=7.0
Hz, 3H), 1.60-2.12 (m, 8H), 2.51 (s, 3H), 2.68-3.20 (m, 10H),
3.85 (s, 4H), 6.92 (s, 2H), 7.40 (d, J=8.7 Hz, 2H), 7.77 (d, ]=8.7
Hz, 2H). Anal. (C;sH;5N;055) C, H, N.

N-[3,5-bis(1-piperidylmethyl)-4-hydroxyphenyl]-1-naphthalene-
sulfamide (6p)

A mixture of N-(4-hydroxyphenyl)-1-naphthalenesulfonamide
(2.0 g, 6.7 mmol), 37% aqueous formaldehyde (4.5 g, 56
mmol) and piperidine (5.6 g, 66 mmol) in ethanol (100 mL)
was heated to reflux for 12 h. The ethanol was removed by
evaporation under vacuum, and chloroform was added to the
residue. The organic layer was washed with water and dried
over anhydrous Na,SO,. The chloroform was then removed in
vacuo, and the residue was triturated in water to give a solid,
which was recrystallized from ethanol to give the title product
6p (1.4 g 42%), mp 197-198°C. 'H NMR (CDCl;) 6 1.35-1.50
(m, 12H), 2.10-2.21 (m, 8H), 3.28 (s, 4H), 6.45 (s, 2H), 7.24-8.04
(m, 6H), 8.56 (m, 1H). Anal. (C,sH3sN;O5S) C, H, N.

N-[3,5-bis(1-pyrroliylmethyl)-4-hydroxyphenyl]-1-naphthalene-
sulfamide (60)

Compound 60 was prepared by the same procedure as that
used for 6p in 34% yield, mp 181-182°C (EtOH). 'H NMR
(CDCl,) 6 1.52-1.80 (m, 8H), 2.10-2.20 (m, 8H), 3.42 (s, 4H), 6.45
(s, 2H), 7.25-8.00 (m, 6H), 8.55 (m, 1H). Anal. (CyH3N;0,5)
C H,N.
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LLDT-67 attenuates MPTP-induced neurotoxicity in
mice by up-regulating NGF expression
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Aim: To investigate the neuroprotective effects of LLDT-67, a novel derivative of triptolide, in MPTP-induced mouse Parkinson’s disease
(PD) models and in primary cultured astrocytes, and to elucidate the mechanisms of the action.

Methods: In order to induce PD, C57BL/6 mice were injected MPTP (30 mg/kg, ip) daily from d 2 to d 6. MPTP-induced behavioral
changes in the mice were examined using pole test, swimming test and open field test. The mice were administered LLDT-67 (1, 2, or
4 mg/kg, po) daily fromd 1tod 11. On d 12, the mice were decapitated and brains were collected for immunohistochemistry study
and measuring monoamine levels in the striatum. Primary cultured astrocytes from the cortices of neonatal C57BL/6 mouse pups

were prepared for in vitro study.

Results: In MPTP-treated mice, administration of LLDT-67 significantly reduced the loss of tyrosine hydroxylase-positive neurons in
the substantia nigra, and ameliorated the behavioral changes. LLDT-67 (4 mg/kg) significantly increased the expression of NGF in
astrocytes in the substantia nigra and striatum of the mice. Furthermore, administration of LLDT-67 caused approximately 2-fold
increases in the phosphorylation of TrkA at tyrosine 751, and marked increases in the phosphorylation of AKT at serine 473 as
compared with the mice model group. In the cultured astrocytes, LLDT-67 (1 and 10 nmol/L) increased the NGF levels in the culture

medium by 179% and 160%, respectively.

Conclusion: The neuroprotective effect of LLDT-67 can be mostly attributed to its ability to enhance NGF synthesis in astrocytes in the
midbrain and to rescue dopaminergic neurons indirectly through TrkA activation.

Keywords: LLDT-67; triptolide; Parkinson’s disease; MPTP; neuroprotection; dopaminergic neurons; substantia nigra; striatum; NGF;

TrkA
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Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease and is characterized by bradykinesia,
resting tremor, gait disturbance and postural instability. PD
is caused by the progressive degeneration of dopaminergic
neurons in the substantia nigra, which results in the deple-
tion of the neurotransmitter dopamine in the striatum. It has
been proposed that parkinsonian clinical signs appear at the
point when dopaminergic neuronal cell loss exceeds a critical
threshold: 70%-80% of striatal nerve terminals and 50%-60%
of the substantia nigra par compacta perikaryons?. L-dopa
is the most widely used drug for the treatment of PD, but
long-term treatment can produce several adverse side effects.
Therefore, the search for novel drugs for the treatment of PD

*To whom correspondence should be addressed.
E-mail lyfeng@mail.shcnc.ac.cn
Received 2012-05-04 Accepted 2012-05-28

is an important endeavor. Triptolide is one of the major active
components of the Chinese herb Tripterygium wilfordii Hook F.
It is well known that triptolide has anti-inflammatory, immu-
nosuppressive, contraceptive and antitumor properties®>.
Some studies indicate that PD is a chronic neuroinflammatory
process, and triptolide has been found to possess antiparkin-
sonian effects!®’. However, triptolide’s severe toxicity limits
its clinical applications. LLDT-67, which is characterized by
strong biological activity and low toxicity, is a novel derivative

of triptolide.

Materials and methods

Reagents

(5R)-5a-hydroxytriptolide (T8) and LLDT-67 (Figure 1) were
synthesized by Prof Yuan-chao LI of the Department of
Medicinal Chemistry of Shanghai Institute of Materia Medica.
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and
L-dopa were purchased from Sigma Chemical Co (St Louis,
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Figure 1. Structure of LLDT-67.

MO, USA) and dissolved in saline. Anti-tyrosine hydroxylase
(TH) antibodies and anti-glial fibrillary acidic protein (GFAP)
were purchased from Chemicon International (Temecula, CA,
USA). Anti-NGF was purchased from Sigma Chemical Co (St
Louis, MO, USA). Anti-phospho-ERK1/2 and anti-phospho-
AKT (473) antibodies were purchased from Cell Signaling
Technology, Inc (Boston, USA); the anti-p-TrkA (490) antibody
was purchased from Abcam Ltd (Hongkang, China); and
the anti-phospho-TrkA (751) antibody was purchased from
Invitrogen Inc (Carlsbad, CA, USA). All DyLight™488- and
DyLight™59-labeled secondary antibodies were purchased
from Jackson ImmunoResearch Laboratories, Inc (West Grove,
PA, USA). Biotinylated secondary antibodies and avidin-
biotin peroxidase complexes were purchased from Vector
Laboratories (Burlingame, CA, USA). Dopamine (DA) and its
metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC), homo-
vanillic acid (HVA) and 3,4-dihydroxybenzylamine (DHBA),
were purchased from Fluka Chemicals (Switzerland). The
ChemiKine NGF Immunoassay system and the SuperSignal
West Dura Extended Duration Substrate were purchased from
Chemicon (Temecula, CA, USA) and Pierce (Rockford, IL,
USA), respectively.

Animals
Male C57BL/6 mice, weighing 20-22 g, were used in the pres-
ent study. The animals had free access to solid food and water
under standard conditions of temperature, humidity and
lighting. The study was performed in compliance with the
National Research Council’s guidelines and was approved by
the Animal Care and Use Committee of the Shanghai Institute
of Materia Medica, Chinese Academy of Sciences.
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
induced PD in mice at a dose of 30 mg/kg. MPTP was admin-
istered intraperitoneally for five consecutive days starting
from d 2% Three doses of LLDT-67 were administered intra-
gastrically for 11 consecutive days starting fromd 1. On d 12,
the animals were anesthetized and brain tissue was collected.

Behavioral studies

Pole test

The pole test was used to evaluate bradykinesia, a typical
symptom of parkinsonism”'". The mice were placed head up
near the top of a vertical rough-surfaced pole (8 mm in diam-
eter and 55 cm in length). The time it took the mice to turn
around completely and face the floor (time to turn; T-turn)
and the time it took the mice to climb down the pole and place
all four feet on the floor (locomotion activity time; T-LA) were
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recorded with a cutoff limit of 30 s. The test was performed
five times on each mouse.

Swimming test

The mice were forced to swim in an acrylic glass cylinder filled
with water and from which they could not escape. The test
lasted 90 s, and the time that the mice spent swimming was
measured. If the time that mice swimming is over 90 s, then
the measure is stopped and the time is recorded as 90 s.

Open-field test

The open field test is a simple assessment used to determine
general activity levels, gross locomotor activity and explora-
tion habits in mice!"l. The assessment was conducted on the
7th d in one of two square arenas (40 cmx40 cm) enclosed by
a 30-cm wall. Each arena was divided into 16 smaller equal-
sized squares (10 cmx10 cm). Each mouse was placed in the
center of the open-field arena and allowed to move about
freely for 5 min. Four parameters were measured in this
experiment: line crossing (the number of lines crossed), clean-
ing (the number of times the mouse cleaned its fur), hind limb
standing (the number of times the mouse stood on its hind
legs), and inactive sitting (the duration of inactivity measured
in sitting). At the conclusion of each trial, the surface of the
arena was cleaned with 90% ethanol. The evaluation was con-
ducted by an investigator who was unaware of the informa-
tion of grouping and drug administration.

Immunohistochemistry

On d 12, after anesthetization with 10% chloral hydrate, the
mice were perfused with PBS via the intracardiac route, fol-
lowed by 4% paraformaldehyde in PBS. The mice were then
decapitated, and the brains were removed and immersed for
24 h in 4% paraformaldehyde for fixation. Midbrain coronal
sections were then prepared using a cryostat. For DAB stain-
ing, the sections were first rinsed with PBS containing 0.1%
Triton-X and then immersed in a solution of 0.5% H,O, for
30 min. After incubating overnight with anti-TH (1:1000) in
PBS-T containing 10% goat serum at 4 °C, the sections were
washed three times with PBS-T and incubated with a biotiny-
lated secondary antibody in PBS-T for 2 h at room tempera-
ture. The sections were then incubated with an avidin-biotin
peroxidase complex for 1 h. A final incubation with DAB was
performed for visualization. The sections were then washed
with PBS, mounted on aminopropyltriethoxysilane-coated
slides, dried, dehydrated in a graded series of ethanol, cleared
in xylene, and coverslipped. For immunofluorescence stain-
ing, the sections were immersed in a 1% SDS solution and
incubated for 5 min at room temperature. The sections were
then incubated in a serum blocking solution for 1 h. After
incubating overnight with mouse monoclonal anti-GFAP
(1:1000) and anti-NGF (1:1000) in PBS-T containing 10% goat
serum at 4 °C, the sections were washed three times with PBS-
T, incubated with DyLight™488- and DyLight™'59-labeled
secondary antibodies (1:800) and then examined using laser
scanning confocal microscopy (Olympus FV300, IX70).
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HPLC analysis of monoamine neurotransmitter levels in the
striatum

On completion of the study, the mice were deeply anesthe-
tized by administering 10% chloral hydrate and rapidly decap-
itated. Striata were dissected and homogenized by sonication
in an ice-cold processing solution (0.2 mol/L perchloric acid,
0.2 mmol/L sodium pyrosulfite, and 0.01% EDTA-2Na). The
homogenate was centrifuged at 17000xg for 15 min at 4°C.
The supernatant was analyzed for dopamine and its metabo-
lites, DOPAC and HVA, using reverse-phase HPLC coupled
to an electrochemical detector (EC). The mobile phase con-
sisted of 40 mmol/L sodium acetate, 15 mmol/L citric acid,
0.25 mmol/L sodium octanesulfonate, 0.2 mmol/L EDTA-
2Na, and 16% methanol (pH 4.3). The filtered supernatant
was introduced into the autosampler carrousel (Agilent 1100)
with a flow rate of 1 mL/min using a C18 column (DIKMA).
The concentrations of DA and its metabolites were quantified
using a standard curve, generated by determining the ratio
between the known concentration of amines and the concen-
tration of an internal standard of DHBA, and expressed in
units of pg/g of wet weight.

Primary astrocyte culture

Astrocytes were prepared from the brains of 1- to 2-d-old neo-
natal C57BL/6 mouse pups, as described previously by Menet
et al'?, Briefly, brain tissues were trypsinized for 15 min, dis-
sociated by gentle trituration, and plated at a density of 5x10”
cells per 75-cm’flask (Corning, USA) in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% heat-inactivated
FBS. Cells were maintained in a complete culture medium
for 7 d. Between the 8th and 12th d, the cultures were shaken
to remove the top layer of cells sitting on top of the astro-
glial monolayer to yield mainly type-1 astrocytes with a flat
morphology. Before experimental treatments, the cultures of
astrocytes were passaged twice. Cells were allowed to reach
90% confluence. To investigate the effects of LLDT-67 on NGF
expression, astrocytes were maintained in serum-free DMEM
and treated with various concentrations of LLDT-67 for the
indicated incubation times. Untreated cells were used as con-
trols.

Enzyme-linked immunosorbent assay (ELISA) for measuring NGF
NGF was detected with the ChemiKine NGF Immunoassay
system (Chemicon) according to the manufacturer’s instruc-
tions. Brain tissue was homogenized in an ice cold homog-
enization buffer consisting of 100 mmol/L Tris/HCI, pH 7.0,
1 mol/L NaCl, 4 mmol/L EDTA-2Na, 2% Triton X-100, 0.1%
sodium azide and protease inhibitors (Sigma) at the following
concentrations: 5 pg/mL aprotinin, 0.5 pg/mL antipain, 157
pg/mL benzamidine, 0.1 pg/mL pepstatin A and 17 pg/mL
phenylmethylsulphonyl fluoride. The homogenate was cen-
trifuged at 14000xg for 30 min. The resulting supernatant and
mouse astrocyte primary culture medium were used in the
NGF assay. Protein concentrations in the supernatant were
measured using the mini-Bradford Coomassie Blue colorimet-
ric assay (Bio-Rad). In using the NGF ELISA kit, sheep poly-

clonal antibodies generated against mouse NGF were coated
onto a microplate and used to capture NGF from the sample.
The sample was incubated overnight at 4°C. After washing
the microplate with wash buffer, NGF-specific mouse mono-
clonal antibodies were added and incubated at room tempera-
ture for 2 h. After washing the plate a second time, mouse-
specific donkey polyclonal antibodies were added, labeled
with peroxidase, and incubated at room temperature for 2 h.
After the addition of the substrate and the stop solution, the
optical density was measured at 450 nm using a plate reader.

Western blot analysis

The substantia nigra of decapitated mice were lysed in RIPA
lysis buffer and loaded onto a 12% SDS-polyacrylamide gel for
electrophoresis. The proteins were transferred onto a polyvi-
nylidene difluoride (PVDF) membrane and incubated with the
primary antibodies p-ERK1/2 (1:1000), p-AKT (473) (1:1000),
p-TrkA (490) (1:500), and p-TrkA (751) (1:1000, Invitrogen).
After washing, the blot was incubated with peroxidase-conju-
gated secondary antibodies and developed with a SuperSignal
West Dura Extended Duration Substrate (Pierce). The bands
were digitized, and the optical densities were analyzed using
Image-J 1.38.

Statistical analysis

The data are presented as the mean+SEM. Significant differ-
ences were determined by paired Student’s t-test or one-way
analysis of variance (ANOVA) followed by Dunnett’s post hoc
comparison. In all cases, the differences were considered sta-
tistically significant if P<0.05.

Results

Effect of LLDT-67 on MPTP-induced motor deficits

To ascertain the effect of LLDT-67 on MPTP mouse models,
subacute MPTP PD models were used for evaluating the effi-
cacy of LLDT-67. LLDT-67 was administered to C57BL/6 mice
(1, 2, and 4 mg/kg, po) for 11 d, and the mice were injected
with MPTP every day from d 2 until d 6. MPTP injections
resulted in significant motor deficits as evaluated by the pole
test. Administration of MPTP caused a 33.8-fold increase in
the time to turn (T-turn) and a 3.9-fold increase in the locomo-
tion activity time (T-LA), compared with untreated controls.
The results were statistically significant (P<0.01). Treatment
with LLDT-67 significantly reduced the T-turn, but it did not
have a significant effect on the T-LA (Figure 2A). We also
used the swimming test to evaluate the efficacy of LLDT-67.
Swimming time was reduced by 42.6% in MPTP-treated mice,
compared with untreated controls (P<0.01). LLDT-67 (1 and
4 mg/kg) increased the swimming time significantly (Figure
2B). As for the open-field test, MPTP noticeably reduced the
frequency of line crossing and increased the time of inactive
sitting, compared with untreated controls (P<0.001 and P<0.01,
respectively). Treatment with LLDT-67 greatly reduced the
magnitude of the MPTP-induced changes in locomotor activity
(Figure 2C).

Acta Pharmacologica Sinica
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Figure 2. Effect of LLDT-67 on MPTP-induced behavioral changes in mice. (A) Pole test results. (B) Swimming test results. (C) Open-field test results.
Each column represents the mean+SEM of the results from 12 mice. °P<0.05, °P<0.01 compared with the control group. °P<0.05, °P<0.01 compared
with the model group (one-way ANOVA followed by Dunnett’s post hoc comparison).

Effect of LLDT-67 on MPTP-induced dopaminergic neuro- largely lost (Figure 3B). Treatment with LLDT-67 significantly
degeneration reduced the loss of dopaminergic neurons in the SNc (Figure
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dopaminergic neurodegeneration, sections of substantia nigra tive effect when administered to mice with MPTP-induced PD.
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neurons in the substantia nigra compacta zone (SNc) were each experimental group were analyzed for dopamine and

H |
61 O Normal 6 c
£ 4l = MPTP 5
o o MPTP+L-dopa (10 mg/kg) <
5 41 8 MPTP+T8 (0.05 mg/kg) g 4
P o MPTP+LLDT-67 (1 mg/kg) g
<5 37 8 MPTP+LLDT-67 (2 mg/kg) T3 R
5 2 ) f . B MPTP+LLDT-67 (4 mg/kg) ‘g’ 5 B2
1 s B
E2 8
2= 4] K ~ 1 kXA
S K< R
o 53 e
0. 53 0 %%%

Figure 3. Effect of LLDT-67 on MPTP-induced dopaminergic neuronal loss in the SNc¢ and dopamine-content reduction in the striatum. (A-G)
Results of TH histoimmunochemistry, bar=200 ymol/L. x100. (A) Normal; (B) MPTP; (C) MPTP+L-dopa (10 mg/kg); (D) MPTP+T8 (0.05 mg/kg); (E)
MPTP+LLDT-67 (1 mg/kg); (F) MPTP+LLDT-67 (2 mg/kg); (G) MPTP+LLDT-67 (4 mg/kg); (H, I) Results of HPLC analysis of the DA content in the striatum.
Each column represents the mean+SEM of the results from six mice. °P<0.05, °P<0.01 compared with the control group; °P<0.05, P<0.01 compared
with the model group (one-way ANOVA followed by Dunnett’s post hoc comparison).
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its metabolites, DOPAC and HVA. The samples were ana-
lyzed using reverse-phase HPLC coupled to an electrochemi-
cal detector (EC). The results indicate that MPTP decreased
the dopamine content of the striatum by approximately 80%,
whereas LLDT-67 significantly increased the striatal dopamine
content compared with the model group. The increased ratio
of DOPAC+HVA to DA is indicative of an increase in the DA
metabolic rate, which is commonly associated with partial
neuronal damage. This result indicates that LLDT-67 can slow
down the DA metabolic rate in injured neurons and exert a
neuroprotective effect (Figure 3H, 3I).

LLDT-67 increases NGF expression in astrocytes of the SNc of
MPTP-treated mice

To understand the mechanisms underlying the neuroprotec-
tive effect of LLDT-67 on mice with MPTP-induced PD, we
used fluorescent immunohistochemistry to measure NGF
expression in MPTP-treated mice. The results indicate that
NGF and GFAP colocalized in astrocytes, and LLDT-67
increased NGF expression in astrocytes of the SNc as shown
in Figure 4. In the SNc, 2 mg/kg of LLDT-67 significantly
increased the expression of NGF in astrocytes, whereas doses
of 1 mg/kg and 4 mg/kg only caused a small increase in NGF
expression.

LLDT-67 increases the NGF content in the SN and striatum of
MPTP-treated mice

We measured NGF concentrations in the SN and the striatum
of MPTP-treated mice by performing an ELISA assay. We
found that LLDT-67 markedly increased the NGF content in
the SN and the striatum of MPTP-treated mice. As shown in
Figure 5A and 5B, treatment with a low or moderate dose of
LLDT-67 significantly increased NGF concentrations. Inter-
estingly, T8 and L-dopa were ineffective in promoting NGF
expression (Figure 5A and 5B).

Effect of LLDT-67 on NGF secretion by mouse astrocytes

To confirm the effect of LLDT-67 on NGF secretion in astro-
cytes, we purified astrocytes from the brains of newborn
C57BL/6 mice and cultured the astrocytes in the presence of
LLDT-67 (1x10™"-1x107 mol/L) for 48 h. NGF levels in the
culture medium were measured using an ELISA assay. LLDT-
67 treatment increased the NGF levels to some extent in a
dose-dependent manner. Notably, 1x10° and 1x10° mol/L
LLDT-67 increased the NGF levels in the culture medium by
approximately 160% and 179%, respectively, compared with
controls (Figure 5C).

Effect of LLDT-67 on the phosphorylation of the TrkA tyrosine
751 site and AKT in the SN

To study the mechanism of action of LLDT-67 in promoting
neuronal survival, we examined several proteins of the NGF
signaling pathway. The results indicate that LLDT-67 can acti-
vate TrkA in the SN of mice. Therefore, we set out to deter-
mine whether TrkA signaling could be activated by three dif-
ferent doses of LLDT-67 in the mouse brain. Phosphorylation

of TrkA on the 751 site was observed. The results indicate that
LLDT-67 increased the phosphorylation of the tyrosine 751 site
of TrkA in a dose-dependent manner (Figure 6A). Phospho-
rylation of AKT (Ser473) paralleled that of the TrkA receptors
as shown in Figure 6B. We have demonstrated that LLDT-67
indirectly activates NGF-signaling pathways leading to PI3-
kinase activation by directly increasing NGF expression. No
changes were observed in the phosphorylation of TrkA-490
and its downstream protein, ERK1/2 (data not shown).

Discussion

To date, triptolide’s mechanism of action has remained largely
elusive. Recently, Liu et al™ reported that triptolide cova-
lently binds to human XPB (also known as ERCC3), a subunit
of the transcription factor TFIIH, and inhibits its DNA-depen-
dent ATPase activity, which leads to the inhibition of RNA
polymerase II-mediated transcription and likely nucleotide
excision repair. Yu et al' also found that triptolide inhibits
global transcription in cancer cells by induction of phospho-
rylation and subsequent proteasome-dependent degradation
of RNA polymerase II (Rpbl), resulting in global gene tran-
scription. Meanwhile triptolide’s anti-proliferative and pro-
apoptotic effects have been reported as being caused by the
inhibition of nuclear factor-kappaB (NF-xB) and nuclear factor
of activated T-cells-mediated (NFAT-mediated) transcription
and the suppression of HSP70 expression™>"7,

In this report, we demonstrate for the first time that LLDT-
67, a novel derivative of triptolide, has a potent and specific
effect on the expression of NGF in astrocytes in vitro and in
vivo, which suggests that LLDT-67 can potentially serve as a
neuroprotective agent in the treatment of neurodegenerative
diseases. NGF is critical for the survival and maintenance of
sympathetic and sensory neurons. Without it, these neurons
undergo apoptosis'®. NGF causes axonal growth. Studies
have shown that it stimulates axonal branching and elonga-
tion™. NGF binds to the high-affinity tyrosine kinase recep-
tor TrkA. TrkA is then phosphorylated, and this leads to the
activation of the phosphatidylinositol-3 kinase (PI3K) and
PLC signaling pathways. One major pathway leads to the
activation of AKT. This pathway begins with the Trk recep-
tor complex recruitment of a second adaptor protein called
growth factor-receptor bound protein-2 (Grb2) along with
a docking protein called Grb2-associated Binder-1 (GABI).
Subsequently, PI3K is activated, which leads to AKT kinase
activation®™. Some studies have shown that inhibiting PI3K
or AKT activity results in the death of sympathetic neurons in
cultures, regardless of NGF presence.

Preclinical and clinical findings suggest that neurotrophins
are a promising treatment for peripheral neuropathies® and

[23

neurodegenerative diseases, such as Alzheimer’s” and Par-

kinson’s disease!®.

However, neurotrophins do not make
good drug candidates because of their poor pharmacokinetic
properties and poor bioavailability at desired targets. One
of the major hurdles for neurotrophin therapy is the inabil-
ity of peptide hormones to cross the blood-brain barrier™ >,

Peripheral administration of peptide hormones only leads to a

Acta Pharmacologica Sinica
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Figure 4. Effect of LLDT-67 on NGF expression in astrocytes of the SNc of MPTP-treated mice. bar=30 ym. x400.

small increase in their intracerebral concentration. Therefore,
much effort has been devoted to the search for complicated
methods of delivery™ !

small molecule neurotrophin mimics that can elicit the desired
[29]

and the development of nonpeptidyl

neuroregenerative responses

Our data show that LLDT-67 can up-regulate NGF expres-
sion in astrocytes and that PI3K signaling downstream of TrkA
contributes to the neuroprotective effects of NGF. The PI3-
kinase signaling pathway plays a greater role than the MAPK

Acta Pharmacologica Sinica

pathway in neuronal survival® **3. The MAPK pathway,
however, is essential for NGF-induced neurogenesis®. This
fact may explain why LLDT-67 is more effective in promot-
ing survival than it is in stimulating differentiation because
LLDT-67 is a potent activator of AKT but a weak activator of
ERK. A low dose of LLDT-67 (1-2 mg/kg) is more effective at
activating AKT than a higher dose (4 mg/kg). This result may
partially explain the ability of LLDT-67 to attenuate the neuro-
degeneration induced by MPTP.



O Normal
W MPTP

www.chinaphar.com
Wu DD et al

1193

0 MPTP+L-dopa (10 mg/kg)
B MPTP+T8 (0.05 mg/kg)

>

& MPTP+LLDT-67 (1 mg/kg) C

® MPTP+LLDT-67 (2 mg/kg)

50

,,v
<
XXX

500%0%5%
KKK

s
o
55

gl

s
<X
S
229

SRR
XS
KKK

%

R

XX
o9

X

0%
&

NGF (pg/mg protein)
N
o

NGF (pg/mg protein)

RRIIER
RRRR

X
%
R

90 c 601 B MPTP+LLDT-67 (4 mg/kg) b 40
o]

NGF (pg/mL)

: 30
| 25
5 20
! 15
] 10
K °

c
b
Control 7 8 9 10 11
LLDT-67 concentration (-Ig mol/L)

o

Figure 5. Effect of LLDT-67 on the NGF content in the SN and striatum of MPTP-treated mice and NGF secretion from primary astrocytes. (A) Results
of the ELISA assay measuring the NGF content in the SN. (B) Results of the ELISA assay measuring the NGF content in the striatum. Each column
represents the mean+SEM of the results from 6 mice. "P<0.05, °P<0.01 compared with MPTP-treated mice. (C) Results of the ELISA assay measuring
NGF secretion from primary astrocytes. Each column represents the mean+SEM of six measurements. °P<0.05, °P<0.01 compared with control (one-way

ANOVA followed by Dunnett’s post hoc comparison).

A B

D-TrKA (7571) W s e “ Y e ———

TR o —— — 0 IS D -

1.0
0.8
0.6
0.4
0.2
0.0

%%
ke
ke
5
%%
S
%
K2

z,.
p-AKT/AKT

TRZS

p-TrkA (751)/TrkA

3%

Normal

MPTP

MPTP+L-dopa (10 mg/kg)
MPTP+T8 (0.05 mg/kg)
MPTP+LLDT-67 (1 mg/kg)
MPTP+LLDT-67 (2 mg/kg)
MPTP+LLDT-67 (4 mg/kg)

XARRIRXRR:
KGRESKRKX
K KRKHKKK

[ME:RsNIR=] Ju]

v
$o%%s
o

RS

R
R
P>
" A:.

Figure 6. Effect of LLDT-67 on the phosphorylation of the TrkA tyrosine 751 site and AKT in the SN. (A) Effect of LLDT-67 on the phosphorylation of
the TrkA tyrosine 751 site in the SN of MPTP-treated mice. Each column represents the mean+SEM of the results from six mice. °P<0.05, °P<0.01
compared with MPTP-treated mice (one-way ANOVA followed by Dunnett’s post hoc comparison). (B) Effect of LLDT-67 on the phosphorylation of AKT
in the SN of MPTP-treated mice. Each column represents the mean+SEM of the results from six mice (one-way ANOVA followed by Dunnett’s post hoc

comparison).

In conclusion, our study demonstrates that LLDT-67 pos-
sesses potent neutrophic effects and protects dopaminergic
neurons from degeneration induced by MPTP. Immunohis-
tochemistry staining and ELISA data show that LLDT-67 can
stimulate the expression of NGF, which may contribute to its
neuroprotective effects. We propose that LLDT-67 may be a
promising drug for the treatment of Parkinson’s disease.
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Emodin, an 11p3-hydroxysteroid dehydrogenase type
1 inhibitor, regulates adipocyte function in vitro and
exerts anti-diabetic effect in ob/ob mice

Yue-jing WANG, Su-ling HUANG, Ying FENG, Meng-meng NING, Ying LENG*

State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203,
China

Aim: Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is a potent and selective inhibitor of 11B-hydroxysteroid dehydrogenase type 1
(11B-HSD1) with the ability to ameliorate metabolic disorders in diet-induced obese mice. In the present study, we investigated the
effects of emodin on adipocyte function and the underlying mechanisms in vitro, and its anti-diabetic effects in ob/ob mice.

Methods: 3T3-L1 adipocytes were used for in vitro studies. 11B-HSD1A activity was evaluated with a scintillation proximity assay.

The adipogenesis, glucose uptake, lipolysis and adiponectin secretion were investigated in 3T3-L1 adipocytes treated with emo-

din in the presence of active (corticosterone) or inactive glucocorticoid (11-dehydrocorticosterone). For in vivo studies, ob/ob mice
were administered emodin (25 and 50 mgkg®d™?, ip) for 26 d. On the last day of administration, the serum was collected and the
mesenteric and perirenal fat were dissected for analyses.

Results: Emodin inhibited the 113-HSD1 activity in 3T3-L1 adipocytes in concentration- and time-dependent manners (the ICs, values
were 7.237 and 4.204 umol/L, respectively, after 1 and 24 h treatment. In 3T3-L1 adipocytes, emodin (30 umol/L) suppressed
11-dehydrocorticosterone-induced adipogenesis without affecting corticosterone-induced adipogenesis; emodin (3 pmol/L) reduced
11-dehydrocorticosterone-stimulated lipolysis, but had no effect on corticosterone-induced lipolysis. Moreover, emodin (3 umol/L)
partly reversed the impaired insulin-stimulated glucose uptake and adiponectin secretion induced by 11-dehydrocorticosterone but not
those induced by corticosterone. In ob/ob mice, long-term emodin administration decreased 11p3-HSD1 activity in mesenteric adipose

tissues, lowered non-fasting and fasting blood glucose levels, and improved glucose tolerance.
Conclusion: Emodin improves the inactive glucocorticoid-induced adipose tissue dysfunction by selective inhibition on 113-HSD1 in

adipocyte in vitro and improves glycemic control in ob/ob mice.

Keywords: emodin; 11B-hydroxysteroid dehydrogenase type 1; adipocyte; glucocorticoid; type 2 diabetes; ob/ob mice

Acta Pharmacologica Sinica (2012) 33: 1195-1203; doi: 10.1038/aps.2012.87; published online 27 Aug 2012

Introduction

Adipose tissue plays a key role in regulating energy balance
and glucose homeostasis. As an energy storage depot, adipose
tissue responds to the body’s metabolic signaling by regulat-
ing lipid storage and mobilization. Adipocytes release free
fatty acid (FFA) as a nutrient source when glucose is limiting,
whereas they store abundant energy as triglycerides in energy
excess states. Insulin resistance can elevate the FFA level, and
excessive FFA induces a deterioration in the metabolic state
by accelerating liver glucose output and by inhibiting glucose
uptake by peripheral tissues and the generation of reactive
oxygen system (ROS), which, in turn, aggravates insulin resis-
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Received 2012-05-01 Accepted 2012-05-28

tance'. Adipose tissue is an endocrine organ that releases sev-
eral adipokines, such as leptin, adiponectin, visfatin, omentin,
and resistin, to regulate glucose homeostasis and whole body
insulin sensitivity M Thus, adipocyte dysfunction is thought
to be involved in the pathogenesis of obesity and metabolic
diseases such as type 2 diabetes.

Glucocorticoid (GC) is an insulin-antagonizing hormone
that stimulates hepatic glucose production and suppresses
insulin-mediated glucose uptake in peripheral tissues such
as adipose tissue and skeletal muscle. Glucocorticoid excess,
which is well-characterized in Cushing’s syndrome, produces
central obesity and several clinical features associated with
insulin resistance, such as type 2 diabetes, dyslipidemia, and
hypertension®. The action of glucocorticoid on target tissue is
determined not only by the circulating glucocorticoid level but
also by the local glucocorticoid activation, which is regulated
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by the 113-hydroxysteroid dehydrogenase type 1 (11p-HSD1)
and 11p-HSD2. 11B-HSD1, which is highly expressed in the
liver, adipose tissue, gonads and brain, catalyze the activa-
tion of glucocorticoid (cortisol in human and corticosterone in
rodents) from inactive 11-kero steroids (cortisone in human
and 11-dehydrocorticosterone in rodents). This process ampli-
fies local glucocorticoid action, whereas 11p3-HSD2 is predomi-
nantly expressed in aldosterone-sensitive target tissues (in the
kidney, colon, salivary glands and placenta) and catalyzes the
opposite reaction”,

Excess glucocorticoid in adipocytes decreases insulin-
induced glucose uptake, promotes FFA secretion and affects
adipokine profiles, thus causing insulin resistance”. There-
fore, 113-HSD1 is expected to play an important role in the
regulation of glucose and lipid metabolism in adipose tis-
sue. Several human studies have reported two- to three-fold
increases in 11p-HSD1 activity in the adipose tissue of obese
individuals, and the expression of 11p-HSD1 in adipose tis-
sue was positively correlated with the degree of obesity™® .
The contribution of 113-HSD1 to the development of insulin
resistance and obesity has been further confirmed in animal
studies. Mice overexpressing adipose-specific 113-HSD1
showed increased corticosterone in adipose tissue and devel-
oped insulin resistance, central obesity, hyperlipidemia, and
other features of metabolism syndrome!®”, whereas mice over-
expressing liver-specific 11p-HSD1 only showed mild insulin
resistance and dyslipidemia™. 118-HSD1 knockout mice
showed improved glucose tolerance, an elevated HDL, and
protection from weight gain during a high-fat diet""*. More-
over, overexpressing 113-HSD?2 to inactivate glucocorticoid in
the adipose tissue of mice caused decreased food intake and
improved glucose tolerance and insulin sensitivity under con-
ditions of a high-fat diet™. Considering the above findings,
the pharmacological inhibition of 113-HSD1, especially in adi-
pose tissue, could be a therapy for type 2 diabetes or metabolic
diseases.

Emodin is an anthraquinone compound isolated mainly
from the root and rhizome of Rheum palmatum. It demon-
strates a variety of biological activities, such as anti-virus
activities, anti-tumor activities, anti-inflammatory activities,
and immune suppression, and it can also serve as a potential
agent in therapy for liver cirrhosis, diabetic nephropathy and
atherosclerosis>. Our previous study showed that emodin
is a potent and selective 113-HSD1 inhibitor and can amelio-
rate metabolic disorders in diet-induced obese mice®. In the
present study, we investigated the effect of emodin on adipo-
cyte function and the underlying mechanisms involving inhi-
bition of 11p-HSD1. The anti-diabetic effect of emodin was
also investigated in ob/ob mice, a genetic animal model of type
2 diabetes.

Materials and methods

Materials

Emodin was purchased from Nanjing Zelang Medical Technol-
ogy Co Ltd (Nanjing, China). Corticosterone, dexamethasone,
insulin, glycyrrhetinic acid and 3-isobutyl-1-methylxanthine
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were purchased from Sigma (St Louis, MO, USA). 11-Dehy-
drocorticosterone was purchased from Steraloids (Newport,
RI, USA). Fetal bovine serum (FBS), penicillin/streptomycin,
HEPES and high glucose Dulbecco’s modified Eagle’s medium
(DMEM) were purchased from GibcoBRL (Grand island, NY,
USA). TRIzol Reagent was purchased from Invitrogen (Carls-
bad, CA, USA). The M-MLYV reverse transcriptional enzyme
and SYBR® Premix Ex Taq™ were obtained from Takara
(Dalian, China). All the primers were synthesized by Sangon
Corporation (Shanghai, China). [1,2-(n)’H]-Cortisone was
obtained from Amersham (Buckinghamshire, UK). SPA beads
were purchased from GE (Piscataway, NJ, USA). SuperBlock
Blocking Buffer was obtained from Pierce (Rockford, IL, USA).
The murine monoclonal anti-cortisol antibody was purchased
from East Coast Biologics (North Berwick, ME, USA).

3T3-L1 cell culture and differentiation

3T3-L1 preadipocytes were cultured and differentiated as
previously described™. In brief, 3T3-L1 preadipocytes were
maintained at ~70% confluence in DMEM supplemented
with 10% FBS, 25 mmol/L glucose and antibiotics (DMEM/
FBS). Cells were grown for 2 d post-confluence and cultured
in DMEM/FBS supplemented with 1 pmol/L insulin, 0.25
pmol/L dexamethasone, and 0.5 mmol/L 3-isobutyl-1-meth-
ylxanthine for 3 d. The medium was replaced with DMEM/
FBS supplemented with only 1 pmol/L insulin for 3 d and
then DMEM/FBS alone for 2 d. Cytoplasmic triacylglycerol
droplets were visible on d 5 after initiation of differentiation.
The differentiated cells were used when ~90% of the cells
showed an adipocyte phenotype.

11B-HSD1 enzyme activity assay

The reductase activity of 113-HSD1 in intact 3T3-L1 adipo-
cytes was determined by measuring the rate of conversion of
cortisone to cortisol. 3T3-L1 adipocytes were incubated for 1 h
at 37°C in serum-free DMEM containing 6.25 nmol/L [1,2-(N)
*H]-cortisone and different concentrations of emodin, accord-
ing to experimental design, and 0.1% DMSO was set as the
vehicle control. To explore the effect of emodin on 113-HSD1
reductase activity after 24 h of treatment, the adipocytes were
pretreated with emodin for 23 h before incubation. At the end
of the incubation, 80 pL of medium was pipetted into a trans-
parent bottom 96-well plate, and 35 pL of SuperBlock Blocking
Buffer containing 10 g/L of protein A-coated yttrium silicate
beads and 3 mg/L of anti-cortisol antibodies was added. The
mixtures were shaken in the dark for 2 h and then used for lig-
uid scintillation readings.

Adipogenesis measurement

To observe the effect of emodin on adipocyte adipogenesis,
3T3-L1 preadipocytes were initiated to differentiate with 1
pmol/L insulin, 0.5 mmol/L IBMX and different types of
glucocorticoids (0.25 pmol/L dexamethasone, 0.25 umol/L
11-DHC or 0.25 pmol/L corticosterone). The emodin or
vehicle control containing 0.1% DMSO was added on the first
day of differentiation, and the medium was changed every
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2 d until d 8. The triglyceride content of cells was measured
on d 8. After washing with ice-cold PBS, the adipocytes were
collected and sonicated in distilled water. The triglyceride
content of the cell lysate was measured using the GPO-PAP
method, and the absorbance was monitored at 546 nm in a
spectrophotometer.

Glucose uptake

3T3-L1 adipocytes were pretreated with 3 pmol/L emodin
for 2 h and then incubated with 10 nmol/L corticosterone,
10 nmol/L 11-DHC or 0.1% ethanol for another 24 h. The
medium containing 0.1% DMSO was used as the vehicle. At
the last 0.5 h of treatment, glucose uptake was determined.
The adipocytes were washed twice with pre-warmed (37°C)
PBS and incubated with Krebs-BSA buffer (140 mmol/L NaCl,
5 mmol/L KCI, 2.5 mmol/L MgSO,, 1 mmol/L CaCl,, 20
mmol/L HEPES, and 0.5% BSA, pH 7.4) with or without insu-
lin (basal state) for 25 min, followed by the addition of 0.05
mmol/L 2-deoxy-D-glucose and 1.85x10* Bq/mL 2-deoxy-
D-[1,2-*H]glucose for 5 min. The assay was terminated by
washing the cells three times with ice-cold PBS. The cells were
solubilized with 0.1% Triton X-100, and radioactivity was
determined in a liquid scintillation counter (Beckman LS6500,
Fullerton, CA, USA). Total cellular protein concentration was
measured by the Bradford method (BioRad, Richmond, CA,
USA). Glucose uptake assays were performed in duplicate at
least three times.

Lipolysis

3T3-L1 adipocytes were pretreated with 3 pmol/L emodin
or 0.1% DMSO for 2 h and then incubated with 10 nmol/L
corticosterone, 10 nmol/L 11-DHC or 0.1% ethanol in phenol-
red free DMEM for another 48 h. The medium was collected,
and the free glycerol (index of lipolysis) was measured using a
Free Glycerol Determination Kit (Sigma, St Louis, MO, USA).

Adiponectin release

3T3-L1 adipocytes were pretreated with 3 pmol/L emodin
or 0.1% DMSO for 2 h in serum-free DMEM and were then
incubated with 50 nmol/L corticosterone, 50 nmol/L 11-DHC
or 0.1% ethanol for another 48 h. After treatment, the cell
medium was collected and added to 5xLaemmli Buffer. The
medium was then degenerated at 56 °C for 20 min. Equal
amounts of the medium were subjected to 10% SDS polyacryl-
amide gel electrophoresis, and the separated proteins were
transferred to polyvinylidene difluoride membranes. Then,
the membranes were blocked for 1 h with 7.5% non-fat milk
at room temperature and incubated with an antibody against
adiponectin (R&D, MN, USA) at 4°C. After overnight incu-
bation with the primary antibody, the blots were repeatedly
washed in 0.1% TBS-Tween and incubated with a 1:10000
dilution of an HRP-conjugated secondary antibody in 0.1%
TBS-Tween for 1 h. Following further washes, proteins were
detected using an ECL Plus Western Blotting Detection Sys-
tem (Amersham, Arlington Heights, IL, USA) and quantified
by densitometry.

Animals and treatments

B6.V-Lep®/Lep™ (objob) mice and their lean littermates®* (from
Jackson Laboratory, Bar Harbor, ME, USA) were bred at the
Shanghai Institute of Materia Medica (SIMM), Chinese Acad-
emy of Sciences. The animals were maintained under a 12-h
light-dark cycle with free access to water and food. The ani-
mal experiments were approved by the Animal Care and Use
Committee, Shanghai Institute of Materia Medica, Chinese
Academy of Sciences.

Based on fasting blood glucose values (first criterion) and
initial body weights (second criterion), the ob/ob mice were
assigned to four groups. The ob/ob mice were subjected to
intraperitoneal injection treatment twice daily with the vehicle
(0.5% Tween 80), emodin (25 mg/kg) or emodin (50 mg/kg)
for 26 d. We subjected the fourth group of ob/ob mice to pair
feeding (providing the mice each day with the amount of food
eaten by the freely fed mice treated with 50 mg/kg of emo-
din) on d 7. The lean mice were treated with the vehicle (0.5%
Tween 80). The blood glucose levels were measured via blood
drops obtained by clipping the tail of the mice using a ONE
TOUCH BASIC plus Glucose Monitor (Lifescan, Milpitas, CA,
USA). The food intake and body weight of the animals were
recorded every 3 d. A glucose tolerance test was performed
for mice deprived of food for 5 h (2.5 g/kg of glucose admin-
istered by gavage) on d 20 of the treatment. On the last day of
administration, the mice were anaesthetized with an ip injec-
tion of sodium pentobarbital (40 mg/kg). The serum was col-
lected for the determination of triacylglycerol, cholesterols and
the non-esterified free fatty acid (NEFA) concentration. The
mesenteric and perirenal fat were dissected, weighed, imme-
diately frozen in liquid nitrogen and stored at -80°C.

Real-time PCR

The mesenteric fat was homogenized in TRIZOL solution,
and the total mRNA was extracted following the manufac-
turer’s instructions. One microgram of total mRNA was
reverse-transcribed in a 20-pL reaction mixture containing 4
pL 5xPrimeScript Buffer, 1 pL Primescript RT Enzyme Mix I,
1 pL Random 6 mers (100 pmol/L), 1 pL Oligo dT Primer (50
pmol/L), and 11 pL RNAse-free H,O. The mixture was incu-
bated at 37°C for 15 min, then at 85°C for 5s. Then, real-time
PCR was performed in an ABI 7500 Fast Real-Time PCR Sys-
tem (Applied Biosystems, CA, USA) using the SYBR® Premix
Ex Taq™, and 2 pL of cDNA was amplified in a 25-pL reaction
mixture containing 12.5 puL of the SYBR Premix Ex Taq, 0.5 pL
of the forward primer (10 pmol/L), 0.5 pL of the reverse prim-
ers (10 pmol/L), 0.5 pL of the ROX Reference Dye II, and 9 pL
of dH,O. The amplifications were as follows: 95°C for 30 s,
followed by 40 cycles at 95°C for 5 s, 57°C for 20 s, and 72°C
for 15 s. The forward and reverse primers for adiponectin
are 5’-AATCATTATGACGGCAGCAC-3" and 5-CCAGATG-
GAGGAGCACAGAG-3, respectively; those for PPARy are
5-GGCCATCCGAATTTTTCAAG-3" and 5-GGGATATTTTT-
GGCATACTCTGTGA-3, respectively; and those for B-actin
are 5’-TGCTGTCCCTGTATGCCTCTG-3" and 5 -TTGAT-
GTCACGCACGATTTCC-3, respectively. The reverse-tran-
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scribed cDNA samples were amplified, and cycle threshold
(C,) values were determined. The mRNA levels of adiponectin
were normalized to the mRNA levels of the housekeeping

244 was used

gene P-actin. The comparative C; method (
to analyze the differences in the level of adiponectin mRNA

between each group.

11B-HSD1 activity assay in mesenteric fat

A weight of 200 mg of mesenteric fat was homogenized in
200 pL of cold homogenization buffer (20 mmol/L Na,HPO,,
5% glycerol, 1 mmol/L EDTA, pH 7.0) at 4°C. The protein
concentration of homogenate was determined using the Brad-
ford method. A total of 10 pg of homogenate was pipetted
into 96-well microtitre plates, and 70 pL of buffer (25 nmol/L
[1,2-(N)’H]-cortisone, 1.25 mmol/L NADPH and 150 mmol/L
HEPES, pH 7.4) was added. The microtitre plates were shaken
in the dark at 37°C at 140 rounds per minute for 1 h. Then,
35 pL of SuperBlocking buffer (10 g/L of protein A-coated
yttrium silicate beads, 3 g/L of anti-cortisol antibody and 314
pmol/L of glycyrrhetinic acid) was added. After shaking for
another 2 h, the amount of [1,2-(N)’H]-cortisol generated in
the 113-HSD1 reaction was captured by beads and determined
in a microplate liquid scintillation counter.

Statistical analysis

The results are expressed as the mean+SEM. The differences
between the two groups were analyzed by Student’s t-test.
Statistical analysis was carried out using the Prism program
from GraphPad Software. Values of P<0.05 were considered
statistically significant.

Results

Emodin inhibited 11p3-HSD1 activity in 3T3-L1 adipocytes
Emodin showed strong inhibitory effects on 113-HSD1 activity
in 3T3-L1 adipocytes. The ICsys were 7.237 and 4.204 umol/L
after 1 h and 24 h of treatment, respectively (Figure 1A and
1B).

Emodin regulated adipogenesis and energy metabolism in 3T3-
L1 cells
It is well documented that glucocorticoids promote preadi-
pocyte differentiation. The triglyceride content of adipocytes
was used as a marker of the adipogenesis of 3T3-L1 cells. We
found that all active glucocorticoids (dexamethasone and
corticosterone) and inactive glucocorticoids (11-dehydrocorti-
costerone, 11-DHC) enhanced adipogenesis in 3T3-L1 preadi-
pocytes. Incubation with 30 pmol/L of emodin reduced the
triglyceride levels of 3T3-L1 adipocytes induced by 11-DHC
by 19.8% (P<0.01), but it had no significant effect on the trig-
lyceride levels in 3T3-L1 adipocytes treated with dexametha-
sone or corticosterone. Therefore, emodin suppressed inactive
glucocorticoid-induced adipogenesis but not active glucocor-
ticoid-induced adipogenesis in 3T3-L1 cells, which might be
mediated by the inhibition of 11p-HSD1 activity (Figure 2A).
To determine whether emodin affects lipolysis through 11p-
HSD1 inhibition, 11-DHC and corticosterone were used to
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Figure 1. Emodin inhibited 11B-HSD1 activity in 3T3-L1 adipocytes after
1 h (A) or 24 h (B) of treatment. Differentiated 3T3-L1 adipocytes were
incubated with the indicated concentrations of emodin or 0.1% DMSO for
1 hor 24 h. 11B-HSD1 enzyme activity was determined by scintillation
proximity assay. Each point represents the mean+SEM. n=3.

induce lipolysis, and the effects of emodin were studied. Fig-
ure 2B indicates that 11-DHC and corticosterone significantly
increased the glycerol release by 17.8% and 18.5% (P<0.01),
respectively. Incubation with 3 pmol/L of emodin signifi-
cantly decreased the glycerol release induced by 11-DHC but
not by corticosterone. These results suggest that emodin sup-
pressed lipolysis by inhibiting 11B-HSD1 activity.

Both 11-DHC and corticosterone attenuated insulin-
stimulated glucose uptake in 3T3-L1 adipocytes (Figure 2C).
Incubation with 3 pmol/L of emodin significantly reversed
the impaired insulin-stimulated glucose uptake induced by
11-DHC. Although emodin treatment alone caused an 11.2%
reduction in insulin-stimulated glucose uptake, it increased
the insulin-stimulated glucose uptake by 17.7% when com-
pared with 11-DHC-treated group. However, emodin had
no effect on the impaired-insulin stimulated glucose uptake
induced by corticosterone (Figure 2C).

Both 11-DHC and corticosterone significantly decreased
adiponectin release from 3T3-L1 adipocytes. The reduced adi-
ponectin secretion caused by 11-DHC was partly reversed by
treatment with 3 pmol/L of emodin, whereas emodin exerted
no effect on the impaired adiponectin secretion induced by
corticosterone (Figure 2D).

Emodin suppressed 11p3-HSD1 activity in adipose tissue and
ameliorated metabolic disorders in ob/ob mice
To evaluate the long-term effect of emodin on metabolic disor-
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Figure 2. Emodin regulated adipogenesis and energy metabolism in
3T3-L1 adipocytes. (A) Emodin inhibited the adipogenesis induced by
11-DHC (an inactive glucocorticoid) but not by corticosterone (an active
glucocorticoid). The values are expressed as the fold increase over the
values for the dexamethasone-treated DMSO group. °P<0.01 vs DMSO-
treated 11-DHC group; n=4. (B) Emodin inhibited the glycerol release
induced by 10 nmol/L 11-DHC but not by 10 nmol/L corticosterone. The
values are expressed as the fold increase over the values for the DMSO-
treated control group. °P<0.01 vs DMSO-treated control group, ‘P<0.01 vs
DMSO-treated 11-DHC group; n=3. (C) Emodin significantly reversed the
impaired insulin-stimulated glucose uptake induced by 11-DHC but not
by corticosterone. °P<0.05, °P<0.01 vs insulin-stimulated control group,
P<0.01 vs insulin stimulated 11-DHC group; n=6. (D) 11-DHC- but not
corticosterone-impaired adiponectin release was reversed by 3 pymol/L of
emodin in 3T3-L1 adipocytes. Values are expressed as the fold increase
over the values for the DMSO-treated control group. °P<0.01 vs DMSO-
treated control group, P<0.01 vs DMSO-treated 11-DHC group; n=3.
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ders, ob/ob mice were treated twice daily with 25 or 50 mg/kg
of emodin by intraperitoneal injection for 26 d. The enzymatic
activity of 11p-HSD1 in mesenteric fat was measured at the
end of the experiment. As shown in Figure 3, a significant
decrease in 113-HSD1 activity, by 44.5%, was observed in the
mesenteric adipose tissues of ob/ob mice treated with 50 mg/kg
of emodin (P<0.05).

1.2
1.0 —L

0.8 b
0.6
0.4

11B-HSD1 activity
(fold of control)

0.2
0.0

Emodin
50 mg/kg

Emodin
25 mg/kg

Control

Figure 3. Emodin suppressed 113-HSD1 activity in the mesenteric fat
of ob/ob mice. Ob/ob mice were subjected to intraperitoneal injection
treatment twice daily with vehicle (0.5% Tween 80), 25 mg/kg emodin
or 50 mg/kg emodin for 26 d. 11B-HSD1 activity in the mesenteric fat
was measured by SPA at the end of the treatment period. Values are
expressed as fold of the values for the vehicle group. °P<0.05 vs vehicle
group; n=6.

The genetic type 2 diabetic 0b/ob mice showed obesity,
hyperglycemia, dyslipidemia and insulin resistance. Long-
term treatment with emodin significantly decreased the
random-fed and fasting blood glucose levels in ob/ob mice,
whereas the pair-fed group of mice showed no significant
changes in blood glucose levels. As shown in Figures 4A and
4B, 16 or 20 d of treatment with 50 mg/kg of emodin signifi-
cantly reduced the random-fed blood glucose concentrations
in ob/ob mice by 32.53% and 32.68% (P<0.05), respectively,
and the fasting blood glucose levels of ob/ob mice were also
decreased by 38.29% (P<0.01) and 31.61% (P<0.05), respec-
tively, when compared with the vehicle control mice. After
20 d of treatment with 50 mg/kg of emodin, glucose tolerance
was improved. The emodin-treated mice exhibited significant
reductions in blood glucose levels at 15, 60, and 120 min fol-
lowing an oral glucose challenge, and the glucose AUC_15) min
value decreased by 29.11% when compared with the vehicle
control group (Figure 4C and 4D, P<0.05). There was no sig-
nificant difference in the blood glucose level or the AUC_12 min
value between the emodin pair-fed and vehicle control groups.
Moreover, the random-fed, fasting blood glucose levels at the
treatments on d 16 and d 20 and the blood glucose levels and
AUC 159 min Values in OGTT of the 50-mg/kg emodin-treated
group were significantly lower than in the pair-fed group
(P<0.05, P<0.01).

Emodin also improved the lipid profiles in ob/ob mice. After
26 d of treatment with 50 mg/kg of emodin, the serum triglyc-
eride was significantly reduced by 26.0% (P<0.01) compared
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Figure 4. Emodin lowered blood glucose and improved the glucose
tolerance of ob/ob mice. ob/ob mice were subjected to intraperitoneal
injection twice daily with vehicle (0.5% Tween 80), 25 mg/kg emodin or
50 mg/kg emodin for 26 d. A pair-fed group was set by providing the ob/
ob mice each day with the amount of food eaten by freely fed 50-mg/kg
emodin-treated mice. Random-fed blood glucose concentrations (A) and
fasting blood glucose concentrations (B) were measured on day 16 and
day 20. Glucose tolerance (C and D) was determined on day 20 of the
treatment. Values are expressed as the mean+SEM. °P<0.05, °P<0.01 vs
vehicle group; °P<0.05, P<0.01 vs 50-mg/kg emodin pair-fed group; n=8.

with the vehicle control mice (Figure 5A). The total cholesterol
levels of emodin and pair-fed mice showed mild reductions
but did not reach statistical significance (Figure 5B). Emodin
(25 mg/kg) caused a 15.25% reduction of the NEFA level
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Figure 5. Effects of emodin on serum lipids of ob/ob mice. ob/ob mice
were subjected to intraperitoneal injection twice daily with vehicle (0.5%
Tween 80), 25 mg/kg emodin or 50 mg/kg emodin for 26 d. A pair-fed
group was set by providing the ob/ob mice each day with the amount
of food eaten by freely fed 50-mg/kg emodin-treated mice. Serum
triacylglycerol (A), cholesterols (B) and NEFA (C) concentrations were
evaluated at the end of the treatment period. Data are expressed as the
mean+SEM. °P<0.05, °P<0.01 vs vehicle group; n=8.

(P<0.05). The NEFA concentrations of 50-mg/kg emodin-
treated and pair-fed mice were reduced by 11.15% and 11.60%,
respectively, although these values did not reach statistical
significance (Figure 5C).

Long-term treatment with emodin lowered the appetite and
body weight of ob/ob mice. The food intakes of the 25- and
50-mg/kg emodin-treated mice were significantly decreased,
by 26.26% and 26.31% (P<0.01), respectively, compared with
the vehicle-treated animals (Figure 6A). The ob/ob mice treated
with 25 or 50 mg/kg of emodin showed steady declines in
body weight; the body weight gains on day 20 were reduced
by 63.30% and 66.06% (P<0.01), respectively, and the emodin
pair-fed mice also showed a similar decreased body weight
gain (Figure 6B). Furthermore, both 25 and 50 mg/kg of
emodin caused a reduction in mesenteric fat pad weights by
37.8% (P<0.01), whereas the pair-fed mice showed a reduction
of 28.48% (P<0.01) (Figure 6C). The perirenal fat pad weight
in the 50-mg/kg emodin-treated ob/ob mice was reduced by
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Figure 6. Emodin decreased the food intake (A), body weight gain (B),
mesenteric fat weight (C) and perirenal fat weight (D) of ob/ob mice.
ob/ob mice were subjected to intraperitoneal injection twice daily with
vehicle (0.5% Tween 80), 25 mg/kg emodin or 50 mg/kg emodin for
26 d. A pair-fed group was set by providing the ob/ob mice each day with
the amount of food eaten by freely fed 50-mg/kg emodin-treated mice.
Values are expressed as the mean+SEM. °P<0.01 vs vehicle group; n=8.

29.26% (P<0.01) compared with the vehicle-treated mice,
whereas no significant reduction was found in the pair-fed
mice (Figure 6D).

The effects of long-term treatment with emodin on the
mRNA expression of adiponectin and PPARYy in the mesen-
teric fat of ob/ob mice were also studied. As shown in Figures
7A and 7B, the treatment of ob/ob mice with 50 mg/kg of emo-
din for 26 d significantly increased adiponectin and PPARy
mRNA levels by 233.2% and 282.9%, respectively, compared
with the vehicle group (P<0.01).

Discussion
Adipocyte dysfunction has been shown to play key roles in the
development of insulin resistance, obesity and type 2 diabetes.
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Figure 7. Emodin increased the mRNA levels of adiponectin (A) and PPARy
(B) in the mesenteric fat of ob/ob mice. ob/ob mice were subjected
to intraperitoneal injection twice daily with vehicle (0.5% Tween 80) or
emodin (50 mg/kg) for 26 d. The relative mRNA levels of adiponectin and
PPARy in the mesenteric fat were determined by real-time PCR at the end
of the treatment period. Values are expressed as the fold increase over
the values for the vehicle group. °P<0.01 vs vehicle group; n=7.

The inhibition of 113-HSD1 in adipose tissue was expected to
ameliorate adipocyte dysfunction and exert a beneficial effect
on type 2 diabetes or metabolic diseases™ . In our previous
study, emodin was demonstrated to be a potent and selective
11p-HSD1 inhibitor and ameliorate metabolic disorders in
diet-induced obese micel®. However, its effect on adipocyte
dysfunction has been unclear until now. In the present study,
we demonstrated that emodin inhibited 113-HSD1 activity in
3T3-L1 adipocytes and ameliorated inactive glucocorticoid-
caused adipocyte dysfunction. Moreover, emodin improved
the glycemic control and ameliorated other metabolic disor-
ders in ob/ob mice.

11B-HSD1 is a bidirectional enzyme (dehydrogenase and
oxoreductase) that functions predominantly as an oxore-
ductase in intact cells and catalyzes glucocorticoids to become
active; its action is dependent on the NAPDH concentration
in the endoplasmic reticulum™!. Our previous study showed
that emodin inhibited recombinant 113-HSD1 activity in
microsome fractions prepared from HEK-293 cells stably
transfected with either mouse or human 113-HSD1, with
IG5, values of 86 and 186 nmol/L, respectively. Emodin also
exhibited low inhibitory activity against mouse or human 11p-
HSD2 with the ICs, higher than 1 mmol/LP. In this study,
the inhibitory effect of emodin on the oxoreductase activity
of 11B-HSD1 was determined in 3T3-L1 adipocytes in the
absence of exogenous NAPDH, and the ICs, values after 1 h
or 24 h of treatment were 7.24 and 4.20 pmol/L, respectively.
Therefore, emodin inhibited the oxoreductase activity of 1103-
HSD1 in intact 3T3-L1 adipocytes, although its efficacy is less
than that against recombinant mouse 113-HSD1 in microsome
fractions; this lower efficacy might be due to the compound’s
limited penetration of the cell membrane or the restricted
NADPH levels in intact cells.

Excess glucocorticoid causes visceral obesity owing to the
acceleration of preadipocyte differentiation and adipocyte
fat accumulation™!. It has been demonstrated that the dif-
ferentiation of 3T3-L1 preadipocytes can be induced by both
active and inactive glucocorticoids, such as dexamethasone,
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corticosterone and 11-DHC, and endogenous 113-HSD1 oxore-
ductase activity was expected to be required for differentiation

>l Thus, we

induced by 11-DHC, an inactive glucocorticoid
examined the effect of emodin on the differentiation of 3T3-L1
preadipocytes induced by dexamethasone, corticosterone and
11-DHC. Emodin suppressed the adipogenesis induced by
11-DHC but not by corticosterone or dexamethasone in 3T3-L1
cells, which further confirms that emodin inhibits the oxore-
ductase activity of 113-HSD1 in 3T3-L1 cells.

Glucocorticoid receptors are highly expressed in adipocytes.
Excessive glucocorticoid action in adipose tissue caused by
either high circulating glucocorticoid levels or high local 11p-
HSD1 expression and activity can negatively regulate a num-
ber of cellular glucose and lipid metabolic processes in adi-
pocytes®. Glucocorticoids directly induce insulin resistance,
which is mainly associated with the manifestation of impaired

insulin-stimulated glucose uptake™

leading to elevated FFA release®; glucocorticoids also cause

and increased lipolysis,

abnormalities in the release of adipokines, such as adiponec-

8 Our present study showed that both corticosterone and

tin
11-DHC can impair the insulin-stimulated glucose uptake,
enhance lipolysis, and suppress adiponectin release in 3T3-
L1 adipocytes. All cellular disorders caused by 11-DHC were
partly reversed by emodin, whereas no significant changes
were observed in the corticosterone-treated group. Because
11B-HSD1 is highly expressed in mature adipocytes™), these
results suggest that emodin can diminish adipocyte dysfunc-
tion by reducing local glucocorticoid action through inhibition
of 113-HSD1, which may ameliorate the whole body metabolic
disorders in obesity or type 2 diabetes.

Our previous studies showed that emodin lowered blood
glucose, improved insulin resistance and dyslipidemia, and
decreased body weight and central fat mass in DIO mice/".
In the present study, we further evaluated the in vivo effects
of emodin on ob/ob mice, a genetic murine model of type 2
diabetes, which displayed hyperglycemia, hyperinsulinemia,

291 The results

dyslipidemia, obesity and insulin resistance
showed that 26 days of treatment with emodin caused a sig-
nificant reduction in 11p-HSD1 activity in the mesenteric fat of
ob/ob mice, which confirmed that emodin inhibits 113-HSD1 in
adipose tissues in vivo. Moreover, emodin lowered the blood
glucose levels, improved glucose tolerance, ameliorated dys-
lipidemia, and decreased body weight and food intake in ob/
ob mice. Because glucocorticoids are orexigenic and adipose
tissue-specific overexpression of 113-HSD1 has been shown
to cause hyperphagia®®*”, the reduced food intake caused by
emodin was expected. This finding is in line with our previ-
ous findings in DIO mice and other reports on the 11p-HSD1
inhibitor®. To exclude the metabolic changes caused by the
reduced food intake, a pair-fed group corresponding to the
50-mg/kg emodin-treated group was set up. The beneficial
changes in lipid profile, body weight, and fat mass in the
50-mg/kg emodin group were similar to those in the pair-
fed group, which suggests that those improvements might be
due to the reduced food intake. However, although the food
intakes were similar, 50 mg/kg of emodin still significantly
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decreased both the random-fed and fasting blood glucose lev-
els, and it also resulted in an improved oral glucose tolerance
compared with the pair-fed group, which indicated that the
glucose lowering effect of emodin on ob/ob mice is not only
due to reduced food intake; other mechanisms, such as the
inhibition of 113-HSD1, were also involved.

It has been reported that the mRNA expression of adiponec-
tin and PPARYy are increased in epididymal adipose tissue in
11B-HSD1 knockout mice™. Owing to the role of glucocorti-
coids in adiponectin secretion decreases™, it was not surpris-
ing to find that 113-HSD1 inhibition is involved in increasing
adiponectin content. The present study demonstrates that
long-term treatment with emodin increased adiponectin
mRNA expression in mesenteric adipose tissue, which may
be attributable to the amelioration of metabolic disorders by
emodin in ob/ob mice. PPARY is a transcription factor closely
related to insulin sensitivity, and its activation promotes
preadipocyte differentiation and increases adipocyte glucose
uptakel™
mRNA expression in mesenteric adipose tissue. Although the

. Chronic emodin administration increased PPARy

correlation between the increased PPARYy expression and the
11B-HSD1-inhibitory effect of emodin is unclear, PPARYy is
clearly involved in the anti-diabetic effect of emodin.

In conclusion, our study demonstrates that emodin inhibits
113-HSD1 activity in 3T3-L1 adipocytes and improves inactive
glucocorticoid-induced adipocyte dysfunction. The adminis-
tration of emodin improved glycemic control and ameliorated
other metabolic disorders in ob/ob mice, possibly owing to the
inhibition of 113-HSD1 activity in adipose tissue.
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A novel small molecule, HK-156, inhibits lipopoly-
saccharide-induced activation of NF-kB signaling
and improves survival in mouse models of sepsis

Jian-ping FANG™*, Yang LIU**, Jie LI*, Wen-feng LIAO®, You-hong HU* *, Kan DING* *

1Glycochemistry & Glycobiology Lab, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203,
China; *State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai

201203, China

Aim: To characterize a small molecule compound HK-156 as a novel inhibitor of the nuclear factor kB (NF-kB) signaling pathway.
Methods: THP-1 monocytes and HEK293/hTLR4A-MD2-CD14 cells were tested. HK-156 and compound 809, an HK-156 analogue,
were synthesized. A luciferase assay was used to evaluate the transcriptional activity of NF-kB. The levels of cytokines were measured
with cytokine arrays, ELISA and quantitative PCR. An electrophoretic mobility shift assay (EMSA), immunofluorescence, Western blot
and mass spectrometry were used to investigate the molecular mechanisms underlying the actions of the agent. BALB/c mice chal-
lenged with lipopolysaccharide (LPS, 15 mg/kg, ip) were used as a mouse experimental endotoxemia model.

Results: In HEK293hTLR4/NF-kB-luc cells treated with LPS (1000 ng/mL), HK-156 inhibited the transcriptional activity of NF-kB in a
concentration-dependent manner (IC5,=6.54+0.37 ymol/L). Pretreatment of THP-1 monocytes with HK-156 (5, 10 and 20 pmol/L)
significantly inhibited LPS-induced release and production of TNF-a and IL-13, attenuated LPS-induced translocation of NF-«kB into the
nucleus and its binding to DNA, and suppressed LPS-induced phosphorylation and degradation of IkBa, and phosphorylation of IKK(
and TGFB-activated kinase (TAK1). Meanwhile, HK-156 (5, 10 and 20 pymol/L) slightly suppressed LPS-induced activation of p38.
The effect of HK-156 on LPS-induced activation of NF-kB signaling was dependent on thiol groups of cysteines in upstream proteins.
In mouse models of sepsis, pre-injection of HK-156 (50 mg/kg, iv) significantly inhibited TNFa production and reduced the mortality

caused by the lethal dose of LPS.

Conclusion: HK-156 inhibits LPS-induced activation of NF-kB signaling by suppressing the phosphorylation of TAK1 in vitro, and exerts
beneficial effects in a mouse sepsis model. HK-156 may therefore be a useful therapeutic agent for treating sepsis.

Keywords: HK-156; NF-kB; NF-«kB inhibitor; monocyte; lipopolysaccharide; TAKL; IKKB; p38; sepsis
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Introduction

The nuclear factor kB (NF-xB) family of transcription factors
consists of five members in mammalian cells — p65/RelA,
c-Rel, RelB, p50, and p52 — and these members can form

homodimers or heterodimers!".

Of the various dimeric com-
binations, the p50/p65 heterodimer is the most frequently
detected. The activation of NF-«B is controlled by the IxB
kinase (IKK) complex, which consists of two catalytic subunits,
named IKK1/IKKa and IKK2/IKK, and the NEMO/IKKy

regulatory protein™. In resting cells, NF-xB is located in the
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cytosol in complex with the inhibitory proteins of the IkB fam-
ily, mainly IxBall. In the canonical activation pathway, fol-
lowing the presentation of stimuli such as lipopolysaccharide
(LPS) or the cytokines tumor necrosis factor (TNF)a and inter-
leukin (IL)-1P, which act through different receptors, signal
transduction leads to the activation of IKKp. IKKP predomi-
nantly phosphorylates IkBa, leading to its subsequent ubiquit-
ination and degradation by the proteasome. The NF-xB com-
plex is then released and translocates into the nucleus, where it
triggers the transcription of multiple proinflammatory genes,
including cytokines, chemokines and adhesion molecules
that are essential for both the innate and adaptive immune
response through the binding of a cis-acting kB element!.
NF-kB is a central mediator of the human immune response.
It has been demonstrated that a large variety of pathogens and
cytokines activate NF-xB signaling, and almost all of the proin-
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flammatory cytokines that participate in the inflammatory and
immune responses are target genes of NF-kB*. Furthermore,
constitutively activated NF-kB is often found to be involved in

the pathogenesis of inflammatory diseases®.

Gene knockout
and knock-in mice have further proven the important role of
NF-xB in inflammation'®”. The inhibition of NF-«B activation
is now widely recognized as a valid drug-targeting strategy to
combat inflammatory diseases® "\

Sepsis is an acute inflammatory syndrome that leads to
multiple organ failure and remains a leading cause of mortal-

M An uncontrolled

ity and morbidity in intensive care units
hyperinflammatory response and inappropriate cytokine
response during early sepsis have been proposed as the cause
of the multiple organ dysfunction syndrome that occurs dur-
ing sepsis. Control of inflammation during the early stages
of sepsis may therefore reduce organ injury and prevent
death after septic insult. Fatal clinical instances of sepsis
were originally attributed to LPS or endotoxin, a major con-
stituent of the outer membrane of Gram negative bacteria”.
When a bacterial infection occurs, LPS is released into the
lymphatic and circulatory systems, which induces the activa-
tion of monocytes and macrophages via the production of
proinflammatory cytokines, including TNFa and IL-1$, and
initiates the pathogenetic process of sepsis"”. Multiple signal-
ing events, especially through the NF-xB signaling pathway,
play a critical role in this process"*. With the help of the LPS
binding protein (LBP) and CD14, LPS is transferred to the toll
like receptor (TLR) 4/MD-2 receptor complex, resulting in
NF-xB activation via an early myeloid differentiation factor
88 (MyD88)-dependent pathway and a late Toll/Interleukin-1
receptor (TIR) domain-containing adapter-inducing inter-
feron (IFN)B (TRIF)-dependent pathway® ™. In the end, both
pathways lead to the activation of TGFp-activated kinase 1
(TAK1) through phosphorylation . Phosphorylated TAK1
kinase then directly phosphorylates the IKK( subunit of
the IKK complex to activate the canonical NF-xB pathway,
giving rise to the expression of numerous proinflamma-
tory genes that are known to play important roles in septic
pathophysiology™> 7%,
as TNFa and IL-1p also enlarge this cascade through posi-

Proinflammatory cytokines such

tive feedback by activating NF-kB signaling through their
respective receptorsm.

progresses to multiple organ failure, which is associated with
[14]

This unregulated systemic response
a high mortality rate in humans"®. NF-kB activation has been
proposed as a pathological mechanism of septic shock, and the
inhibition of NF-kB activation has been suggested to be a use-
ful strategy for the treatment of sepsis!* "\

Many inhibitors of the NF-xB pathway have been identified,
including a variety of natural and synthetic molecules such as
antioxidants, peptides, small RNA/DNA molecules, and fla-
vonoids®™. These compounds act on NF-«B signaling at differ-
ent points and have been shown to have an anti-inflammatory

effect in vitro and in vivo, including in sepsisml.

Many clini-
cally used anti-inflammatory drugs, such as glucocorticoids,
non-steroidal anti-inflammatory drugs (NSAIDs), and other

immunosuppressants, have also been shown to act as inhibi-

(21 Geveral thiol-reactive com-

tors of the NF-xB pathway
pounds, such as parthenolide, cyclopentenone prostanglan-
dins, sesquiterpene lactones, certain epoxyquinoids and
arsenite, have been shown to inhibit the activity of IKK( or the
binding of NF-kB to DNA, probably through direct conjuga-
tion to the thiol group of cysteine™. Many NF-«B inhibitors
have been shown to reduce the expression of multiple proin-
flammatory genes, diminish intravascular coagulation, and
eventually prevent multiple organ injury and improve sur-
vival in rodent models of septic shock®. However, because of
the complex nature of sepsis, to date, activated protein C is the
only drug on the market!'" 2, although some TLR4 antagonists
are still in clinical trials'® %,

In this study, we found the synthetic compound HK-156
(Figure 1A) to be a novel NF-«B inhibitor using cell-based
screening assays. In addition, its mechanism of action and
direct target were investigated in human monocytes. The pro-
tective effects of HK-156 against sepsis were also evaluated in
a sepsis animal model challenged with a lethal dose of LPS.

Materials and methods
Materials
Phorbol-12-myristate-13-acetate (PMA) and LPS (isolated from
E coli strain 055: B5) were purchased from Sigma-Aldrich (St
Louis, MO, USA). Cytokine array and ELISA kits were from
R&D systems (Minneapolis, MN, USA). Antibodies for IKKa,
IKKp, p-IkBa, IxBa, p65, p-IKKa (Ser176)/IKKp (Serl77),
p-IKKa (Ser180)/IKKp (Ser181), p-IKKa (Ser176, Ser180)/
IKK (Ser177, Ser181), p-TAK1, TAK1, Lamin A, p-p38, p38,
p-ERK1/2, and ERK1/2 were obtained from Cell Signaling
Technology (Danvers, MA, USA), and the p-actin antibody
used as internal reference was from Sigma-Aldrich.
Compound HK-156 (N-(2-methylfuro[2,3-d]pyrimidin-
4-yl)acrylamide) (Figure 1A) and 809 (N-(2-methylfuro[2,3-d]
pyrimidin-4-yl)propionamide) (Figure 1B) were synthesized
according to the procedure described in the supplementary
data (Supplementary Figure 1). Their structures were charac-
terized by 'H-NMR, "H-NMR, and MS spectra (Supplemen-
tary Figure 2). The purity of them determined by HPLC was
above 98%. For in vitro experiments, HK-156 and compound
809 were dissolved in dimethylsulfoxide (DMSO) and diluted
in cell culture medium at different concentrations as specified
in the text. The final concentration of DMSO was less than or
equal to 0.1% v/v. For in vivo studies, HK-156 was prepared
in a vehicle consisting of 10% DMSO and 10% Cremophor EL
(Sigma-Aldrich) in normal saline (NS), whereas the vehicle
without HK-156 was used in parallel as a control group.

Cell culture and transfection

THP-1 cells (American Type Culture Collection, Manassas,
VA, USA) were cultured in RPMI-1640 (Thermo Scientific,
Rockford, IL, USA) containing 0.05 mmol/L 2-mercaptoetha-
nol. HEK293/hTLR4A-MD2-CD14 cells stably transfected
with the human TLR4A, MD2 and CD14 genes (Invivogen, San
Diego, CA, USA) were cultured in DMEM (Thermo Scientific).
The culture media were supplemented with 10% FBS and 100
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Figure 1. Dose response inhibition by HK-156 of NF-kB transcriptional activity. (A) Chemical structure of HK-156. (B) Chemical structure of compound
809. (C) After pretreatment with various doses of HK-156 (0.625, 1.25, 2.5, 5, 10, 15, 20, 30, and 40 ymol/L) for 20 min, HEK293hTLR4/NF-«kB-
luc cells were treated with LPS (1000 ng/mL) in the presence or absence of HK-156 for 6 h. The cell lysates were subjected to luciferase assays
to evaluate the transcriptional activity of NF-kB. The results are expressed as relative luciferase activity compared with the cells treated with LPS
alone and analyzed using the nonlinear regression curve-fitting program in GraphPad Prism software. Values represent mean+SEM. (D) After being
pretreated with or without HK-156 (5 pmol/L) treatment for 20 min, THP-1 monocytes were incubated with or without LPS (1000 ng/mL) in the
presence or absence of HK-156 for 16 h, followed by immunodetection of multiplex cytokines in the medium with cytokine array. The positions of the
respective cytokines and controls on the array are shown below. (E) THP-1 monocytes were treated with the indicated concentration of HK-156 for 48 h,

and the cell viability was determined by a CCK-8 assay. Mean+SEM. n=3.

U/mL penicillin plus 100 mg/mL streptomycin at 37°C in a
humidified atmosphere containing 5% CO,. Transfection of
PNFxB-TA-Luc with co-transfection of pCDNA3.1 as a screen-
ing tag (Clontech, Mountain View, CA, USA) into HEK293/
hTLR4A-MD2-CD14 cells was performed using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA). After reaching conflu-
ence, cells were split into complete medium with 0.8 mg/mL
G418 (Merck KGaA, Darmstadt, Germany). Three weeks later,
independent clones were isolated. Stable transfected clones
were evaluated using NF-kB transcriptional activity assay
with LPS (1000 ng/mL) as a stimulus. About 2 months later,
stable cell line HEK293hTLR4/NF-«B-luc was achieved.

NF-kB transcriptional activity assay
The NF-xB transcriptional activity assay was performed with
the NF-xB reporter plasmid stably transfected cell line HEK-
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293hTLR4/NF-kB-luc using the Luciferase Assay System (Pro-
mega, Madison, WI, USA) according to the manufacturer’s
instructions. Briefly, untreated cells or cells that were incu-
bated with the compound were lysed with CCLR buffer, and
the cell lysates were transferred to Lumitrac 200 flat-bottomed
96-well plates (Greiner, Frickenhausen, Germany). The rela-
tive luciferase activity, recorded as relative light units (RLU),
was read immediately after the substrate was added on a
NOVOstar Microplate Reader (BMG Labtech, Offenburg, Ger-
many). All experiments were performed in triplicate.

Cell viability assay

The cell viability after treatment with or without HK-156 was
measured by a Cell Counting Kit-8 (CCK-8) assay follow-
ing the manufacturer’s instructions (Dojindo, Tokyo, Japan).
THP-1 cells were suspended at a final concentration of 1x10°
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cells/well and cultured in a 96-well flat-bottomed microplate.
After exposure to HK-156 for 48 h, CCK-8 (10 puL) was added
to each well, followed by incubation for 2 h at 37 °C. Viable
cells were counted by absorbance measurement at 450 nm
using a NOVOstar Microplate Reader, and the viability was
expressed as a percentage relative to untreated control cells.
All experiments were performed in triplicate on three inde-
pendent occasions.

Immunodetection of cytokines

Relative levels of complex cytokines in the medium of the
cell culture or the serum of a mouse were measured using a
cytokine array kit, while the quantitative cytokine contents
were determined using sandwich ELISA kits for TNFa and
IL-1p following the manufacturers’” instructions. Briefly, cell
cultures or sera were collected and centrifuged (500xg) for 5
min. The supernatant was subjected to a cytokine array or
ELISA assay.

RNA isolation and measurement of mRNA by quantitative real-
time PCR

For real-time PCR, total RNA was isolated from monocytes
with Trizol (Invitrogen) following the manufacturer’s instruc-
tions. Briefly, 1-2 pg of total RNA was reverse transcribed to
c¢DNA with MMLYV reverse transcriptase (Takara, Otsu, Shiga,
Japan) and diluted to a final volume of 100 pL. A 20 pL reac-
tion mixture containing 2 pL of cDNA (20-60 ng) template,
0.25 pmol/L primers and 10 uL SYBR Ex Taq Premix (Takara,
Otsu, Shiga, Japan) was added to EU optical PCR tubes (Gene
Chain Scientific, New York, USA) in a 96-well plate format.
Real-time PCR was performed using an ABI 7500 Fast Real-
Time PCR system with the Sequence Detection software ver-
sion 1.4 (Applied Biosystems, Foster City, CA, USA). The
following primers were used: for TNFa: sense: 5-GCTTGT-
TCCTCAGCCTCTTCT-3" and anti-sense: 5'-GGTTTGCTA-
CAACATGGGCTA-3’; for IL-1P: sense: 5-CCAGTGAAAT-
GATGGCTTATTAC-3" and anti-sense: 5'-CTGTAGTGGTG-
GTCGGAGATT-3". Conditions for amplification were 95°C
for 10 s and 40 cycles of 95°C for 5 s followed by 60°C for 30 s.
The fold change of mRNA was evaluated by the relative copy
number (RCN) and expression ratios of selected genes nor-
malized to the expression of the housekeeping gene GAPDH
(primers: sense: 5-ACTTTGGTATCGTGGAAGGACT-3" and
anti-sense: 5-GTAGAGGCAGGGATGATGTTCT-3') and cal-
culated by the relative quantification method using Sequence
Detection software with the equation RCN=2"%, where
ACt:Cttarget_Ctreference/ and AACt=ACt sample_Atha[ibrator sample-

Nuclear protein extraction and electrophoretic mobility shift
assay (EMSA)

Nuclear protein extraction was performed using the hypotonic
method with a nuclear extraction kit according to the manu-
facturer’s instructions (Active Motif, Carlsbad, CA, USA).
Briefly, cells were resuspended in hypotonic buffer after being
washed with ice-cold PBS containing phosphatase inhibitors
and incubated on ice for 15 min. Detergent was added, and

the mixture was vortexed at the highest speed. After cen-
trifugation, the nuclear pellet was resuspended in complete
lysis buffer and rocked at 4 °C for 30 min with vortexing at
intervals, followed by centrifugation at 14000xg for 10 min.
The supernatant contained the nuclear extract. After the con-
centration was determined by the BCA method (Beyotime,
Haimen, China), the nuclear protein extract was subjected
to EMSA following the manufacturer’s instructions (Pierce,
Rockford, IL, USA). In short, equivalent amounts of nuclear
extracts (10 pg of protein) prepared from cells stimulated with
LPS (1000 ng/mL) in the presence or absence of HK-156 for
20 min were incubated with a 5-biotin end-labeled double-
stranded NF-«B-specific probe (5'-AGTTGAGGGGACTTTC-
CCAGGC-3) synthesized by Sangon (Shanghai, China) and
poly (dI-dC) in the presence or absence of a 100-fold excess
of cold non-biotin labeled probe for the NF-xB p65 subunit
for 20 min at room temperature. Samples were resolved on
a native 4.5% polyacrylamide gel and transferred to a nylon
membrane, followed by crosslinking at 120 mJ/cm” using an
ultraviolet crosslinker (UVP, Upland, CA, USA). After block-
ade and incubation with streptavidin-conjugated HRP for 15
min, the membrane was exposed to the ECL substrate to detect
biotin-labeled DNA bands.

Immunoblotting

Cells were lysed with SDS-PAGE sample loading buffer fol-
lowed by denaturation at 95°C for 15 min. After centrifuga-
tion, the supernatant protein samples were subjected to 10%
SDS-PAGE and incubation with specific antibodies. After
three washes, secondary antibodies were applied, and blots
were developed.

Immunofluorescence

Nuclear translocation of the p65 subunit of NF-xB was exam-
ined by immunofluorescence. Briefly, THP-1 cells were
induced to adhesion for 12 h with a low concentration of PMA
(10 ng/mL), followed by treatment with HK-156 and LPS.
The cells were fixed with 3% formaldehyde and permeabilized
with ice-cold methanol. After washing with PBS, the slides
were blocked with 3% bovine serum albumin in PBS/Triton
(PBS/0.3% Triton X-100) for 1 h and incubated with rabbit
anti-p65 antibody diluted in PBS/Triton at 4 °C overnight.
The cells were washed and incubated with AlexaFluor 488
goat anti-rabbit IgG antibody in PBS/Triton (1:200, Molecular
Probe, Carlsbad, CA, USA) and propidium iodide (PI, 100
pg/mL, Sigma-Aldrich) for 1 h. After staining, the cells were
mounted with fluorescent mounting medium (Dako, Carpin-
teria, CA, USA) and observed with a Leica SP2 laser scanning
confocal microscope (Leica Microsystems CMS GmbH, Man-
nheim, Germany).

Conjugation of HK-156 with glutathione

HK-156 (20 nmol) in DMSO was incubated with 4 eq of
reduced glutathione in 20 mmol/L Tris-HCl (pH 7.5) for 1 h at
37°C. The sample was directly injected into a LCQ Deca ion
trap mass spectrometer (Thermo Finnigan), and mass spectra
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were recorded in ESI-positive mode.

Animal test

Female BALB/c mice, 6-8 weeks old, were purchased from
the Shanghai SLAC Laboratory Animal Center and main-
tained in a specific pathogen-free (SPF) environment and used
in accordance with approved regulations of the Institutional
Animal Care and Use Committee of the Shanghai Institute of
Materia Medica, Chinese Academy of Sciences (Approval ID:
SIMM-AE-DK-2010-03) after 10 d of acclimatization. Mice
were injected iv with HK-156 or vehicle consisting of 10%
DMSO and 10% Cremophor EL in normal saline 2 h before
the ip administration of a lethal dose of LPS (15 mg/kg) or
normal saline. Mice were monitored hourly. In experiments
used to determine the cytokine level, mice were treated with
LPS and/or HK-156 as outlined above. Blood was drawn via
a retro-orbital puncture at 2 h post challenge and clotted for 1
h at 4°C. The serum was collected through centrifugation and
stored at -80°C for future analysis. A Mantel-Haenszel log
rank test was performed, and a Kaplan-Meier survival curve
was generated using Graph-Pad Prism (version 5.01 for Win-
dows, GraphPad Software, www.graphpad.com).

Statistical analysis

All data were managed with GraphPad Prism 5.01 software
and expressed as mean+SEM. The significance (P value) of
the difference was evaluated based on an unpaired Student’s
t test for the comparison of two groups or a one-way ANOVA
analysis method for multiple comparisons. Values of P<0.05
were considered statistically significant.

Results

HK-156 inhibits LPS induced transcriptional activation of NF-kB
and cytokine release

To identify a new NF-«B signaling inhibitor, we established
a cell-based screening panel on the stable cell line HEK293-
hTLR4/NF-xB-luc. Using LPS as an inducer and luciferase
as a reporter gene, we found that the novel small molecule
HK-156 (Figure 1A) significantly inhibited NF-«B transcrip-
tional activation stimulated by LPS in a dose-dependent man-
ner. When pretreated with HK-156 for 20 min and cocultured
with LPS (1 pg/mL) for another 6 h, the half inhibitory con-
centration (ICsy) was 6.54+0.37 pmol/L (Figure 1C). When the
cell viability was evaluated with MTT, HK-156 had no observ-
able effect on the proliferation of HEK293hTLR4/NF-xB-luc
cells at concentrations up to 40 pmol/L (data not shown).
These results showed that HK-156 was a significant NF-xB
signaling inhibitor based on HEK293hTLR4/NF-«B-luc cells
treated with LPS.

Inhibition of NF-xB activation should lead to the attenuation
of the transcription and expression of target genes regulated
by NF-xB. To evaluate whether this occurs, human THP-1
monocytes were pretreated with HK-156 (5 pmol/L) and
cocultured with LPS (1 pg/mL) for 16 h. The medium was
then subjected to a cytokine array assay. We found that the
release of cytokines such as GROa, IL-1f, IL-1ra, IL-8, MCP-1,
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MIP-1a, MIP-13, RANTES, and TNFa induced by LPS was
inhibited to different degrees, and IL-1p, RANTES, and TNFa
were most obviously attenuated (Figure 1D). In comparison
with the control medium group, HK-156 treatment alone
did not induce any cytokines other than MIF in the medium,
which was considered to be background (Figure 1D). As all
of the cytokines above are target genes of NF-«B*, which
indicated that HK-156 could inhibit NF-«B targeted cytokine
release in LPS-induced THP-1 cells.

To determine whether the ability of HK-156 to reduce the
release of proinflammatory cytokines was caused by its cyto-
toxicity, the CCK-8 method was employed to evaluate cell
survival. As shown in Figure 1E, the viability of THP-1 cells
treated by HK-156 at a concentration of 20 pmol/L for 48 h
was almost the same as that of untreated cells, suggesting that
HK-156 had no observable effect on cell survival, at least at
concentrations less than 20 pmol /L.

All of these experiments indicated that HK-156 inhibited the
transcriptional activation of NF-kB and the release of several
NF-kB targeted inflammatory cytokines stimulated by LPS.

HK-156 arrests the release and production of inflammatory
cytokines in THP-1 monocytes stimulated by LPS

To further quantitatively evaluate the effect of HK-156 on
cytokine release in THP-1 cells stimulated by LPS, the ELISA
method was adopted, and different concentrations of HK-156
were used. We found that TNFa and IL-1p release was dra-
matically induced by LPS and was undetectable in untreated
THP-1 cells. However, when pretreated with HK-156, the
release of cytokines was significantly reduced in a dose-depen-
dent manner, and 20 pmol/L of HK-156 almost completely
abrogated the release of TNFa and IL-1p (Figure 2A and 2B).
In addition, HK-156 alone had no effect on the release of TNFa
and IL-1p (Figure 2A and 2B).

Next, to determine the level at which HK-156 affected the
production of proinflammatory cytokines, we compared the
mRNA levels of inflammatory cytokines in THP-1 monocytes.
Real-time PCR was performed after the mRNA was isolated
from untreated THP-1 monocytes, monocytes treated with
LPS alone (1000 ng/mL), pretreated with different concen-
trations of HK-156 and cocultured with LPS, or treated with
HK-156 alone (20 pmol/L) for 2 h. Compared with untreated
monocytes, an 80-fold increase in TNFa was induced by
LPS. The accumulation of TNFa mRNA after stimulation by
LPS was decreased by HK-156 in a dose-dependent manner
(Figure 2C). Similarly, the production of IL-1p mRNAs in
LPS-stimulated monocytes was also inhibited by HK-156 in a
dose-dependent manner, by 2000-fold in some cases (Figure
2D). Moreover, treatment with 20 umol/L of HK-156 almost
completely abrogated the accumulation of both proinflamma-
tory cytokine mRNAs from LPS-stimulated THP-1 monocytes
(Figure 2C and 2D). These experiments indicated that HK-156
affected the transcript levels of the previously described proin-
flammatory cytokines.

Taken together, these results indicated that HK-156 inhib-
ited the release and production of inflammatory cytokines
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Figure 2. Effect of HK-156 on the release and production of inflammatory
cytokines. (A-B) THP-1 monocytes were pretreated with or without
different doses of HK-156 for 20 min, followed by the addition of LPS
(1000 ng/mL) or PBS to incubate for another 16 h. The supernatant of
the medium was collected and subjected to immunodetection of TNFa (A)
and IL-1B (B) with an ELISA kit. (C-D) THP-1 monocytes were pretreated
with or without the indicated doses of HK-156 20 min prior to the addition
of LPS (1000 ng/mL) or PBS for another 2 h, then total RNA was isolated
and the mRNA levels of TNFa (C) and IL-1B (D) were determined by
quantitative real-time PCR. Values represent mean+SEM (n=3; "P<0.05,
°P<0.01 compared with LPS treatment alone).

in human THP-1 monocytes at the protein and mRNA levels
when stimulated by LPS.

HK-156 impairs LPS-induced translocation of NF-kB complex into
the nucleus and the formation of an NF-kB-DNA complex

Canonical NF-kB pathway activation by LPS results in the
translocation of the NF-kB complex from the cytosol into
the nucleus to bind the DNA of target genes and initiate the
transcription and expression of proinflammatory cytokines.
Since HK-156 inhibited the transcriptional activation of NF-xB
in HEK293hTLR4/NF-kB-luc cells induced by LPS and the

release and production of TNFa and IL-1p in THP-1 cells stim-
ulated by LPS, we asked if HK-156 could inhibit LPS-induced
translocation of the NF-kB complex into the nucleus and its
binding to DNA. To address this question, after 20 min pre-
treatment with or without different doses of HK-156, THP-1
cells were stimulated with or without LPS for another 20 min,
and then nuclear extracts were prepared and analyzed by
EMSA. We found that HK-156 significantly inhibited the for-
mation of the NF-xB-DNA complex in LPS-stimulated human
monocytes in a dose-dependent manner, and HK-156 did not
induce the DNA-binding activity of NF-xB (Figure 3A). Next,
we investigated whether HK-156 directly interfered with the
interaction of NF-xB and DNA or inhibited the translocation
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Figure 3. Effect of HK-156 on LPS-induced translocation of NF-kB
complex into the nucleus and its binding to DNA. (A-B) THP-1 monocytes
were pretreated with or without different doses of HK-156 for 20 min,
followed by the addition of LPS (1000 ng/mL) or PBS and incubated for
another 20 min. The cells were lysed and nuclear protein was extracted,
followed by an (A) EMSA assay, or (B) immunoblotting assay with anti-p65
antibody, whereas equal protein loading was verified using an anti-Lamin
A antibody. The numbers below the blots depict densitometric values (ratio
of p65/Lamin A, normalized to LPS treated alone). (C) After adhesion onto
a cover slip was induced by PMA (10 ng/mL) for 12 h, THP-1 monocytes
were treated as described above. The cells were then fixed, stained with
a monoclonal anti-p65 antibody (upper panel, green) and examined by
confocal microscopy. Merged images with nuclei counterstaining with Pl
(middle panel, red) are shown in the lower panels.
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of NF-xB complex into the nucleus, leading to the decreased
accumulation of NF-xB in nucleus. For this purpose, nuclear
lysates from THP-1 monocytes treated as described above
were analyzed by immunoblotting. As shown in Figure 3B,
the p65 subunit of the NF-xB complex translocated into the
nucleus upon stimulation by LPS. In addition, HK-156 could
significantly inhibit the translocation in a dose-dependent
manner, and HK-156 alone could not induce the translocation
of NF-xB complex into nucleus. The dose-dependent inhibi-
tory effect of HK-156 on the translocation of NF-kB complex
into the nucleus was further confirmed by immunofluores-
cence (Figure 3C). These results demonstrated that HK-156
could inhibit the LPS-induced translocation of NF-xB complex
into the nucleus and subsequent binding to DNA in THP-1
cells in a dose-dependent manner, but HK-156 alone had no
effect.

Effect of HK-156 on LPS-activated NF-kB and MAPKs signaling
pathways

HK-156 could inhibit the LPS-induced translocation of NF-«xB
complex into the nucleus, which suggested that HK-156 might
inhibit the activation of the NF-xB pathway upstream of the
NF-xB complex. To examine the molecular mechanisms by
which HK-156 inhibited the LPS-stimulated translocation of
NF-«xB complex into the nucleus in THP-1 monocytes and to
determine the target of HK-156, we investigated the effect of
HK-156 on the components of the NF-xB signaling pathway
from the downstream targets to the upstream regulators along
LPS/ TLR4/NF-xB.

First, to determine whether the inhibitory effect of HK-156
on the translocation of NF-xB complex into the nucleus
induced by LPS resulted from direct interference with the
translocation of NF-xB complex or the inhibition of the activa-
tion of upstream regulators, THP-1 monocytes pretreated with
different doses of HK-156 (0, 5, 10, and 20 pmol/L) for 20 min
were incubated with LPS (1000 ng/mL) for another 20 min,
and cell lysates were subjected to immunoblotting assay. We
found that the phosphorylation of IxBa stimulated by LPS was
significantly inhibited by HK-156, leading to the reduced deg-
radation of IxBa (Figure 4A). When phosphorylation of the
IKK complex was detected, HK-156 blocked the LPS-induced
phosphorylation of IKK( at Serine181, Serinel77 or both
simultaneously (Figure 4A). However, the induction of phos-
phorylation of IKKa at Ser180 by HK-156 in a dose-dependent
manner was also observed (Figure 4A). Furthermore, TAK1
phosphorylation as a result of LPS stimulation was also
inhibited by HK-156 in a dose-dependent manner (Figure
4A). Treatment with HK-156 alone (20 pmol/L) had no effect
on the activation of the NF-kB signaling pathway other than
phosphorylation of IKKa at Ser180 (Figure 4A).

Second, mitogen-activated protein kinases (MAPKs) are
families of serine/threonine protein kinases, including c-Jun
NH,-terminal kinase (JNK), ERK, and p38. MAPK signaling is
another important signaling pathway induced by LPS™ ", To
explore whether HK-156 affected LPS-induced MAPK signal-
ing, THP-1 monocytes were lysed and subjected to an immu-
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Figure 4. Effect of HK-156 on LPS-activated NF-kB and MAPKs signaling
pathways. (A) THP-1 monocytes were pretreated with or without different
doses of HK-156 for 20 min, followed by the addition of LPS (1 pg/mL)
or PBS and incubated for another 20 min. The cells were lysed and
subjected to an immunoblotting assay with anti-p-IkBa, IkBa, p-IKKB
(Ser181)/p-IKKa (Serl80), p-IKKB (Serl77), p-IKKB (Serl77Ser181),
and p-TAK1 antibodies. The expression of B-actin, IKKB/IKKa, or TAK1,
respectively, served as the loading control. (B) The cells were treated
with HK-156 and LPS as described in (A), followed by an immunoblotting
assay probed by p-p38 and p-ERK1/2 antibodies, whereas total p38 and
total ERK1/2, respectively, served as controls. The numbers below the
blots depict densitometric values (ratio of p-p38 to p38 or p-ERK1/2 to
ERK1/2, respectively, normalized to LPS treated alone). (C) Lysates of
THP-1 monocytes treated with the indicated doses of HK-156 for 20 min
were subjected to immunoblotting with p-p38 or p-ERK1/2 antibodies,
whereas total p38 and total ERK1/2, respectively, served as controls. The
numbers below the blots depict the densiometric values (ratio of p-p38 to
p38 or p-ERK1/2 to ERK1/2, respectively, normalized to control).



noblotting assay after pretreatment by HK-156 (0, 5, 10, and
20 pmol/L) for 20 min prior to the addition of LPS (1 pg/mL)
for another 20 min. As shown in Figure 4B, the phosphoryla-
tion of both p38 and ERK1/2 induced by LPS was slightly
inhibited by treatment of HK-156. Meanwhile, when the cells
were treated with HK-156 in the absence of LPS at various
concentrations (0, 5, 10, and 20 pmol/L), the phosphorylation
of p38 was not apparently altered, but the phosphorylation
of ERK1/2 was slightly decreased (Figure 4C). Considering
that HK-156 could inhibit the phosphorylation of ERK1/2 to
almost the same degree when THP-1 cells were treated with
or without LPS, HK-156 itself might have no influence on the
phosphorylation of ERK1/2 induced by LPS.

Overall, HK-156 blocked LPS activated NF-«xB signaling
through inhibiting the phosphorylation of TAK1 and slightly
inhibiting p38 signaling induced by LPS, whereas it might not
affect the phosphorylation of ERK1/2 stimulated by LPS.

Effect of HK-156 on LPS-induced activation of NF-kB signaling is
thiol dependent

Considering the structure of HK-156 (Figure 1A), HK-156 is
a Michael reaction acceptor molecule because it has an a,p-
unsaturated carbonyl group. We speculated that the a,p-
unsaturated carbonyl group is the functional group. To
address this question, compound 809, an HK-156 analogue
with only a carbonyl group, was used as a reference. As
shown in Figure 5A, compound 809 could not inhibit LPS-
induced transcription activation of NF-xB. This result sug-
gested that the a,p-unsaturated carbonyl group is required for
HK-156 to have an effect on the activation of the NF-«xB path-
way. Furthermore, as a,p-unsaturated carbonyl groups react
with thiols, it is possible that the inhibition of the LPS-based
activation of the NF-xB pathway by HK-156 was through a
reaction with thiol groups of the cysteines in the component
proteins of the NF-kB pathway. If so, other thiol-containing
reagents might compete with HK-156 for the cysteines of the
target protein(s) and alleviate the effects of HK-156 on the
LPS-induced activation of the NF-xB pathway. As shown in
Figure 5B, the inhibition of the LPS-induced transcriptional
activation of NF-xB by HK-156 was indeed abrogated in the
presence of the thiol-containing reagent reduced glutathione
(GSH). Furthermore, the HK-156-mediated inhibition of LPS-
induced IKKp and IxBa phosphorylation was also abolished
in the presence of GSH (Figure 5C), as was the inhibition
of LPS-induced TNFa release (Figure 5D). In addition, the
reference compound 809 did not alter the LPS-induced phos-
phorylation of IKKp and IxBa or the release of TNFa. These
results showed that HK-156 inhibited the LPS-induced NF-xB
signaling pathway through interacting with the cysteine thiol
groups of an unknown protein upstream of the IKK complex.
To further understand the HK-156-thiol interaction, HK-156
was incubated with GSH, and the products were examined
using mass spectrometry (MS). The analysis detected one
major component at m/z 511.3 [HK-156+GSH+H]", indicat-
ing the addition of one molecule of GSH to one molecule of
HK-156 (Figure 5D). The proposed reaction site of HK-156 is
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illustrated in Figure 5D.

Taken together, the results provided strong evidence indi-
cating that a Michael reaction acceptor is required for the
inhibitory activity of HK-156 against NF-kB signaling, and this
group reacts with thiols and inhibits the LPS-induced activa-
tion of the NF-xB signaling pathway.

HK-156 inhibits LPS-induced secretion of TNF« in vivo and
increases mouse survival in a model of sepsis

Because HK-156 efficiently inhibited the LPS-induced activa-
tion of the NF-xB pathway and the release of proinflammatory
cytokines in vitro, we next investigated whether HK-156 could
reduce the secretion of proinflammatory cytokines in vivo and
be effective in protecting mice from lethality in a mouse endo-
toxemia model of sepsis as a model of systemic inflammation.
BALB/c mice were injected iv with different doses of HK-156
(10, 30, and 50 mg/kg) or vehicle control, and 2 h later they
were challenged ip with LPS (15 mg/kg) or NS. Mice that
received HK-156 alone had no detectable serum TNFa. How-
ever, pretreatment of mice with HK-156 before the LPS chal-
lenge attenuated the increase in serum TNFa levels elicited
after 2 h of LPS challenge in a dose-dependent manner, with
treatment of 50 mg/kg of HK-156 yielding statistically signifi-
cant results (Figure 6A, 8174+1872 pg/mL for the LPS group
vs 11464444 pg/mL for the HK-156 plus LPS group, n=3, 12
animals per treatment. P<0.05). When the relative cytokine
level in the serum was further detected with a cytokine array
assay, as shown in Figure 6B, HK-156 alone had no effect on
the induced serum cytokine release, whereas LPS induced
the secretion of many proinflammatory cytokines, including
G-CSF, IL-6, MIP-1, TNFa, and RANTES?. Pretreatment of
mice with HK-156 (50 mg/kg) attenuated the increase of some
of these cytokines and reduced the TNFa level in the serum
(Figure 6B).

We next investigated whether HK-156 could increase the
survival of mice treated with a lethal dose of LPS. Animals
were injected iv with 50 mg/kg of HK-156 (or vehicle con-
trol) 2 h prior to injecting a lethal dose of LPS (as described
above). Mice receiving HK-156 alone exhibited no lethality.
In contrast, all of the mice that received LPS alone died within
69 h post challenge. Pretreatment with HK-156 resulted in an
extended survival time of up to 200 h in 25% of the mice (Fig-
ure 6C).

These results suggested that HK-156 inhibited the LPS-
induced secretion of TNFa in vivo and enhanced survival in a
mouse model of sepsis.

Discussion

Accumulating evidence indicates that constitutively activated
NF-kB signaling and uncontrolled expression of proinflamma-
tory cytokines are correlated with the pathogenesis of inflam-
matory disease. The inhibition of NF-«xB signaling has become
a well-recognized strategy for anti-inflammatory therapy. In
the present study, using an NF-«B luciferase reporter system
consisting of the stably transfected cell line HEK293hTLR4/
NF-kB-luc, we found that the small molecule HK-156 could
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Figure 5. Inhibition of LPS/NF-kB signaling by HK-156 is thiol dependent. (A) HEK293hTLR4/NF-kB-luc cells were pretreated with HK-156 (10 pmol/L)
or 809 (10 umol/L) for 20 min and then stimulated with LPS for 6 h. Cells were harvested for the luciferase assay. (B) HEK293hTLR4/NF-kB-luc cells
were pretreated with GSH, HK-156 (10 pymol/L) or a mixture (HK-156 and GSH were premixed for 1 h at 37 °C) for 20 min and then stimulated with LPS
for 6 h. Cells were harvested for the luciferase assay. (C) THP-1 cells were pretreated with GSH, HK-156 (10 pmol/L), the mixture or 809 (10 ymol/L)
for 20 min and then stimulated with LPS for 20 min. Whole cell lysates were processed for Western blotting analysis using antibodies as indicated. (D)
THP-1 cells were pretreated with GSH, HK-156 (10 pmol/L), the mixture or 809 (10 ymol/L) for 20 min and then stimulated with LPS for 16 h. The cell
culture media were collected and subjected to an ELISA for TNFa. (E) HK-156 was incubated with 4 eq of GSH for 60 min at 37 °C, and the mixture was
resolved by mass spectrometry. The molecular weights of the molecules are indicated. An arrow indicates the functional group of HK-156, which may
react with thiol nucleophiles. n=3. Mean+SEM. °P<0.01 vs vehicle. ‘P<0.01 vs HK-156 10 uymol/L.

inhibit the LPS-induced transcriptional activity of NF-«B in a
dose-dependent fashion. HK-156 significantly inhibited the
LPS-stimulated production of proinflammatory cytokines in
human monocytes through the inactivation of NF-«B, via sup-
pressing the LPS-induced phosphorylation of TAK1. In addi-
tion, we showed in vivo that HK-156 inhibited LPS-stimulated
TNFa secretion and enhanced survival in a mouse model of
lethal LPS-induced sepsis.
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To discover a novel NF-xB inhibitor, we established an
NF-kB luciferase reporter system, the stably transfected cell
line HEK293hTLR4/NF-kB-luc, which expresses TLR4, MD-2
and CD14. Using cell-based high-throughput screening with
LPS as a stimulus, we found that the small molecule HK-156
could inhibit the LPS-induced transcriptional activity of NF-xB
in a dose-dependent fashion (Figure 1C). Monocytes play
a critical role in the pathogenesis of various infectious and
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Figure 6. Effect of HK-156 on LPS-induced secretion of inflammatory cytokines and mortality in vivo. BALB/c mice (12 mice/group) were administered
iv with the indicated doses of HK-156 (10, 30, and 50 mg/kg body weight) or vehicle 2 h before ip administration of LPS (15 mg/kg body weight). (A)
The serum level of TNFa was determined 2 h after the LPS or NS injection with ELISA assays. Results represent the mean+SEM of three independent
experiments (using 12 animals per experimental group. Mean+SEM. °P<0.05 compared with LPS treated alone). (B) The mixture of equal volume of
serum from each mouse per group 2 h after the LPS or NS injection was subjected to cytokine array analysis. The positions of the respective cytokines
and controls on the array are shown below. (C) Survival was monitored every 1 h over the course of 200 h. Experiments were performed three times
using 12 animals per group and reported in a Kaplan-Meier survival curve. °P<0.05 vs Vehicle+LPS.

inflammatory diseases™. Thus, the human monocyte cell line
THP-1 was employed to study the efficacy and mechanism
of action of HK-156. LPS induced the release of many NF-«B
targeted cytokines (Figure 1D), consistent with previously
reported results®. However, HK-156 reduced the expression
of these cytokines after treatment of the cells with LPS. IL-1p,
RANTES and TNFa were the most apparently attenuated.
The incomplete attenuation might be explained by the fact that
the expression of proinflammatory cytokines is not exclusively
regulated by NF-xB but is also affected by the integration of
several other transcription factors.

The inhibition of the production and release of proinflam-

matory cytokines from LPS-stimulated THP-1 cells in a
dose-dependent manner indicated that HK-156 significantly
inhibited the transcription of cytokines TNFa and IL-1p at
the mRNA level and then resulted in reduced secretion of
cytokines at the protein level (Figure 2). HK-156 signifi-
cantly impaired LPS-stimulated translocation of NF-«B into
the nucleus and its binding with DNA concomitant with the
phosphorylation and degradation of IkBa (Figure 3). It also
inhibited the phosphorylation of IKKp and TAK1 in THP-1
cells stimulated by LPS in a dose-dependent manner to almost
the same degree seen for the transcriptional activation of
NF-xB in HEK293hTLR4/NF-xB-luc cells (Figure 1C, 4A). All
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of these data suggested that HK-156 is an NF-xB inhibitor. It
inhibited the LPS-induced phosphorylation of TAK1, resulting
in IKKp inactivation, and subsequently reduced the phospho-
rylation and degradation of IxBa, blocking the translocation
of the NF-xB complex into the nucleus and binding to the kB
enhancer sequence of the targeted genes. As a consequence,
HK-156 decreased the production and secretion of proinflam-
matory cytokines such as TNFa and IL-1f3 in THP-1 cells.

The impaired phosphorylation of TAK1 caused by HK-156
indicated that a molecule upstream of TAK1 in the LPS-
induced NF-xB signaling pathway might be a potential target
of HK-156. The activation of TAK1 is a prerequisite not only
for the activation of IKKp but also for the activation of MAPKs
such as mitogen-activated protein kinase kinase 6 (MKKS6, also
known as MAP2K6), which is stimulated by LPS, which, in
turn, phosphorylates JNK and p38 kinase™ ***. However, the
activation of another MAPK kinase (ie, ERK) following TLR4
stimulation by LPS does not seem to require the activation
of TAK1. It has been reported that LPS induced the activa-
tion of ERK in THP-1 cells, leading to the phosphorylation of
Elk-1 and the expression of Erg-1, which acted together with
independently activated NF-kB to induce gene expression™.
The phosphorylation of IKKP and MAPK p38 in THP-1 cells
stimulated by LPS was weakened by HK-156 (Figure 4A, 4B),
further showing that HK-156 might target a protein upstream
of TAK1 within the LPS/TLR4/TAK1/NF-xB signaling path-
way, perhaps by interfering with the protein-protein interac-
tion between adapters. This information is consistent with
the fact that the highly selective IKKp inhibitor TPCA-1* did
not inhibit the phosphorylation of TAK1 induced by LPS (data
not shown). HK-156 might have no influence on the phospho-
rylation of ERK1/2 induced by LPS, and because activation
of ERK is independent of NF-«B signaling, the influence of
HK-156 on the phosphorylation of ERK1/2 induced by LPS
might not affect the effect of HK-156 on NF-xB signaling. All
of these results suggest that the inhibition of the LPS-induced
production of proinflammatory mediators by HK-156 might
occur through targeting a protein upstream of TAK1 and then
downregulating the TAK1/IKK and TAK1/p38 MAPK path-
ways.

The release of proinflammatory cytokines induced by LPS
through the activation of NF-«B signaling is the major patho-

[14]

logical mechanism of sepsis Experimental models of sep-

sis have also shown increased levels of TNFa in the serum

[34]

preceding organ failure™™. TNFa is the major contributor to

organ failure and death in the progression of sepsis®™, and
anti-TNF-mAb therapy (Afelimomab) in clinical trials has had
Y During sepsis in vivo, the upregula-

tion of proinflammatory cytokines initiates and contributes

a little positive effect

to organ dysfunction syndrome. The inhibition of the expres-
sion of these molecules may ameliorate inflammation. In our
study, HK-156 protected mice from LPS-induced lethal toxicity
in vivo (Figure 6C). This effect was accompanied by a decrease
in the LPS-stimulated production of TNFa, demonstrating the
anti-inflammatory potential of HK-156 in vivo. The increased
survival of mice pretreated with HK-156 is in agreement with
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our in vitro experiments. Moreover, attenuation of many
proinflammatory cytokines release besides TNFa induced by
LPS in vivo showed that HK-156 might have better effect than
anti-TNF-mAb. However, recent studies showed that the
elevated serum level of a late mediator, high mobility group
box 1 (HMGBI), is highly correlated with the lethal outcome
of human sepsis® ¥\ The effect of HK-156 on sepsis might be
further assessed based on levels of this mediator rather than
the inhibition of the release of early proinflammatory cytok-
ines.

Interestingly, we found that HK-156 inhibited the LPS-
stimulated phosphorylation of IKKp at Ser177 and Ser181 in
the T-loop but induced the phosphorylation of IKKa at Ser180
(Figure 4A). As a core element of NF-xB signaling, the IKK
complex primarily consists of IKKa, IKKP and the regulatory
subunit IKKy/NEMOP!. Until the present study, the fact that
IKKp but not IKKa plays a key role in the activation of classic
NF-«B signaling had been clearly elucidated™. The simul-
taneous blockage of the phosphorylation of IKK{ at Ser177
and Ser181 completely inhibits the transduction of NF-xB
signaling®™. The phosphorylation of both sites of IKK that is
induced by LPS was blocked by HK-156, showing that HK-156
is an effective inhibitor of NF-xB signaling (Figure 4A). How-
ever, the function of IKKa in the activation of classic NF-xB
signaling is still ambiguous and has not been clearly described
to date”. There are two paradoxical conclusions that can be
drawn regarding the role of IKKa in the activation of NF-«xB
signaling during the process of inflammation. Some reports
demonstrated that activation of IKKa through phosphoryla-
tion was essential for the expression of cytokines induced by
stimuli. Activation of IKKa, resulting in the phosphorylation
of p65 and histones, gives rise to the positive regulation of
transcriptional activation of NF-xB™*l. In contrast, a negative
regulatory function of IKKa in the activation of NF-«B signal-
ing has also been reported**!. Manipulations that inactivate
IKKa cause the suppression of NF-xB activity by accelerating
both the turnover of the NF-xB subunits RelA and c-Rel and
their removal from proinflammatory gene promoters“?. Liu
et al also reported that proinflammatory stimuli induced the
activation and translocation of IKKa into the nucleus and then
phosphorylated PIAS]1 [protein inhibitor of activated STAT1
(signal transducer and activator of transcription 1)] to restrict

[ Based on the function

inflammation and immune response
of IKKa, the author further proposed that small molecules
that could enhance the phosphorylation of PIAS1 by activat-
ing IKKa might prove effective in reducing inflammation!*".
Usually, the activation of the kinase can be induced only
when both sites in the T-loop of IKK are phosphorylated™.
However, the kinase will be partly activated when a single
site is phosphorylated. The role of the phosphorylation site
of IKKP at Ser181 is more important than that at Ser177%%.
As for IKKa, phosphorylation at Ser176 plays a critical role
in NIK (NF-xB-inducing kinase)-induced nonclassical NF-«xB
signaling!® and the expression of interferon-a through the
activation of interferon regulatory factor 3/7 (IRF3/7) by

NIK"!, IKKa phosphorylated only at Ser180 has partial kinase



activity®!. The phosphorylation of IKKa induced by HK-156
only at Ser180 might suggest that HK-156 can partially acti-
vate the kinase activity of IKKa (Figure 4A). In contrast, LPS
could induce weak phosphorylation of IKKa at Ser180 but not
at Ser176 in THP-1 cells (Figure 4A). The real function of the
partial activation of IKKa by HK-156 and LPS in THP-1 cells
needs to be further investigated, although the possible positive
regulation of NF-xB by HK-156 was disproved by the finding
that HK-156 alone did not induce the transcriptional activation
of NF-«B and expression of proinflammatory cytokines.

Many natural products that are thiol-reactive compounds
with Michael reaction acceptor groups have been reported
to inhibit NF-xB signaling. Eriocalyxin B (Eri-B), an ent-
kauranoid isolated from Isodon eriocalyx, can selectively block
the binding between NF-xB and the response elements in a
noncompetitive manner through its functional Michael reac-
tion acceptor without affecting the nuclear translocation of

the transcription factor*’!

. Several diterpenoids isolated from
Isodon rubescens have also been shown to impact the translo-
cation of NF-«B from the cytoplasm to nuclei without affect-
ing IxkBa phosphorylation and degradation*®. Caffeic acid
phenethyl ester (CAPE), an active component of propolis
from honeybees, was shown to directly inhibit the activity of
IKKp at 25 pmol/L without influencing the TNFa-induced
phosphorylation of IKK{, in which the electrophilic Michael
reaction acceptor might be involved*”. Moreover, a cyclo-
pentanone prostaglandin was found to inhibit the activity of
IKKp through the interaction of the thiol of cysteine 179 in
IKKB with a Michael reaction acceptor in the prostaglandin®.
In our studies, HK-156 was shown to be more effective than
CAPE and to inhibit LPS-induced NF-xB signaling dependent
on the presence of the Michael reaction acceptor group. Fur-
thermore, the effect of HK-156 is thiol dependent. Because
HK-156 can attenuate the phosphorylation of TAK1 and IKKf
and the translocation of the NF-xB complex into the nucleus
and the formation of the NF-xB-DNA complex in a dose-
dependent manner, it is not likely that HK-156 could inhibit
the activity of IKKp or binding of NF-xB with DNA. The cel-
lular target of HK-156 might be a cysteine-containing protein
upstream of TAK1 whose identity is still under investigation.

In summary, our study discovered that a novel synthetic
small molecule HK-156 is a potent inhibitor of the LPS/
NF-«B signaling pathway. HK-156 potently inhibited the LPS-
induced transcriptional activation of NF-xB. Morever, HK-156
could inhibit TNFa production, possibly through targeting
a protein upstream of TAK1 that might contain cysteine,
resulting in the inhibition of LPS-induced activation of NF-«xB
signaling in vitro in THP-1 monocytes. In addition, HK-156
could protect mice from LPS-induced lethality, accompanied
by decreased TNFa production in vivo. Our study provides a
novel NF-«B inhibitor with potential application for the treat-
ment of sepsis. Furthermore, given the novel structure of
HK-156, HK-156 might be used as a lead compound for devel-
oping new drugs for the treatment of sepsis and other inflam-
matory diseases.

www.chinaphar.com
Fang JP et al

1215

Acknowledgements

The work was funded by State key Laboratory of Drug
Research. We wish to express our sincere thanks to Ms Yuan
ZHOU (Novartis Institutes for BioMedical Research, Shanghai,
China) for her technical assistance. We also thank Xin-yan NI
for animal studies.

Author contribution

Dr Kan DING and Dr You-hong HU designed the research;
Jian-ping FANG, Jie LI, and Wen-feng LIAO performed the
research; Yang LIU contributed new agents; Jian-ping FANG
wrote the paper; Dr Kan DING revised the paper.

Supplementary information
Supplementary figures are available at website of Acta
Pharmacologica Sinica on NPG.

References

1 Hayden MS, Ghosh S. Shared principles in NF-kappaB signaling. Cell
2008; 132: 344-62.

2 Vallabhapurapu S, Karin M. Regulation and function of NF-kappaB
transcription factors in the immune system. Annu Rev Immunol
2009; 27: 693-733.

3 Huxford T, Ghosh G. A structural guide to proteins of the NF-kappaB
signaling module. Cold Spring Harb Perspect Biol 2009; 1: aO00075.

4 Pahl HL. Activators and target genes of Rel/NF-kappaB transcription
factors. Oncogene 1999; 18: 6853-66.

5 Yamamoto Y, Gaynor RB. Role of the NF-kappaB pathway in the
pathogenesis of human disease states. Curr Mol Med 2001; 1: 287 -
96.

6 Gerondakis S, Grumont R, Gugasyan R, Wong L, Isomura |, Ho W, et
al. Unravelling the complexities of the NF-kappaB signalling pathway
using mouse knockout and transgenic models. Oncogene 2006; 25:
6781-99.

7 Dong J, Jimi E, Zeiss C, Hayden MS, Ghosh S. Constitutively active
NF-kappaB triggers systemic TNFalpha-dependent inflammation and
localized TNFalpha-independent inflammatory disease. Genes Dev
2010; 24: 1709-17.

8 Ivanenkov YA, Balakin KV, Tkachenko SE. New approaches to the
treatment of inflammatory disease: focus on small-molecule inhibitors
of signal transduction pathways. Drugs R D 2008; 9: 397-434.

9 O'Neill LA. Targeting signal transduction as a strategy to treat
inflammatory diseases. Nat Rev Drug Discov 2006; 5: 549-63.

10 Sarkar FH, LiY, Wang Z, Kong D. NF-kappaB signaling pathway and its
therapeutic implications in human diseases. Int Rev Immunol 2008;
27:293-319.

11 Suffredini AF, Munford RS. Novel therapies for septic shock over the
past 4 decades. JAMA 2011; 306: 194-9.

12 Bone RC, Grodzin CJ, Balk RA. Sepsis: a new hypothesis for patho-
genesis of the disease process. Chest 1997; 112: 235-43.

13 Munford RS. Severe sepsis and septic shock: the role of gram-
negative bacteremia. Annu Rev Pathol 2006; 1: 467 -96.

14 Liu SF, Malik AB. NF-kappa B activation as a pathological mechanism
of septic shock and inflammation. Am J Physiol Lung Cell Mol Physiol
2006; 290: L622-45.

15 Lu YC, Yeh WC, Ohashi PS. LPS/TLR4 signal transduction pathway.
Cytokine 2008; 42: 145-51.

16 Sato S, Sanjo H, Takeda K, Ninomiya-Tsuji J, Yamamoto M, Kawai T,
et al. Essential function for the kinase TAK1 in innate and adaptive

Acta Pharmacologica Sinica



@

www.nature.com/aps
Fang JP et al

1216

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

immune responses. Nat Immunol 2005; 6: 1087-95.

Guha M, Mackman N. LPS induction of gene expression in human
monocytes. Cell Signal 2001; 13: 85-94.

Kawai T, Akira S. The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nat Immunol 2010; 11:
373-84.

Miggin SM, O’Neill LA. New insights into the regulation of TLR
signaling. J Leukoc Biol 2006; 80: 220-6.

Beutler B. Microbe sensing, positive feedback loops, and the
pathogenesis of inflammatory diseases. Immunol Rev 2009; 227:
248-63.

Wheeler DS, Zingarelli B, Wheeler WJ, Wong HR. Novel pharmacologic
approaches to the management of sepsis: targeting the host
inflammatory response. Recent Pat Inflamm Allergy Drug Discov
2009; 3: 96-112.

Gilmore TD, Herscovitch M. Inhibitors of NF-kappaB signaling: 785
and counting. Oncogene 2006; 25: 6887-99.

Calzado MA, Bacher S, Schmitz ML. NF-kappaB inhibitors for the
treatment of inflammatory diseases and cancer. Curr Med Chem
2007; 14: 367-76.

Bamborough P, Callahan JF, Christopher JA, Kerns JK, Liddle J, Miller
DD, et al. Progress towards the development of anti-inflammatory
inhibitors of IKKbeta. Curr Top Med Chem 2009; 9: 623-39.

Leon CG, Tory R, Jia J, Sivak O, Wasan KM. Discovery and develop-
ment of toll-like receptor 4 (TLR4) antagonists: a new paradigm for
treating sepsis and other diseases. Pharm Res 2008; 25: 1751-61.
Barochia A, Solomon S, Cui X, Natanson C, Eichacker PQ. Eritoran
tetrasodium (E5564) treatment for sepsis: review of preclinical and
clinical studies. Expert Opin Drug Metab Toxicol 2011; 7: 479-94.
Abraham E. Nuclear factor-kappaB and its role in sepsis-associated
organ failure. J Infect Dis 2003; 187: S364-9.

Robbins CS, Swirski FK. The multiple roles of monocyte subsets in
steady state and inflammation. Cell Mol Life Sci 2010; 67: 2685-93.
Suzuki T, Hashimoto S, Toyoda N, Nagai S, Yamazaki N, Dong HY, et
al. Comprehensive gene expression profile of LPS-stimulated human
monocytes by SAGE. Blood 2000; 96: 2584-91.
Palsson-McDermott EM, O’Neill LA. Signal transduction by the
lipopolysaccharide receptor, Toll-like receptor-4. Immunology 2004;
113: 153-62.

Landstrom M. The TAK1-TRAF6 signalling pathway. Int J Biochem Cell
Biol 2010; 42: 585-9.

Hayden MS, Ghosh S. Signaling to NF-kappaB. Genes Dev 2004; 18:
2195-224.

Guha M, O'Connell MA, Pawlinski R, Hollis A, McGovern P, Yan SF, et
al. Lipopolysaccharide activation of the MEK-ERK1/2 pathway in
human monocytic cells mediates tissue factor and tumor necrosis
factor alpha expression by inducing Elk-1 phosphorylation and Egr-1
expression. Blood 2001; 98: 1429-39.

Tracey KJ, Cerami A. Tumor necrosis factor, other cytokines and
disease. Annu Rev Cell Biol 1993; 9: 317-43.

Acta Pharmacologica Sinica

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Secher T, Vasseur V, Poisson DM, Mitchell JA, Cunha FQ, Alves-Filho
JC, et al. Crucial role of TNF receptors 1 and 2 in the control of poly-
microbial sepsis. J Immunol 2009; 182: 7855-64.

Huang W, Tang Y, Li L. HMGB1, a potent proinflammatory cytokine in
sepsis. Cytokine 2010; 51: 119-26.

Wang H, Bloom O, Zhang M, Vishnubhakat JM, Ombrellino M, Che J, et
al. HMG-1 as a late mediator of endotoxin lethality in mice. Science
1999; 285: 248-51.

Delhase M, Hayakawa M, Chen Y, Karin M. Positive and negative
regulation of lkappaB kinase activity through IKKbeta subunit phos-
phorylation. Science 1999; 284: 309-13.

Yang F, Tang E, Guan K, Wang CY. IKK beta plays an essential role in
the phosphorylation of RelA/p65 on serine 536 induced by lipopoly-
saccharide. J Immunol 2003; 170: 5630-5.

Anest V, Hanson JL, Cogswell PC, Steinbrecher KA, Strahl BD, Baldwin
AS. A nucleosomal function for IkappaB kinase-alpha in NF-kappaB-
dependent gene expression. Nature 2003; 423: 659-63.

Yamamoto Y, Verma UN, Prajapati S, Kwak YT, Gaynor RB. Histone
H3 phosphorylation by IKK-alpha is critical for cytokine-induced gene
expression. Nature 2003; 423: 655-9.

Lawrence T, Bebien M, Liu GY, Nizet V, Karin M. [KKalpha limits
macrophage NF-kappaB activation and contributes to the resolution
of inflammation. Nature 2005; 434: 1138-43.

Liu B, Yang Y, Chernishof V, Loo RR, Jang H, Tahk S, et al. Proin-
flammatory stimuli induce IKKalpha-mediated phosphorylation of
PIAS1 to restrict inflammation and immunity. Cell 2007; 129: 903-
14.

Liu B, Shuai K. Targeting the PIAS1 SUMO ligase pathway to control
inflammation. Trends Pharmacol Sci 2008; 29: 505-9.

Ling L, Cao Z, Goeddel DV. NF-kappaB-inducing kinase activates IKK-
alpha by phosphorylation of Ser-176. Proc Natl Acad Sci U S A 1998;
95: 3792-7.

Wang RP, Zhang M, Li Y, Diao FC, Chen D, Zhai Z, et al. Differential
regulation of IKK alpha-mediated activation of IRF3/7 by NIK. Mol
Immunol 2008; 45: 1926-34.

Leung CH, Grill SP, Lam W, Gao W, Sun HD, Cheng YC. Eriocalyxin B
inhibits nuclear factor-kappaB activation by interfering with the bind-
ing of both p65 and p50 to the response element in a noncompetitive
manner. Mol Pharmacol 2006; 70: 1946-55.

Leung CH, Grill SP, Lam W, Han QB, Sun HD, Cheng YC. Novel
mechanism of inhibition of nuclear factor-kappa B DNA-binding
activity by diterpenoids isolated from Isodon rubescens. Mol Pharma-
col 2005; 68: 286-97.

Lee Y, Shin DH, Kim JH, Hong S, Choi D, Kim YJ, et al. Caffeic acid
phenethyl ester-mediated Nrf2 activation and lkappaB kinase inhibi-
tion are involved in NFkappaB inhibitory effect: structural analysis for
NFkappaB inhibition. Eur J Pharmacol 2010; 643: 21-8.

Rossi A, Kapahi P, Natoli G, Takahashi T, Chen Y, Karin M, et al. Anti-
inflammatory cyclopentenone prostaglandins are direct inhibitors of
IlkappaB kinase. Nature 2000; 403: 103-8.



	1101-1102.pdf
	1103-1111.pdf
	1112-1118.pdf
	1119-1130.pdf
	1131-1140.pdf
	1141-1146.pdf
	1147-1158.pdf
	1159-1169.pdf
	1170-1175.pdf
	1176-1186.pdf
	1187-1194.pdf
	1195-1203.pdf
	1204-1216.pdf



