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One in five of the world’s plant species is threatened with extinc-
tion according to the 2010 first global analysis of extinction risk.
Tilman et al. predicted a massive ecological change to terrestrial
plants within the next 50-100 y, accompanied by an increase in the
number of global plant species facing extinction [Tilman D, et al.
(2001) Proc Natl Acad Sci USA 98(10):5433-5440]. Most of the drug-
producing plant families contain endangered species never previ-
ously studied for their utility to human health, which strongly
validates the need to prioritize protection and assessment of these
fragile and endangered groups [Zhu F, et al. (2011) Proc Natl Acad
Sci USA 108(31):12943-12948]. With little prior attention given to
endangered and rare plant species, this report provides strong
justification for conservation of the rare plant Diplostephium rho-
dodendroides Hieron., as well as other potential drug-producing
endangered species in this and other groups.
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he International Union for Conservation of Nature (IUCN),

in its latest Red List (www.iucnredlist.org), detailed the on-
going threats to biodiversity on the planet and assessed a total of
63,837 plant and animal species around the globe. This study
revealed that 19,817 are currently threatened with extinction,
3,947 described as critically endangered while more than 10,000
species are listed as vulnerable (Fig. 1). Plants have become
more threatened than birds and as threatened as mammals
leaving them second only to amphibians or corals in their risk for
extinction (1). Habitat loss (2) and climate change are the pri-
mary causes of species endangerment; however other biological
factors, such as competition, invasion (3), including nonnative
fungi (4) or exotic arthropods (5), can also drive plant species to
extinction. Climate change has been shown to play a critical role
in plant species distribution shifts around the world, and Thuiller
et al. projected the distribution of 1,350 European plants species
under seven climate change scenarios, where the expected species
loss and turnover per pixel across different scenarios over Europe
have been shown to be 27-42% and 45-63%, respectively (6). The
greatest changes are expected to be in the transition between
Mediterranean and Euro-Siberian regions (6). Based on the
Palmer Drought Index, the National Oceanic and Atmospheric
Administration (NOAA) announced that May 2012 was the sec-
ond warmest and 27th driest May on record (since 1895) with
persistent dryness across the United States (7). In accordance,
NOAA showed an increase in the number of wildfires in the
United States through June 2012 leading to further stress on en-
dangered groups. The 2005 Global Forest Resource Assessment
(8), coordinated by the Food and Agriculture Organization of the
United Nations, declared a high rate of deforestation with ap-
proximately a 6-million-hectare annual decrease in forest area,
which further limits the forests’ role in the conservation of bio-
diversity. Cochrane and Laurance projected that by the year 2032,
more than 70% of the planet’s land surface will have been
destroyed or disturbed (9). Interestingly, natural events such as
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geological and climate change represent a 19% threat to plant life
while the greatest threat involves human-induced habitat loss as
part of the conversion of natural habitats to agriculture or
livestock grazing. Human-induced environmental changes in-
clude increased levels of atmospheric CO,, phosphorus, calcium,
pH, and other climate changes (10). These changes facilitate plant
extinction as plant physiologies are forced to adapt to changing
environmental constraints (10). It is estimated that habitat de-
struction from human activity is the primary cause of risk for 83%
of endangered plant species.

According to Winter et al.,, human activities mainly affect two
fundamental processes: native extinction and alien introduction.
These two processes affect taxonomic and phylogenetic character-
istics (11). The region of greatest global biodiversity is the Andes,
and in particular the rain forest, cloud forest, and paramo, where
the DNA sequence in the endemic shrub Cyathostegia mathewsii
indicates the region has been isolated for at least 5 My, separated by
about 600 km of high cordillera in Peru (12). The IUCN has
demonstrated that the paramo areas in both Ecuador and Colombia
are hot spots for endangered and threatened plant species.

These natural threats come at a time when emerging infectious
diseases are testing our current armamentarium of drugs. Plants,
marine organisms, and microbes provide a wide variety of important
drug products, such that 26% of the new entities approved by the
Food and Drug Administration (FDA) in 2009-2010 were
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In this report we describe a group of highly complex glycosides
active against hepatitis C virus and a separate group of natural
products active against established targets for the control of
diabetes mellitus. These complex metabolites were found in
the rare plant Diplostephium rhododendroides Hieron. from
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for the control of new and emerging diseases. The extinction of
this particular plant would have taken with it promising op-
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two modern-day disease challenges. The genus Diplostephium
is represented by several plant species with a history of use in
traditional medicine in Central and South America.
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naturally derived in some fashion (13, 14). Endophytic micro-
organisms with their wide distribution in almost every plant on
the earth and various symbiotic to slightly pathogenic relations
represent a potential source of producing novel natural products
with remarkable applications (15). Naturally derived drugs are
mainly generated by specific gene clusters found in certain drug-
producing families, where 80% of the approved drugs and 67%
of the drugs in clinical trials are concentrated in 17 and 30 drug-
prolific families, respectively (13). The US Fish and Wildlife
Service declared that 795 plant species are at risk for extinction
throughout the United States and according to Newman and
Cragg, over 60% of cancer therapeutics were derived from nat-
urally occurring products (14). Examples of highly significant
drugs used routinely like digitalis from Digitalis purpurea for the
treatment of heart disease, galantamine from Galanthus used for
the treatment of Alzheimer’s disease, vincristrine and vinblas-
tine from Catharanthus roseus used for chemotherapy, and
paclitaxel (the anticancer drug Taxol) from the bark of the
Pacific yew tree (SI Appendix). Gilbert reported in 2010 that
more than 17,000 species of fauna and flora were at risk for
extinction in 2009, and over half of all medicinal plants in Africa
face extinction (16). In 2008, Plantlife reported that roughly
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Global (A) and the United States and Canada (B) distribution of endangered plants. (Global and US-Canada data are from The IUCN Red List and US

15,000 of the 50,000 wild medicinal plants are at risk and headed
for extinction (17). This creates serious concern, as the World
Health Organization (WHO) estimates that 80% of the de-
veloping countries population relies on medicines derived from
traditional plants for their pharmacopeia (18).

Results

Of the emerging new threats to human health, hepatitis C virus
(HCV) and diabetes mellitus (DM) are two of the most severely
life-threatening. According to WHO, ischemic heart diseases,
stroke and other cerebrovascular diseases, HIV/AIDS, and DM
have 12.8%, 10.8%, 3.1%, and 2.2% mortality rates worldwide,
respectively (19). Hepatitis epidemics were first recorded as early
as 2,000 B.C., but it was not until 1989 that HCV also known as
“non-A, non-B viral hepatitis” was identified using a novel mo-
lecular cloning approach (20). As many as 4 million individuals
in the United States and 130-180 million worldwide are infected
with HCV (21, 22). According to the Centers for Disease Control
and Prevention (CDC), there were up to 18,000 new HCV
infections in the United States in 2008, and HCV is responsible
for 12,000 deaths annually (23). According to Hepatitis Central,
HCV accounts for 20% of acute hepatitis, 70% of chronic
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hepatitis, 40% of end-stage cirrhosis, 60% of hepatocellular
carcinoma, and 30-40% of liver transplants (24). The CDC
estimates that in the next two decades, chronic HCV will be
a major burden on the health care system. The direct medical
costs of chronic HCV infections are estimated to exceed $10.7
billion, to which should be added both the enormous societal
cost of premature mortality ($54.2 billion) and the costs of dis-
ability due to HCV infections ($21.3 billion). Recently, it has
been shown that US mortality rates from HCV now exceed those
from HIV-1 (25). HCV has six major genotypes; genotype 1 is
the most common in the United States and is associated with
more severe liver diseases and a higher risk of hepatocellular
carcinoma than the other genotypes (26). According to Murray
and Rice (27), HCV replication requires a series of virally coded
nonstructural proteins, including two proteases (NS2-3 and NS3-
4A), a helicase (NS3), and a polymerase (NS5B). Of these, NS3-
4A and NS5B have attracted the most attention as drug targets.
In 2010, Gao et al. (28) reported a potent NS5A inhibitor, BMS-
790052, that is under evaluation in combination with other drugs,
and this has stimulated studies targeting proteins which lack in-
trinsic enzymatic or receptor functionality. The most frequently
used treatment involves a weekly injection of a combination of
ribavirin plus pegylated o-IFN [IFN is a family of cytokines, which
are expressed as antiviral responses and function by stimulating
the cytotoxic T cells, and by inducing a number of intracellular
genes that prevent virus replication], which are only 50% effective
and have serious side effects including depression and influenza-
like symptoms in more than 60% of the patients (29). More re-
cently, Telaprevir and Bocepravir were approved by the FDA
(30), but even these potent protease inhibitors are effective at
most 80% of the time when combined with IFN and have nu-
merous side effects including rash and anemia.

DM is also emerging as a serious health care problem as
shown by the annual report that about 18 million people die from
cardiovascular disease, for which DM is a significant predispos-
ing factor along with hypertension (31). The global number of
patients with DM in 2000 was 171 million and is projected to
reach 366 million by 2030 (32). The increasing prevalence of
type-2 DM, which accounts for 95% of all DM cases, is attrib-
uted to the rise in obesity levels and the associated metabolic
syndrome. Such an elevated incidence of type-2 DM and obesity
has prompted a search for new drugs leads to control this dis-
ease. One of the recently discovered targets for DM is protein
tyrosine phosphatase 1B (PTP1B), which blocks insulin signaling
through dephosphorylation of the insulin receptor and insulin
receptor substrates (33). Previous pioneering studies that used
PTP1B knockout mice exhibited reduced circulating insulin,
glucose, and triglyceride levels after being injected with insulin
and showed enhanced insulin sensitivity (34). Thus, inhibition of
PTP1B has been gaining interest as an attractive therapeutic
target for the treatment of metabolic diseases such as type-2 DM
and obesity. There have been intensive efforts toward the de-
velopment of PTP1B inhibitors, but the attempts to discover
selective PTP1B inhibitors with desirable pharmacological prop-
erties have so far failed. One of the challenging problems for
the development of potent inhibitors which bind directly to the
PTP1B active site is poor bioavailability, originating from their
structural similarity with phosphotyrosine, the substrate for the
enzyme. Therefore, it is difficult to develop an inhibitor for
PTP1B that is selective over other members of the PTP family,
unless we consider inhibitors binding to a region outside the active
site. Recently, a selective noncompetitive PTP1B inhibitor, tro-
dusquemine, proceeded to phase I clinical trials and demonstrated
promising pre- and early clinical results in suppressing appetite
and hyperglycemic level, which indicates that allosteric inhibition
of PTP1B could be a feasible therapeutic target in the treatment
of type-2 DM (35).
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Recently, we began to evaluate HCV and PTP1B inhibitory
activity of a rare Latin American plant extract from the Natural
Products Branch of the NCI. Repository sample N077951 was
collected from Sarayo, Ecuador under a specific material transfer
agreement that protects the rights of Ecuador. Diplostephium
rhododendroides Hieron. (Asteraceae) is found in the mountains
of Ecuador and Colombia and because of its rarity, geographical
location, and terrain, this species was not easy to reach. The
geographic coordinates are 78° W, 1° N to the nearest degree and
a voucher sample is held at the National Herbarium in Wash-
ington DC, part of the Smithsonian Institution under the code
0CJS1259. The plant was a 180-cm shrub with a purple in-
florescence and was collected at an altitude of 3,600 m. Diplo-
stephium is a genus composed of ~110 species of which eight are
endangered. Sixty-three Diplostephium species are found in
Colombia, and it is the third most diverse genus of the paramos
(36). Several Diplostephium species have reported use in tradi-
tional medicine; Diplostephium foliosissimum S. F. Blake is used
in the northern Peruvian Andes for the treatment of gastric pain,
hypotension, and systemic debilitation whereas Diplostephium
gynoxyoides Cuatrec is used to treat common cold and in-
flammation of the lungs (37, 38). The Asteraceae family repre-
sents one of 66 drug-producing families in the Viridiplantae
kingdom; many of these families include endangered species.
Artemisinin represents an example isolated from Artemisia
annua, a member of the Asteraceae family. In April 2009, the
FDA approved the first Artemisinin-based combination therapy
for malaria, known as “Coartem.” The bioactivity-guided iso-
lation of the active metabolites from D. rhododendroides Hieron.
was highly challenging due to the limited amount of extract and
the absence of additional fresh plant material. Evaluation of
NMR, overlaying 2D-NMR experiments, gas chromatography
(GC), and high-resolution electron spray ionization mass spec-
troscopy (HRESIMS) data permitted the identification and
characterization of potent HCV and DM leads from two different
structural classes.

Discussion

HCV-identified glycosides (Rhododendroglycosides I-IIT) rep-
resent a high degree of complexity and share the core oleanane
triterpene skeleton. The total carbohydrate content by weight for
the major glycoside, rhododendroglycoside III, has been shown
by GC analysis to be 73.8%. The processed data revealed the
presence of the following units: a glucosyl, two arabinosyls, a
rhamnosyl, a fucosyl, and two xylosyls. Rhododendroglycosides II
and IIT were shown by (+)-HRESIMS to possess the same mass
with m/z 1,722.6523, and 1,722.6498 for the sodiated species,
[C7sH124040+Na]™ whereas rhododendroglycoside 1 showed
a mass at m/z 1,764.7908 for the sodiated species [CgoH126041+
Na]* and the presence of an extra acetyl group, which was con-
firmed by superimposed proton and carbon data for glycosides
I-III (methanol-d,, 600 MHz). Overlaid heteronuclear single-
quantum coherence (HSQC) data for rhododendroglycosides I
and III revealed a high level of homology with interchangeable o-
and B-configuration at C-24 of rhododendroglycoside I. In a sim-
ilar manner, stacked HSQC studies for glycosides II and III
revealed similar carbohydrate units, which were confirmed using
carbohydrate analysis data (SI Appendix). Interestingly, the super-
imposed data clearly demonstrated the presence of the uncommon
Amadori-type pyranose—furanose isomerism of the terminal
L-arabinosyl moiety. It was possible to monitor the presence of
the acyclic intermediate (formyl; CHO) at 217.6 ppm.
Interestingly, PTP1B inhibitory bioactivity-guided isolation
from the same plant led to the isolation and identification of
a unique and different class of compounds: phenolic glycosides
(IV and V) (Fig. 2). Compound IV showed a pseudomolecular
ion peak at m/z 575.1694 [M+Na]" corresponding to the mo-
lecular formula CpgH33015 in the HRESIMS. The 'H and C
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Fig. 2. Structures of isolated metabolites I-V from D. rhododendroides and Amadori-type pyranose-furanose isomerism in Il and Il

NMR data of IV indicated the presence of two symmetrical
1,3,4,5-tetrasubstituted benzene moieties. The connectivity of
a syringoyl moiety, sinapyl alcohol, and glucose were confirmed
by analysis of heteronuclear multiple-bond correlation data. On
the basis of the coupling constant of the anomeric proton (J = 7.2
Hz), the glycosidic linkage of the glucopyranoside was deter-
mined to be -orientation. GC analysis indicated that the glucosyl
moiety in IV belonged to the D-series of hexoses. Consequently,
the structure of IV was elucidated as 1-[6-O-(3,5-dimethoxy-4-
hydroxybenzoyl)-p-D-glucopyranosyloxy]-2,6-dimethoxyphenylprop-
7E-en-9-ol, entitled as diplostephioside A (IV). The molecular
formula of compound V was determined to be CysH30O13 by
a pseudomolecular ion peak at m/z 551.1745 [M + H]" observed
in the HRESIMS. 'H and *C NMR data as well as the physical
data for V were similar to those of IV. The difference of two
mass units and the NMR signals at 85 9.62 (1H, d, J = 7.6 Hz)
and 8¢ 194.7 (C-9), characteristic of formyl group, clearly
indicated that the oxymethylene at the C-9 position of IV is
transformed to an formyl group in V; compound V was identified
as 1-[6-O-(3,5-dimethoxy-4-hydroxybenzoyl)-p-D-glucopyranosyloxy]-
2,6-dimethoxyphenylprop-7E-en-9-al and named diplostephio-
side B (V). Comprehensive docking experiments using computa-
tional modeling techniques suggested that the isolated compounds
may act on the allosteric inhibition site of PTP1B (39).

lbrahim et al.

Rhododendroglycosides I-III were evaluated at six different
concentrations for anti-HCV activity in Huh-7 replicon cells,
where the compounds I-III showed ECs, of 0.2 pg-mL‘l, ECy
of 0.3-0.9 pg:-mL™", and the 50% cytotoxic concentration (CCs)
of 5.3-7.0 pg/mL compared with ECsq of 0.6 pg-mL™}, ECyy of
2.3 pgmL™!, and CCsg of >2.6 pg-mL™" for the positive control
2’-C-methylcytidine (2'-C-Me-C). We were able to develop two
independent resistant HCV replicons to the compound, however
they showed the absence of a consistent mutation to a viral target
suggesting a cellular or entry target. Pharmacokinetic studies
of a similar natural product-derived molecule from the me-
tabolism of a ginseng saponin, 20-O-f-D-glucopyranosyl-20(S)-
protopanaxadiol (IH-901), revealed the potential for these
high-molecular-weight glycosides to target the liver where rapid
disappearance from the plasma at a-phase followed by slow
disappearance at p-phase after i.v. administration were shown
(40). The liver levels of the IH-901 glycoside exceeded initial
plasma concentration by sixfold shortly after i.v. administration.
At steady state C (ss, liver) is about 11-fold higher than C (ss,
plasma), whereas C (ss, bile) is about 1/2 C (ss, liver) after i.v.
infusion. The activity profile clearly revealed significant potency
for these metabolites comparable to the recently approved drug
Telaprevir, (ECsp 0.1-0.2 pg-mL~") (41) and the therapeutic
window warrants further investigations.
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Compounds IV and V were tested for inhibitory activity against
PTP1B. The known PTP1B inhibitors, RK-682 (ICsy = 4.5 pM),
and ursolic acid (ICso = 3.2 uM) were used as positive controls in
this assay (SI Appendix). Compounds IV and V inhibited PTP1B
activity with ICs values of 81.0 and 25.9 pM, respectively, to
afford a starting point for structure-activity relationship inves-
tigations. Comprehensive induced-fit docking simulations with
the available PTP1B crystal structures revealed that compounds
IV and V showed excellent docking scores with allosteric binding
sites of PTP1B (1T48, 1T49 and 1T4J). According to the pre-
dicted binding modes of compounds IV and V, two benzene cores
sit in the hydrophobic binding pocket constructed by the lipo-
philic side chain of Leu192, Phe196, and Phe280 (Fig. 3) (39). A
hydroxy group attached to C-2’ in the glucose residue centered
between the two aromatic groups forms a hydrogen bond to the
side chain of Asp193, which is thought to be crucial to bind to the
allosteric site. The hydrogen bond observed between the hydroxy
group attached to C-9 in compound IV and the carboxylate side
chain of Glu276 probably accounts for its better docking score
than compound V. The predicted binding mode suggests the
possibility that glucose flanked with a bis-benzene scaffold could
be a reasonable starting point in the design of a potential allo-
steric site inhibitor of PTP1B. Compounds IV and V found in the
stems of D. rhododendroides are distinguished from the con-
stituents in the other species studied so far, which indicates that
the compounds could be considered as marker compounds for
establishing the chemotaxonomy of D. rhododendroides. The
interesting arrangement of two aromatic groups centered with
a glucose suggests a unique scaffold of a glucose-based PTP1B
inhibitor given the fact that a range of glycolipids were evaluated
for their PTP1B inhibition potency, and most of the structures
were proven to be ineffective (42).

In conclusion, the opportunity for identifying new drugs for
emerging diseases depends on a diversity of drug-producing
species. Endangered plants have been shown to cluster with
previously established drug-producing families, and if the en-
dangered species becomes extinct, a significant opportunity to
identify novel prototypes to emerging diseases will also be lost.
The rare plant D. rhododendroides Hieron. represents a vital
opportunity in the control of HCV and type-2 DM, which have
emerged as major global health threats, and strongly supports
the value in protecting endangered and rare plants.

Experimental Procedures

The antiviral effectiveness of the compounds was calculated by subtracting
the threshold RT-PCR cycle of the test compound from the threshold RT-PCR
cycle of the nondrug control (ACt HCV). A ACt of 3.3 equals a 1-log reduction
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Predicted binding mode of compounds IV (Left) and V (Right). Dotted lines indicate hydrogen bonds. Model rendering in Pymol (version 1.3,

(equal to 90% less starting material) in replicon RNA levels. The cytotoxicity
of the compounds was calculated by using ACt rRNA values and 2’-C-Me-C
used as a control. To determine ECso and CCsg values, ACt values were first
converted into fractions of starting material and then used to calculate the
percent inhibition (S/ Appendix). For end point determination, Huh-7 B cells
containing HCV genotype 1 replicon RNA were seeded in a 96-well plate
at 3,000 cells per well, and the compounds were added at concentrations of
10, 3, 1, 0.3, 0.1, and 0.03 pg-mL~" in triplicate immediately after seeding.
Following a 5-d incubation [37 °C, 5% (vol/vol) CO,], total cellular RNA was
isolated using the Manual Perfect Pure RNA 96 Cell Vac kit (5 Prime).
Replicon RNA and internal control (TagMan rRNA control reagent, Applied
Biosystems) were amplified in a single-step multiple real-time RT-PCR assay.
The homology in the structures of the isolated metabolites was echoed in
a similar anti-HCV activity pattern.

The 3D structure of the major glycoside Ill was minimized in Macromodel
from Schrédinger (Schrédinger, LLC., New York) using the optimized po-
tential for liquid simulations (OPLS_2005) force field with extended Van der
Waals, electrostatic, and H-bond cutoffs of 8, 20, and 4 A, respectively. All
stereogenic centers were fixed during the calculation. The Polak—Ribiére-
type conjugate gradient (PRCG) method was used with 0.05 kJ~"-mol~".A~"
as the rms gradient convergence threshold. Mixed torsional/low-mode
sampling was used for conformational analysis with 1,000 steps. PyMol 1.4

Fig. 4. The minimized 3D structure surface generated by PyMol 1.4 for the
major metabolite, rhododendroglycoside Ill, where red represents oxygen
and green and white represent carbon and hydrogen.
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was used to generate the 3D surface with element color scheme as shown in
Fig. 4.

Before the docking simulations of compounds IV and V, the docking
protocols were validated by predicting the binding mode of the cocrys-
talized compounds. The Induced Fit protocol successfully predicted their
binding modes with Root mean square (rms) deviations of less than 1.5 A,
and the generated docking scores are almost in accordance with the bi-
ological potency. Schrodinger was used for comprehensive PTP1B docking
studies with the isolated compounds. Protein structures were imported from
the Research Collaboratory for Structural Bioinformatics Protein Data Bank
(www.rcsb.org/) with relevant protein accession codes. Imported protein
crystal structures were prepared using the Protein Preparation Wizard
(Schrédinger LLC.) under default settings (S/ Appendix) with exhaustive
sampling selected. Docking simulation was performed using Induced
Fit (Schrodinger LLC.) (S/ Appendix) with default settings except for the
change on the energy window from 2.5 to 20 Kcal-mol~" in conformational
sampling. After docking simulations with the isolated compounds to re-
ported PTP1B crystal structures, the crystal structures which yielded a docking
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