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ABSTRACT: Using a newly developed strategy whose key step is the regioselective propargylation of hydroxyxanthone
substrates, 99 structurally diverse Garcinia natural-product-like xanthones based on gambogic acid were designed and synthesized
and their in vitro antitumor activity was evaluated. A set of 40 related compounds was chosen for determination of their
physicochemical properties including polar surface area, log D7.4, aqueous solubility, and permeability at pH 7.4. In the light of
the in vitro antitumor activity and the physicochemical properties, two compounds were advanced into in vivo efficacy
experiments. The antitumor activity of compound 112, administered po, showed more potent in vivo oral antitumor activity than
gambogic acid.

■ INTRODUCTION

Natural products (NP) are a unique source of diverse bioactive
lead compounds for drug discovery. More than 50% of the
drugs developed in the pharmaceutical industry over the past
30 years are NPs or inspired by NP structures.1,2 In the case of
anticancer drugs, the proportion is even higher; 74.8% of the
anticancer drugs approved worldwide between 1940 and
December 2010 owe their origins to NPs.1 The evolutionary
selection processes has resulted in complex bioactive NPs with
diverse structures that are optimized to interact with various
biological systems. Due to their coevolution with the target
sites in biological systems, the quality of leads arising from NP
scaffolds is considered to be superior and often more
biologically friendly.3 NP scaffolds are in fact privileged
templates for rapid identification of promising new chemical
entities for therapeutic applications.
The gambogin resin secreted by the Garcinia genus of

tropical plants has been used as folk medicine for centuries in
Southeast Asia.4 Efforts to identify the bioactive constituents of
gambogin resin have revealed a growing family of natural
products known as “caged xanthones” based on their unique 4-

oxa-tricyclo[4.3.1.03,7]decan-2-one scaffold with a common
xanthone backbone.5 This motif is further elaborated by
substitutions on the aromatic residue and peripheral oxidations
to produce a variety of structurally diverse caged Garcinia
xanthones shown in Figure 1, including gambogic acid (GA,
1),6,7 gambogellic acid (2),8 desoxymorellin (3),9 gaudichau-
dione A (4),10 gaudichaudione G (5),10 and isobractatin (6).11

Among these, 1 is the most prominent and representative
example. Preclinical investigation identified 1 as a potent
antitumor agent that inhibits the growth of a broad panel of
cancer cell lines both in vitro and in vivo.12−15 Biological
studies revealed that the antitumor efficacy of 1 arises through
multiple mechanisms involving apoptosis induction,16,17 cell
cycle regulation,18 angiogenesis inhibition,19,20 tumor cell
adhesion inhibition, and metastasis prevention.21 Biomolecular
targets of GA that have been reported include the bcl-2
family,22 p53/mdm2 complex,16 cytosolic thioredoxins,23

topoisomerase II,24 survivin,25 transferring receptor,26,27 heat
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shock protein 90,28 stathmin,29 and IκBα kinase-β protein,30,31

which could explain some aspects of the mechanism of action.
In addition, GA showed minimal toxicity to normal cells and
has a potentially useful therapeutic window in cancer
treatment.14,15

Unfortunately, some perceived disadvantages of GA limit its
clinical application. These include limited natural sources and
complexities associated with its isolation in approximately 5%
yield from the gamboges resin,6,32 difficulties in the total
synthesis,33 very low aqueous solubility (about 0.01 mg/mL),34

and considerable loss of potency when administered orally.
Although several simpler analogues such as cluvenone (34) and
1-hydroxycluvenone (33) have been synthesized and reported
to possess the cytotoxicity exhibited by GA against some cancer
cell lines,35−38 these compounds still lacked the druglike
properties optimal for further preclinical development.
Preliminary SAR studies indicated that the α,β-unsaturated
ketone moiety of CD caged region13 in GA as well as its BC
planar region are both essential for the antitumor activity of
GA,31,37−39 and the peripheral moieties are suitable as sites for
diverse modification.13,32,40−44 In view of the limited

exploration that has been reported of the planar ring B and
the caged ring D in simplified Garcinia analogues, we were
prompted to examine the Garcinia natural-product-like
xanthones shown in Figure 2. These compounds have diverse
structures based on the pharmacophoric caged core associated
with antitumor efficacy, and we conducted both detailed
structure−activity relationship (SAR) and structure−property
relationship (SPR) studies. Our synthetic strategy was mainly
based upon the regioselective propargylation of diverse
hydroxyxanthone substrates followed by a Claisen/Diels−
Alder cascade reaction to generate different planar B-rings
and caged D-rings. All the Garcinia natural-product-like caged
xanthones have been tested in vitro for antitumor activities
against the human hepatocellular carcinoma HepG2 cell line,
the human lung carcinoma A549 cell line, and the human
glioblastoma U251 cell line. Forty representative compounds
have been evaluated for intrinsic aqueous solubility, polar
surface area (PSA), log D, and permeability at pH 7.4 to
identify the compounds with potential to be advanced into in
vivo efficacy experiments. The compounds with effective in vivo
antitumor activity have been evaluated for their in vivo

Figure 1. Caged Garcinia xanthones with conservative D caged ring and structurally diverse AB-ring.

Figure 2. Designed Garcinia natural-product-like caged xanthones with a pharmacophoric caged core.
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pharmacokinetic parameters to determine which of them are
potentially orally active. In this paper, we report the preparation
and thorough examination of a library of 99 Garcinia natural-
product-like caged xanthones and the discovery of novel
Garcinia caged xanthones as orally active antitumor agents.

■ RESULTS AND DISCUSSION
Synthetic Chemistry. The unique 4-oxatricyclo[4.3.1.03,7]-

decan-2-one caged structure of these Garcinia natural-product-
like xanthones can be synthesized using the well-established
Claisen rearrangement/intramolecular Diels−Alder cascade
reaction,45−51 and the structural diversity of the target Garcinia
caged xanthone analogues depends on that of the precursors in
the rearrangement. However, previous synthetic approaches
were limited in practice to provide two main chemical types of
rearrangement precursors: bis-allyl and bis(2-methylbut-3-enyl)
compounds.33 In the present study, a new synthetic strategy
was developed to generate structural diversity in both the caged
and planar regions to obtain detailed SAR and SPR data and to

improve the druglike properties. This strategy was based on the
regioselective propargylation of the OH group at C6 of the 5,6-
dihydroxyxanthone substrates, leaving the C5-OH group free
for introduction of various allyl substituents to form diverse
rearrangement precursors producing diverse target caged
structures.
The 5,6-dihydroxyxanthones 7−9 (Scheme 1) were the

starting points for the propargylation reactions, which could be
conveniently effected according to our previously reported
methods.38,48 Using of 3-chloro-3-methylbut-1-yne in the
presence of KI and K2CO3 and CuI as catalyst was essential
for this alkylation.47 Refluxing substrate 7 in Me2CO for 6 h led
to alkylation, providing cyclized product 7c and the C5, C6-OH
propargylated product 7b but none of the desired C6-OH
propargylated product 7a (Table 1, entry 1). Although no 7a
was isolated at the end of the reaction, the formation of 7c
suggested that 7a might arise during the reaction because 7c
probably formed from 7a under CuI catalysis. With lower
temperatures (35 °C) (Table 1, entry 2) or shorter reaction

Scheme 1. Substrates Tested in the Propargylation Reaction and Their Probable Productsa

aReagents and conditions: (a) 3-chloro-3-methylbut-1-yne (5 equiv for substrate 7, 2.5 equiv for substrates 8 and 9), K2CO3 (3.3 equiv for substrate
7, 2.2 equiv for substrates 8 and 9), KI, 10 mol % CuI. For detailed reaction conditions see Table 1.

Table 1. Regioselectivity in Propargylation of Hydroxyxanthone Substrates

entry substrate solvent T (°C) t (h) products (% yield) substrate recovery (%)

1 7 Me2CO reflux 6 7a (0) 7b (25) 7c (61) 0
2 7 Me2CO reflux 2 7a (12) 7b (10) 7c (41) 28
3 7 Me2CO 35 6 7a (15) 7b (0) 7c (27) 50
4 7 Me2CO 20 6 7a (0) 7b (0) 7c (0) 98
5 7 CH3CN 20 6 7a (7) 7b (0) 7c (1) 82
6 7 CH3CN 35 6 7a (22) 7b (0) 7c (13) 60
7 7 CH3CN 50 2 7a (10) 7b (7) 7c (47) 28
8 7 THF 20 6 7a (0) 7b (0) 7c (0) 99
9 7 THF 35 6 7a (2) 7b (0) 7c (0) 95
10 7 CH3CH/THF (4:1) 35 6 7a (35) 7b (0) 7c (9) 50
11 7 CH3CH/THF (2:1) 35 6 7a (41) 7b (0) 7c (8) 43
12 7 CH3CH/THF (1:1) 35 6 7a (10) 7b (0) 7c (3) 82
13 8 Me2CO reflux 6 8a (0) 8b (0) 8c (88) 0
14 8 CH3CN/THF (2:1) 35 6 8a (42) 8b (0) 8c (2) 50
15 9 Me2CO reflux 6 9a (0) 9b (80) 9c (11) 0
16 9 CH3CN/THF (2:1) 35 6 9a (33) 9b (0) 9c (3) 52
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times (Table 1, entry 3), relatively low yields of the C6-OH
propargylated product 7a were obtained, but it was not
produced by the reaction carried out at 20 °C in Me2CO
(Table 1, entry 4). Different solvents such as CH3CN, THF,
and their mixtures were also evaluated in order to improve the
yield and selectivity of 7a (Table 1, entries 5−12), and it was
found that in CH3CN, 7a was formed even at 20 °C (Table 1,
entry 5). A significant proportion of 7 was not converted to 7a

in this reaction as a result of its low solubility in CH3CN at
such relatively low reaction temperatures (Table 1, entries 5, 6),
and increases in reaction temperature led to an increased ratio
of the cyclized product 7c. Meanwhile, the solvent THF, in
which the solubility of 7 was enhanced, was found to seriously
hinder the propargylation process (Table 1, entries 8, 9).
Subsequently, use of CH3CN/THF mixtures (v:v = 2:1) as
solvent was found to give an improved yield (41%) of 7a with

Scheme 2. Synthesis of Caged Xanthone Analogues 18−23 Missing One gem-Dimethyl Group in the Caged Regiona

aReagents and conditions: (a) H2, Pd/BaSO4, EtOH, 25 °C, 20 min, 82−89%; (b) H2, Pd/BaSO4, EtOH, 25 °C, 40 min, 90%; (c) allyl bromide,
K2CO3, Me2CO, 35 °C, 4 h, 79−87%; (d) DMF, 120 °C, 2 h, 71−86%.

Scheme 3. Synthesis of Caged Xanthone Analogues 28−34 with Two gem-Dimethyl Groups in the Caged Regiona

aReagents and conditions: (a) 3-chloro-3-methylbut-1-yne, K2CO3, KI, 10% CuI, Me2CO, reflux, 30 min, 85%; (b) H2, Pd/BaSO4, EtOH, 25 °C, 40
min, 80−89%; (c) DMF, 120 °C, 2 h, 57−82%.
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acceptable regioselectivity between C6-OH and C5-OH groups
(Table 1, entry 11). In a similar manner, using CH3CN/THF
as solvent at 35 °C, substrates 8 and 9 selectively provided the
C6-OH monopropargylated products 8a and 9a, respectively
(Table 1, entries 14, 16), but no C6-OH monopropargylated
products were observed when refluxing 7, 8, or 9 in Me2CO
(Table 1, entries 13, 15). Despite the moderate C6-OH
propargylation yields (33−42%) and the recovery of reactants,
this strategy offered the most expedient selective route to the
C6-OH propargylated products 7a−9a, the key intermediates
to generate the diverse target Garcinia caged xanthones.
Next, a set of caged xanthones varying in both the planar and

caged regions was synthesized to probe the substituent groups
around the pharmacophoric caged core (Schemes 2−4). With

the C6-OH propargylated xanthones 7a−9a in hand, caged
xanthone analogues 18−23 missing one gem-dimethyl group in
the caged region were synthesized through routes similar to
that in Scheme 2. Regioselective monohydrogenation of the
acetylenic moiety at C6 in 7a in the presence of Lindlar catalyst
provided the corresponding olefin 10 by curtailing the reaction
time to 20 min. With further prolongation of the reaction time
to 40 min, both the C5 and C6 acetylenic moieties in 7a were
reduced to the olefin 12. Subsequent alkylation of 10 and 12 in
the presence of allyl bromide and K2CO3 gave rise to 11 and
13, respectively. Drawing on previous experience with related
structures50 we heated 11 in DMF at 120 °C utilizing the
Claisen/Diels−Alder/Claisen reaction and obtained the caged
xanthones 18 and 19 as isomers with a pyran ring merged into
planar region, that at the C2 and C4 positions, respectively
(Scheme 2). Meanwhile, in the case of 13, caged xanthones 20
and 21 were formed as isomers with a prenyl group at the C2
and C4 positions, respectively (Scheme 2). In a similar manner,
intermediates 8a and 9a underwent Lindlar reduction and
allylation followed by Claisen/Diels−Alder cascade reaction to
form, respectively, the caged xanthones 22 and 23 with a simple
planar region (Scheme 2). On the basis of the caged compound
28 previously developed in our laboratory,49 the caged
xanthone analogues 29 and 30, with a pyran ring in the planar
region and both the gem-dimethyl groups in the caged region,
were obtained by propargylation of the C3-OH group using 3-
chloro-3-methylbut-1-yne followed by Claisen rearrangement
cyclization (Scheme 3). Caged xanthones 31 and 32
(forbesione) were prepared as shown in Scheme 3 according
to published reactions,31,47 and compounds 33 (cluvenone)
and 34 (1-hydroxycluvenone) were prepared according to our
previously reported procedure (Scheme 3).38 In addition, caged
xanthone 36, from which the two gem-dimethyl group in the
caged region are absent, was prepared from the xanthone 8 by

diallylation to form 35 and, subsequently, Claisen/Diels−Alder
reaction in decalin at 180 °C (Scheme 4).
Subsequently, a number of D-ring-modified caged xanthones

(46−130) were designed to probe the caged region and to
determine the optimal substitution for antitumor activity as well
as druglike properties (Scheme 5). Compound 10 was allylated
with (E)-1,4-dibromobut-2-ene in the presence of K2CO3 in
Me2CO, generating the intermediate 37, derivatization of which
with various aliphatic or aromatic amines, alcohols, or acids in
the presence of K2CO3 in DMF led to the precursor 38, which
underwent the Claisen/Diels−Alder reaction to provide the
caged xanthones 46−52 and 53−59 as isomer pairs, with a
pyran ring in the planar region and a modified caged region
(Scheme 5). Similarly, D-ring-modified caged xanthones 60−81
and 82−103 were obtained from compound 12, which
possessed a prenyl group in its planar region (Scheme 5).
Treatment of 12 with various acrylic acids in the presence of 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC·HCl) and 4-dimethylaminopyridine (DMAP) in DCM
led to the ethers 41a−d. Heating precursors 41a−d in DMF at
120 °C produced the caged xanthones 104−107 with a
carbonyl group in the caged region, by replacing the gem-
dimethyl group and a C4 substituted prenyl group in the planar
region (Scheme 5). In this case, hardly any of the C2
prenylated isomer was isolated. Furthermore, by use of
compounds 14 and 16 as synthetic entries instead of 12, the
D-ring-modified caged xanthones 108−130 with a simple
planar region were similarly prepared as a single isomer
(Scheme 5).

Antiproliferative Activities. The antiproliferative activity
of 1 and the 99 synthetic Garcinia natural-product-like caged
xanthones were assessed with the tetrazolium-based MTT assay
using the human hepatocellular carcinoma HepG2 cell line, the
human lung carcinoma A549 cell line, or the human
glioblastoma U251 cell line. Cancer cells were treated with
increasing concentrations of the compounds for 24 h, and then
the cell viability was evaluated through measurements of
mitochondrial dehydrogenase activity. The antiproliferative
activities, expressed as IC50 values, are summarized in Tables
2−6. Compound 1 was used as positive control for the in vitro
assay and exhibited IC50 values of 0.89, 1.10, and 2.56 μM
against HepG2, A549, and U251 cells, respectively. In general,
most of the caged xanthones showed potent antiproliferative
activities against HepG2 and A549 cells, with IC50 values at low
micromolar levels. All the compounds tested were found to be
less sensitive to U251 cells than to HepG2 and A549 cells.
Among the 99 synthetic caged xanthones, compound 33
showed the most potent inhibitory activities in vitro against
HepG2 and A549 cells, with an IC50 value of 0.81 and 0.70 μM,
respectively, while compound 78 was the most cytotoxic against
U251 cells, with an IC50 value of 6.56 μM.

Structure−Activity Relationship Studies. First, a set of
caged xanthones (Table 2) varying in both the planar region
(seven structural types) and caged region (four structural
types) was designed to gain an understanding of the SAR
around the pharmacophoric caged core and especially to
explore the optimal structure of the caged region for antitumor
activity. As shown in Table 2, all the compounds seemed to be
more active toward HepG2 and A549 cells but less active or
even not active toward U251 cells at similar concentrations. In
the cases of HepG2 and A549 cells, generally, compounds with
type A (containing two gem-dimethyl groups) and type B
(containing one gem-dimethyl group) caged regions were found

Scheme 4. Synthesis of Caged Xanthone Analogues 36
Missing the Two gem-Dimethyl Groups in the Caged
Regiona

aReagents and conditions: (a) allyl bromide, K2CO3, Me2CO, 35 °C, 4
h, 95%; (b) decalin, 180 °C, 3 h, 51%.
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to be more active than that with type C (containing one gem-
dimethyl group and one carbonyl group) or type D caged
structures (missing two gem-dimethyl groups). For instance,
compounds 22 and 33 possessed a low micromolar activity
(0.70−3.79 μM) against HepG2 and A549 cells and were much
more potent than compound 36, which contains the same
planar region. Similarly, compared with compounds 21 and 32,
compound 104, with a carbonyl group in the caged region, was
about 10−20-fold less active against A549 cells and inactive at
100 μM against HepG2 and U251 cells. Meanwhile,
compounds 18−21 with type A caged structure displayed
antitumor activity similar to that of the corresponding
compounds 29−32 with type B caged moiety that lacked a
gem-dimethyl group. The planar region with diverse structures
including types A−G was found to be tolerated, whereas type G
without any substituents contributed the least to their
antitumor activity. Compound 22 for example, bearing a C1
hydroxyl group on the B-ring had IC50 values of 2.65 and 3.79

μM against HepG2 and A549 cells, respectively, while
compounds 18−21, containing the same caged structure as
22, possessed similar IC50 values ranging from 2.04 to 8.43 μM.
On the other hand, compound 23, formed by the removal of
the C1 hydroxyl group, when compared to 22, was found to be
almost 4−10-fold less active. Similar decreases in cytotoxicity
were also observed between compounds 33 and 34. These
results suggest that (a) the gem-dimethyl group directly linked
to the caged scaffold is not necessary for the bioactivity, (b)
replacement of the gem-dimethyl group linked to the caged
scaffold with a carbonyl group leads to substantial loss of
activity, (c) the gem-dimethyl group of the prenyl moiety in the
caged region contributes significantly to the antitumor activity,
and (d) the prenylation and pyran fusion in the B-ring planar
region are well-tolerated and the C1 hydroxyl group on B-ring
benefits the cytotoxicity.
On the basis of the above SAR around the pharmacophoric

caged core, a large set of D-ring-modified caged xanthones 46−

Scheme 5. Synthesis of D-Ring-Modified Caged Xanthone Analogues 46−130 with Diverse Planar Regiona

aReagents and conditions: (a) (E)-1,4-dibromobut-2-ene, K2CO3, Me2CO, 35 °C, 4 h, 74−77%; (b) different amide or alcohol or acid, K2CO3,
DMF, 35 °C, 1 h, 99−100%; (c) substituted acrylic acid, EDC·HCl, DMAP, DCM, 25 °C, 2 h, 71−80%; (d) DMF, 120 °C, 2 h, 24−32% for 46−52,
35−43% for 53−59, 20−32% for 60−81, 30−44% for 82−103, 31−37% for 104−107, and 51−70% for 108−130. For the detailed R groups of
compounds 46−130, see Tables 3−6.
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130 (Table 3-6) with different planar regions was designed and
synthesized to further explore in detail the caged region with
various substituents and to improve the druglike properties by
introducing hydrophilic groups.
a. Garcinia Natural-Product-Like D-Ring-Modified Caged

Xanthones 46−59 with a Pyran Ring in the Planar Region.
To gain insight on how modification of the D caged ring can
affect cytotoxicity when the planar region features type A and B
structures, HepG2, A549, and U251 cells were treated with the
designed compounds 46−59. As shown in Table 3, all the
compounds were found to be less sensitive to U251 cells than
to HepG2 and A549 cells. Compared with compound 18, all of
the compounds with pyran ring at C2 (compounds 46−52)
were less cytotoxic against the three cancer cell lines with the
exception of 52 (IC50 = 0.91 μM), which was 3.2 times more
active than 18 against HepG2 cells. Compared with compound
19, all of the compounds with a pyran ring at C4 (compounds
53−59) were less cytotoxic against HepG2 and U251 cells. The
introduction of morpholino, (n-Pr)2N, (i-Pr)2N, or (n-Bu)2N
groups (compounds 55, 57−59) led to a 1.2−3.0-fold increase
in activity as compared to 19, with IC50 values ranging from
2.16 to 7.25 μM against A549 cells, but they were all less active
than 1. The presence of a pyrrolidinyl or Et2N group in the
caged region resulted in complete loss of cytotoxicity against
the three cancer cell lines. Generally, in the case of compounds

with a pyran ring in the planar region, the introduction of
additional amino groups to the D caged ring contributed little
to improvement of the cytotoxicity.

b. Garcinia Natural-Product-Like D-Ring-Modified Caged
Xanthones 60−81 with a C2 Prenyl Group in the Planar
Region. To gain insight on how modification of the D caged
ring can affect cytotoxicity in compounds with a planar region
featuring a type C structure, HepG2, A549, and U251 cells
were incubated with the designed compounds 60−81. As
shown in Table 4, these compounds were generally more
potent than the compounds mentioned above with pyran ring
in the planar region. They were also found to be less sensitive
to U251 cells than to HepG2 and A549 cells. In HepG2 cells,
compared with compound 20, seven compounds (60, 63−65,
69, 72, 81) had increased potency with IC50 values ranging
from 1.74 to 3.16 μM. These compounds all had an alkylamino
group substitution such as pyrrolidinyl, piperazinyl, methyl-
piperazinyl, 4-oxopiperidinyl, (n-Pr)2N, (HOCH2CH2)2N, or
phenylpiperazinyl groups. Another set of compounds (61−62,
67−68, 71) with alkylamino group substitution had activities
comparable to that of 20. Introduction of an i-PrO- group, as in
compound 73, gave a similar cytotoxicity when compared to
20. An increase of the volume of the substituted alkyloxy group
as in compounds 75 and 76 led to a decrease in activity
compared to 73. Introduction of ester groups caused a 3−6-fold

Table 2. SAR of the Planar Region and gem-Dimethyl Group in the Caged Region

structure IC50 (μM)a

compd planar region caged region HepG2 A549 U251

18 type A type A 2.99 ± 0.24 2.00 ± 0.27 12.2 ± 1.08
19 type B type A 4.40 ± 0.14 8.43 ± 0.52 8.29 ± 0.76
20 type C type A 3.46 ± 0.23 3.78 ± 0.25 18.7 ± 2.1
21 type D type A 3.13 ± 0.33 2.04 ± 0.09 14.3 ± 1.9
22 type F type A 2.65 ± 0.21 3.79 ± 0.50 23.9 ± 2.0
23 type G type A 12.4 ± 1.1 36.1 ± 3.4 30.0 ± 2.9
29 type A type B 2.00 ± 0.07 2.12 ± 0.18 9.62 ± 1.44
30 type B type B 4.72 ± 0.30 3.15 ± 0.13 9.01 ± 0.66
31 type C type B 6.27 ± 0.58 14.4 ± 1.6 22.4 ± 2.5
32 type D type B 4.07 ± 0.09 3.58 ± 0.22 8.57 ± 0.94
28 type E type B 3.39 ± 0.11 2.67 ± 0.39 7.32 ± 0.87
33 type F type B 0.81 ± 0.04 0.70 ± 0.09 9.05 ± 1.17
34 type G type B 6.77 ± 0.46 1.93 ± 0.36 18.7 ± 2.2
104 type D type C >100 37.9 ± 4.6 >100
36 type F type D 9.14 ± 1.33 18.7 ± 3.8 51.7 ± 4.3

a1 is the internal control for in vitro assays: HepG2, 0.89 ± 0.08 μM; A549, 1.10 ± 0.12 μM; and U251, 2.56 ± 0.25 μM.
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Table 3. SAR Focused on the Caged Region Containing the Pyran Ring

IC50 (μM)a

compd planar region R HepG2 A549 U251

46 type A pyrrolidin-1-yl 71.3 ± 5.7 70.3 ± 6.5 70.3 ± 5.4
47 type A piperidin-1-yl 71.3 ± 4.3 70.3 ± 6.2 59.1 ± 3.9
48 type A morpholino 8.82 ± 1.08 1.79 ± 0.18 12.2 ± 1.7
49 type A Et2N 50.4 ± 3.6 >100 >100
50 type A (n-Pr)2N 5.05 ± 0.97 36.7 ± 3.2 16.8 ± 1.5
51 type A (i-Pr)2N 7.93 ± 0.27 17.8 ± 1.1 >100
52 type A (n-Bu)2N 0.93 ± 0.08 29.6 ± 2.6 >100
53 type B pyrrolidin-1-yl >100 >100 >100
54 type B piperidin-1-yl 91.5 ± 4.0 24.9 ± 2.1 >100
55 type B morpholino 9.35 ± 0.82 2.82 ± 1.7 13.2 ± 1.6
56 type B Et2N >100 >100 >100
57 type B (n-Pr)2N 5.93 ± 0.33 2.16 ± 0.06 40.4 ± 4.2
58 type B (i-Pr)2N 14.5 ± 1.2 7.25 ± 0.45 23.8 ± 2.3
59 type B (n-Bu)2N 9.44 ± 0.54 6.01 ± 1.07 10.7 ± 1.4

aCompounds 1, 18, and 19 are internal controls. For 1: HepG2, 0.89 ± 0.08 μM; A549, 1.1 ± 0.12 μM; U251, 2.56 ± 0.25 μM. For 18: HepG2,
2.99 ± 0.24 μM; A549, 2.00 ± 0.27 μM; U251, 12.2 ± 1.08 μM. For 19: HepG2, 4.40 ± 0.14 μM; A549, 8.43 ± 0.52 μM; U251, 8.29 ± 0.76 μM.

Table 4. SAR Focused on the Caged Region Containing the Prenyl Side Chain at C2

IC50 (μM)a

compd R HepG2 A549 U251

60 pyrrolidin-1-yl 2.42 ± 0.09 3.10 ± 0.24 58.6 ± 4.4
61 piperidin-1-yl 3.97 ± 0.15 6.95 ± 0.98 25.1 ± 3.0
62 morpholino 6.27 ± 1.02 35.9 ± 2.8 36.4 ± 4.2
63 piperazin-1-yl 3.16 ± 0.97 8.58 ± 1.03 31.0 ± 4.7
64 4-methylpiperazin-1-yl 2.28 ± 0.34 10.4 ± 1.3 64.6 ± 2.9
65 4-oxopiperidin-1-yl 1.74 ± 0.05 17.3 ± 2.0 58.0 ± 4.3
66 3,4-dioxopyrrolidin-1-yl 52.0 ± 7.3 16.6 ± 1.4 83.1 ± 7.8
67 Me2N 4.28 ± 0.22 17.3 ± 0.9 45.4 ± 5.1
68 Et2N 3.86 ± 0.30 18.0 ± 2.1 26.0 ± 2.4
69 (n-Pr)2N 3.13 ± 0.25 11.7 ± 1.5 79.2 ± 6.1
70 (i-Pr)2N 11.0 ± 1.3 3.25 ± 0.22 37.1 ± 2.6
71 (n-Bu)2N 4.77 ± 0.31 19.4 ± 2.1 >100
72 (HOCH2CH2)2N 2.94 ± 0.18 9.85 ± 0.68 62.7 ± 5.2
73 i-PrO 3.93 ± 0.40 12.9 ± 0.7 11.7 ± 1.5
74 HOCH2CH2O 15.7 ± 1.9 58.2 ± 5.6 43.2 ± 2.9
75 PhCH2O 4.84 ± 0.72 5.18 ± 0.55 17.2 ± 1.4
76 PhCH2CH2O 20.8 ± 1.4 9.12 ± 0.51 10.4 ± 1.1
77 AcO 20.5 ± 2.2 50.7 ± 4.5 21.6 ± 1.6
78 PhCOO 10.8 ± 0.8 7.34 ± 0.63 6.56 ± 0.47
79 PhCH2COO 12.6 ± 1.1 6.02 ± 0.71 13.8 ± 1.5
80 PhCHCHCOO 20.1 ± 1.7 27.1 ± 2.3 27.4 ± 3.1
81 4-phenylpiperazin-1-yl 3.10 ± 0.06 3.23 ± 0.17 63.4 ± 5.9

aCompounds 1 and 20 are internal controls. For 1: HepG2, 0.89 ± 0.08 μM; A549, 1.10 ± 0.12 μM; U251, 2.56 ± 0.25 μM. For 20: HepG2, 3.46 ±
0.23 μM; A549, 3.78 ± 0.25 μM; U251, 18.7 ± 2.1 μM.
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decrease in activity. In A549 cells, most of the compounds were
found to be less active when compared to compound 20, and
only three compounds (60, 70, 81) were more cytotoxic. In
U251 cells, five compounds (73, 75−76, 78−79) with
hydrophobic group substitution in the caged region showed
greater activity than compound 20. These results suggest that in
the case of compounds with a C2 prenyl group in the planar
region, the introduction of hydrophilic alkylamino groups to
the caged D-ring generally increased cytotoxicity against
HepG2 cells while introduction of hydrophobic and bulky
groups led to a decrease in activity. The presence of
substituents in the caged region was generally unfavorable to
antitumor activity against A549 and U251 cells.
c. Garcinia Natural-Product-Like D-Ring-Modified Caged

Xanthones 82−107 with a C4 Prenyl Group in the Planar
Region. To gain insight on how modification of the D caged
ring can affect cytotoxicity when the planar region features a
type D structure, HepG2, A549, and U251 cells were incubated
with the designed compounds 82−107. As shown in Table 5,
compared with compound 21, 10 compounds (85, 88, 90, 92,
94−95, 97, 99−100, 103) had increased potency against
HepG2 cells with IC50 values ranging from 1.96 to 3.08 μM,

and most of these compounds showed decreased cytotoxicity
against A549 and U251 cells. The substitution of the gem-
dimethyl group linked to the caged scaffold by an electron-
withdrawing carbonyl group interfered significantly with the
cytotoxicity, in all three cancer cell lines, as observed for
compounds 104−107. Among compounds 82−103, the
substitution of the alkylamino group led to increased or
maintained cytotoxicity against HepG2 cells. When introducing
some alkyloxy or ester groups, compounds 95, 97, 99, 100 were
obtained and had improved activity against HepG2 cells. The
cytotoxicity was improved when the substituent groups
contained an aromatic ring, as observed for compounds 97
and 100−101 with IC50 values ranging from 1.13 to 3.28 μM
against HepG2 and A549 cells. However, replacement of
substituents by the long-chain alkyloxy or ester groups as in
compounds 98 and 102 caused a significant decrease in activity
against HepG2 and A549 cells. Compound 112 with a
phenylpiperazinyl group was synthesized to determine if the
length of the substituents affected the cytotoxicity and whether
the alkylamino group may improve the physicochemical
property of the molecules. Compound 112 showed the most
potent cytotoxicity against HepG2 cells with an IC50 value of

Table 5. SAR Focused on the Caged Region Containing a Prenyl Side Chain at C4

IC50 (μM)a

compd R HepG2 A549 U251

82 pyrrolidin-1-yl 4.71 ± 0.17 8.41 ± 0.44 17.1 ± 0.9
83 piperidin-1-yl 8.37 ± 0.39 5.14 ± 0.32 27.8 ± 1.7
84 morpholino 4.42 ± 0.22 8.06 ± 0.68 33.1 ± 2.2
85 piperazin-1-yl 2.56 ± 0.15 17.9 ± 1.5 35.1 ± 2.1
86 4-methylpiperazin-1-yl 4.65 ± 0.40 10.5 ± 0.7 71.6 ± 4.6
87 4-oxopiperidin-1-yl 10.6 ± 0.7 6.30 ± 0.55 >100
88 3,4-dioxopyrrolidin-1-yl 2.33 ± 0.12 5.48 ± 0.34 >100
89 Me2N 3.92 ± 0.33 6.30 ± 0.47 21.2 ± 3.1
90 Et2N 2.00 ± 0.02 7.61 ± 0.08 25.1 ± 2.8
91 (n-Pr)2N 4.60 ± 0.50 4.36 ± 0.11 24.3 ± 2.2
92 (i-Pr)2N 2.90 ± 0.14 3.45 ± 0.15 >100
93 (n-Bu)2N 3.96 ± 0.44 5.66 ± 0.63 17.3 ± 2.1
94 (HOCH2CH2)2N 3.08 ± 0.29 3.83 ± 0.31 33.9 ± 2.7
95 i-PrO 2.20 ± 0.09 7.92 ± 0.66 7.48 ± 0.83
96 HOCH2CH2O 16.7 ± 2.5 28.5 ± 1.9 43.2 ± 3.2
97 PhCH2O 2.22 ± 0.13 2.50 ± 0.09 22.1 ± 1.6
98 PhCH2CH2O 13.4 ± 2.0 4.78 ± 0.67 17.5 ± 2.3
99 AcO 2.95 ± 0.13 10.7 ± 1.2 13.2 ± 1.8
100 PhCOO 2.13 ± 0.20 1.13 ± 0.10 16.7 ± 2.4.
101 PhCH2COO 3.28 ± 0.25 2.13 ± 0.09 9.46 ± 1.07
102 PhCHCHCOO 21.2 ± 2.4 30.2 ± 2.7 41.4 ± 3.5
103 4-phenylpiperazin-1-yl 1.96 ± 0.12 3.07 ± 0.21 37.2 ± 3.5
104 H >100 37.9 ± 3.6 >100
105 Me >100 34.9 ± 3.1 >100
106 CH3OOC >100 >100 >100
107 Ph >100 >100 >100

aCompounds 1 and 21 are internal controls. For 1: HepG2, 0.89 ± 0.08 μM; A549, 1.10 ± 0.12 μM; U251, 2.56 ± 0.25 μM. For 21: HepG2, 3.13 ±
0.33 μM; A549, 2.04 ± 0.09 μM; U251, 14.3 ± 1.9 μM.
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1.96 μM and also inhibited A549 cells with an IC50 value of
3.07 μM. These results suggest that in the case of compounds
with a C4 prenyl group in the planar region, the introduction of
hydrophilic alkylamino groups to the caged D-ring can also
increase cytotoxicity against HepG2 cells. The presence of
aromatic substitutents in the caged region seemed to be
favorable for antitumor activity against HepG2 and A549 cells,
while the length and volume of the substituted moiety in the
caged region affected the cytotoxicity significantly. Further-
more, replacement of the gem-dimethyl group linked to the
caged scaffold by a carbonyl group caused loss in activity
against all the three cancer cells.
d. Garcinia Natural-Product-Like D-Ring-Modified Caged

Xanthones 108−130 Containing a Simplified Planar Region.
To gain insight on how modification of the D caged ring can
affect the cytotoxicity when the planar region features a type E
structure, HepG2, A549, and U251 cells were incubated with
the designed compounds 108−129. As shown in Table 6, a
better selectivity for HepG2 and A549 cells was achieved, since

all the compounds were nearly inactive against U251 cells even
at a concentration of 100 μM. This series of compounds was
generally less active than the corresponding analogues that have
prenyl substitution in the planar region. Although compared
with compound 22, most of the compounds showed less
potency against HepG2 and A549 cells, these simplified
analogues generally were inhibitory at micromolar levels and
had improved druglike properties (see Table 7). Notably, 15 of
them had IC50 values against HepG cells below 10 μM, while
the number was decreased to 10 in the case of A549 cells.
Introduction of hydrophilic alkylamino groups, such as
methylpiperazinyl, 4-oxopiperidinyl, and (n-Pr)2N groups, as
in compounds 112, 113, and 117, respectively, led to a similar
cytotoxic profile when compared to compound 22. Compound
112 showed comparable cytotoxicity against HepG2 and A549
cells with an IC50 value of 3.25 and 3.60 μM, respectively.
Meanwhile, compounds 121−123, with alkyloxy substituents,
also exhibited cytotoxicity, whereas further introducing long-
chain alkyloxy group as in compound 124 resulted in major loss
of activity against HepG2 cells. A similar decrease in
cytotoxicity was also observed in compound 128 as compared
to 126 and 127. The bulky substituent seemed to increase the
activity against A549 cells, since compound 119 with a (n-
Bu)2N group showed the most potent activity against A549
cells among all these series of compounds. Introduction of
long-chain aromatic moieties as in compounds 124, 127−129
did not interfere significantly with the cytotoxicity to A549
cells. Removal of the C1 hydroxyl substituent in compound 112
produced the significantly less active compound 130. This was
consistent with the finding that the presence of a hydroxyl
group at C1 improved the cytotoxicity. These results suggest
that in the case of compounds with a simplified planar region,
the introduction of alkylamino, alkyloxyl, or ester groups to
caged D-ring generally led to sustained antitumor activity and
facilitated improvement of the physicochemical properties such
as water solubility and cell member permeability while having
little effect on cytotoxicity, since the structures of these natural-
product-like caged xanthones were greatly simplified compared
to the natural product GA.

Structure−Property Relationship Studies. In parallel
with the antitumor activity testing, the physicochemical
properties of 40 representative diverse caged compounds
were determined in an effort to identify potential druglike
compounds prior to the time-consuming and costly develop-
ment and optimization of analogues that may ultimately fail in
in vivo efficacy experiments. Compound 1 was used as a
reference compound for comparison of polar surface area, log
D7.4, intrinsic aqueous solubility, and permeability (Table 7).
Digoxin and propranolol were used as internal standards for
permeability. The polar surface area (PSA) was calculated by
Discovery Studio 3.0 using the ADMET protocol. The partition
coefficient (log D) at pH 7.4 and aqueous solubility were
determined according to the method of Avdeef and Tsinman52

on a Gemini Profiler instrument (pION) by the “gold-
standard” Avdeef−Bucher potentiometric titration method.53

Permeability coefficients were determined using a standard
parallel artificial membrane permeability assay (PAMPA) on a
PAMPA Explorer instrument (pION).
As shown in Table 7, all the synthetic caged compounds

displayed aqueous solubility that was improved over that of 1.
Among all the tested compounds, compound 120 was the most
soluble with an intrinsic solubility of 10.37 mM, almost 1000
times more soluble than 1. Generally, the introduction of

Table 6. SAR Focused on the Caged Region Containing a
Simplified B-Ring

IC50 (μM)a

compd R HepG2 A549 U251

108 pyrrolidin-1-yl 8.82 ± 0.77 12.5 ± 1.0 >100
109 piperidin-1-yl 12.1 ± 1.1 10.2 ± 0.8 >100
110 morpholino 7.72 ± 0.45 8.51 ± 0.34 >100
111 piperazin-1-yl 7.50 ± 0.43 4.24 ± 0.27 >100
112 4-methylpiperazin-

1-yl
3.25 ± 0.22 3.60 ± 0.19 71.0 ± 5.7

113 4-oxopiperidin-1-yl 2.59 ± 0.31 9.14 ± 0.48 >100
114 3,4-dioxopyrrolidin-

1-yl
10.2 ± 0.6 38.0 ± 2.58 >100

115 Me2N 8.59 ± 0.71 38.2 ± 2.41 >100
116 Et2N 7.89 ± 0.73 20.5 ± 2.17 >100
117 (n-Pr)2N 3.69 ± 0.26 7.82 ± 0.33 >100
118 (i-Pr)2N 33.1 ± 2.08 23.5 ± 2.26 >100
119 (n-Bu)2N 7.83 ± 0.63 1.25 ± 0.06 94.9 ± 3.3
120 (HOCH2CH2)2N 6.53 ± 0.48 9.68 ± 0.70 >100
121 MeO 5.70 ± 0.35 14.8 ± 1.4 >100
122 i-PrO 5.21 ± 0.32 37.3 ± 3.5 >100
123 PhCH2O 7.21 ± 0.48 5.83 ± 1.01 93.1 ± 5.1
124 PhCH2CH2O >100 4.46 ± 0.29 >100
125 AcO 23.9 ± 1.7 36.3 ± 4.0 >100
126 PhCOO 11.8 ± 0.8 10.9 ± 1.1 >100
127 PhCH2COO 6.65 ± 0.12 7.58 ± 0.33 >100
128 PhCHCHCOO 24.8 ± 2.2 14.9 ± 1.3 >100
129 4-phenylpiperazin-1-

yl
7.34 ± 0.34 2.15 ± 0.17 >100

130 4-methylpiperazin-
1-yl

41.6 ± 4.3 54.0 ± 3.6 >100

aCompounds 1 and 22 are internal controls. For 1: HepG2, 0.89 ±
0.08 μM; A549, 1.10 ± 0.12 μM; U251, 2.56 ± 0.25 μM. For 22:
HepG2, 2.65 ± 0.21 μM; A549, 3.79 ± 0.50 μM; U251, 23.9 ± 2.0
μM.
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hydrophilic groups such as morpholino, pyrrolidin-1-yl,
piperazin-1-yl, and 4-methylpiperazin-1-yl resulted in a
significant increase in solubility. For instance, comparing the
solubility of 52 and 48, 55 and 19, 67 and 20, 120 and 33,
showed that all the former compounds were more soluble than
the latter compounds. Introduction of hydrophobic aliphatic
chains such as dibutylamino and benzyl groups with bulk
volume led to poor solubility. For examples, compounds 52, 59,
71, and 119 with dibutylamino substitution, compounds 97 and
123 with a benzyloxy group, and compounds 101 and 127 with
a phenylacetoxy group all displayed reduced aqueous solubility
compared to the corresponding analogues lacking these
substituents. Furthermore, it was shown that compounds with
a simplified planar region (type F) were far more soluble than
compounds with a prenyl substituent (types C and D) or fused
pyran ring (types A and B) in the planar region. Compounds of

type A and B planar regions showed the poorest solubility,
probably a result of the increased rigidity of the molecule due to
the additional pyran ring. These results suggest that
compounds with a smaller framework and with hydrophilic
groups are likely to have better aqueous solubility.
Permeability is another important property reflecting the

ability of molecules to diffuse through the cell membrane.
Generally, as shown in Table 7, the Pe values of all compounds
were less than that of the positive control compound,
propranolol. Compound 115, the most permeable of the
caged xanthone analogues, had a Pe value of 189.1 × 10−6 cm/s.
Compounds with simple B-ring, such as those with a type F
planar region, possessed better permeability when compared to
those with prenyl or pyran substituents in the planar region. In
addition, the introduction of hydrophilic groups to the caged
region of the molecules also led to an improvement in

Table 7. SPR Focused on both the Planar and Caged Regions

structure

compd planar region caged region R PSA_2D (Å2) log D, pH 7.4 intrinsic solubility, (mM) Pe, pH 7.4 (10−6 cm/s)a

18 type A type A  82.2 4.0 0.32 16.8
48 type A type E morpholino 94.5 3.8 0.84 26.4
52 type A type E (n-Bu)2N 85.6 6.2 0.028 8.1
19 type B type A  82.2 4.3 0.17 13.6
55 type B type E morpholino 94.5 4.0 0.43 36.3
59 type B type E (n-Bu)2N 85.6 6.0 0.021 8.2
20 type C type A  94.1 3.6 0.57 21.9
60 type C type E pyrrolidin-1-yl 97.4 3.9 0.98 26.2
62 type C type E morpholino 106.4 3.1 1.27 28.4
67 type C type E Me2N 97.4 2.4 2.19 12.2
71 type C type E (n-Bu)2N 97.4 4.7 0.71 22.7
72 type C type E (HOCH2CH2)2N 139.1 2.6 4.52 9.1
81 type C type E 4-phenylpiperazin-1-yl 100.8 4.5 0.38 13.2
21 type D type A  94.1 3.5 0.50 12.1
32 type D type B  94.1 3.9 0.34 10.3
82 type D type E pyrrolidin-1-yl 97.4 3.7 0.85 15.6
83 type D type E morpholino 106.4 3.2 1.25 27.3
89 type D type E Me2N 97.4 2.6 2.45 41.9
93 type D type E (n-Bu)2N 94.4 5.1 0.092 11.8
94 type D type E (HOCH2CH2)2N 139.1 2.0 4.32 19.0
103 type D type E 4-phenylpiperazin-1-yl 100.8 4.7 0.34 20.6
95 type D type E i-PrO 103.0 3.6 0.32 23.5
97 type D type E PhCH2O 103.0 4.9 0.16 11.0
99 type D type E AcO 120.3 2.8 0.83 34.2
101 type D type E PhCH2COO 120.3 5.1 0.21 9.8
28 type E type B  94.1 2.3 1.41 27.5
33 type F type B  73.3 2.9 0.84 77.6
34 type G type B  52.5 b b 29.3
108 type F type E pyrrolidin-1-yl 76.6 2.9 2.00 108.1
110 type F type E morpholino 85.6 2.0 3.88 153.2
111 type F type E piperazin-1-yl 89.4 0.44 5.79 37.2
112 type F type E 4-methylpiperazin-1-yl 80.0 1.8 4.80 155.7
115 type F type E Me2N 76.6 1.7 7.01 189.1
119 type F type E (n-Bu)2N 76.6 4.6 0.19 50.1
120 type F type E (HOCH2CH2)2N 118.3 1.2 10.37 197.2
129 type F type E 4-phenylpiperazin-1-yl 80.0 3.6 0.62 77.3
122 type F type E i-Pr 82.2 2.9 1.06 123.2
123 type F type E PhCH2O 82.2 3.5 0.57 82.5
125 type F type E AcO 99.5 1.9 5.44 143.3
127 type F type E PhCH2COO 99.5 3.6 0.64 67.3
1    120.3 3.6 0.015 26.5

aDigoxin (30.0 × 10−6 cm/s) and propranolol (541.5 × 10−6 cm/s) are internal standards in permeability determinations. bUndetermined
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permeability. Compounds such as 52, 59, 97, 101, 119, and
123, with bulky hydrophobic substituents, were found to have
poor permeability when compared to the analogues lacking
these substituents. These results suggest that the trends of
permeabilities of these compounds are similar to the
solubilities; compounds with smaller frameworks and hydro-
philic groups are also likely to have better permeability.
Whether a drug can be well-absorbed intestinally after oral

administration depends on the intrinsic properties of the
molecule, and the polar surface area and distribution coefficient
are the two main aspects. Egan et al. developed an intestinal
absorption model using 182 compounds with descriptors that
include AlogP and 2D polar surface area (PSA_2D).54,55 In this
model, the compounds that are well-absorbed will generally
reside within the elliptical regions of 95% (in red) and 99% (in
green) confidence levels (Figure 3). Analysis of a plot of the
measured log D versus the calculated PSA_2D of the selected
cage xanthones (Figure 3) showed that most of the compounds
with type F structure in the planar region fell within the ellipse
regions of 95% while GA fell outside the ellipse regions of 95%.

These results are consistent with the permeability data and
suggest that the compounds with good permeability such as
compounds with type F planar region are likely to have
favorable intestinal absorption.

In vivo Antitumor Activity with iv Administration.
Both the in vitro antitumor activity and physicochemical
properties have been taken into account when determining
whether a compound is druglike and has potential to be active
in vivo. For instance, compound 52, which features a pyran ring
in the plannar region, possessed a low micromolar activity
against HepG2 cells (IC50 = 0.93 μM), but it had poor aqueous
solubility (0.028 mM) and cell member permeability (8.1 ×
10−6 cm/s), thus compound 52 fell out of favor for further in
vivo evaluation. Compound 103, which features a prenyl group
in the plannar region, showed potent in vitro activity against
HepG2 cells (IC50 = 1.96 μM) and had an improved aqueous
solubility (0.34 mM) as compared to 1, and as a consequence,
compound 103 was selected to be advanced into in vivo
efficacy experiments. Although compound 112 had moderate
potency in vitro against HepG2 cells (IC50 = 3.25 μM), it

Figure 3. Plot of log D (pH 7.4) versus PSA_2D.

Table 8. Inhibitory Effect of 103, 112, 33, and 1 with iv Administration on the Growth of Heps Transplanted Mice

body weight (g)

group dose (iv) (mg/kg) predose postdose weight of tumor (g) inhibitory rate (%)

control 0 20.75 ± 1.20 29.75 ± 3.03 1.27 ± 0.20 0.00
103 20 20.88 ± 1.69 28.50 ± 1.50 0.88 ± 0.51 30.74
103 40 21.75 ± 1.92 27.43 ± 4.53 0.65 ± 0.16b 48.77
103 80 21.50 ± 1.32 26.50 ± 2.50 0.51 ± 0.22b 60.20
112 5 21.10 ± 1.30 29.25 ± 1.56 0.62 ± 0.18b 45.67
112 10 22.00 ± 1.56 27.71 ± 4.27 0.50 ± 0.26b 56.06
112 20 21.56 ± 0.68 27.22 ± 2.53 0.48 ± 0.15b 57.75
33 10 20.67 ± 1.41 27.33 ± 5.54 0.95 ± 0.27a 25.21
33 20 21.44 ± 2.87 28.11 ± 4.33 0.83 ± 0.19b 34.49
33 40 20.13 ± 1.27 26.43 ± 3.50 0.75 ± 0.39b 40.66
1 10 22.50 ± 1.20 28.00 ± 4.56 0.35 ± 0.17b 69.11
5-FU 25 19.50 ± 1.32 21.17 ± 4.14 0.38 ± 0.22b 70.31

aP < 0.05. bP < 0.01 vs control.
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features a much smaller molecular size and possessed greatly
improved solubility (4.8 mM) and permeability (155.7 × 10−6

cm/s) as compared to 1. Besides, statistic data showed that the
polar surface area (PSA) for 1590 orally administered non-CNS
drugs that have reached at least phase II efficacy studies mainly
distribute between 60 and 80 Å2 and that compounds with large
PSA (>120 Å2) are hardly absorbed by the passive transcellular
route.56 The PSA value of compound 112 (80.0 Å2) fitted well
with the requirement of orally administered drugs. On the basis
of the above consideration, compound 112 was expected to be
potentially active in vivo.
In the light of the in vitro antitumor activity and

physicochemical properties, we selected compounds 103 and
112 to determine their in vivo efficacy with iv administration on
the growth of hepatoma solidity (Heps) in mice using 1, 5-
fluorouracil (5-FU), and a previously studied38 caged xanthone
analogue 33 for comparison. As shown in Table 8, the tumor
growth inhibitory rates of 1 and 5-FU were 69.11% and 70.31%,
at 10 and 25 mg/kg twice daily doses, over a period of 8 days,
respectively. Compounds 103 and 112 displayed significant
inhibitory effect on the growth of inoculated Heps in mice in a
dose-dependent manner, with 48.77% and 56.06% inhibitory in
tumor growth, at 40 and 10 mg/kg twice daily doses,
respectively. Whereas the inhibitory rate was only 40.66%
when administrated with compound 33 at 40 mg/kg twice daily
dose. Although 103 (IC50 = 1.96 μM) and 112 (IC50 = 3.25
μM) were less active than 33 (IC50 = 0.81 μM) against HepG2
cells in vitro, they both were found to be more effective than 33
in vivo. Moreover, compound 112, with the lowest in vitro
activity of three caged analogues against HepG2 cells, turned
out to the most potent compound in vivo on inhibition of the
growth of inoculated Heps in mice. This may be attributed to
the improved physicochemical properties such as aqueous
solubility and cell membrane permeability of 112 compared to
103 and 33. No vascular irritation or weight loss was observed
in any of these in vivo tests.
Pharmacokinetic Data. The compounds with effective in

vivo antitumor activity were evaluated for their in vivo
pharmacokinetic parameters to determine which compounds
are potentially orally active. The natural product GA was tested
for comparison. The full in vivo PK parameters for 103, 112,
33, and 1 in CD-1 mice are presented in Table 9. Compared
with 1, the simplified xanthones 33 and 103 showed relative
shorter t1/2 values, with a higher clearance and distribution

volume. Compound 112 had a t1/2 value similar to that of 1 and
significantly increased distribution volume, indicating the
possibility of wide distribution. With oral dosing, shorter tmax
values were observed in compounds 33 and 103 (0.25 h)
compared to 1 (0.5 h), while compound 112 had the same tmax
value as 1. Oral bioavailability of the simplified xanthone 33
(2.59%) was much less than that of 1 (13.4%). Introduction of
hydrophilic amino moieties led to an increase in oral
bioavailability as observed in compounds 103 and 112
compared to 33. Compound 112, which has a simplified
planar region and hydrophilic methylpiperazinyl substituents in
the caged region, had the best oral bioavailability, about 12%
better than that of 1.

In vivo Antitumor Activity with po Administration.
Considering both the in vivo antitumor activity with iv
administration and the pharmacokinetic data described above,
we selected compound 112 to determine further its in vivo
efficacy with po administration on the growth of hepatoma
solidity (Heps) in mice using 1 as comparison control. As
shown in Table 10, compound 112 displayed much more
inhibitory potency on the growth of inoculated Heps in mice,
while the tumor weight in the control group was unchanged
and neither vascular irritation nor weight loss was observed in
any of the groups. For compound 112, 57.74% inhibition in
tumor growth was observed at 100 mg/kg daily oral dose, over
a period of four days, while the inhibitory rate of 1 was 36.36%
at the same dose. Thus, compound 112 was identified as the
first orally active Garcinia natural-product-like caged xanthone
and also a promising novel antitumor agent for further clinical
development.

■ CONCLUSIONS
Using regioselective propargylation of diverse hydroxyxanthone
substrates, we have developed a novel synthetic approach to
Garcinia xanthones with diverse caged regions. With this
synthetic strategy, we have synthesized 99 Garcinia structurally
diverse natural-product-like xanthones containing the pharma-
cophoric caged core. These synthetic compounds have been
used to further explore the properties of the planar B-ring and
the caged D-ring of Garcinia analogues. All the synthesized
compounds have been evaluated for their in vitro antitumor
activity against HepG2, A549, and U251 cells, and detailed SAR
around the pharmacophoric caged core have been determined.
The intrinsic aqueous solubility, polar surface area (PSA), log
D7.4, and permeability at pH 7.4, and the detailed structure−
property relationships (SPR) of a select set of 40 Garcinia
caged xanthones have also been determined. Various hydro-
philic groups have been introduced to the caged region in an
effort to improve the druglike properties of the compounds.
The important SAR and SPR information of these compounds
is comprehensively presented in Figure 4. In the light of the in
vivo antitumor activity and the measured druglike properties,
two compounds, 103 and 112, were selected for testing in in
vivo efficacy experiments with iv administration. The results
showed that 103 and 112 displayed a significant and dose-
dependent inhibitory effect on the growth of inoculated Heps
in mice, while neither vascular irritation nor weight loss was
observed in any of the dose groups. In vivo pharmacokinetic
parameters such as tmax, t1/2, AUC, and F were determined.
Compound 112 had the best bioavailability and was chosen

for determination of its antitumor potency with po
administration. The results showed that 112 has more potent
in vivo orally antitumor activity than GA. This novel Garcinia

Table 9. Pharmacokinetics of 103, 112, 33, and 1

PK parametersa 103 112 33 1

iv dose (mg/kg) 5 5 5 5
t1/2 (h) 1.60 4.34 1.41 5.06
MRT (h) 1.44 1.81 0.53 2.26
Cl (mL/h/kg) 22615 20521 3338 2461
Vd (L/kg) 52.2 128.3 6.8 19.7
AUC (ng h/mL) 205 242 1477 2005

po dose (mg/kg) 20 20 20 20
tmax (h) 0.25 0.50 0.25 0.50
Cmax (ng/mL) 14.9 79.6 1.46 191
t1/2 (h) 2.62 1.12 1.36 3.29
MRT (h) 2.28 1.63 0.947 4.51
AUC (ng h/mL) 40 151 153 1072
F (%) 4.88 15.6 2.59 13.4

aDeterminations with three mice per time point, average value.
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natural-product-like caged xanthone is therefore an orally active
antitumor agent that is promising for further clinical develop-
ment.

■ EXPERIMENTAL SECTION
All reagents were purchased from commercial sources and, unless
otherwise noted, were used without further purification. Organic
solutions were concentrated in a rotary evaporator (Büchi Rotavapor)
below 45 °C under reduced pressure. Reactions were monitored by
thin-layer chromatography (TLC) on 0.25 mm silica gel plates
(GF254) and visualized under UV light. Silica gel (60 Å, 300−400
mesh) was used for flash column chromatography. Melting points
were determined with a Melt-Temp II apparatus and were reported
without correction. IR spectra were recorded on a Nicolet iS10 Avatar
FT-IR spectrometer using KBr film. The 1H NMR and 13C NMR
spectra were measured on a Bruker AV-300 or Bruker AV-500
instrument using deuterated solvents with tetramethylsilane (TMS) as
internal standard. Multiplicities were defined as s (singlet), d
(doublet), t (triplet), or m (multiplet). EI-mass spectra were recorded
with a Shimadzu GCMS-2010 mass spectrometer. High-resolution
mass spectra (HRMS) were recorded on a Water Q-Tof micro mass
spectrometer. The purity (≥95%) of the compounds was verified by
the HPLC study performed on an Amethyst C18−P (4.6 × 150 mm, 5
μm, Merck) column using a mixture of solvent methanol/water or
acetonitrile/water at the flow rate of 2 mL/min and peak detection at
240 nm under UV.
Cancer cell lines were obtained from Cell Bank of Shanghai,

Institute of Biochemistry and Cell Biology, Chinese Academy of
Sciences. Cells were cultured in 90% RPMI 1640 medium (GIBCO,
Invitrogen Corp.) supplemented with 10% fetal bovine serum
(Sijiqing, Zhejiang, China), 100 U/mL benzyl penicillin, and 100
μg/mL streptomycin in a humidified environment with 5% CO2 at 37
°C. Gambogic acid was isolated from Gamboge resin according to the
previously reported protocols.6 Samples containing >95% Gambogic
acid were used in the experiments. All the tested compounds were
dissolved in DMSO at a concentration of 0.01 mol/L and stored at −4
°C.
Chemistry. For experimental procedures and spectral character-

ization data see the Supporting Information.
MTT Assay. Cell viabilities were measured by a colorimetric assay

using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Roche) as described previously.38 Experiments were carried

out in triplicate in a parallel manner for each concentration of target
compounds used, and the results are presented as mean ± SE. Control
cells were given only culture media. After incubation for 24 h, the
absorbance (A) was measured at 570 nm. Survival ratio (%) was
calculated using the following equation: survival ratio (%) = (Atreatment/
Acontrol) × 100%. IC50 was taken as the concentration that caused 50%
inhibition of cell viabilities and was calculated by the SigmaPlot
software (Systat Software Inc.).

PAMPA Assay. Permeability (Pe) was determined by a standard
parallel artificial membrane permeability assay (PAMPA by pION).
PAMPA was conducted on a PAMPA Explorer instrument (pION
Inc., Woburn, MA) with PAMPA Explorer command software
(Version 3.6.0.6) as follows: test compound stock was diluted with
system solution buffer, pH 7.4 (pION Inc., Woburn, MA) to make
diluted test compound at 2 mM concentration. Then 150 μL of
diluted test compound was transferred to a UV plate (pION
Inc.,Woburn, MA), and the UV spectrum was read as the reference
plate. The membrane on a preloaded PAMPA sandwich (pION Inc.,
Woburn, MA) was painted with 4 μL of GIT lipid (pION Inc.,
Woburn, MA). The acceptor chamber was then filled with 200 μL of
acceptor solution buffer (pION Inc., Woburn, MA), and the donor
chamber was filled with 150 μL of diluted test compound. The
PAMPA sandwich was assembled, placed on the Gut-Box controlled
environment chamber, and stirred for 30 min. The aqueous boundary
layer was set to 40 μm for stirring. The UV spectrum (200−500 nm)
of the donor and the acceptor were read. The permeability coefficient
was calculated using PAMPA Explorer command software (Version
3.6.0.6) based on the AUC of the reference plate, the donor plate, and
the acceptor plate. All compounds were tested in triplicate, and the
data are presented as an average value. Standards for this assay include
digoxin (Pe = 30.0 × 10−6 cm/s at pH = 7.4) and propranolol (Pe =
541.5 × 10−6 at pH = 7.4).

In Vivo Pharmacokinetic Assay. Fifty-four healthy male CD-1
mice (weight ranging from 18 to 30 g, 27 mice for po, and 27 mice for
iv) were administered with 103, 112, 33, or 1. For the po study, a
single dose of 20 mg/kg body weight of 103, 112, 33, and 1 was
administered orally to mice. The dosing volume was 10 mL/kg.
Animals were fasted approximately 16 h prior to dosing until 4 h
postdosing but water was available to all animals at all times. For iv
study, a single dose of 5 mg/kg body weight of 103, 112, 33, and 1 was
administered iv to mice. The dosing volume was 10 mL/kg. Food and
water were available to animals at all times during the experiment.

Table 10. Inhibitory Effect of 112 and 1 with po Administration on the Growth of Heps Transplanted Mice

body weight (g)

group dose (po) (mg/kg) predose postdose weight of tumor (g) inhibitory rate (%)

control 0 20.75 ± 1.20 29.75 ± 3.03 1.27 ± 0.20 0.00
112 100 22.00 ± 1.18 27.22 ± 2.53 0.48 ± 0.15b 57.74
1 100 21.60 ± 0.49 25.13 ± 2.98 0.73 ± 0.24a 36.36

aP < 0.05. bP < 0.01 vs control.

Figure 4. Graphical depiction of the general SAR for cell cytotoxicity based on the IC50 results on HepG2 cells and SPR for water solubility and cell
membrane permeability.
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Three mice were bled by cardiac puncture at each time point (0, 0.25,
0.5, 1, 1.5, 2, 4, 6, and 24 h for the po group and 0, 0.083, 0.25, 0.5, 1,
2, 4, 6, and 24 h for the iv group). Blood was collected into K3EDTA
tubes and centrifuged immediately at 4 °C at 3000 rpm for 10 min.
Plasma samples were transferred and stored at −20 °C prior to
analysis. The plasma samples were determined by LC−MS/MS assays.
In Vivo Tumor Growth Inhibition Assay. Kunming mice with

body weight of 18−22 g were transplanted with hepatoma solidity
(Heps) according to protocols of transplant tumor research; 24 h after
tumor transplantation, animals were weighed and randomly divided
into five groups. All test drugs were given through injections 24 h after
tumor transplantation. The treated groups were iv injected or po
administration of different doses of test compounds, respectively. The
negative control group received 0.9% normal saline. Treatments were
done at a frequency of one iv dose per 2 days or one po dose per day
for a total of four treatments. All animals were sacrificed 24 h after the
fourth treatment. All data are presented as the mean ± SD, and the
statistical significance was evaluated by the t-test.
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