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’ INTRODUCTION

18-β-Glycyrrhetinic acid (GA; 1) is the main constituent of
Glycyrrhiza glabra, which has long been used as an antitussive,
anti-inflammatory, antiulcer, antiallergic, immunotropic, and
hypolipidemic agent.1 The in vitro growth inhibiting activity of
1 was reported three decades ago in mouse2 and human3 cancer
cell lines, and the 1-induced in vivo activity has also been reported
in various experimental cancer models.4�6 1 displays both
cytostatic5,7,8 and cytotoxic7,9 effects in cancer cells, depending
on the concentrations, the cell line, and durations of treatment.
Cytostatic effects are mediated through the arrest of cancer cells
into the G1 phase of the cell cycle as it was shown for 1 and
related compounds including ursolic acid and 18 β-erythrotriol at
20�25 μM range concentrations.7

The 1-induced cytotoxic effects in cancer cells occur at higher
doses and relate to pro-apoptotic stimuli.4,7,9�11 Indeed, 1 at
micromolar concentrations, when added to rat liver mitochon-
dria, induces swelling, loss of membrane potential, pyridine nu-
cleotide oxidation, and release of cytochrome c and apoptosis
inducing factor.10 Salvi et al.10 argue that altogether these data
indicate that 1 is an inducer ofmitochondrial permeability transition

that triggers the pro-apoptotic pathway. Lee et al.9 report that 1
potentiates the apoptotic effects of trichostatin A, a histone deace-
tylase inhibitor, in ovarian cancer cells by increasing the activation of
the caspase-8-dependent pathway as well as the activation of the
mitochondria-mediated cell death.

Schwarz and Csuk12 have claimed that improving the anti-
tumor activity of 1 without affecting its pro-apoptotic effects is
expected to be a major challenge of the derivatization of 1.
However, the aim of the current study was to obtain cytostatic
and noncytotoxic (pro-apoptotic) 1 derivatives because many
cancers develop acquired chemoresistance during chronic treat-
ment with cytotoxic drugs in the form of the multidrug resistance
(MDR) phenotype.13,14 In addition, various cancer types display
intrinsic resistance to pro-apoptotic stimuli, and thus to conven-
tional chemotherapy and radiotherapy. One solution to apopto-
sis resistance and to the MDR phenotype entails supplementing
cytotoxic therapeutic regimens with cytostatic agents.
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ABSTRACT: 18-β-Glycyrrhetinic acid (GA; 1) and many of its
derivatives are cytotoxic in cancer cells. The current study aims to
characterize the anticancer effects of 17 novel 1 derivatives. On
the basis of these studies, N-(2-{3-[3,5-bis(trifluoromethyl)-
phenyl]ureido}ethyl)-glycyrrhetinamide (6b) appeared to be
the most potent compound, with IC50 in vitro growth inhibitory
concentrations in single-digit micromolarity in a panel of 8
cancer cell lines. Compound 6b is cytostatic and displays similar
efficiency in apoptosis-sensitive versus apoptosis-resistant can-
cer cell lines through, at least partly, the inhibition of the activity
of a cluster of a dozen kinases that are implicated in cancer
cell proliferation and in the control of the actin cytoskeleton
organization. Compound 6b also inhibits the activity of the 3 proteolytic units of the proteasome. Compound 6b thus represents an
interesting hit from which future compounds could be derived to improve chemotherapeutic regimens that aim to combat cancers
associated with poor prognoses.
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We have based our 1-related derivatization strategy on the fact
that 1 and several 1 derivatives are already known to target
various kinases15�19 or to act as proteasome inhibitors.20 1 and
its derivatives can also target peroxysome proliferator-activated
receptors (PPARs),15,21�24 which control the expression of
networks of genes that encode proteins involved in all aspects
of lipid metabolism.25 In addition, PPARs are tumor growth
modifiers that act via the regulation of cancer cell apoptosis,
proliferation, and differentiation and also through their action on
the tumor cell environment, angiogenesis, inflammation, and
immune cell functions.25,26

The current study characterizes the in vitro anticancer activity
of 17 novel 1 derivatives and 3 1 derivatives that have already
been described in the literature, namely, compounds 2,27 8,28 and
924 (see Figure 1 and Table 1 for the chemical structures). The
IC50 in vitro growth inhibitory concentration of each compound
has been determined in 8 cancer cell lines, leading to a structure�
activity relationship. The influences of the most interesting
compounds have then been analyzed at the levels of proteasome
activity inhibition, supported by a molecular docking analysis.
The PPAR-γ activation and the inhibition of several kinases have
also been evaluated. Lastly, the pro-apoptotic effects of 1 and 6b
have been characterized in two cancer cell lines.

’CHEMISTRY

To increase the anticancer activity of 1 and to obtain potent
cytostatic compounds, various families of derivatives have been
synthesized through chemical modifications at the carboxylic
acid group (see R1 in Figure 1 and Table 1).

First, monoamides (3a�f) were synthesized through peptidic
coupling reactions between 1 and various primary amines
(Scheme 1). These reactions were conducted in the presence
of N,N0-dicyclohexylcarbodiimide (DCC) and hydroxybenzo-
triazole (HOBt) and produced the desired derivatives in approxi-
mately 60�80% yields after flash chromatography (FC)
purification (see the Supporting Information). The keto deriva-
tive 3e was prepared by the oxidation of 3d. In addition to these
monoamides, we were also interested in the grafting of a primary
amino group to have ready access to different families of com-
pounds. Thus, the peptidic coupling reaction was also applied to
the monoprotected ethylenediamine,29 leading to a 64% yield of
the amido derivative 5. A subsequent deprotection of the amino
group under acidic conditions produced the versatile intermedi-
ate 227 in 97% yield. Reaction of 2 either with acyl chlorides,
isocyanates, or thioisocyanates led to diamido (4a�e), ureido
(6a�c), and thioureido (7a,b) derivatives, respectively, in good
yields after FC purification.

Finally, the reference compounds, 828 and 9,24 were synthe-
sized according to procedures described in the literature (see the
Supporting Information).

’RESULTS

Determination of the IC50 in Vitro Growth Inhibitory
Concentration. The IC50 in vitro growth inhibitory concentra-
tions of all of the synthesized compounds were determined with a
MTT colorimetric assay30�33 in a panel of seven human and one
mouse cancer cell lines after three days of culturing the cancer
cells with the respective drugs (Table 1).
The histological origin of each cancer cell line in this study is

detailed in the legend of Table 1, and of these eight cancer cell

lines, the human U37333,34 and T98G34 GBM, the A549
NSCLC,35,36 and the SKMEL-2837 cell lines were previously
demonstrated to show various levels of resistance to distinct pro-
apoptotic stimuli. Similarly, the sensitivity to apoptosis was
reported for the human Hs683 oligodendroglioma,33,34 the
MCF-7 breast,38 the PC-3 prostate38 cell lines, and for the mouse
B16F1037 melanoma cell line. Table 1 shows that all compounds
under study display similar growth inhibitory activity whether the
cancer cell lines are sensitive or rather resistant to pro-apoptotic
stimuli. It must nevertheless be emphasized that most 1-related
monoamides, i.e., 3a, 3b, 3d, 3e, and 3f, seem to be less efficient
in apoptosis-resistant (U373, T98G, A549, SKMEL-28) than in
apoptosis-sensitive cell lines (Hs683, MCF-7, PC-3, B16F10)
(Table 1). However, these differences did not reach statistical
levels of significance, because n = 4 in each group only, and
because heterogeneous responses were observed between the
cancer cell lines with respect to a given compound (Table 1).
Compound 1 is Cytotoxic, while Compound 6b Is Cyto-

static. Flow cytometry analyses revealed that 1 at its IC50 in vitro
growth inhibitory concentrations (see Table 1) induced slight
pro-apoptotic effects in U373 GBM cells, but marked ones in
A549 ones (Figure 2A) as expected from data published in the
literature.7,9 1 did not induce cytostatic effects in U373 GBM and
A549NSCLC cells as revealed by the absence of accumulation of
cancer cells in the G1 phase of the cell cycle (Figure 2B), a feature
expected to occur when 1 displays cytostatic effects.7 Compound
6b appeared cytostatic according to the fact that it did not induce
apoptosis in U373 GBM and A549 NSCLC cells (Figure 2A).
However, this cytostatic effects did not relate to the accumulation
of cancer cells in the G1 phase (Figure 2B), a feature that
prompted us to analyze 6b-induced effects on the kinome and on
the proteasome as detailed below.
Characterizing6b-InducedEffects onaPanel of 333Kinases.

Compound 6b was assayed at 1 μM in a panel of 333 kinases (see
the Supporting Information). 6b displayed in vitro growth inhibitory
concentrations that range between 4 and 12μMamong the 8 cancer
cell lines analyzed in the current study (Table 1). Therefore, 1 μM
represents between 8% and 25% of these in vitro growth inhibitory
concentrations. In this very low concentration range, 6b inhibited
the activity of the 12 kinases listed in Table 2 by g50%. Among
these kinases, 4 already are inhibitors that have been studied in
clinical trials, whereas no inhibitors are being examined in clinical
trials for the remaining 8 kinases.
Most, if not all, of these kinases (Table 2), including ALK,39

BMX,40 EPHB1 and EPHB4,41,42 Fes and Fyn,43,44 FGF-R2,45

IGFR1,46RET,47 ZAP70,48 and PAK2,49 play somewhat important
roles in cancer cell proliferation, adhesion, motility and invasion,
and thus in cancer cell migration and cancer metastatic processes.

Figure 1. Chemical structure of GA (1) illustrating the R1 and R2 sites
on which modifications were carried out (see Table 1).
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Table 1. Characterization of the in VitroGrowth Inhibitory Activity of 17 Novel and 3 (2, 8, 9) Already KnownGA (1) Derivatives
versus 1 in a Panel of 8 Cancer Cell Lines

a P indicates purity. bThe stability of the products was measured with HPLC analysis following incubation in MEM cell culture medium at 37 �C over
7 days. Results are expressed as the % of the incubated compound recovered. cThe IC50 in vitro growth inhibitory concentrations were determined using
the MTT colorimetric assay. The cell lines include the following: human U373 (ECACC code 89081403), T98G (ATCC code CRL1690), and Hs683
(ATCC code HTB-138) glioblastoma, the A549 (DSMZ code ACC107) NSCLC, the MCF-7 (DSMZ code ACC115) breast cancer, and the PC-3
(DSMZ code ACC465) prostate cancer and SKMEL-28 (ATCC code HTB-72) melanoma. One mouse cell line, i.e., the B16F10 melanoma model
(ATCC code CRL-6475) was also analyzed. d Six data points were available for each concentration tested and nine concentrations (from 0.01 to 100 μM,
with semilog increases) were available for each cell line.
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Several Compounds under Study Target the Proteasome.
On the basis of the fact that 1 derivatives can target the
proteasome, we biochemically analyzed the effects of six 1
derivatives in addition to compounds 1, 2, 8, and 9 on the three
proteasome catalytic units, including the trypsin-like, the cas-
pase-like, and the chymotrypsin-like units. Each compound was
tested at its mean MTT colorimetric assay-related IC50 concen-
trations calculated on the eight cancer cell lines (see Table 1).
The proteasome inhibitor MG-13250 was analyzed at a concen-
tration of 0.5 μM.
Figure 3A shows that 60 μM 2 inhibited the three proteasome

catalytic units with an efficiency that was similar to that of the
0.5 μMMG-132. Compound 6b (7 μM) also inhibited the three
catalytic units of the proteasome, but at a much lower concen-
tration than 2 (Figure 3A). While the remaining compounds, 1
(90 μM), 3a (60 μM), 3b (70 μM), 3e (80 μM), 3f (50 μM), 7a
(25 μM), 8 (3 μM), and 9 (30 μM), inhibited the activity of the
trypsin-like catalytic unit, they also activated the caspase-like and
the chymotrypsin-like catalytic units (Figure 3A).
In order to get a deeper insight into the molecular basis of the

proteasome recognition by the different compounds, we per-
formed molecular docking experiments at each of the caspase-
like (C-L; Figure 3B), trypsin-like (T-L; Figure 3B), or chymo-
trypsin-like (CT-L; Figure 3B) sites of proteolytic functions.
Figure 3B illustrates these three doublets of proteolytic sites in a

crystal structure complexed to fellutamide B51 (PDB code 3D29).
The structure of the proteasome has also been determined with
bortezomib, the sole antiproteasome marketed compound to
date, bound at all six sites. We did not use bortezomib for our
docking analyses because it contains a boron atom that is not
supported in the default force field used and optimized for the
Glide software that was employed in this study.
To assess the reliability of our docking procedure, the crystal-

lographic ligand, fellutamide B, was docked in the three different
pairs of binding sites of the yeast proteasome after removal of all
water molecules and ligands. The docked poses were compared
with the positions of the crystal ligand by computing the root-
mean-square deviation (rmsd), which measures the distance
between the poses. A rmsd value for the backbone atoms was
found to range between 0.6 and 2.0 Å for all sites, indicating a
high similarity between the docked and the experimental posi-
tions of the crystallographic ligand.
Compound 6b, the molecule exhibiting the best affinity, was

docked in the three different catalytic sites. A detailed analysis
identified in all three sites two types of binding modes. In one of
these two modes, the 3,5-bis(trifluoromethyl)phenyl moiety
accommodates the S1 specificity pocket52 and the diamide group
forms several hydrogen bonds. This mode appears to present
similarities to the mode of binding of several known peptide
inhibitors,53 which mimic the proteasome susbstrate backbone.

Scheme 1a

aReagents and conditions: (a) 1�. DCC, HOBt, DIPEA, DMF, RT, 30 min; 2�. R1NH2, RT, overnight; (b) 1�. DCC, HOBt, DIPEA, DMF, RT, 30 min;
2�. H2N(CH2)2NHBoc, RT, overnight, 64%; (c) TFA, DCM, 0 �C, 3 h, 97%; (d) DMAP, RCOCl, DCM; (e) THF, RNCO, RT, 20 h; (f) THF, RNCS,
RT, 20 h; (g) Jones reagent, acetone, 0 �C, 45 min, 98%.



6505 dx.doi.org/10.1021/jm200285z |J. Med. Chem. 2011, 54, 6501–6513

Journal of Medicinal Chemistry ARTICLE

The second mode which is more largely represented in the
chymotrypsin and caspase-like sites depicts the 3,5-bis(tri-
fluoromethyl)phenyl moiety bound in the S3 specificity pocket.
This mode agrees with the inhibition potency, at the chymo-
trypsin-like site and to a lesser extent at the caspase-like site, of
proteasome inhibitors containing 3,5-bis(trifluoromethyl)-
phenyl at the S3 position.54 To attempt to discriminate between
these two binding modes, we performed docking of 6b in a series
of proteasome crystal structures in complex with different
inhibitors, most of them bound to the chymotrypsin-like site
(PDB codes 3NZJ, 3MG8, 3MG4, and 3GPJ). Overall, the
most common docked pose portrayed the 3,5-bis(trifluoro-
methyl)phenyl moiety of 6b in the S3 specificity pocket. Docking
experiments including protein flexibility (induced-fit protocol
from Schrodinger Inc.) in the form of flexible side chain residues
selected in the vicinity of the S1 specificity pocket corroborate
this binding mode.

A unique feature of 6b is to inhibit with a similar potency the
three catalytic units, whereas our other GA derivatives exhibit a
large discrepancy in their activity toward the different sites. We
thus carried out the docking of 3e in the chymotrypsin-like and
the trypsin-like binding sites which feature the largest potency
difference. In the chymotrypsin-like site, 3e occupies none of the
specificity pockets in contrast to 6b (see Figure 3C andD). In the
trypsin-like site, however, the best binding poses of 3e show that
its aromatic moiety visits the S1 specificity pocket, as for
compound 6b. Interestingly, a significantly higher potency was
measured at the chymotrypsine-like site for a noncovalent
inhibitor featuring a 3,4,5-trimethoxybenzylamine at the S3
position relative to the derivative containing only onemethoxy.55

Several Compounds in this Study Were Found to Inhibit
PPAR-γ. On the basis of the fact that 1 derivatives can target
PPAR-γ, we also biochemically analyzed PPAR-γ inhibition
versus the activation induced by the 10 compounds described
above for the proteasome inhibition analyses. The compounds
were studied at the same concentrations as those reported above
for the proteasome inhibition analyses. Figure 4 shows that 1, 2,
and 6b did not significantly (p > 0.05; Kruskal�Wallis with
Dunn’s procedure) modify PPAR-γ activity as compared to the
control, whereas the remaining seven 1 derivatives inhibited
PPAR-γ activity (p > 0.05; Kruskal�Wallis with Dunn’s proce-
dure, except for 3f p < 0.05) (Figure 4B).

’DISCUSSION

Cancer remains a devastating disease, and the number of
cancer-related deaths is still increasing. More than 90% of cancer
patients die from tumor metastases, which are intrinsically
resistant to apoptosis;56 therefore, these tumors are unresponsive
to a large majority of currently available anticancer drugs, which
generally work through apoptosis induction.57,58 Before metas-
tasizing, many cancer types also display intrinsic resistance to
proapoptotic stimuli; these include head and neck cancers,59

non-small-cell lung cancer (NSCLC),35,60 melanoma,61 pancrea-
tic cancer,62 esophageal cancer,63,64 and gliomas.65 As empha-
sized by Landis-Piwowar et al.,66 drug resistance limits the
effectiveness of treatment options and is a major challenge faced
by current cancer research. As detailed below, an additive effect
has been observed in cancer cells treated with bortezomib in
combination with traditional chemotherapeutics, and in some
cases, drug resistance has been overcome.66 In the same manner,
one of the kinases targeted by 6b, i.e., BMX,67 is implicated in
cancer drug resistance. Thus, 6b, apart its intrinsic anticancer
activity that makes it able to overcome resistance to pro-apoptotic
stimuli, could also overcome cancer drug resistance if adminis-
tered with conventional chemotherapeutics.

The IC50 in vitro growth inhibitory concentrations of all newly
synthesized compounds are lower than that of 1 (Table 1),
clearly showing the importance of the amido subunit to increase
anticancer activity, at least in vitro. According to the fact that the
oxidation of the hydroxy group on the C-3 position decreases
the in vitro anticancer activity (3d vs 3e), this position was not
further modified in the frame of the current study. The results
reveal that most 1-related monoamides could display weaker
growth inhibitory activity in apoptosis-resistant cancer cell lines
(i.e., >100 μM) compared to apoptosis-sensitive cancer cell lines
(Table 1). Therefore, monoamide 1 derivatives (3a�f) do not
seem to be appropriate drugs to combat those cancer types
associated with poor prognoses because they are able to resist

Figure 2. (A) Determination of the percentages of A549 NSCLC and
U373 GBM cells undergoing apoptosis during 48 and 72 h of treatment
with 80 (U373 cells) and 100 (A549 cells) μM for compound 1 and
10 μM (for both cell lines) for compound 6b. Negative (Ct�) and
positive (Ct+) controls available in the kit were used along with 1 μM
narciclasine-treated human PC-3 prostate cancer cells as controls for this
experiment. (B) Growth rate determination (i.e., the determination of
the% of cells in theG1 phase of the cell cycle) for theU373GBMandA549
NSCLC cells treated as in (C). Each experimental conditionwas performed
in triplicate, and the data are presented as the mean( SD values.
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pro-apoptotic stimuli. In comparison with monoamido (3) and
diamido (4) groups, the ureido (6) and thioureido (7) ones lead
to a better in vitro anticancer activity. Finally, the addition of
electron-withdrawing groups on the aromatic part of the ureido
moieties (6a vs 6b) seems to reinforce this in vitro anticancer
activity as revealed by the MTT colorimetric assay.

As discussed below, 6b emerges as a hit from the current 1
derivatives. At first glance, one could estimate that 6b would be
difficult to be further developed due to its high molecular weight
and poor hydrosolubility. However, preliminary data we ob-
tained already indicate that 6b can be formulated as specific
microemulsions for oral and i.v. administrations, a project that is
currently ongoing in our laboratory.

Together, these data led us to focus less on the monoamide
(3a�f) and diamido-1 (4a�e) derivatives and more on the
remaining compounds in this study. We thus decided to pay
particular attention to 6b, which appeared to be the most potent
compound from the current series in terms of in vitro growth
inhibitory activity in a panel of four apoptosis-resistant and four
apoptosis-sensitive cancer cells lines (Table 1). In addition, 6b

also appeared to be an actual cytostatic compound as revealed by
flow cytometry analyses (Figure 2).

We then analyzed 6b’s ability to inhibit proteasome activity
because 1 and certain of its derivatives have already been shown
to act as proteasome inhibitors.20 Proteasomes are large, multi-
catalytic proteinase complexes located in the cytosol and in the
nucleus of eukaryotic cells.68,69 The ubiquitin�proteasome
system is responsible for the degradation of most intracellular
proteins and therefore plays an essential regulatory role in critical
cellular processes, including cell cycle progression, proliferation,
differentiation, angiogenesis, and apoptosis.68�70 Human cancer
cells possess elevated levels of proteasome activity and are more
sensitive to proteasome inhibitors than normal cells.68 Protea-
some inhibition bypasses, at least partly, the resistance of cancer
cells to apoptosis because it activates macroautophagy, a com-
pensatory protein degradation system,71 and other pro-survival
signaling pathways.72 Inhibition of these autoprotective re-
sponses sensitizes cancer cells to the antiproliferative effects of
proteasome inhibitors.72 The proteasome inhibitor bortezomib
(PS-341) was the first clinically available proteasome inhibi-
tor and was approved by the FDA in 2003 for the treatment of

Table 2. Identification of the Kinases Targeted by Compound 6b at a Concentration of 1 μMa

kinases name or family

% of 6b-induced in

hibition at 1 μM

major cancer types in which the

kinase displays significant roles in cell biology

compounds currently in clinical trials

targeting this kinase versus cancer types

ALK Anaplastic lymphoma

kinases

69 Anaplastic large cell lymphoma,

inflammatory myofibroblastic tumors,

nonsmall cell lung cancer, and neuroblastoma

Crizotinib, an oral ALK

inhibitor, was demonstrated to

provide dramatic clinical benefit

with little toxicity in patients with

advanced NSCLC

BMX B-tyrosine

kinases family

52 Androgen-independent prostate

cancers. Also implicated in the

chemoresistance of small-cell-lung cancers,

play a role in cell growth and differentiation

None

PAK2 p-21 associated

kinases family

51 Ovarian cancers, regule the actin cytoskeleton

during cell motility and invasion

None

EPHB1 Eph receptor

tyrosine kinases

64 Ovarian cancers; colon cancers, play a

role in the cell adhesion and migration

None

EPHB4 Eph receptor

tyrosine kinases

64 Ovarian cancers; colon cancers; gastric cancers;

prostate cancers, module integrin-mediated adhesion

None

RET R tyrosine kinases family 48 Thyroid cancers; Multiple endocrine

neoplasia type 2 (MEN 2), play a role in the

cell adhesion and migration

None

ZAP70 Zeta-chain (TCR)

associated protein kinases

67 Chronic lymphocytic leukemia (CLL),

play a role in cell migration

None

FGF-R2 Fibroblast growth

factor receptor type 2

67 Breast cancers; gastric cancers; endometrial

cancers; prostate cancers, play a role in the

cell proliferation

AZD2171 - Ki23057 -

PD173074 - SU5402

FES Fes tyrosine kinases 59 Not yet clearly defined None

FYN Src kinase family 72 Prostate cancers, play a role in the

cell proliferation, morphogenesis

and motility

Dasatinib, an orally available small-molecule

multikinase inhibitor

IGF-R1 Insulin-like growth factor type 1 64 Breast cancers; colon cancers; head

and neck cancers

Dalotuzumab

MATK Megakaryocyte-associated

tyrosine kinases

50 Not yet clearly defined None

aThe panel of 333 kinases that have been investigated are provided in the Supporting Information.
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multiple myeloma.73 However, despite clinical benefits, bortezo-
mib causes various types of toxicities including peripheral
neuropathy74 and thrombocytopenia.75

The current study reveals that 1 inhibits the trypsine-like
catalytic activity of the proteasome by ∼50% while it activates
the chymotrypsin-like catalytic activity. It also appears to be
without any apparent effects on the caspase-like catalytic activity
when tested at its IC50 in vitro growth inhibitory concentration
(Figure 3A). The already known compound 2,27 i.e., N-(2-
aminoethyl)-glycyrrhetinamide, behaved as a proteasome inhibi-
tor, probably because of its amine function, which is well-known to

have potent activity on cell viability (Table 1). In addition, its IC50

growth inhibitory concentrations in the eight cancer cell lines
under study was similar to the one displayed by 1 (Table 1). The
novel GA derivative 6b (N-(2-{3-[3,5-bis(trifluoromethyl)phenyl]
ureido}ethyl)-glycyrrhetinamide) was also able to inhibit the
three catalytic units of the proteasome (Figure 3A). At first
glance, 6b appears to be less potent than 2 in its inhibitory activity
toward the proteasome (Figure 3A). However, it should be noted
that compound 6b has been tested at a concentration of 7 μM
(i.e., its IC50 in vitro growth inhibitory concentration; Table 1),
whereas compound 2 has been tested at 60 μM (also its IC50 in

Figure 3. (A) Determination of the effects of the 10 compounds in this study on the proteolytic activity of the proteasome in human U373 GBM
cells treated with each compound at their IC50 in vitro growth inhibitory concentrations, which are detailed in Table 1. MG-132 (0.5 μM) was
used as a reference compound. The data are presented as mean( SD values calculated in triplicate for each experimental condition. The Y-axis is
on a logarithmic scale. (B) Ribbon representation of the 20S proteasome crystallographic structure bound to the fellutamide B ligand in the three
pairs of binding sites (PDB code: 3D29): chymotrypsin-like sites (CT-L), trypsin-like sites (T-L), caspase-like sites (C-L). Fellutamide B is
depicted as balls. (C,D) Comparison of the predicted best affinity binding modes of compounds 6b (C) and 3e (D) in the chymotrypsin-like site
of the 3D29 crystal structure. The ligands are depicted as sticks and the protein is represented by its molecular surface. The S3 specificity pocket
is indicated.
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vitro growth inhibitory concentration; Table 1). Compound 6b
could therefore be considered as a novel GA derivative that acts
both as a proteasome inhibitor and as a kinase inhibitor, as
detailed below. It must be noticed that, apart from 2 and 6b, the
remaining compounds under study for which their effects on the
proteasome have been analyzed display activating rather than
inhibiting effects on the proteasome.

Before analyzing the antikinase profile of 6b, we investigated
its effects on PPARs because 1 and several of its derivatives can
also target PPARs.21�24 PPAR agonists, particularly thiazolidi-
nedione derivatives, are promising therapeutic agents because
they exert both a direct anticancer and a broad spectrum of anti-
stromal, antiangiogenic, and immuno-modulating activities.25,76

However, the great majority of reports from the literature clearly
indicate that PPAR-targeting anticancer agents must display overall
agonistic and not antagonistic activity for PPAR-γ.77�80 Chinthar-
lapalli et al.21 and Jutooru et al.15 demonstrated PPAR-γ activation
with 1 derivatives in colon and pancreatic cancer cells, respectively.
Thus, we wanted to confirm that 6b does not antagonize PPAR-γ
activity before further deciphering the mechanisms of action
through which it displays its cytostatic activity in cancer cells. The
data illustrated in Figure 4B confirm that 6b (and also 2) did not
antagonize PPAR-γ activity, whereas the remaining compounds,
including the reference compounds 828 and 9,24 antagonized PPAR-
γ activity when assayed at their IC50 in vitro growth inhibitory
concentration (Table 1).

Together, these data thus highlight the fact that 6b, which is a
novel GA (1) derivative, displays marked in vitro activity both in
apoptosis-resistant and apoptosis-sensitive cancer cells and that
this cytostatic activity is partly mediated through the inhibition of
the three catalytic units of the proteasome. As previously
indicated in the Introduction, 1 and/or several 1 derivatives
are also known to target various kinases, including the following:
phosphatidylinositol-3-kinase (PI3�K) and p42 and p38mitogen-
activated protein kinase (MAPK),15 src,16 protein kinase C
(PKC),17 VEGF receptor 2 (VEGFR2), mTOR kinase, ribosomal

S6 kinase (S6K),18 and the PI3K/Akt/GSK3β pathway.19 Kinase
inhibitors are the largest class of new anticancer drugs,81 and
approximately 150 kinase inhibitors have been subjected to recent
clinical testing, with ∼45 kinases listed as primary targets.82

However, it is already apparent that most cancers can avoid the
inhibition of any single kinase.81 It becomes, in fact, increasingly
obvious that it is mandatory to inhibit multiple kinases,81 and
partial inhibition of a small number of kinases appears to be amore
promising strategy.83 The data from the present study reveal that
6b inhibits the activity of a dozen kinases, and most if not all of
them are implicated in cancer cell proliferation and migration (see
Table 2). It thus seems that the cytostatic activity of 6b relates,
at least partly, to the targeting of this cluster of kinases, a feature
that was observed at 1 μM, which is a concentration ranging
between 8% and 25% of the IC50 in vitro growth inhibitory
concentrations determined in a panel of eight distinct cancer cell
lines. These 6b-mediated effects on kinases that are implicated in
cancer cell proliferation andmigration (with the implication of the
actin cytoskeleton that also exerts major roles in cytokinesis, and
thus in cell proliferation) can explain, at least partly, the 6b-induced
cytostatic effects.

In conclusion, the present study provides a novel 1 derivative,
6b, which displays cytostatic and not cytotoxic effects in cancer
cells. These cytostatic effects occur, at least partly, through the
targeting of a limited number of 12 kinases that are implicated in
cancer cell proliferation and migration and through antiprotea-
some activity, including the three catalytic units of the protea-
some, while 6b does not inhibit PPAR-γ activity in cancer cells.
In contrast, 1 is less efficient than 6b in inhibiting proteasome
activity and it is cytotoxic, at least partly through the activation of
pro-apoptotic processes. Compound 1, i.e., glycyrrhetinic acid,
displays in vitro growth inhibitory activity in various cancer cells
with an efficiency that is about ten times weaker than that
displayed by 6b. We are currently developing specifically for-
mulated forms of 6b to proceed with in vivo experiments aimed at
investigating the anticancer activity of 6b as a single agent or in
association with conventional cytotoxic chemotherapeutics.

’EXPERIMENTAL SECTION

Chemistry. General Methods. Before their use, the solvents were
distilled and dried using standardmethods, i.e., THF and ether fromNa/
benzophenone, and CH2Cl2 from P2O5. The

1H NMR and 13C NMR
spectra were recorded on a Bruker Avance 300 spectrometer in CDCl3
using the residual isotopic solvent CHCl3 and CH3OH, respectively, as
references for δH = 7.26 ppm, δC = 77.16 ppm, δH = 3.31 ppm, δC =
49.00 ppm. The following abbreviations are used for spin multiplicity: s,
singlet; d, doublet; t, triplet; q, quadruplet, qt, quintuplet; m, multiplet;
br, broad. 1H NMR and 13C NMR spectra were assigned by comparison
with NMR spectra of oleanane compounds previously described in the
literature.84,85 Routine thin-layer chromatography (TLC) was per-
formed on silica gel plates (Silica gel GF254 from VWR), and visualiza-
tion was performed using UV. Flash column chromatography was
carried out using silica gel at moderate pressure (spherical particle size
60�200 μm from MP Biomedicals). HPLC analyses were performed
with an Agilent 1100 series HPLC system (Agilent, Diegem, Belgium).
The chromatographic system was an RX-C8 (5 μm) (4.6 mm �
250 mm) (Agilent, Diegem, Belgium) using the same mobile phase for
all compounds: MeOH�water 90:10 (0.1% TFA) 20 min. The detec-
tion system was an Agilent Diode Array Detector G1315B (monitoring
wavelength given for each compound) (Agilent, Diegem, Belgium). The
purity given was measured by this HPLC method at 249 nm. How-
ever, we are aware that this method does not take into account the

Figure 4. Determination of activating versus inhibiting effects of the 10
compounds in this study (the same as those used for proteasome-related
studies; see Figure 3A) on PPAR-γ. Each compound has been analyzed
at its IC50 in vitro growth inhibitory concentration in the human U373
GBM cell line (see Table 1 and its legend) treated for 6 h with the
compound. The data are presented as mean ( SD values calculated in
triplicate for each experimental condition. Determination of the effects
of the 10 compounds after 6 h of treatment of human U373 GBM cells.
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cocrystallized solvents that could be detected with NMR. High-
resolution mass spectra (positive mode) were recorded by direct
infusion in a 6520 series electrospray ion source (ESI)�quadrupole
time-of-flight (Q-TOF) mass spectrometer (Agilent, Palo Alto, CA,
USA). The error between the observed mass and the calculated mass is
expressed in ppm. Below 3 ppm, the compounds were considered to
have the predicted formula. The infrared spectra were recorded as KBr
pellets on a Perkin-Elmer 1750 FT-spectrophotometer (Perkin-Elmer,
Waltham, MA, USA) and the wavelengths are expressed in cm�1. The
monoprotected ethylenediamine, i.e., H2NCH2CH2NHBoc, was
synthesized according to procedures previously described in the
literature.29 The purity of each synthesized compound was verified
by means of 1H NMR, HRMS, and HPLC-UV analyses and reached a
level >95% (Table 1).
Procedure for the Synthesis of N-(2-Aminoethyl)-glycyrrhetinamide

(2).Compound 5 (450 mg, 0.735 mmol) was dissolved in DCM (9 mL)
at 0 �C under stirring. Trifluoroacetic acid (1 mL, 13 mmol) was added,
and the reaction was stirred at 0 �C for 3 h. The reaction mixture was
evaporated below50 �Cand then poured into dry sodiumbicarbonate and
ice, extracted with dichloromethane, dried over Na2SO4, filtered, and
concentrated to produce the corresponding amine in quantitative yield.
General Procedure for 18 β-Glycyrrhetinamides (3, 5). 18-β-Glycyr-

rhetinic acid (200 mg, 0.43 mmol) was dissolved in DMF (10 mL)
at room temperature under stirring. N,N0-Dicyclohexylcarbodiimide
(175.3 mg, 0.85 mmol), 1-hydroxy-1H-benzotriazole (86.1 mg, 0.64
mmol), and diisopropylethylamine (444 μL, 2.55 mmol) were added
successively to the reaction mixture. After 30 min, the solution was
cooled at 0 �C, and the primary amine was added dropwise. The reaction
mixture was brought to room temperature and then was stirred over-
night. The reaction mixture was concentrated under vacuum and water
was added. After dichloromethane extraction, the organic layer was dried
over anhydrous Na2SO4, filtered, and concentrated under vacuum. N,
N0-Dicyclourea was eliminated by trituration in acetonitrile. The organic
layer was evaporated under vacuum. The crude product was then
chromatographed on silica (cyclohexane; ethyl acetate).
Procedure for the Synthesis of 3e from 3d. Compound 3d (200 mg,

0.331 mmol) was dissolved in acetone (20 mL) at 0 �C under stirring.
Jones reagent (150 μL) was added dropwise until the reaction mixture
became orange. After 45 min, methanol was added until the solution
turned dark green. The reaction was poured into a mixture of ice and
water (20 mL), and then acetone and methanol were removed under
reduced pressure. The aqueous residue was extracted three times with
10 mL DCM. The combined organic extracts were washed first with
water (10mL) and then with brine (10mL) and dried overNa2SO4. The
solvent was evaporated under vacuum, leading to a solid that corre-
sponds to compound 3e (98% yield).
General Procedure for 18 β-Glycyrrhetindiamides (4). Compound 2

(100.8 mg, 0.20mmol) was dissolved in 4mL of anhydrous DCM.N,N0-
Dimethylaminopyridine (48.7 mg, 0.40 mmol) was then added to this
solution. After cooling at 0 �C, the acyl chloride (0.20 mmol) was added
dropwise to the reaction mixture, which was then stirred at room
temperature for 12 h. The mixture was concentrated under vacuum.
The residual solid was dissolved in 20 mL of DCM and the organic layer
was washed twice with 20 mL of 1 M HCl. The aqueous layer was then
extracted twice with 10 mL of DCM. The combined organic layers were
washed twice with 20 mL of 1 M NaOH, and the aqueous layers
were extracted twice with 10 mL of DCM. The combined organic layers
were dried over anhydrous Na2SO4, filtered, and concentrated under
reduced pressure. The crude product was then chromatographed on
silica (DCM; methanol).
General Procedure for (Thio)Ureido-glycyrrhetinamides (6, 7).

Compound 2 (90.9 mg, 0.18 mmol) was dissolved in 4 mL of anhydrous
THF. The desired isocyanate or thioisocyanate (0.18 mmol) was added.
The reaction mixture was stirred at room temperature for 20 h and was

concentrated under vacuum. The residual solid was then chromato-
graphed on silica (DCM; methanol), with the exception of compounds
6b and 7b, which were purified through trituration in Et2O.

N-(2-{3-[3,5-Bis(trifluoromethyl)phenyl]ureido}ethyl)-glycyrrheti-
namide (6b). Yield: 36%. Rf = 0.30 (DCM; MeOH 95:5). RP-HPLC:
purity = 99%, tR = 8.40min 1HNMR characteristic protons (HSQC, 300
MHz, CD3OD):δ (ppm) = 8.02 (s, 2H, Ar�H35,H39), 7.42 (s, 1H, Ar-
H37), 5.61 (s, 1H, CH-12), 3.62�3.22 (m, 4H, NHCH2CH2NH), 3.15
(dd, 1H, J= 7.0Hz, 5.1Hz, CH-3), 2.66 (dt, 1H, J= 13.0Hz, 3.0Hz, CH-
1), 2.37 (s, 1H, CH-9), 1.38 (s, 3H, Me-H27), 1.10 (s, 3H, Me-H29),
1.05 (s, 3H, Me-H25), 0.98 (s, 3H, Me-H23), 0.94 (s, 3H, Me-H26),
0.78 (s, 3H, Me-H24), 0.74 (s, 3H, Me-H28). 13C NMR (HSQC, 75
MHz, CD3OD): δ (ppm) = 202.4 (C11), 179.4 (C30), 172.6 (C13),
157.6 (C33), 143.4 (C34), 133.0 (q, J = 33.0 Hz, C36/C38), 128.9
(C12), 124.8 (q, J = 270.1 Hz, CF3), 118.8 (q, J = 3.0 Hz, C35/C39),
115.3 (q, J = 7.0 Hz, C37), 79.4 (C3), 63.1 (C9), 56.2 (C5), 49.3 (C18),
46.6 (C14), 44.9 (C20), 44.5 (C8), 42.6 (C19), 41.1 (C31/C32*), 40.6
(C31/C32*), 40.3 (C1), 40.2 (C4), 38.7 (C22), 38.3 (C10), 33.7 (C7),
32.9 (C17), 31.9 (C21), 29.6 (C29), 29.1 (C28), 28.7(C23), 27.8 (C2),
27.6 (C15/C16*), 27.4 (C15/C16*), 23.7 (C27), 19.1 (C26), 18.6
(C6), 16.8 (C25), 16.3 (C24). IR (KBr): ν (cm�1): 3360 (OH), 2932
(CH aliphatic), 1643 (CdO), 1544, 1467, 1386. Mp: 201 �C. HRMS
(ESI-QTOF) calcd for (6b) C41H55F6N3O4 (M+H+) 768.4170, obsd
768.4167, error: 0.29 ppm.
Pharmacology. Determination of in Vitro Anticancer Activity.

The histological types and origin of the eight cancer cell lines are detailed
in the legend of Table 1. The cells were cultured in RPMI (Invitrogen,
Merelbeke, Belgium) media supplemented with 10% heat inactivated
fetal calf serum (Invitrogen). All culture media were supplemented with
4 mM glutamine, 100 μg/mL gentamicin, and penicillin�streptomycin
(200 U/mL and 200 μg/mL) (Invitrogen).

The overall growth level of human cancer cell lines was determined
using a colorimetric MTT (3-[4,5-dimethylthiazol-2yl-diphenyl tetra-
zolium bromide, Sigma, Belgium) assay as detailed previously.30�33

Each experimental condition was performed in six replicates.
Molecular Docking. Docking was conducted using the Glide

program (version 4.5),86 which positions the 3D structure of flexible
ligands in the 3D structure of rigid or partially flexible receptors.

Docking experiments were performed on the X-ray crystallographic
structure of the 20S proteasome from Saccharomyces cerevisae (PDB
code 3D29).51 The 20S proteasome is highly conserved from yeast to
human.87 The protein structures were prepared using the Protein
Preparation Wizard in the Schr€odinger software graphical user interface
Maestro. Glide XP docking protocol and scoring function were used to
dock in the rigid receptors and to score the poses of the different ligands.
The default settings of Glide version 4.5 were used for the remaining
parameters. For each docking run, the binding zone was defined as a
cube of length 40 Å. This cube was centered on the former positions of
the removed ligand cocrystallized with the protein in each proteolytic
site. The initial 3D structures of the ligands were generated with the
CORINA program.88

Biochemical Analyses Aimed at Characterizing Anti-Pro-
teasome Activity. The substrates used for performing this assay were
Suc-LLVY-Glo, Z-LRR-Glo, and Z-nLPnLD-Glo for the chymotrypsin-
like, trypsin-like, and caspase-like assay, respectively. U373 GBM cells
were incubated at a concentration of 5000 cells/mL for 48 h in three
different 96-microwell plates (one plate for each catalytic site). U373
GBM cells were then treated with each compound at their IC50 in vitro
growth inhibitory concentration (see Table 1) for two days. Cells were
then washed with PBS (Invitrogen, Merelbeke, Belgium) before adding
digitonin at 0.025% to rapidly and selectively permeate the cytoplasmic
membranes.89 Proteasome-Glo reagent (Promega Corporation, USA),
specific for a catalytic site, was added in each well sample. Because the
light of the aminoluciferine released was proportional to the rate of
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proteasome cleavage of the substrate, after 10 min of dark incubation,
the bioluminescence of each well was measured with an ActiveGlo LR-
100 luminometer (DSLabs, USA). Each experiment was conducted in
triplicate. These cells’ bioluminescence assay was normalized by a
concomitant cell viability assay (using the MTT colorimetric assay as
detailed before) performed using strictly identical conditions.
PPAR-γ Activity Assay. U373 glioblastoma cells were treated with

each compound at their IC50 in vitro growth inhibitory concentration
(see Figure 4 and its legend) for 6 h. After these incubations, cells were
collected and nuclear extracts were purified according to the manufac-
turer’s instructions (Cayman Chemical; Complete Transcription Factor
Assay Kit). In brief, cells were detached with trypsin and centrifuged at
300 g for 5 min. The pellets were resuspended in an ice-cold PBS/
Phosphatase inhibitor solution for 5 min. This step was repeated once.
Extracts were resuspended in ice-cold hypotonic buffer and incubated
for 15 min. To break the cytoplasmic membrane, cells were treated with
Nonidet p-40 (Sigma-Aldrich, Bornem, Belgium). The extracts were
centrifuged and the cytoplasmic fraction was saved for other applica-
tions. The pellet was resuspended in an extraction buffer containing
protease inhibitor and incubated with gentle rocking for 30 min on ice.
Extracts were centrifuged at 14 000 g for 10min at 4 �C. The supernatant
contained the nuclear fraction. Nuclear extracts were loaded in 96 well
plates and incubated overnight at 4 �C. The primary antibody (from the
PPAR-γ; Complete Transcription Factor Assay Kit) was added and
incubated for one hour at room temperature. The wells were washed
5 times and a goat antirabbit HRP conjugated secondary antibody
was added and incubated for one hour at room temperature. The wells
were washed 5 times. Developing solution was added for 45 min and
absorbance was measured at 450 nm with a spectrophotometer (Biorad
model 680XR, Biorad, Nazareth, Belgium).
Flow Cytometry Determination of Apoptosis and Cell Cycle Kinetics.

Analyses of apoptosis and cell cycle kinetics were performed with the
APO AF detection kit (BD Pharmingen, Erembodegem-Aalst, Belgium)
according to the manufacturer’s instructions and based on a procedure
we previously described.36 The cancer cells were treated for 48 or 72 h
with their respective IC50 in vitro growth inhibitory concentrations,
10 μM for U373 and A549 cancer cells (6b), and 80 and 100 μM for
U373 and A549 cancer cells (1). TUNEL labeling of U373 GBM and
A549 NSCLC cells was performed for 1 h at 37 �C followed by
propidium iodide (PI) staining (5 μg/mL) in the presence of RNase.
Stained cells were analyzed on a CellLab Quanta SC flow cytometer
(Beckman Coulter; Analis, Suarlee, Belgium).
Kinase Activity Determination. We originally prepared ProQinase

(Freiburg, Germany) with 6b as a stock solution in 100% DMSO, and
aliquots were further diluted with water in 96 well microliter plates
immediately before use. For each kinase assay, 5 μL from a 2� 105 M/
10% DMSO compound solution were transferred into the assay plates.
The final volume of the assay was 50 μL. The final assay concentration of
6b was 1 μM. A radiometric protein kinase assay (33PanQinase Activity
Assay) was used to measure the kinase activity of the 333 protein kinases
under study, as detailed previously.90

Statistical Analyses. Data obtained from independent groups were
compared by the nonparametric Kruskal�Wallis (Dunn’s procedure),
Mann�Whitney U, or Spearman Rank Correlation tests. The statistical
analysis was performed using Statistica software (Statsoft, Tulsa, OK).
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