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We describe here the biological screening of a collection of natural occurring triterpenoids against theG
protein-coupled receptor TGR5, known to be activated by bile acids and which mediates some
important cell functions. This work revealed that betulinic (1), oleanolic (2), and ursolic acid (3)
exhibitedTGR5 agonist activity in a selectivemanner compared to bile acids, which also activatedFXR,
the nuclear bile acid receptor. The most potent natural triterpenoid betulinic acid was chosen as a
reference compound for an SAR study. Hemisyntheses were performed on the betulinic acid scaffold,
and we focused on structural modifications of the C-3 alcohol, the C-17 carboxylic acid, and the C-20
alkene. In particular, structural variations around the C-3 position gave rise to major improvements
of potency exemplified with derivatives 18 dia 2 (RG-239) and 19 dia 2. The best derivative was tested
in vitro and in vivo, and its biological profile is discussed.

Introduction

Diabetes is amajor worldwide health problem. In 2000, 171
million people were living with diabetes, and this number is
projected to rise to 366million in 2030.1 The huge human and
economic costs of diabetes and associated complications
prompted the research for appropriate and efficient treat-
ments. All current therapies target only the consequences of
diabetes, and it could therefore be of particular interest to
identify compounds that act in the early stages of diabetes.
Obesity and insulin resistance, which generally precede type 2
diabetes, are correlated with mitochondrial dysfunction in
skeletal muscle.2 Identification of new biological targets,
which interfere with mitochondrial function, could therefore
be relevant to prevent and treat type 2 diabetes.

In addition to their well-established roles in dietary lipid
absorption and cholesterol metabolism, bile acids (BAs) have
been shown to activate mitogen-activated protein3 and nucle-
ar hormone receptors such as farnesoid X receptor R (FXR-
Ra).4 Through activation of these two pathways, BAs can
regulate their own metabolism. BAs are also ligands for the

G-protein coupled receptor TGR5,5 and activation of this
receptor by bile acids results in an effect on energy home-
ostasis. Indeed, the administration of BAs to mice fed with a
high fat diet increases energy expenditure in brown adipose
tissue, preventing obesity and insulin resistance.6 The pro-
cesses involved implicate TGR5 activation by BAs which
results in an increase in cAMP production in brown adipose
tissue. Subsequently, the function of the thyroid hormone
activating enzyme deioiodinase type 2 is improved, leading to
an increase in mitochondrial function and thus energy ex-
penditure.6 Consistent with the role of TGR5 in the control of
energy metabolism, female TGR5 knockout mice show a
significant fat accumulation with body weight gain when
challenged with a high fat diet, indicating that the lack of
TGR5 receptor decreases energy expenditure and promotes
obesity.7 In addition and in line with the involvement of
TGR5 in energy homeostasis, BAactivation of themembrane
receptor has also been reported to promote the production of
glucagon-like peptide 1 (GLP-1) in murine enteroendocrine
cell lines.8 All together, these data suggest that TGR5 is a
relevant target to treat metabolic diseases.

Recently, and in contrast to BAs, which activate both
TGR5 and FXR, a number of novel and selective TGR5
agonists that do not activate FXR have been described. A
biological screening of a collection of natural occurring bile
acids, bile acid derivatives, and some steroid hormones has
resulted in the discovery of new potent and selective TGR5
ligands such as 6R-ethyl-23(S)methyl-chenodeoxycholic acid
and derivatives.9 Furthermore, this study indicated that the
binding pocket of TGR5 is endowed with a narrow hydrogen
bonding door site recognizing the 3-hydroxyl group of BAs,
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a hydrophobic pocket lining to the C6 andC7 position of BAs,
and a large and neutrally formal charged pocket that anchors
the acidic side chain. That information was instrumental to
design novel selective and potent BAs as TGR5 agonists.

In parallel, we demonstrated that oleanolic acid (2), a
triterpenoid extracted from Olea europaea leaves, is a highly
selective and potent TGR5 agonist and possesses an antihy-
perglycaemic effect.10Encouragedby these results,wedecided
to investigate if other members of the triterpenoid family
would also have TGR5 activity. To this end we have thus
performed a biological screening of the natural occurring
triterpenoid library.Among this triterpenoid library, betulinic
acid (1) was chosen as lead compound for our structure-
-activity relationship (SAR) because of its higher TGR5
potency. A collection of betulinic acid derivatives was com-
pleted by hemisyntheses and provided more potent TGR5
agonists, illustrated by 18 dia 2 (RG-239). Then, the biological
effect of the most efficient derivative, 18 dia 2, made from
nucleophilic attack of an allylic organomagnesium on the C-3
ketone was evaluated in vitro and in vivo. Finally, a ligand-
based modeling study was performed to improve our under-
standing toward the TGR5 binding requirement and to
provide useful evidence for the design of the next TGR5
agonist generation.

Results

Aset of natural triterpenoidmoleculeswas first tested for its
TGR5agonist activity.As shown inTable 1, betulinic acid (1),
with an EC50=1.04 μM and an efficacy of 83%, had better
activity and efficacy compared to the other tested triterpe-
noids such as the initial active principle identified 2 (EC50=
2.25μM,eff.=72%)and theother activenatural triterpenoid,
ursolic acid (3) (EC50 = 2.25 μM, eff. = 72%). Moreover,
1 appeared to be readily available by extraction or from
commercially available sources, which is the main reason
why it was chosen as a starting material in hemisyntheses
for this SAR study.

To investigate the binding at the two key positions C-3 and
C-17, our work was first focused on (i) the modification of
chemotypes like the hydroxyl group into ester, ketone, oxime,
and on the stereochemistry of isomers at C-3 (Schemes 1 and
2) and (ii) the conversion of the carboxylic acid into ester,
amide, and urea (Schemes 3, 4, 5). Further investigations
concerned modifications of the alkene group into ketone,
alkane, epoxide, and alcohol (Scheme 6).

Modifications on the Hydroxyl Group at Position C-3

(Schemes 1 and 2). The betulinic acid C-3 alcohol was
esterified by refluxing 1 with anhydride succinic, isobutyric,
and 4-pentenoic with dimethylamino pyridine (DMAP) in
pyridine to obtain derivatives 4, 5, and 6 (Scheme 1).11

Then synthesis of ketone (7) was realized by oxidation of
1 using Dess Martin’s reagent in DCM.12 Derivative 7 was
further modified into a hydrophobic acetal 8.13 By heating
under reflux ketone 7 in pyridine with hydroxylamine
hydrochloride we obtained oxime 9 (Scheme 1).14 The
syntheses of 10, 11, 12, 13, and 14 were obtained by
refluxing 9 with DMAP and the corresponding anhydride
in pyridine (Scheme 1).15 The monomethylated product 15
was synthesized in two steps. The benzylated protecting
acid 16 in presence of sodium hydride (NaH) and methyl
iodide (MeI) in DMF gave 1716 which was finally hydro-
lyzed with a palladium on carbon catalyst (Pd/C) under H2

(Scheme 2).17,18

Table 1. TGR5 Activity of Natural Triterpenoids
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The next step of our hemisynthesis exploration consisted
of remodelling the C-3 chiral environment without neglect-
ing to retain the free hydroxyl group. Ketone 7 was functio-
nalized by a Grignard reaction to obtain new structures

around the C-3 center.16 When adding an alkyl Grignard
to 7 a rapid precipitation of a white solid corresponding to
the magnesium carboxylate precluded the nucleophilic addi-
tion of the second equivalent of the alkyl Grignard to the

Scheme 1
a

aReagents: (a) Dess Martin’s reagent, DCM, 4 h; (b) ethylene glycol, p-TSA, benzene, 15 h; (c and f) DMAP, anhydride, pyridine, reflux, 12 h;

(d) RMgCl, THF, -78 �C, 2 h; (e) NH2OH 3HCl, pyridine, reflux 4 h.

Scheme 2a

aReagents: (a) Cs2CO3, BnCl, DMF, 5 h; (b) NaH, DMF, 2 h, MeI, 24 h; (c) Pd/C, H2, MeOH/THF, 12 h.

Scheme 3a

aReagents: (a) Cs2CO3, DMF, 12-20 h; (b) MeOH, 4 M HCl/dioxane, 4 h.
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ketone function.To circumvent this precipitation, theGrignard
reagenthad tobeadded slowly intoadilute solution.Treatment
of the crude mixture with a dilute solution of HCl gave a
mixture of twodiastereoisomers in a 1/2 ratio (dia 1/dia 2) easily
separated by silica gel column chromatography to afford 18 dia
1 and dia 2 or 19 dia 1 and dia 2. The absolute configuration
assignment of the C-3 chiral center was determined as “S” for
18 dia1 by X-ray structure analysis (Figure 1). Other confi-
gurations were deduced from this result.

Modifications on the Carboxylic Acid Group at Position

C-17 (Schemes 3 and 4).The chemical reaction between 1 and
cesium carbonate (Cs2CO3) in DMFwith the corresponding
alkyl halide gave 20, 21, or 22 as esterification products
(Scheme 3).19 Next, the amino group of 21 was deprotected
in MeOH with 4 M HCl/dioxane to obtain free aliphatic
amine 23 (Scheme 3).18

The carboxylic acid function was also converted into
amide 24-32 by a peptide coupling reaction using 1-ethyl-

3-(3-dimethylaminopropyl) carbodiimide (EDC) and hydro-
xybenzotriazole (HOBt) as reagents (Scheme 4).20

After formation of the ethyl amide 32, its terminal ester
group was hydrolyzed with 4 NNaOH in a mixture of THF/
EtOH to acquire compound 27.20 Derivative 34 was isolated
fromamixture ofmono- and dimethylated products after the
use of trimethylsilyldiazomethane (TMSCHN2) in a combi-
nation of MeOH and benzene (Scheme 4, Table S1 in the
Supporting Information).21

The carboxylic group was also transformed in urea deri-
vatives by using the Curtius rearrangement (Scheme 5).
Compound 1 was treated with diphenylphosphine azide
(DPPA) to form an active carbonyl azide which boiled in
toluene, losing N2 to give isocyanate 35.22 Derivative 35

was next reacted with the corresponding amine to give urea
36, 37, 38, 39, and 40.23Amines used during the Curtius

Scheme 4
a

aReagents: (a) EDC,HOBt, NEt3, amine, DMF, 12-20 h; (b) TsCl, pyridine, DCM, 6 h; (c) TMSCHN2, benzene, 2 h; (d) NaOH 4N, THF/EtOH, 14 h.

Scheme 5a

aReagents: (a) DPPA, NEt3, toluene, reflux, 19 h; (b) amine, toluene, reflux, 15 h.

Scheme 6a

aReagents: (a) Pd/C, H2, MeOH/THF, 24 h; (b) O3, MeOH/CHCl3,

(Me)2S, 30 min; (c) BH3, THF, 0 �C 1 h, 16 h; (d) mCPBA, THF, 16 h.

Figure 1. X-ray crystal structure of 18 dia 1.
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rearrangement to produce analogues 36, 37, 39, and 40

correspond also to the one used in the amide series 23, 32,
31, and 29.

Modifications on the Alkene Function: (Scheme 6). Finally,
we investigated the effect of alkene modification on TGR5
following the synthetic route shown in Scheme 6. Betulinic
acid was hydrogenated into alkane 41.18 Then, 1was reacted
with meta-chloroperoxybenzoic acid (mCPBA) in THF to
form the desired epoxide 42.10 Hydroboration with boron
hydride (BH3) in THF followed by oxidative workup af-
forded the alcohol 43,24 and finally ozonolysis of 1 in CHCl3/
MeOH followed by reductive workup with dimethylsulfur
has provided 44

25 (Scheme 6).
Ligand-Based Modeling. To gain further insight into mo-

lecular recognition features of the terpenoid series we com-
paredTGR5 ligands. Superposition of 18 dia 1 andof 18 dia 2
with 7R-F-lithocholic acid, a potent molecule from the bile
acid series (EC50=0.25 μM; eff.=99%),10 emphasized the
3D orientation of chemical functions necessary to binding
TGR5 receptor (Figures 2 and 3). Interestingly, additional
chemical groups like methyl at C-10 show a similar location
suggesting that they also participate in ligand binding inter-
action.Moreover, the presence of the allyl at the C-3 position
in 18 is well tolerated (EC50= 0.43 μM; eff.= 116%) indi-
cating that there is room for a stabilizing hydrophobic
contact near the OH group.

Biological Effect of the TGR5 Agonist 18 dia 2.Among the
50 betulinic acid derivatives, 18 dia 2 was found to be the
most potent TGR5 agonist in vitro. In a previous study, we
demonstrated that oleanolic acid, the original triterpenoid
extracted from Olea europaea leaves for its TGR5 agonist
activity, decreases body weight and more specifically fat pad
mass.11 Since Watanabe et al. demonstrated that TGR5

agonists increase mitochondrial function,6 an effect that
could potentially explain the effect on adipose tissue through
increased fat burning, we evaluated the effect of oleanolic
acid and 18 dia 2 on mitochondrial activity in 3T3L1 cells.
We demonstrated that oleanolic acid increases mitochon-
drial activity in adipocytes as demonstrated by the increase in
cytochrome c oxidase activity (Figure 4). Furthermore, a
stronger induction could be obtained with 18 dia 2, empha-
sizing thismolecule as a better TGR5 agonist. To evaluate its
effect on metabolic disorders, a cohort of male C57BL/6J
mice were fed a high fat (HF) diet (60%kcal fat) for 10 weeks
to generate obese mice. Then, the food was supplemented
with 18 dia 2 at a dose of 30mg/kg/day for 3 weeks. The body
weight, measuredweekly, revealed no significant effect of the
compound 18 dia 2 (Table 2). Although this new TGR5
agonist shows no effect on body weight, the plasma glucose
level shows a tendency to decrease (1.75 ( 0.01 to 1.56 (
0.18, relative to day 0 of treatment) after 3 weeks of 18 dia 2
administration (Table 2). The oral glucose tolerance test
(OGTT) performed after 14 days of treatment did not show
any significant effect of 18 dia 2. Likewise, the evaluation of
plasma cholesterol level and distribution of fat tissue
(weighted after sacrifice) indicate no modification for the
mice treated with 18 dia 2.

In addition to being more potent than 2 in vitro, 18 dia 2 is
also less cytotoxic since 2 presented some toxic effects in vivo,
whereas 18 dia 2 showed no increase of serum liver enzymes
levels (Table 2) and no decrease in food intake (data not
shown). Although, 18 dia 2 is a potent TGR5 agonist in vitro,
it lacked effects in vivo,which could be explained by the weak
bioavailability of this hydrophobic molecule in the orga-
nism, a fact that also contributes to the reduced toxicity.

Discussion

In the present study, we focused on the development of
selective TGR5 agonists from the triterpenoid family. In our

Figure 2. Superposition of 18 dia 1 (C, O, and polar H atoms in
yellow, red, and white, respectively) and 7r-F-lithocholic acid (C, O,
F, and polar H atoms in blue, red, light blue, and white, re-
spectively). Key polar chemotypes are circled with a white line;
putative hydrophobic interacting groups are circled with a dashed
line; allyl moiety is indicated by an arrow.

Figure 3. Superposition of 18 dia 2 (C, O, and polar H atoms in
yellow, red, and white, respectively) and 7r-F-lithocholic acid (C, O,
F, and polar H atoms in blue, red, light blue, and white, respec-
tively). Key polar chemotypes are circled with a white line; putative
hydrophobic interacting groups are circled with a dashed line; allyl
moiety is indicated by an arrow.

Figure 4. Mitochondrial effects of oleanolic acid and 18 dia 2 in
3T3L1 adipocyte cells. Mitochondrial activity as measured spectro-
photometrically by cytochrome c oxidase assay in 3T3L1 adipocyte
cells treated with the vehicle DMSO (white box), 18 dia 2 at 10 μM
(black box), or oleanolic acid at 10 μM (gray box). Data represent
means ( sd n = 8 for mitochondrial function.

Table 2. Body Weight and Biochemical Parameters

high fat diet

vehicle 18 dia 2 30 mg/kg

body weight 1.03 ( 0.05 1.00 ( 0.04

ASAT 0.82 ( 0.04 0.63a ( 0.07

ALAT 0.90 ( 0.06 0.59a ( 0.08

glucose 1.75 ( 0.01 1.52 ( 0.18
aData representmean values relative to day 0(SEM, n=10animals/

group (*p < 0.05).



Article Journal of Medicinal Chemistry, 2010, Vol. 53, No. 1 183

biological evaluation, selectivity between TGR5and the FXR
receptor was pointed out by triterpenoids which showed high
TGR5/FXR selectivity. In contrast, certain bile acid derived
TGR5 agonists show a dual effect on the two different
receptors bile acid receptors, FXR and TGR5.9

In this work, a series of triterpenoids, which are represen-
tative of the structural diversity found in nature and covering
the lupane, oleane, ursane, lanostane, dammarane, friedlane,
and cycloartane skeleton, were evaluated for their TGR5
agonist potency. In the sequence of the tested natural triter-
penoids, the lupane, oleane, and ursane subfamilies demon-
strated activity on TGR5. Indeed, 1, 2, and ursolic acid (3)
(Table 1) showed TGR5 agonist a potency greater than in the
case of LCA with an EC50 of 1.04, 2.25, and 1.43 μM,
respectively. All of them proved to be specific agonists of
TGR5 with no activity on FXR even at the highest concen-
tration tested (30 μM). Interestingly, those three triterpenoids
bear common features. They have a pentacyclic carbon
skeleton, a hydroxyl group at C-3, and a carboxylic acid
group at C-17. Triterpenoids 1, 2, and 3 show the same
stereochemistry (S) at both the C-3 -OH and the C-17
-COOH. Noteworthy, 1, 2, and 3 also bear an alkene either
at C-20 or at C-12.

Structural comparisonbetween the active and thenonactive
natural triterpenoids demonstrated the importance of the
hydroxyl and the carboxylic acid at C-3 and C-17. Indeed,
lupenone and friedline have shown a drop of activity, which
may arise either from the oxidation of the C-3 hydroxyl group
into a ketone or from absence of a carboxylic acid function,
assuming that the hydroxyl group and/or the carboxylic acid
have a key role in the given activities. The significance of the
carboxylic acid for the TGR5 activity was underlined by the
complete loss of activity of betulin and uvaol which differ
fromparent 1 and 3 only by reduction of theC-17COOH into
CH2OH (Table 1). Additionally, the absence of carboxylic
acid on the chemical structure of 3 exemplified by R-amyrin
produced the same effect. Also, the lack of the ability from
β-elemonic acid and β-glycyrrhetinic acid to bind to the
receptor should mean that all triterpenoids with hydroxyl
and/or carboxylic acid are at different positions than C-3 and
C-17 should not be inactive. Then, the value of having one free
hydroxyl at C-3 was confirmedwith the inactivity of arjulonic
acid and asiatic acid: they share a similar scaffold to that of the
active triterpenoids 2 and3but showednoactivity at all. Thus,
we assume that additional hydroxyl groups on the R and
β position around the C-3 may disrupt some hydrophobic
interactions or generate unfavorable steric constrains within
the receptor. That is in line with the model proposed by Sato
et al.,10 reporting a narrow pocket with hydrogen bond
acceptor groups in this part of the TGR5 binding site, and
suggests a similar location of the bile acid and the triterpenoid
series within the receptor.

Togain further informationon the receptorTGR5,wehave
chosen betulinic acid (1) as our lead compound for an SAR
study. Indeed,1has retainedour attentionbecause of its better
TGR5 agonist activity and efficacy in vitro compared to the
other tested triterpenoids and to LCA (Table 1). We have
investigated how 1binds inside the active pocket of the protein
by synthesizing ∼50 analogues that differed at the hydroxyl
and the carboxylic acid at C-3 and C-17 as well as at the C-20
alkene.

First,modificationof the hydroxyl group into ester4, 5, and
6 revealed a total loss of activity confirming the necessity of
keeping the C-3 hydroxyl group for a first class TGR5 agonist

(Table 3). These results were anticipated with regards to the
loss of activity previously observed with the natural triterpe-
noids (Table 1). Also, oxidation of the hydroxyl group into
ketone decreases the activity (EC50= 4.71 μM) highlighting
the point that the hydrogen donor character of the hydroxyl
group is required for the binding. The same conclusion was
driven fromanalysis of the acetal derivative8 and themethoxy
derivative 15 which show no activity (Table 3). As confir-
mation of the statement of the hydrogen donor character
requirement, only oxime 22 slightly lowers the TGR5 potency
(EC50= 1.75 μM) in contrast to ester (4-6) or oxime deri-
vatives (10-14) which show a total loss of activity (Table 3).

Evaluation of these compounds showed that the relocation
of the hydroxyl on oxime 22 is accepted even if it is not
optimum.But, replacements of theC-3hydroxyl groupbyany
residue led to a loss of activity. These results indicated that the
hydroxyl should keep its hydrogen donor feature, which is
again in agreement withMacchiarulo et al., who predicted by
molecular field analysis and 3D-quantitative the structure of a
narrow hydrogen bond donor site around the C-3 positon.9

Nevertheless, the binding site of this molecule needs more
investigation as no prediction was realized with regards to the
configuration at the C-3 carbon, such as 18 dia 2, the most
potent TGR5 agonist we have synthesized so far which gave
exceedingly better activity. Indeed, we have observed a re-
markable change when ketone 7 was subject to Grignard
reaction. Two Grignard alkylations have been achieved by
using an allylorganomagnesium (18) and a 2-methylallylor-
ganomagnesium (19) reagent. Formation of the new chiral
carbon byGrignard reaction gave two diastereoisomeres each
time with distinct activities 18/19 dia 1 and 18/19 dia 2

(Table 3). The allylic alkylation using a Grignard reagent
gave better activity than the methylallylic alkylation for both
diastereoisomers (Table 3). This difference can only be ex-
plained by the shape of the carbon side chain which may
confer more steric hindrance for the methylallylic derivative.
Indeed, both 18 and 19 stand with the same alkene functional
group and only differ by the position of the alkene on the side
chain carbon. The comparison of the two diastereoisomers on
TGR5 indicated that the chiral configuration needs to be C-3

Table 3. Effects on the TGR5 Activity after Modifications on the
Hydroxyl Group

TGR5

name EC50, μM efficacy FXR

4 >10 0 0

5 >10 0 0

6 >10 0 0

7 4.71 217 0

8 >10 0 0

9 1.75 132 0

10 5.00 159 0

11 3.17 20 0

12 7.88 139 0

13 7.73 126 0

14 3.65 13 0

15 >10 0 0

16 >10 0 0

17 >10 0 0

18 mixture dia 1/dia 2 0.43 116 0

18 dia 1 2.08 128 0

18 dia 2 0.12 122 0

19 mixture dia 1/dia 2 1.19 125 0

19 dia 1 6.27 67 0

19 dia 2 0.42 117 0
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(R) for a good binding. Indeed, diastereoisomers of the (R)
configuration at C-3 proved to be more potent in both cases
with anEC50 value of 0.12 and 0.42 μMfor 18 dia 2 and 19 dia
2, respectively. By comparison, 18 dia 1 and 19 dia 1 showed
values of EC50=2.08 μM and EC50=6.27 μM, respectively.
Efficiency increases accordingly for 18 dia 2 (eff.=122%) and
19 dia 2 (eff. = 117%) (Table 3). Furthermore, diastereoi-
somers from 18 and 19 were mixed to obtain an equimolar
mixture of dia 1/dia 2. The idea was to understand the
behavior of the 1:1mixture on the TGR5 receptor. The results
have shown moderate to good activity with EC50=0.43 μM
andEC50=1.19μM,respectively, to18and 19. Inboth18and
19 cases, the resulting activity appeared to bemainly driven by
the most active diastereoisomer (dia 2) (Table 3).

Figure 3 displays the superposition of the most potent
stereoisomer 18 dia 2 with an (R) C-3 OH in an equatorial
position and apotent bile acid: surprisingly, the twomolecules
do not show an overall fit as good as the one deriving from the
superposition of the less potent 18 dia 1 (Figure 2). It is
noteworthy that the critical OH group of 18 dia 1 is close to
the OH group of the bile acid, and that is no longer the case
with 18 dia2. Altogether, these data suggest that the betulinic
acid series locates in the vicinity of the bile acid series within
the TGR5 binding site but using a specific orientation. This
orientation might also be characterized by the presence of a
hydrophobic pocket near the OH group since the allyl triter-
pene derivative 18 is a potent compound.

Finally, weare the first group to report the introduction of a
carbon side chain at C-3, which increases the potency. These
results confirm the recently reported enantiomeric selectivity
of TGR5 toward enantiomeric BAs.26

The results obtained when evaluating modifications of the
carboxylic acid are consistentwith the screening of the natural
triterpenoids, which indicated that carboxylic acid should stay
unchanged in its original position. Indeed,modification of the
carboxylic acidwas complicated, as transformation into esters
(20-23), amides (23-33), isocyanate (35) and ureas (36-40)
gave rise to inactive derivatives (Table S1 in the Supporting
Information). Even the methyl ester analogue 25 did not
activate the receptor. In fact, this study on the carboxylic acid
madeus awareof the essential attribute of the hydrogen donor
character of COOH for a good binding.

As strong modifications drop the activity, we have raised
the hypothesis of a small polar site recognizing the free
carboxylic acid which rules the TGR5 activation. To the
contrary, Sato et al. suggest a large binding pocket in this
regionof the receptorwhich canhost the labile carboxylic acid
side chain of BAs. This difference in results is probably due to
the poor flexibility of the triterpenoid structures which cannot
accommodate positioning in the binding site with regard to
steric hindrance deriving from substitutions on carboxylic
acid. Thus, it is conceivable that the difference in flexibility
between the two series is linked to the selectivity toward
TGR5. That assumption is in agreement with reported bioac-
tive conformations of bile acid derivatives showing an
extended carboxylic side chain (e.g., 6ethyl_chenodeoxy-
cholic_acid; PDB entry 1OT7) required for building a salt
bridge with an arginine residue within the FXR binding
pocket (data not shown). The betulinic acid series does
not possess any flexibility at this point and, consequently,
would not form the necessary contacts with FXR interacting
residues.

Further modification on the alkene demonstrates a weak
effect on the activity, meaning that alkene is not involved in

the drug-receptor interaction. Indeed, the replacement of
alkene by alcane 41 (EC50= 2.17 μM), epoxide 42 (EC50=
6.91μM),hydroxyl group 43 (EC50=3.32μM), andketone 44
(EC50=3.11 μM) slightly lowers the activity,meaning that all
those modifications appeared compatible with TGR5 activa-
tion (Table 4). This outcome led us to think that alkene is in
the outer sphere of the binding pocket. This feature will be
used in a future strategy to improve molecule solubility with-
out losing the biological activity of our derivatives by trans-
forming the alkene function to obtain a better biological tool.
Indeed, triterpenoid are hydrophobic molecules, and this
feature was a non-negligible disadvantage in our biological
test. One of the goals of the synthesis of amide derivatives
(27-31) was also the improvement of the solubilty of 1 by
addition of one or more hydroxyl groups on the side chain
carbon. But all the compounds were inactive. During the
examination of the physiochemical properties of 18 calculated
through the use of the predictive Linspiski’s rules, we noticed
one violation among the four parameters predicted by the
rules since the value of the partition coefficient log P is out of
range (Table 5).27 This feature represents poor bioavailability
and is suspected to be the main cause of our disappointing
in vivo data.

The importance of the chemical ring in drug discovery has
been noticed as most of drugs contain rings in their structure.
In our case rings have amultiple role, andmore especially they
induce the shape of themolecule and the special orientation of
the critical polar groups. The common hydrophobic penta-
cyclic skeleton of the triterpenoids may also favor the biolo-
gical binding with the active site via additional hydrophobic
interactions. Indeed, the study by Sato et al. has already
underlined this point previously by working with bile acids
which also have a hydrophobic steroid skeleton. Indeed, they
have predicted a hydrophobic pocket hosting the C-6 and C-7
position of BA steroid nucleus.9 The biological guided frac-
tioning initially made to isolate the TGR5 active principle
from Olea europaea only retained one hydrophobic com-
pound from all the molecules contained in the leaves of the
plant.

From a biological point of view this SAR has provided us
with a very interesting tool compound, 18 dia 2, which could
contribute to the better understanding of the functionofTGR5.
However, this molecule could not be used successfully for
in vivo testing probably because 18 dia 2 exhibited poor bio-
availability as illustrated by the weak effects observed in vivo

Table 4. Effects on the TGR5 Activity after Modifications on the
Alkene

TGR5

name EC50, μM efficacy FXR

41 2.17 60 0

42 6.91 71 0

43 3.32 109 0

44 3.11 156 0

Table 5. Physicochemical Properties of 18 dia 2
a

rules

18 dia 2

properties

molecular weight <500 g/mol 496.8 g/mol

number of hydrogen bond acceptor (ON) <10 3

number of hydrogen bond donor (OH, NH)<5 2

partition coefficient (mi Log P) <5 8.03
aData represent values calculated according to the Lipinski’s rules.
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despite the strong in vitro data. Indeed, previous pharmaco-
kinetic studies performed on oleanolic acid have demon-
strated that this molecule had a weak metabolic stability
when administrated orally to rats.28 In addition, in the same
study, the bioavailability of this molecule was shown to be
∼1%. In view of the close structural proximity of oleanolic
acid and 18 dia 2 and the calculated log P of these molecules
(6.7 and8.2, respectively), it ismost likely that 18 dia 2 exhibits
the same poor pharmacokinetic properties. It will be of
relevance to overcome this disadvantage in future studies
when considering the nice in vivo data results obtained with
2 a close structural parent to18dia 2.Although2hadaweaker
TGR5 potency in vitro, it had enhanced in vivo results when
tested for its antidiabetic properties.10 Indeed, in an earlier
study oleanolic acid has shown antihyperglycaemic abilities
through enhancing the mitochondrial function by TGR5
activation,29 an effect also seen with 18 dia 2 and confirmed
in this work in adipocyte cells. Supported by various papers,6

we proposed a pathway that involves TGR5-D2-mitochon-
dria or TGR5-PGC1-mitochondria. Additionally, more re-
cently, it has been shown that oleanolic acid inhibits protein
phosphatase 1B (PTP1B), a key regulator in the negative
regulation of the insulin pathway.30 Furthermore, oleanolic
acid inhibits glycogen phosphorylase, which is responsible for
the breakdown of glycogen to produce glucose.31 Altogether
these results support the antidiabetic effect of oleanolic acid
by different pathways, and future studies will be required to
evaluate the activity of 18 dia 2 on these targets and determine
if those effects are compound- and/or class-dependent. These
biological data on 2 prompted us to look for a small structural
arrangement on the triterpenoid skeleton of 18 dia 2 that
might be beneficial to transforming it into a better in vivo
therapeutic agent.

In this paper, we focused on BAs and triterpenoids as
TGR5 agonists because of their similarities which are useful
for comparisons. But, other classes of structure have appeared
in the literature. Takeda Chemical Industry LTD has de-
scribed the 6-methyl-2-oxo-4-thiophen-2-yl-1,2,3,4-tetrahy-
dropyrimidine-5-carboxylic acid benzyl ester as a TGR5
agonist (yet we observed the product to be inactive).6 Never-
theless, this product was the first TGR5 agonist bring-
ing structural diversity compared to the steroid shape of
BAs and triterpenoids. Also, Kalypsys has disclosed a wide
range of fused ring containing heteroatoms useful for the
derivatization such as quinazolinone, quinoline, dihydrop-
teridine, pyrrolo- and imidazodiazepine, purin, pyrazolo-
and thienopyridine, and pyrido-, thieno-, and pyrazo-
lopyrimidine.32-36

Compounds were tested in a binary system in which an
EC50<10 μMcompoundwas active and EC50>10 μMcom-
pound was inactive. So, drawing a conclusion from this work
was difficult, as most of the reported compounds have shown
activity EC50 < 10 μM. Moreover, the selectivity of TGR5
agonists described by Takeda LTD and Kalypsys need to be
proven. Indeed, the selectivity betweenTGR5andFXR is not
expressed in the different patents.

Conclusions and Perspectives

Triterpenoids represent a structurally novel class of TGR5
agonist. TGR5 is a recently identified G-protein coupled
receptor which has drawn scientific attention in the field of
metabolism. TGR5 agonists could be used to treat type 2
diabetes since its activation is capable of increasing the
mitochondrial activity, whose deficiency is a hallmark of the

early stage of the disease. This positions TGR5 triterpenoid
agonists as therapeutic agents for treatingobesity anddiabetes.
To gain relevant pharmacological information on the TGR5
receptor, the discovery of potent and selective TGR5 agonists
is of importance. An SAR study on several natural triterpe-
noids and more especially on betulinic acid derivatives has
provided a highly potent TGR5 agonist, 18 dia 2 (RG-239).
The first observation between all the potent agonists was the
requirement of possessing a free hydroxyl and a free carboxylic
acid.Considering that the hydroxyl and the carboxylic acid are
key functional groups for the activation of TGR5, the possi-
bility of including alkene modification for further experiments
was raised. Further experiments will also take into account the
ability of the TGR5 receptor to interact in a stereoselective
mannerwith apotential agonist. Indeed,wedemonstrated that
the formation of a new chiral center at C-3 is oneway to obtain
highly potent betulinic acid derivatives.

Development of potent TGR5 agonists by this SAR has
improved our knowledge on TGR5. Taken together these
data reveal that the betulinic acid series has threemainbinding
pockets: (a) a narrow hydrogen bond donor/acceptor site at
theC-3hydroxyl group, (b) a hydrophobic pocket hostingC-6
until C-9 and methyl pointing upward at C-10, (c) a small
polar site recognizing the free carboxylic acid. By analyzing
ligand superpositions, we highlighted a possible new arrange-
ment around the C-3 binding pocket exemplified by the use of
18. The selective binding pocket near the C-3 hydroxyl
described by Sato et al. seems to be completed with an
adjacent hydrophobic spot which participates in the improve-
ment of potency of the betulinic acid series while maintaining
selectivity toward TGR5.

Experimental Section

Chemistry General Procedure.Reaction conditions and yields
were not optimized. Solvents were used dried and purified
before use following the standard methodology. Flash chroma-
tography was performed using silica gel (40-63 μm). NMR
spectra were taken in CDCl3 or C5D5N with a 5 mm Bruker
probe that operates at 300 MHz (1H) and 75 MHz (13C) or at
200 MHz (1H) and 50 MHz (13C). 1H spectra in CDCl3 were
referenced to δ 7.26, while 13C spectra in CDCl3 were referenced
to δ 77.23. Spectra 1H and 13C taken in C5D5N were calibrated
by reference to the first peak of pyridine at δ 7.22 and δ 123.87,
respectively. IR spectra were recorded on a Thermo Electron
Corporation FT-IR Spectrum spectrophotometer.

A. To a solution of oxime 9 (50 mg, 0.106 mmol, 1.0 equiv) in
pyridine (0.5 mL), anhydride (0.16 mmol, 1.5 equiv) was added
and then catalytic qualitative DMAP was added. The mixture
was refluxed, cooled, and poured into a 5% HCl solution and
then filtered and dried.

B.Compound 1 (50-150mg, 0.11-0.33mmol, 1.0 equiv) was
dissolved inDMF (0.5-2mL). Cs2CO3 (1.5 equiv) was added to
the reaction mixture followed by an alkyl halide (1.5 equiv) at
room temperature. After 5-16 h of stirring, the reactionmixture
was poured in 10 mL of water. The resulting precipitate was
filtered to give a white solid.

C. To a solution of 1 (50 mg, 0.11 mmol, 1.0 equiv) in DMF
(0.5 mL) were added EDC (31 mg, 0.165 mmol, 1.5 equiv) and
HOBt (22 mg, 0.165 mmol, 1.5 equiv). The solution was stirred
at rt for 30 min whereupon diisopropylethylamaine (29 μL,
0.165 mmol, 1.5 equiv) and the appropriate amine (0.165 mmol,
1.5 equiv) were added. The reaction mixture was allowed to stir
for 12-20 h at rt. After this time the solution was poured in
water. The resulting precipitate was filtered to give a white solid.

D.A solution of 1 (50mg, 0.11mmol, 1.0 equiv), DPPA (25 μL,
0.11 mmol, 1.0 equiv), and Et3N (15 μL, 0.11 mmol, 1.0 equiv) in
DMF(0.5mL)was stirredat rt for 1h.The solutionof the resulting
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azide was refluxed for 2 h. Then the solution containing the
isocyanate was cooled to rt and treated with an excess of amine
(10 equiv) before refluxing for 15 h. The resulting mixture was
concentrated in vacuo and purified by silica gel column chroma-
tography.

3-O-Succinyl-betulinicAcid (4).Compound1 (50mg, 0.11mmol,
1.0 equiv) was heated with succinic anhydride (22 mg, 0.22 mmol,
2.0 equiv) inanhydrouspyridine (0.5mL) to refluxovernight, under
nitrogen. The reaction mixture was then poured into a mixture of
dilute HCl 5% (20 mL) and stirred for 15 min. The precipitate
obtained was filtered off and washed with water. The precipitate
was chromatographed using a silica gel column (98/2 CHCl3/
MeOH) to afford the product 4 (21 mg, 35% yield) as a white
amorphous powder. 1H NMR (300 MHz, C5D5N) δ 0.75, 0.91,
0.96, 1.02, 1.07, 1.80 (each s, 3H, -CH3), 0.66-2.03 (m, other
aliphatic ring protons), 1.97 (s, 1H), 2.15-2.35 (m, 2H), 2.57-2.78
(m, 2H), 2.84-3.05 (m, 4H), 3.53 (br t, 1H, J=9.0Hz), 4.69-4.85
(m, 2H), 4.95 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 14.8, 16.3,
16.4, 16.7, 18.4, 19.5, 21.1, 23.8, 25.6, 25.8, 28.1, 29.4, 29.5, 29.8,
30.7, 32.3, 34.4, 37.3, 38.0, 38.5, 40.9, 42.6, 47.1, 49.4, 50.5, 55.6,
56.6, 68.1, 81.7, 109.9, 150.5, 172.0, 178.8, 183,4. MS (ESI-APCI)
m/z: 439 (scþ). IR υ max cm

-1: 1704 and 1731 (CdO), 2870, 2932.
3-(Pent-4-enoyloxy)lup-20(29)-en-28-oic Acid (5).Compound

1 (50 mg, 0.11 mmol, 1.0 equiv) was dissolved in anhydrous
pyridine (0.5 mL). 4-Pentenoic anhydride (80 μL, 0.44 mmol,
4.0 equiv) andDMAP (26mg, 0.22mmol, 2.0 equiv)were added,
and the reaction mixture was refluxed under nitrogen for 5 h.
The reaction mixture was acidified with HCl 5% and extracted
with 5 mL of CHCl3. The organic layer was washed with water
and brine, dried over Na2SO4, and evaporated. The residue was
purified by silica gel column chromatography (100%CHCl3) to
afford the product 5 (36 mg, 61% yield) as a white amorphous
powder. 1H NMR (200 MHz, CDCl3) δ 0.82-0.89 (m, 9H,
3*CH3), 0.94, 0.98, 1.70 (each s, 3H, -CH3), 0.74-1.79 (m,
other aliphatic ring protons), 1.89-2.07 (m, 2H), 2.10-2.34
(m, 2H), 2.36-2.45 (m, 4H), 2.94-3.09 (m, 1H), 4.49 (t, 1H, J=
9.8 Hz), 4.62 and 4.75 (br s, 1H each, on methylene group),
4.96-5.13 (m, 2H), 5.75-5.93 (m, 1H). 13C NMR (50 MHz,
CDCl3) δ 14.9, 16.3, 16.4, 16.8, 18.4, 19.6, 21.1, 24.0, 25.7, 28.2,
29.3, 29.9, 30.8, 32.4, 34.2, 34.5, 37.3, 37.4, 38.1, 38.6, 38.6, 40.9,
42.7, 47.1, 49,5, 50.6, 55.6, 56.6, 81.1, 111.0, 115.6, 137.0, 150.6,
173.1, 181.5. MS (ESI-APCI)m/z: 439 (scþ) and 537 (M-H)þ

(sc -). IR υ max cm
-1: 1693 and 1730 (CdO).

3-(Isobutyryloxy)lup-20(29)-en-28-oic Acid (6). Compound 1

(50 mg, 0.11 mmol, 1.0 equiv) was dissolved in anhydrous
pyridine (0.5 mL). Isobutyric anhydride (72 μL, 0.44 mmol,
4.0 equiv) andDMAP (26mg, 0.22mmol, 2.0 equiv)were added,
and the reaction mixture was refluxed under nitrogen for 4 h.
The reaction mixture was acidified with HCl 5% and extracted
with 5 mL of CHCl3. The organic layer was washed with water
and brine, dried over Na2SO4, and evaporated. The residue was
purified by silica gel column chromatography (100%CHCl3) to
afford the product 6 (44 mg, 76% yield) as a white amorphous
powder. 1H NMR (300 MHz, CDCl3) δ 0.83-0.88 (m, 6H,
2*CH3), 0.86, 0.94, 0.99, 1.70 (each s, 3H, -CH3), 1.16 (d, 3H,
J=5Hz), 1.19 (d, 3H, J=5Hz), 0.74-1.80 (m, other aliphatic
ring protons), 1.88-2.07 (m, 2H), 2.37-2.11 (m, 2H), 2.54 (sp,
1H, J=8.4Hz), 2.93-3.11 (m, 1H), 4.47 (t, 1H, J=8.4Hz), 4.62
and 4.75 (br s, 1H each, on methylene group).13C NMR
(75 MHz, CDCl3) δ 14.9, 16.2, 16.4, 16.7, 18.4, 19.1, 19.4,
19.6, 21.1, 23.9, 25.7, 28.2, 29.9, 28.2, 30.8, 32.4, 34.5, 34.7,
37.3, 37.4, 38.2, 38.5, 38.6, 40.9, 42.6, 47.2, 49,5, 50.6, 55.6, 56.6,
80.6, 110.0, 150.6, 177.1, 182.3. MS (ESI-APCI) m/z: 439 (scþ)
and 525 (M-H)þ (sc-). IR υ max cm

-1: 1698 and 1731 (CdO).
Betulonic Acid (7).To a solution of compound 1 (100mg, 0.22

mmol, 1.0 equiv) in anhydrousDMF (2mL)was added a freshly
prepared Jones’ reagent (CrO3 1.1 mmol, H2SO4 (95%) 95 μL,
and H2O 400 μL) dropwise at 0 �C. The solution was stirred for
15 h at room temperature. The product was precipitated by the
solution being poured into vigorously stirred H2O, filtered, and

washed with H2O. Column chromatography of the crude ma-
terial over silica eluted with 100%CHCl3 gave ketone 7 (83 mg,
83% yield) as a white amorphous powder. 1H NMR (300MHz,
C5D5N) δ 0.82, 1.02, 1.05, 1.06, 1.14, 1.81 (each s, 3H),
0.92-2.55 (m, other aliphatic ring protons), 2.15-2.32 (m,
2H), 2.45-2.54 (m, 2H), 2.59-2.81 (m, 2H), 3.48-3.63 (m,
1H), 4.80 and 4.97 (s, 1H each, on methylene group). 13C NMR
(75MHz, C5D5N); δ 15.1, 16.3, 16.4, 19.8, 20.2, 21.5, 22.0, 26.4,
27.1, 30.6, 31.5, 33.1, 34.3, 34.7, 37.4, 37.9, 39.0, 40.1, 41.3, 43.2,
47.7, 48.1, 50.0, 50.5, 55.3, 57.0, 110.3, 151.6, 179.2, 216.9. MS
(ESI-APCI)m/z: 437 and 455 (scþ) and 455 (M-H)þ (sc-). IR
υ max cm

-1: 1683 and 1703 (CdO), 2867, 2940.
1-Isopropenyl-5r,5β,8,8,11r-pentamethyloctadecahydrospiro-

[cyclopenta[r]chrysene-9,20[1,3]dioxolane]-3r(1H)-carboxylic
Acid (8).Toa solutionof compound7 (50mg, 0.11mmol, 1.0 equiv)
in benzene (0.5 mL) was added ethylene glycol (245 μL, 4.4 mmol,
4.0 equiv) and p-toluenesulfonic acid (2.0 mg, 0.006 mmol, 0.05
equiv).Themixturewas stirredat rt for 15hbeforebeing evaporated
and purified by silica gel flash column chromatography (100%
CHCl3) to afford the product 8 (27 mg, 49% yield) as a white
amorphouspowder. 1HNMR(300MHz,CDCl3) δ0.83, 0.87, 0.91,
0.94, 0.99, 1.70 (each s, 3H, -CH3), 0.75-2.35 (m, other aliphatic
ring protons), 2.87-3.12 (m, 1H), 3.85-4.02 (m, 4H), 4.62 and 4.74
(br s, 1Heach, onmethylene group). 13CNMR(75MHz,CDCl3) δ
15.0, 16.2 2*C, 18.6, 19.6, 20.2, 21.1, 23.1, 25.7, 27.2, 29.9, 30.8, 32.4,
34.4, 37.3 2*C, 38.6, 40.9, 42.3, 42.7, 47.2, 49.5, 50.4, 53.6, 56.6, 64.9
2*C, 65.1, 109.8, 113.6, 150.8, 181.9.MS (ESI-APCI)m/z: 437, 453,
499 (M þ H)þ (sc þ) and 497 (M - H)þ (sc -). IR υ max cm

-1:
1652, 1742 (CdO), 2869, 2942, 3441.

3-(Hydroxyimino)lup-20(29)-en-28-oic Acid (9). Compound 7
(30 mg, 0.07 mmol, 1.0 equiv) was dissolved in anhydrous
pyridine (0.5 mL). Hydroxylamine hydrochloride (32 mg, 0.46
mmol, 6.6 equiv) was added, and the reaction mixture was
refluxed under nitrogen for 4 h. The reaction mixture was
acidified with HCl 5% and extracted with 5 mL of CHCl3. The
organic layer was washed with water and brine, dried over
Na2SO4, and evaporated. The residue was purified on a silica
gel column with 100% CHCl3 to afford the product 9 (19 mg,
61% yield) as a white amorphous powder. 1H NMR (300 MHz,
C5D5N) δ 0.89, 1.05, 1.07, 1.14, 1.38, 1.80 (each s, 3H, -CH3),
0.80-2.04 (m, other aliphatic ring protons), 2.16-2.37 (m, 2H),
2.38-2.54 (m, 1H), 2.59-2.86 (m, 2H), 3.33-3.47 (m, 1H),
3.48-3.64 (m, 1H), 4.79 and 4.96 (s, 1H each, on methylene
group). 13CNMR(50MHz,C5D5N) δ 15.1, 16.2, 16.6, 17.8, 19.7,
19.8, 21.8, 23.8, 26.4, 28.3, 30.6, 31.5, 33.2, 34.7, 37.8, 38.0, 39.0,
39.5, 40.6, 41.4, 43.2, 48.1, 50.0, 51.0, 56.3, 57.0, 110.3 C29, 151.6
C20, 164.7 C3, 179.3 C28. MS (ESI-APCI) m/z: 470 (M þ H)þ

(sc þ) and 468 (sc -). IR υ max cm
-1: 1692 (CdO), 2867, 2940.

3-[(Acetyloxy)imino]lup-20(29)-en-28-oic Acid (10). Using
general procedure A, oxime 9 (50 mg, 0.106 mmol, 1.0 equiv),
acetic anhydride (12 μL, 0.160 mmol, 1.5 equiv), and DMAP
(3mg, 0.024mmol, 0.2 equiv) in pyridine (0.5 mL) were refluxed
overnight. The residue obtained was purified by silica gel
column chromatography using 99/1 CHCl3/MeOH to afford
the product 10 (35 mg, 65% yield) as a white amorphous
powder.1H NMR (300 MHz, CDCl3) δ 0.89-1.04 (m, 9H,
3*CH3), 1.20, 1.24, 1.70 (each, s, 3H,-CH3), 2.18 (s, 3H,-CH3),
0.70-2.58 (m, other aliphatic ring protons), 2.72-3.12 (m, 1H),
4.62 and 4.75 (br s, 1H, each on methylene group). 13C NMR
(75 MHz, CDCl3) δ 14.8, 16.1, 16.3, 19.2, 19.6, 19.7, 20.3, 21.4,
22.9, 25.7, 27.5, 29.8, 30.7, 32.3, 34.0, 37.2, 37.4, 38.7, 39.2, 40.9,
41.5, 42.7, 47.1, 49.4, 50.3, 55.6, 56.6, 110.0, 150.6, 170.1, 175.1,
182.2. MS (ESI-APCI) m/z: 406, 452 (sc þ) and 510 (M - H)þ

(sc -). IR υ max cm
-1: 880, 921, 1197, 1215, 1367, 1457, 1638,

1690, 1732, and 1769 (CdO), 2869, 2947, 3068.
(5β,8r,14β,18β,19β)-3-[(Benzoyloxy)imino]lup-20(29)-en-28-oic

Acid (11). Using general procedure A, oxime 9 (50 mg, 0.106
mmol, 1.0 equiv), benzoic anhydride (36 mg, 0.160 mmol, 1.5
equiv) and DMAP (3 mg, 0.024 mmol, 0.2 equiv) in pyridine
(0.5 mL) were refluxed overnight. The residue obtained was
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purified twice by silica gel column chromatography using 99/1
CHCl3/MeOH to afford a white amorphous powder as a
mixture with a high percentage of product 11 (47 mg, 78%
yield). 1H NMR (200 MHz, CDCl3); δ 0.93-1.02 (m, 9H,
3*CH3), 1.20, 1.33, 1.70 (each s, 3H, -CH3), 0.60-2.68 (m,
other aliphatic ring protons), 2.83-3.14 (m, 2H), 4.62 and 4.75
(br s, 1H, each onmethylene group), 7.39-7.65 (m, 3H), 8.07 (d,
2H, J=7.4Hz). 13CNMR (50MHz, CDCl3); δ 14.8, 16.2, 16.3,
19.2, 19.5, 20.2, 21.4, 22.8, 23.0, 23.2, 25.6, 27.6, 29.8, 30.8, 32.3,
34.0, 37.2, 37.4, 38.6, 39.3, 40.9, 41.8, 42.7, 47.1, 49.4, 50.3, 55.6,
56.6, 109.9, 128.6, 129.7, 129.9, 133.1, 150.5, 164.5, 176.6, 182.7.
MS (ESI-APCI) m/z: 406, 452, 574 (M þ H)þ (sc þ). IR υ max

cm-1: 707, 1261, 1451, 1695 and 1743 (CdO), 2869, 2949, 3243.
(5β,8r,14β,18β,19β)-3-[(Pent-4-enoyloxy)imino]lup-20(29)-en-

28-oic Acid (12). Using general procedure A, oxime 9 (50 mg,
0.106 mmol, 1.0 equiv), 4-pentenoic anhydride (19 μL, 0.160
mmol, 1.5 equiv), and DMAP (3 mg, 0.024 mmol, 0.2 equiv) in
pyridine (0.5 mL) were refluxed overnight. The residue obtained
was purified twice by silica gel column chromatography using
100%CHCl3 to afford a white amorphous powder as a mixture
with a high percentage of product 12 (43 mg, 74% yield). 1H
NMR (200 MHz, CDCl3) δ 0.89-1.00 (m, 9H, 3*CH3), 1.12,
1.24, 1.70 (each s, 3H,-CH3), 0.64-2.64 (m, other aliphatic ring
protons), 2.73-3.15 (m, 2H), 4.62 and 4.74 (br s, 1H, each on
methylene group), 4.95-5.20 (m, 2H), 5.75-6.00 (m, 1H). 13C
NMR (75MHz, CDCl3) δ 14.8, 16.1, 16.2, 19.2, 19.6, 19.8, 21.4,
22.8, 25.6, 27.5, 29.0, 29.8, 30.8, 32.3, 32.7, 34.0, 37.2, 37.4, 38.6
2*C, 39.2, 40.9, 41.6, 42.7, 47.1, 49.4, 50.3, 55.6, 56.6, 109.9 C29,
155.8, 150.6, 171.6, 175.4, 182.4. MS (ESI-APCI) m/z: 406, 452
(scþ) and 550 (M-H)þ (sc-). IR υ max cm

-1: 881, 1151, 1454,
1641, 1694, and 1759 (CdO), 2869, 2948, 3075.

(5β,8r,1β,18β,19β)-3-[(Propionyloxy)imino]lup-20(29)-en-28-
oic Acid (13).Using general procedure A, oxime 9 (50 mg, 0.106
mmol, 1.0 equiv), propionic anhydride (20 μL, 0.160 mmol, 1.5
equiv), and DMAP (3 mg, 0.024 mmol, 0.2 equiv) in pyridine
(0.5 mL) were refluxed overnight. The crude product was
purified by silica gel column chromatography using 100%
CHCl3 to afford a mixture of product 13 (72 mg, 86% yield)
as a white amorphous powder. 1H NMR (300 MHz, CDCl3) δ
0.95-1.00 (m, 6H, 2*CH3), 1.21 (t, 3H, J=7.5 Hz), 0.93, 1.12,
1.24, 1.70 (each s, 3H,-CH3), 0.69-2.42 (m, other aliphatic ring
protons), 2.47 (q, 2H, J=7.5Hz), 2.77-2.90 (m, 1H), 2.95-3.08
(m, 1H), 4.62 and 4.75 (br s, 1H, each on methylene group). 13C
NMR (75MHz, CDCl3); δ 9.4, 14.8, 16.3, 19.2, 19.6, 19.7, 21.5,
23.0, 25.7, 26.8, 27.5, 27.6, 29.9, 30.8, 32.4, 34.0, 37.3, 37.4, 38.7,
39.2, 41.9, 41.6, 42.7, 47.1, 49.4, 50.3, 55.7, 56.6, 110.0, 150.6,
173.2, 175.2, 182.0.MS (ESI-APCI)m/z: 406, 452 (scþ) and 524
(M - H)þ (sc-). IR υ max cm

-1: 880, 1155, 1175, 1460, 1691 and
1761 (CdO), 2869, 2945.

(5β,8r,14β,18β,19β)-3-[(Isobutyryloxy)imino]lup-20(29)-en-28-
oic Acid (14).Using general procedure A, oxime 9 (50 mg, 0.106
mmol, 1.0 equiv), isobutyric anhydride (26 μL, 0.160 mmol, 1.5
equiv), and DMAP (3 mg, 0.024 mmol, 0.2 equiv) in pyridine
(0.5 mL) were refluxed overnight. The crude product was
purified by silica gel column chromatography using 100%
CHCl3 to afford the product 14 (36 mg, 63% yield) as a white
amorphous powder. 1H NMR (300 MHz, CDCl3) δ 1.00-0.91
(m, 9H, 3*CH3), 1.21-1.29 (m, 9H, 3*CH3), 1.13, 1.69 (each s,
3H, -CH3), 0.69-2.14 (m, other aliphatic ring protons),
2.15-2.48 (m, 4H), 2.70 (septuplet, 1H, J = 6.8 Hz), 2.76-
2.91 (m, 1H), 2.96-3.09 (m, 1H), 4.61 and 4.74 (br s, 1H, each on
methylene group). 13C NMR (50 MHz, CDCl3) δ 14.8, 16.1,
16.2, 19.2, 19.3 2*C, 19.6, 19.8, 21.4, 22.9, 25.7, 27.5, 29.9, 30.8,
32.3, 33.4, 34.0, 37.2, 37.4, 38.6, 39.3, 40.9, 41.6, 42.7, 47.1, 49.4,
50.3, 55.7, 56.6, 109.9, 150.6, 175.0, 175.8, 181.5. MS (ESI-
APCI) m/z: 406, 452 (sc þ) and 538 (M - H)þ (sc -). IR υ max

cm-1: 886, 1100, 1127, 1148, 1182, 1387, 1463, 1695 and 1757
(CdO), 2870, 2947.

3-Methoxylupan-28-oic Acid (15). To a stirred solution of
1 (25 mg, 0.045 mmol, 1.0 equiv) in a mixture of THF/MeOH

(1/0.2 mL), Pd/C (10 mg) was added at rt under N2 atmosphere.
N2 atmosphere was replaced by H2 atmosphere. The reaction
mixture was stirred for 12 h at rt, then filtrated through Celite,
and washed with CHCl3. The residue was purified over a silica
gel column with 100% CHCl3 to afford the product 15 (18 mg,
85% yield) as a white amorphous powder. 1H NMR (300MHz,
CDCl3) δ 0.82 (m, 3H, 1*CH3), 0.87-0.91 (m, 6H, 2*CH3), 0.97
(d, 3H, J=7Hz 1*CH3), 1.04-1.11 (m, 9H, 3*CH3), 1.21-1.66
(m, 16H), 1.68-2.04 (m, 7H), 2.14-2.26 (m, 1H), 2.60-2.85 (m,
4H), 3.35 (s, 3H). 13CNMR(50MHz,C5D5N) δ 15.1, 15.3, 16.6,
16.8, 17.0, 19.9, 21.7, 22.8, 23.7, 23.8, 27.8, 28.6, 30.5, 30.6, 33.2,
35.2, 37.8, 38.3, 38.7, 39.0, 39.4, 41.5, 43.3, 45.2, 49.6, 51.0, 56.4,
57.4 2*C, 88.6, 179.3. MS (ESI-APCI) m/z: 395 and 441 (sc þ)
and 471 (M þ H)þ (sc -). IR υ max cm

-1: 1101, 1691 (CdO),
2869, 2935.

Benzyl 3-Hydroxylup-20(29)-en-28-oate (16). Using general
procedure B, 1 (50 mg, 0.11 mmol, 1.0 equiv), Cs2CO3 (54 mg,
0.16 mmol, 1.5 equiv), benzyl bromide (20 μL, 0.16 mmol, 1.5
equiv), DMF (2 mL) were combined in DMF. The crude
product was directly chromatographed using a silica gel column
using 9/1 cyclohexane/EtOAc as eluent to afford the product 16
(52 mg, 87% yield) as a white amorphous powder. 1H NMR
(200MHz, CDCl3) δ 0.76, 0.77, 0.81, 0.95, 0.96, 1.68 (each s, 3H,
-CH3), 0.56-2.06 (m, other aliphatic ring protons), 2.08-2.38
(m, 2H), 2.93-3.11 (m, 1H), 3.11-3.24 (m, 1H), 4.60 and 4.73
(br s, 1H each, on methylene group), 5.09 (d, 1H, J=11.8 Hz),
5.17 (d, 1H, J= 11.8 Hz), 7.29-7.42 (m, 5H). 13C NMR (50
MHz, CDCl3); δ 14.9, 15.6, 16.1, 16.4, 18.5, 19.6, 21.1, 25.8,
27.6, 28.2, 29.8, 30.8, 32.4, 34.5, 37.2, 37.4, 38.4, 38.9, 39.1, 40.9,
42.6, 47.2, 49.7, 50.8, 50.8, 55.5, 56.8, 66.0 C31, 79.2, 109.8,
128.2, 128.3, 128.5, 136.7, 150.8, 176.0. MS (ESI-APCI) m/z:
529, 547 (M þ H)þ (sc þ). IR υ max cm-1: 2941, 2868, 1721
(CdO).

Benzyl 3-Methoxylup-20(29)-en-28-oate (17). Compound 16
(50 mg, 0.11 mmol, 1.0 equiv) was dissolved in anhydrous DMF
(0.5 mL). Sodium hydride (15 mg, 0.625 mmol, 5.7 equiv) was
added, and the reaction mixture was stirred for 2 h at rt before
the addition of methyl iodide (14 μL, 0.230 mmol, 2.1 equiv).
After 12 h of stirring, the reaction mixture was diluted with 60
mLofwater and extracted three timeswith 15mLofCHCl3. The
organic layer waswashedwith brine, dried, and evaporated. The
residue was purified over a preparative plate using 99/1 CHCl3/
MeOH to afford the product 17 (26 mg, 51% yield) as a white
amorphous powder. 1H NMR (300 MHz, CDCl3) δ 0.71-0.78
(m, 6H, 2*CH3), 0.81(each s, 3H, -CH3), 0.99-0.91 (m, 6H,
2*CH3), 1.69 (each s, 3H,-CH3), 0.57-1.98 (m, other aliphatic
ring protons), 2.10-2.37 (m, 2H), 2.54-2.71 (m, 1H), 2.93-3.11
(m, 1H), 2.35 (s, 3H), 4.60 and 4.73 (br s, 1H each, onmethylene
group), 5.09 (d, 1H, J=12.2 Hz), 5.17 (d, 1H, J=12.2 Hz),
7.29-7.42 (m, 5H). 13C NMR (50 MHz, CDCl3) δ 14.9, 16.0,
16.3 2*C, 18.4, 19.6, 21.1, 22.4, 25.8, 28.2, 29.8, 30.8, 32.3, 34.5,
37.2, 37.4, 38.4, 38.8, 39.0, 40.9, 42.6, 47.2, 49.7, 50.8, 56.1, 56.8,
57.7, 65.9, 88.9, 109.8, 128.3, 128.4, 128.7,136.7, 150.8, 176.0.
MS (ESI-APCI) m/z: 437, 529, 561 (M þ H)þ (sc þ). IR υ max

cm-1:1719 (CdO), 2933.
3-Allyl-3-hydroxylup-20(29)-en-28-oic Acid (18). To a solu-

tion of 7 (300 mg, 0.66 mmol, 1.0 equiv) in 30 mL of THF were
added dropwise 660 μL (1.32 mmol, 2.0 equiv) of allyl magne-
sium bromide (2 M in THF) under argon at -78 �C. The
reactionmixturewas stirred at-78 �C for 2 h and then quenched
with HCl 5%. The aqueous phase was extracted with CHCl3,
and the combined organic layers were dried over Na2SO4,
filtered, and concentrated in vacuo. The crude product was
purified by flash column chromatography (100% CHCl3) to
afford the product 18 (241 mg, 74%) as a white amorphous
powder (18 dia 1 79 mg, 24%, dia 18 dia 2 162 mg, 49%).

18Dia 1.
1HNMR(200MHz,CDCl3);δ 0.79, 0.82, 0.92, 0.94,

0.99, 1.70 (s, each, 3H, -CH3), 1.85 (s, 3H, -CH3), 0.46-2.55
(m, other aliphatic ring protons), 2.92-3.13 (m, 1H), 4.62 and
4.74 (br s, 1H each, on methylene group), 5.05-5.21 (m, 2H),
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5.83-6.00 (m, 1H). 13C NMR (75 MHz, CDCl3) δ 15.1, 15.9,
16.4, 19.1, 19.6, 20.8, 21.0, 23.8, 25.9, 29.4, 30.0, 30.9, 32.5, 34.7,
35.1, 37.3, 37.5, 38.8, 41.0, 41.1, 41.3, 42.8, 47.2, 49.7, 50.8, 51.4,
56.7, 75.3, 109.9, 118.9, 135.0, 150.7, 181.1.MS (ESI-APCI)m/z:
433, 479 (sc þ) and 495 (M - H)þ (sc -). IR υ max cm

-1: 1687
(CdO), 2945, 3446.

18 Dia 2. 1H NMR (300 MHz, CDCl3); δ 0.84-0.90 (m, 9H,
3*CH3), 0.95, 1.01, 1.70 (each s, 3H, -CH3), 0.76-1.80 (m,
other aliphatic ring protons), 1.90-2.08 (m, 2H), 2.13-2.34
(m, 3H), 2.45-2.58 (m, 1H), 3.00 (dt, 1H, J=11.0 Hz and J=
4.3 Hz), 4.62 and 4.75 (br s, 1H each, on methylene group),
5.07-5.21 (m, 2H), 5.82-5.99 (m, 1H). 13C NMR (50 MHz,
CDCl3) δ 15.0, 16.3, 16.8, 19.1, 19.5, 19.6, 21.0, 24.3, 25.7, 28.8,
29.9, 30.8, 32.4, 34.7, 37.3 2*C, 37.5, 37.8, 38.6, 41.0, 41.5, 42.7,
47.1, 49.5, 51.2, 53.4, 56.6, 76.5, 109.9, 118.3, 135.2, 150.6, 182.1.
MS (ESI-APCI) m/z: 433, 479 (sc þ) and 495 (M - H)þ (sc -).
IR υ max cm

-1: 1687 (CdO), 2945, 3446.
(3r,5β,8r,14β,18β,19β)-3-Hydroxy-3-(2-methylprop-2-en-1-yl)-

lup-20(29)-en-28-oic Acid (19). To a solution of 7 (50 mg, 0.11
mmol, 1.0 equiv) in 5 mL of THF was added dropwise 1 mL
(0.50 mmol, 4.5 equiv) of 2-methylallyl magnesium chloride
(0.5 M in THF) under argon at -78 �C. The reaction mixture
was stirred at -78 �C for 2 h and then quenched with HCl 5%.
The aqueous phase was extracted with CHCl3, and the com-
bined organic layers were dried over Na2SO4, filtered, and
concentrated in vacuo. The crude product was purified by silica
gel column chromatography using 100% CHCl3 to afford the
two diastereoisomers of 19 (55 mg, 98%) as a white amorphous
powder (19 dia 1 18 mg, 32%, 19 dia 2 37 mg, 66%).

19Dia 1. 1HNMR (200MHz, CDCl3) δ 0.79, 0.82, 0.92, 0.94,
0.99, 1.70 (s, each, 3H,-CH3), 1.85 (s, 3H), 0.46-2.55 (m, other
aliphatic ring protons), 2.92-3.13 (m, 1H), 4.62 (s, 1H) 4.74 (s,
1H), 4.74 (s, 1H), 4.97 (s, 1H). 13C NMR (75 MHz, CDCl3) δ
15.0, 15.9, 16.3, 19.0 2*C, 19.6, 23.9, 25.7, 26.2, 29.7, 29.9 2*C,
30.8, 32.4, 34.6, 35.1, 37.3, 38.7, 40.9, 41.0, 42.7, 43.9, 47.2, 49.5,
50.6, 51.2, 53.4, 56.7, 75.3, 109.9, 115.4, 143.8, 150.7, 182.5. MS
(ESI-APCI) m/z: 493 (sc þ) and 509 (M - H)þ (sc -). IR υ max

cm-1: 884, 1375, 1456, 1689 (CdO), 2871, 2946, 3501.
19Dia 2.

1HNMR (300MHz, CDCl3) δ 0.85, 0.87, 0.88, 0.95,
1.01, 1.70 (s, each, 3H, -CH3), 1.87 (s, 3H, -CH3), 0.57-2.54
(m, other aliphatic ring protons), 2.95-3.10 (m, 1H), 4.61 (s,
1H), 4.74 (s, 1H), 4.77(s, 1H), 4.93 (s, 1H). 13C NMR (50 MHz,
CDCl3) δ 15.1, 16.4, 16.9, 19.2, 19.7 2*C, 21.1, 24.4, 25.3, 25.9,
28.9, 30.0, 30.9, 32.5, 34.8, 37.3, 37.6, 38.2, 38.9, 41.0, 41.1, 41.9,
42.7, 47.2, 49.7, 51.4, 53.4, 56.7, 76.6, 109.9, 115.0, 144.2, 150.6,
181.7.MS (ESI-APCI)m/z: 493 (scþ) and 509 (M-H)þ (sc-).
IR υ max cm

-1: 884, 1375, 1456, 1689 (CdO), 2871, 2946, 3501.
3-Hydroxylupan-28-oic Acid (41).Compound 1 (100 mg, 0.22

mmol, 1.0 equiv) was dissolved in a mixture of MeOH/THF
(1/1 mL), and 10% Pd/C (30 mg) was added under a N2 atmos-
phere. The N2 atmosphere was replaced by a H2 atmosphere.
The reaction was stirred under a H2 atmosphere for 24 h, then
filtered through Celite, and washed with CHCl3 to afford a
white solid. The residue obtained was purified by silica gel
column chromatography using 100% CHCl3 to afford the
product 41 (78 mg, 78% yield) as a white amorphous powder.
1HNMR (200MHz, C5D5N) δ 0.84-0.90 (m, 6H, 2*CH3), 0.95
(d, 3H, J=6.8Hz,CH3), 1.02-1.10 (m, 9H, 3*CH3), 1.25 (s, 3H,
CH3), 0.68-2.06 (m, other aliphatic ring protons), 2.09-2.32
(m, 1H), 2.57-2.87 (m, 3H), 3.49 (t, 1H, J=7.8 Hz, H-3). 13C
NMR (50MHz, C5D5N) δ 15.2, 15.3, 16.8 2*C, 19.2, 21.7, 23.7,
23.8, 27.9, 28.7, 29.1, 30.6, 30.7, 32.3, 33.2, 35.3, 37.9, 38.4, 38.8,
39.6, 39.9, 41.5, 43.4, 45.2, 49.6, 51.1, 56.3, 57.4, 78.5, 179.3.MS
(ESI-APCI) m/z: 441 (sc þ) and 457 (M - H)þ (sc þ). IR υ max

cm-1: 1682 (CdO).
9-Hydroxy-5r,5β,8,8,11r-pentamethyl-1-(2-methyloxiran-2-yl)-

icosahydro-3rH-cyclopenta[r]chrysene-3r-carboxylic Acid (42).
Compound 1 (50 mg, 0.11 mmol, 1.0 equiv) was dissolved in
anhydrous THF (0.5 mL). The reaction was cooled to 0 �C, and
meta-chloroperbenzoic acid (mCPBA70-80%) (38mg,0.22mmol,

2.0 equiv) was added. The reaction mixture was stirred for 16 h,
and the temperaturewas allowed to rise until rt by that time. The
reaction mixture was diluted with sodium bisulphite and ex-
tracted with 5 mL of CHCl3. The organic layer was washed with
water and brine, dried over magnesium sulfate, and evaporated.
The residue was purified over a silica gel column with 100%
CHCl3 to afford the product 42 (32 mg, 61% yield) as a white
amorphous powder. 1H NMR (200 MHz, C5D5N) δ 0.87, 1.26,
1.35 (each s, 3H,-CH3), 1.00-1.12 (m, 9H, 3*CH3), 0.74-2.88
(m, other aliphatic ring protons), 3.50 (t, 1H, J=7.7 Hz). 13C
NMR (50MHz, C5D5N) δ 15.2, 16.7 2*C, 19.2, 19.3, 21.6, 27.7,
28.3, 28.7, 29.0, 30.4 2*C, 33.1, 35.2, 37.8, 37.9, 38.2, 39.7, 39.9,
41.5, 43.2, 46.7, 50.7, 51.2, 56.3, 56.8, 57.3, 60.5, 78.5, 179.1.MS
(ESI-APCI)m/z: 409, 455, 473 (MþH)þ (scþ). IR υ max cm

-1:
1681 (CdO).

29-Dihydroxylupan-28-oic Acid (43). To a solution of 1 (50 mg,
0.11 mmol, 1.0 equiv) in dry THF (0.7 mL) cooled at 0 �C was
added a 1M solution of BH3 in THF (0.13 mmol, 1.2 equiv). The
reactionmixture was stirred at 0 �C for 1 h and at rt for 16 h. After
the solution was recooled to 0 �C, 70 μL of ethanol, 25 μL of a
saturated aqueous sodium acetate, and 35 μL of 30% hydrogen
peroxide were added in that order. The mixture was stirred for 1 h
at 0 �C and for 19 h at rt, and then the solution was diluted with
EtOAc and washed with water, dried over Na2SO4, and concen-
trated in vaccuo. The crude product was purified by flash column
chromatography (99/1 CHCl3/MeOH) to afford the product 43
(9 mg, 17% yield) as a white amorphous powder. 1H NMR
(300 MHz, C5D5N) δ 0.85, 1.24 (each s, 3H, -CH3), 1.02-1.10
(m, 9H, 3*CH3), 1.28 (d, 3H, J=7.0 Hz), 0.73-2.35 (m, other
aliphatic ring protons), 2.59-2.71 (m, 1H), 2.71-2.91 (m, 2H),
3.49 (t, 1H, J=8.6Hz), 3.79 (t, 1H, J=10.0Hz), 4.22 (dd, 1H, J=
4.4Hz and J=10.2Hz). 13CNMR (75MHz, C5D5N) δ 15.2, 16.7
2*C, 16.8, 19.1, 19.4, 21.6, 24.9 28.1, 28.7, 29.0, 30.7, 33.2, 35.3,
37.8, 38.2, 39.0, 39.5, 39.6, 39.9, 41.5, 43.4, 44.5, 49.3, 51.1, 56.2,
57.4, 63.7, 78.5, 177.3. MS (ESI-APCI) m/z: 411, 457 (sc þ). IR
υ max cm

-1: 756, 1040, 1454, 1688 (CdO), 2870, 2944, 3423.
1-Acetyl-9-hydroxy-5r,5β,8,8,11r-pentamethylicosahydro-3rH-

cyclopenta[r]chrysene-3r-carboxylic Acid (44). Compound 1

(50 mg, 0.11 mmol, 1.0 equiv) in DCM/MeOH (10 mL, 1v/1v)
was ozonized. The resulting light yellow solution was quenched
at-78 �Cwith dimethylsulfur (22 μL, 0.29mmol, 2.6 equiv) and
stirred for 12 h from-78 �C to rt. The solvent was removed, and
the residual productwas purified the first timewith flash column
chromatography (100% CHCl3) and the second time over a
preparative TLC plate (95/5 CHCl3/MeOH) to afford the
product 44 (34 mg, 34% yield) as a white amorphous powder.
1HNMR (300MHz, C5D5N) δ 0.83, 1.02, 1.04, 1.08, 1.10, 1.24,
2.24 (each s, 3H, -CH3), 0.72-2.85 (m, other aliphatic ring
protons), 3.46 (t, 1H, J=7.6Hz), 3.64-3.78 (m, 1H). 13CNMR
(75 MHz, C5D5N) δ 15.2, 16.7 3*C, 19.1, 21.5, 28.1, 28.6, 29.0,
29.1, 30.0, 30.6, 32.7, 35.0, 37.7, 37.8, 38.1, 39.6, 39.9, 41.3, 43.0,
50.1, 51.2, 52.4, 56.2, 56.8, 78.4, 179.1, 212.0. MS (ESI-APCI)
m/z: 441 (sc þ) and 457 (M - H)þ (sc -). IR υ max cm

-1: 1716
(2*CdO), 1318, 2944.

Ligand Based Modeling. Conformational analysis and super-
position of conformers were performed using OMEGA and
ROCS programs, respectively (OpenEye suite; www.eyesopen.
com).

TGR5 Luciferase Assay. Chinese hamster ovary (CHO) cells
were obtained from ATCC (Manassas, VA) and were main-
tained in minimum essential medium alpha (R-MEM) supple-
mented with 10% (V/V) fetal bovine serum (FBS), 100 μM
nonessential amino acids (NEAA), 100 U/mL penicillin, and
100 μg/mL streptomycin sulfate. For the TGR5 assay, a stable
cell line was obtained by transfection of CHO cells TGR5 with
3.8 μg of TGR5 expression plasmid (pCMVSPORT6/TGR5),
3.8 μg of CRE-driven luciferase reporter plasmid (pCRE-Luc),
and 0.4 μg of neomycin-resistant gene expression plasmid
(pcDNA3,1(þ)) using Lipofectamine 2000 reagent (Invitrogen,
Cergy Pontoise, France). The transfected cells were selectedwith
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100 μg/mL G418 sulfate, and single clones were grown in a
96-well plate, independently. Samples were tested by lumines-
cence on the CHO cell line transfected with a TGR5 plasmid
expression. Then, TGR5 activity and efficiencywere determined
by a dose response curve covering a range of concentrations
from 1 nM to 30 μM. The biological effects of triterpenoids on
TGR5 were compared to those of litocholic acid (LCA) used as
an internal control in the luciferase assay. TGR5-expressing
CHO cells were treated for 5 h with 10 μM lithocholic acid
(LCA) or triterpenoids or triterpenoid derivatives, followed by a
luciferase assay.37 Luminescence was determined with Cen-
troXS3 LB960 (Berthold Technologies, BadWildbad, Germany).

FXR Luciferase Assay. To evaluate the FXR activity of
compounds, COS1 (ATCC) cells were transfected with 25 ng of
hFXR expression plasmid (pCMX-hFXR), 25 ng of mouse (m)
retinoid X receptor R (RXRR) expression plasmid (pCMX-
mRXRR), 50 ng of reporter plamid (pEcREx7-Luc), and 50 ng
of pCMVβ as an internal control in eachwell, using lipofectamine
2000 reagent. Approximately 18 h after transfections, cells were
incubated for 5 hwithdifferent concentrations of each compound
in fresh MEM (or DMEM). After this treatment, the cells were
lyzed and normalized luciferase activity were determined.37

Cytochrome c Oxidase Assay. Mouse 3T3L1 cells were ob-
tained from ATCC (Manassas, VA) and were maintained in
DMEM supplemented with 10% (V/V) fetal bovine serum
(FBS). Two days post-confluency, adipocyte differentiation was
induced with a mixture of IBMX 500 μM, dexamethasone 1 μM,
and insulin 10 μg/mL. After 7 days of differentiation, cells were
treated with compounds and then lysed (20 mM HEPES, 0.1%
Triton, 1 mM EDTA). Cell lysate was incubated with reduced
cytochrome c (from equine heart, Sigma). The disappearance of
reduced cytochrome c was followed spectrophotometrically at
550 nM (according to the manufacturer’s instruction, Sigma).

Animals and Diet. Seven week old male C57BL/6J mice were
purchased from Charles River. The high fat diet (60% kcal Fat,
D12492) was purchased from Research Diet (New Brunnswick,
NJ). The mice were housed by 5 under controlled temperature
and a 12 h light-dark cycle and had free access to food and
water. The animals were kept for 10 weeks on the high fat diet
(n=30). After 10 weeks on high fat, the animals were divided
into three groups of 10 animals: one group was kept on the high
fat diet only, the second received the same food supplemented
with the 18 dia 2 compound at a 30 mg/kg/day dose, and the
third received the same food supplementedwith oleanolic acid at
a 50mg/kg/day dose. The food intakewasmeasured throughout
the study, and the amount of drug was adjusted to keep the
dosing stable. Body weight and food intake were determined
every week. The experiment was carried out according to the
ethical guidelines.
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