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2-Cyano-3,10-dioxooleana-1,9(11)-dien-28-oic acid anhydride (CDDO anhydride) has been synthesized,
which is the first example of an oleanane triterpenoid anhydride. CDDO anhydride shows potency similar
to or higher than the corresponding acid (CDDO) in various in vitro and in vivo assays related to inflam-
mation and carcinogenesis. Notably, preliminary phamacokinetics studies show that CDDO anhydride
levels are higher than CDDO levels in mouse tissues and blood. Further evaluation of CDDO anhydride
is in progress.

� 2010 Elsevier Ltd. All rights reserved.
Over the past decade, we have been engaged in the improve-
ment of anti-inflammatory and antiproliferative activity of olean-
olic acid, a naturally occurring triterpenoid. This led to the
discovery of 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid
(CDDO, bardoxolone).1,2 Its methyl ester (CDDO-Me, bardoxolone
methyl) is presently being developed in late Phase II clinical trials
for the treatment of severe chronic kidney disease in type 2 diabe-
tes mellitus patients. Although CDDO was also evaluated in Phase I
clinical trials for the treatment of leukemia and solid cancer,3 due
to its low bioavailability, the evaluation has been suspended. To in-
crease the bioavailability, in particular through oral administration
(po), we designed some possible pro-drugs, but unfortunately they
were not successful as pro-drugs for the following reasons: (1)
Some analogues did not generate CDDO because the linkage be-
tween CDDO and the leaving groups was too robust. (2) Some ana-
logues did not increase the bioavailability through po because of
their high polarity.

After several attempts, we have envisioned that CDDO anhy-
dride 1 would have better bioavailability through po4 than CDDO
because an anhydride is generally less polar than the correspond-
ing acid. Thus, we have decided to investigate properties of CDDO
anhydride including the possibility that CDDO anhydride would
work as a pro-drug of CDDO. Our literature survey has disclosed
ll rights reserved.
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that oleanane and ursane triterpenoid anhydrides have not been
reported. Although only acetoxybetulinic acid anhydride with a lu-
pane triterpenoid skeleton was reported,5 it was produced as a by-
product (2% yield) during acetylation of betulinic acid (Fig. 1).
Herein we report the first synthesis of oleanane triterpenoid anhy-
drides and the promising biological results for CDDO anhydride 1.

Since a carboxyl group at C17 of oleanolic acid is very hindered,
we anticipated that the anhydride synthesis would be difficult.
However, classical conditions (Et3N, THF, rt) gave the desired anhy-
dride6 from CDDO and CDDO-Cl7 in 96% yield (Scheme 1). Because
a naturally occurring oleanane triterpenoid anhydride has not been
reported as we described above, we have applied the same condi-
tions for the synthesis of oleanonic acid anhydride6,8 (Fig. 2). The
conditions gave the anhydride in 85% yield from oleanonic acid9

and oleanonyl chloride.9 We have also tried to synthesize a new lu-
pane triterpenoid anhydride, 2-cyano-3-oxolupa-1,20(29)-dien-
28-oic acid anhydride (lupane anhydride 2, Fig. 2)6 to compare bio-
logical properties of 1 with those of 2. However, these reaction
conditions gave 2 in low yield (14%) from 2-cyano-3-oxolupa-
1,20(29)-dien-28-oic acid (3)10 and its acyl chloride.10 These re-
sults suggest that a carboxyl group at C17 of lupane skeleton is
more hindered than that of oleanane skeleton.

We have evaluated the potency of new anhydrides 1 and 2 in
comparison with their corresponding acids, for inhibition of NO
production in RAW 264.7 cells stimulated with interferon-c (iNOS
assay, Table 1). The IC50 values are shown in Table 1. Notably,
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Figure 1. Structures of oleanolic acid, CDDO, CDDO-Me, betulinic acid and
acetoxybetulinic acid anhydride.

Scheme 1. Synthesis of CDDO anhydride.

Figure 2. Structures of oleanonic acid anhydride and lupane anhydride 2.

Table 1
Inhibition of NO production in RAW cells stimulated with interferon-c by new
anhydrides 1 and 2

Compd IC50 (nM)

1 14.7 ± 3.8a

2 >10,000a

CDDO 28.3 ± 11.6a

3 200b

a RAW 264.7 cells were treated with various concentrations of compounds and
interferon-c (10 ng/mL) for 24 h. Supernatants were analyzed for NO by the Griess
reaction. IC50 values are an average of three experiments.

b This data was previously reported in Ref. 10.

Figure 3. CDDO and CDDO anhydride 1 induce HO-1 in RAW 264.7 cells. Cells were
incubated with compounds (100 nM) for 6 h. Total cell lysates were analyzed by
SDS–PAGE, probed with an HO-1 antibody, and developed by ECL. The HO-1 in the
negative control lane is basal expression of HO-1.
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CDDO anhydride 1 is about 2 times more potent than the corre-
sponding acid, CDDO, but lupane anhydride 2 is inactive whilst
the corresponding acid 3 shows moderate potency at 200 nM.
We have also evaluated 1 and 2 for induction of the anti-inflamma-
tory and cytoprotective enzyme, heme oxygenase-1 (HO-1) in RAW
cells (HO-1 assay, Fig. 3). There is major interest in stimulating HO-
1 as a protective enzyme in many chronic disease conditions in
which inflammation and oxidative stress play a key role.11 CDDO
anhydride 1 shows the same potency as CDDO. To the contrary, 2
is inactive while the corresponding acid 3 shows moderate
potency.

If CDDO anhydride 1 is immediately converted to CDDO in the
RAW cell growth medium (RMPI supplemented with 10% fetal bo-
vine serum) at 37 �C, because the cells take in CDDO, we have
merely evaluated the potency of CDDO instead of the potency of
1 in two assays above. Thus, we have evaluated the lifetime of
CDDO anhydride 1 in the cell growth medium. The results are
shown in Figure 4. Even after 24 h, the percentage of material
remaining of 1 is much higher than that of CDDO. Therefore we
have concluded that the cells take in 1 in the two assays above.

Subsequent to the in vitro assay, we have evaluated the potency
of CDDO anhydride 1 for induction of HO-1 in the liver (in vivo, ip
injection4). CDDO anhydride 1 is as potent as CDDO in the liver at
2 lmol dosage (Fig. 5).



Figure 4. Lifetime of CDDO anhydride in the cell culture medium.

Figure 5. CDDO anhydride 1 and CDDO induce HO-1 in the liver. CD-1 mice (4 per
group) were injected ip with 2 lmol of CDDO anhydride or CDDO. Six hours later,
livers were harvested and homogenized. Lysates were separated by SDS–PAGE,
probed with HO-1 antibodies, and developed by ECL. The tubulin blot is a loading
control.
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To compare the bioavailability of CDDO anhydride and CDDO,
we have performed pharmacokinetics studies using mice (ip injec-
tion,4 Table 2). Notably, CDDO anhydride levels in mouse tissues
and blood are higher than CDDO levels. Particularly, CDDO anhy-
dride level in plasma is much higher than CDDO level. These data
demonstrate that bioavailability of CDDO anhydride is definitely
better than CDDO. CDDO was not detected in the tissues and blood
of mice that were injected with CDDO anhydride.

We have two possible scenarios that would account for the high
potency of CDDO anhydride in the three assays (iNOS assay and
HO-1 assay in vitro and in vivo). The first one is that CDDO anhy-
dride itself is active. The other possibility is that CDDO anhydride
works as a pro-drug of CDDO. The preliminary phamacokinetics
studies did not give any evidence that CDDO anhydride is con-
verted to CDDO in tissues and blood. This result would support
the former scenario. Lupane anhydride 2 is inactive in two bioas-
says (iNOS and HO-1 in vitro) while its corresponding acid 3 is ac-
tive in both. To the contrary, CDDO anhydride is more potent than
CDDO in the iNOS assay and is similar to CDDO in the HO-1 assay.
The difference between 1 and 2 in potency would support the lat-
ter scenario. As we described in the chemistry section, because the
Table 2
Preliminary pharmacokinetics of CDDO anhydride and CDDO in mouse tissues and
blood

CDDO anhydride CDDO

Liver (lmol/kg) 0.045 ± 0.013 0.041 ± 0.035
Lung (lmol/kg) 0.031 ± 0.009 0.018 ± 0.022
Whole blood (lM) 52 ± 45 19 ± 12
Plasma (lM) 43 ± 29 2 ± 1

Female CD-1 mice were injected ip with 2 lmol of compounds in DMSO–cremo-
phor–PBS (1:1:8). Six hours later, the mice were sacrificed and blood and tissues
were collected. Levels were quantified by HPLC/MS using compound added to
control blood and tissues for standard.
yield of 2 is much lower than that of 1 from each corresponding
acid, a carboxyl group at C17 of lupane skeleton is considered to
be more hindered than that of oleanane skeleton. This speculation
would lead us to consider that the conversion of 2 to 3 is much
slower than that of 1 to CDDO in the cells. Lupane anhydride 2 is
deemed to be too large to affect protein targets. If this is the case,
CDDO anhydride 1 is also too large to affect protein targets. How-
ever, since 1 is converted to CDDO in the cells and affects protein
targets, 1 is seemingly potent. To the contrary, 2 is not converted
to 3 in the cells, 2 is inactive. Further pharmacokinetics studies
on CDDO anhydride are in progress. Through the studies, it would
be clarified which scenario is correct.

In summary, we have found the following interesting features
about CDDO anhydride. These features demonstrate that CDDO
anhydride is more promising than CDDO.

(1) CDDO anhydride is the first example of oleanane triterpe-
noid anhydride, which is easily synthesized in good yield
from the corresponding acid and acyl chloride.

(2) CDDO anhydride is more potent than CDDO in the iNOS
assay and is similar in potency to CDDO in the HO-1 assay
in vitro. CDDO anhydride is stable in the RAW cell growth
medium.

(3) CDDO anhydride is as potent as CDDO for induction of HO-1
in the liver (in vivo).

(4) Notably, CDDO anhydride levels in mouse tissues and blood
are higher than CDDO levels. As we expected, the bioavail-
ability of CDDO anhydride is improved in comparison with
CDDO.

(5) We have not clarified whether CDDO anhydride works as a
pro-drug of CDDO or whether CDDO anhydride itself is
potent in the iNOS assay and the HO-1 assay (in vitro and
in vivo).

Further preclinical evaluation of CDDO anhydride is in progress.
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