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Abstract—CDDO, a semi-synthetic triterpenoid derived from oleanolic acid, has the potential to be used as a chemopreventive and
chemotherapeutic agent. The structure of CDDO contains two a,-unsaturated carbonyl moieties, suggesting a mechanism of action
involving a conjugate nucleophilic addition. Spectroscopic evaluation with thiol nucleophiles illustrates that an addition does indeed

occur, but this addition is selective and reversible.
© 2005 Elsevier Ltd. All rights reserved.

Oleanolic acid, a naturally occurring triterpenoid, has
been used for centuries in traditional Asian medicine
due to its anti-inflammatory activity.! We have been
interested in developing semi-synthetic derivatives of
oleanolic acid to improve its potency. Employing an
inducible nitric oxide synthase (iNOS) assay, we have
identified a derivative, 2-cyano-3,12-dioxooleana-
1,9(11)-dien-28-oic acid (CDDO) (Fig. 1), that is over
200,000 times more active than oleanolic acid®® (Table
1). CDDO, at nanomolar concentrations, suppresses
the de novo synthesis of the inflammatory enzymes
iNOS and cyclooxygenase-2 (COX-2) in activated mac-
rophages.” Since iNOS and COX-2 overexpression have
been implicated as possible enhancers of carcinogene-
sis,® CDDO has potential to be used as a chemopreven-
tive agent. Furthermore, CDDO may also serve as a
chemotherapeutic agent, as micromolar to nanomolar
concentrations effectively induce differentiation of
human myeloid leukemia cells,” inhibit the proliferation
of various human tumor cell types,”° and induce apop-
tosis in human myeloid!®"!? and lymphocytic leukemia
cells,!® osteosarcoma cells,'* and breast cancer cells,’
including cell lines resistant to chemotherapy. The de-
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Figure 1. Structure of CDDO.

tails of the mechanism of CDDO currently remain
unknown.

Structure—activity relationships indicate that the pres-
ence of a,B-unsaturated carbonyl moieties significantly
enhance the potency of the oleanolic acid analogs (Table
1). Compound 2 shows a sevenfold increase in anti-
inflammatory activity relative to 1 and oleanolic acid,
both of which are devoid of the o,B-unsaturated car-
bonyl in ring A. The incorporation of a cyano group
within this enone moiety further enhances the efficacy
an additional ninefold, yielding a cumulative 67-fold in-
crease in potency.

Interestingly, the installation of a second enone moiety
in ring C, to generate CDDO, results in a ~3000-fold
reduction of the ICsy value relative to 3. Furthermore,
the orientation of this second enone also contributes
to activity, as exemplified by the ICsy values of
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Table 1. Representative semi-synthetic derivatives of oleanolic acid
and their efficacies in the iNOS assay

Compounds Structure 1Csy, Reference
Oleanolic 2,4

acid

1 2,4

2 2,4

3 3,5

4 2,5

5 2,5

6 ' 004 5

CDDO 0.0002 3,5

Letters A through E in oleanolic acid identify each of the rings in the
pentacyclic triterpenoid.

compound 6 versus CDDO. Thus, we have a semi-syn-
thetic derivative of oleanolic acid that is ~200,000-fold
more potent than the natural product lead.

The inclusion of electrophilic enones in a biologically ac-
tive molecule has implications for both its mechanism of
action with respect to a biological target and its overall
druggability, as this type of functionality is well known
to form covalent adducts. We expected that conjugate
addition of nucleophiles to C1 would be facile due to
the double activation of this olefin by the keto and cya-
no groups. Addition to the second enone at C9 is pre-

sumed to be slower due to the greater steric hindrance
produced by B,B-disubstitution. Thus we set out to eval-
uate the likelihood of conjugate addition to CDDO by
(1) examining the end products of chemical reactions
predicted to favor conjugate addition and (2) spectro-
scopically analyzing the interaction between thiol nucle-
ophiles and CDDO.

Our first approach to appraise the likelihood of a 1,4-
addition to CDDO was to evaluate the end products
of a reaction between CDDO and various amine and
thiol nucleophiles. During the preparation of amide
derivatives of CDDO by reaction of the acid chloride
with a large excess of 13 different amines, we did not de-
tect any products arising from the addition of amines to
either conjugated enone moiety.® Furthermore, reaction
of the methyl ester derivative of CDDO (CDDO-Me)
with a large excess of propylamine also failed to produce
a conjugate adduct. Attempts to use a more reactive,
softer nucleophile (thiol), under conditions known to
form adducts with cyclohexenone,'® also failed to yield
condensation products with CDDO or CDDO-Me.
Therefore, end-product analysis suggested that CDDO
does not readily undergo 1,4-addition reactions.

The apparent unreactive nature of the o,p-unsaturated
carbonyl moieties during preparative organic reactions
was surprising. We examined the reactivity of CDDO
in an aqueous environment to better approximate phys-
iological conditions. Various concentrations of CDDO,
ranging from 100 to 660 uM, were combined with
2.5 mM reduced glutathione (GSH) in a buffered aque-
ous solution and analyzed with UV-visible spectros-
copy. The spectrum of CDDO in Figure 2a (660 uM
final concentration) reveals a trace with a A, near
247 nm. At CDDO concentrations of 400 uM or greater,
the addition of GSH produces additional peaks, appear-
ing between 280 and 300 nm, that are not attributable to
either GSH or CDDO alone (Fig. 2a), suggesting that an
interaction occurs between GSH and CDDO. Replacing
GSH with 25 mM dithiothreitol (DTT) increases these
absorption peaks even further (Fig. 2a), again support-
ing the notion of an interaction between the two mole-
cules. Periodic monitoring of the assay mixture reveals
a time-dependent loss in the absorbance at 288 nm
(Fig. 2b), suggesting the possibility of a reversible inter-
action. Attempts to isolate or identify a GSH-CDDO
adduct using HPLC were unsuccessful (data not shown).

Four possible adducts could arise from conjugate addi-
tion of the thiol moiety to CDDO. Mono-adducts can
potentially arise from attack at C1 or C9 while attack
of two separate molecules of DTT at both positions
would give rise to a bis-adduct. Additionally, either of
the mono-adducts can undergo a second intramolecular
addition to give a cyclic product. Mass spectrometry
proved valuable to eliminate the bis-adduct from consid-
eration. Mono-adduct formation was confirmed by the
detection of a molecular ion (ESI™) at m/z =644
(M—H)™ upon treating CDDO with 1.00 equiv of
DTT, a signal that was lost in a time-dependent fashion.
We recognized that compound 8,° a reduced analog
of CDDO in the enolic form, represented a good
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Figure 2. A spectrophotometric analysis of the interaction between CDDO and a thiol nucleophile. (a) Combining CDDO with GSH or DTT
generates novel absorption spectra between 280 and 300 nm. The composition of stock solutions are as follows: assay buffer—100 mM potassium
phosphate, pH 6.5, 1| mM EDTA; CDDO stock—20 mM in PEG200; GSH stock—75 mM in assay buffer; DTT stock—758 mM in assay buffer.
Samples were prepared as follows: Blank 1—450 pL assay buffer, 0.5 pL Triton X-100, water to 500 pL. Blank 2—450 pL assay buffer, 0.5 uL Triton
X-100, 16.5 pL. GSH, water to 500 pL. Blank 3—450 uL assay buffer, 0.5 uL Triton X-100, 16.5 pL DTT, water to 500 pL. Test 1—450 pL assay
buffer, 0.5 pL Triton X-100, 16.5 pL GSH, 16.5 uL. CDDO, water to 500 pL. Test 2—450 pL assay buffer, 0.5 pL Triton X-100, 16.5 nL. DTT,
16.5 uL CDDO, water to 500 pL. Test 3—450 pL assay buffer, 0.5 pL Triton X-100, 16.5 pL CDDO, water to 500 pL. Test 4—450 pL assay buffer,
0.5 pL Triton X-100, 16.5 pL GSH, water to 500 pL. Test 5—450 uL assay buffer, 0.5 uL Triton X-100, 16.5 pL DTT, water to 500 uL. The spectra
were obtained at room temperature, immediately upon preparation, as follows: 660 pM CDDO + 2.5 mM GSH: Test | versus Blank 2; 660 uM
CDDO + 25 mM DTT: Test 2 versus Blank 3; 660 pM CDDO only: Test 3 versus Blank 1; 2.5 mM GSH only: Test 4 versus Blank 1; 25 mM DTT
only: Test 5 versus Blank 1. (b) The temporal loss of absorbance at 288 nm, as observed while monitoring Test 1 versus Blank 2.

Scheme 1.

model for the mono-adduct arising from addition at CI UV-visible spectroscopy showed that both CDDO and
(Scheme 1). the reduced form 8 produce a A, near 247 nm (Fig. 3).
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Figure 3. A spectrophotometric analysis of 8, a reduced analog of
CDDO. With the exception of the following, samples were prepared
and measured as described in Figure 2. 1,2-Dihydro-CDDO-Me
stock—20 mM in PEG200. Test 6—450 puL assay buffer, 0.5 pL Triton
X-100, 16.5 pL 1,2-dihydro-CDDO-Me, water to 500 uL. 1,2-Dihy-
dro-CDDO-Me: Test 6 versus Blank 1; 1,2-dihydro-CDDO-
Me + NaOH: Test 6 + 100 pL 1 M NaOH versus Blank 1.

However, compound 8 shows a shoulder between 280
and 300 nm, which is attributed to ionization of the

enol. Addition of base greatly enhances this peak, con-
sistent with enolate formation. The proposed adduct
of CDDO and DTT shows identical spectral features
as 8, suggesting that thiol nucleophiles add preferentially
to the doubly activated olefin in ring A to give 7.

NMR studies confirmed that CDDO reacted in a dose-
dependent fashion with DTT to produce 7 (Fig. 4a). In
the reaction of CDDO and DTT, the appearance of an
enolic proton at ¢ 10.2 (not shown) clearly showed that
addition had occurred at C1. Although both the C1 (6
8.7 ppm) and C9 (4 6.2 ppm) vinylic protons decrease
with increasing concentrations of DTT, the appearance
of a compensatory vinylic proton at ¢ 5.8 ppm (identi-
fied as C) suggested that the C9-Cl11 enone was still
intact in the resultant adduct.

The instability of the adduct was clearly demonstrated
by variable temperature NMR studies, which showed
that at elevated temperature the adduct underwent a ra-
pid decomposition back to CDDO (Fig. 4b). The facil-
ity of the decomposition to free CDDO is again
consistent with the presence of a single, non-cyclic ad-
duct. Although the A-ring enone is highly reactive to-
ward nucleophilic additions, the adducts are quite
unstable and quickly undergo elimination by ejection
of the nucleophile.

Taken collectively, these observations indicate that
CDDO is reacting in a reversible manner with
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Figure 4. '"H NMR evaluation of the interaction between DTT and CDDO. (a) The proton signal from the p-position of the cyano-derivatized enone
(identified as A) decreases upon incubation of CDDO with increasing amounts of DTT, indicative of a conjugate addition. The proton signal from
the ring C enone (identified as B) shifts as a result of the conjugate addition to ring A, yielding the compensatory vinylic signal identified as C. (b)
Incubation of the reaction mixture at elevated temperatures illustrates the reversible nature of the conjugate addition.
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exogenous nucleophiles such that the initially generated
adducts are unstable and undergo decomposition back
to CDDO. The ability of CDDO to undergo nucleo-
philic addition at C1 may have implications for its inter-
action with its biological target and efforts to identify a
target using biotinylated CDDO and affinity chroma-
tography are currently underway.'® Interestingly, the
avicins, naturally occurring oleanolic acids, are thought
to exert their function through enone functionalities lo-
cated in pendant sidechains.!” Furthermore, the puna-
glandins,  cyclopentenone  prostaglandins  with
antineoplastic activity, are also believed to function
through a conjugate addition to an enone moiety. In
fact, cross-conjugated dienone prostaglandins are ob-
served to undergo reversible conjugate additions.'®!°

While it is appreciated that the use of conjugate addi-
tions can produce tight binding ligands, there has been
a reluctance to install such reactive functionality in drug
candidate molecules owing to potential poor bioavail-
ability and increased toxicity. The destruction of pro-
tein-reactive  therapeutics  through  non-selective
addition to scavenger nucleophiles, such as glutathione,
would be expected to seriously jeopardize the bioavail-
ability of the therapeutic. However, if the addition of
these nucleophiles is reversible, the bioavailability of
such a compound may be significantly enhanced. This
observation supports the efforts to continue the develop-
ment of CDDO as a promising chemopreventive and
chemotherapeutic agent.
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