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A B S T R A C T

Chronic inflammation plays a crucial role in bladder cancer (BCa) development and progression. To offer a unique
treatment opportunity for this type of cancer, a hydrazide derivative namely, DAB-1, was recently identified in
our laboratory as a potential drug to target cancer-related inflammation. In preclinical models of murine BCa, this
particular compound exhibited remarkable anticancer activities. Structurally, DAB-1 is made from para-amino-
benzoic acid and bears two different components, a maleimide and a hydrazide moieties, which are critical for its
anti-inflammatory activity and its anticancer properties. In order to improve its biological potential, the hydrazide
moiety was further modified to provide 3 s-generation molecules named, DAB-2-28, DAB-2-31A, and DAB-2-
31B, and two third-generation molecules named, DAB-3-27 and DAB-3-33. Data from in vitro studies revealed
that, among the different DAB molecules under study, DAB-2-28 has less cytotoxic activity with greater efficiency
than DAB-1 to inhibit the production of nitric oxide (NO) induced by the combination of IFNγ with TNFα, as well
as the activation of pro-tumoral and pro-inflammatory signaling pathways IL6/STAT3 and TNFα/NFκB. Moreover,
while DAB-2-28 exhibited similar anti-inflammatory activity in vivo to DAB-1 in a model of carrageenan-induced
acute inflammation, it efficiently inhibited the expression of the enzymes iNOS and COX-2 induced by the
combined activation of IFNγ with LPS in peritoneal macrophages. Notably, analysis of the growth kinetics of
MB49-I tumors implanted subcutaneously in C57Bl/6 mice showed that DAB-2-28 was more efficient to inhibit
tumor development. In conclusion, this study provided preclinical proof-of-principle for DAB-2-28 molecule in
the treatment of BCa.
1. Introduction

There is a constant need to improve medicinal drugs, as well as, to
investigate new treatment strategies against a variety of diseases
including cancer. Recently, many researchers focus their attention on the
role that chronic inflammation plays in the initiation and progression of
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cancers [1–4]. For example, breast and bladder cancers are closely linked
to inflammation [5,6]. In the case of bladder cancer (BCa), substantial
evidence suggests that chronic activation of inflammatory cells and
signaling pathways within the tumor microenvironment contributes to
the malignant transformation and the progression of cancer disease
[6–9]. Among the major promoters of chronic inflammation, the tran-
scription factors NFκB (nuclear factor kappa B) and STAT3 (signal
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Abbreviation list

BCa bladder cancer
Bacillus Calmette-Guerin (BCG)
DAB derivative of aminobenzoic acid
DMSO dimethyl sulfoxide
IFNγ interferon gamma
i.p intraperitoneal
NO nitric oxide
NFκB nuclear factor kappa B
PBS phosphate-buffered solution
STAT signal transducer and activator of transcription
TNFα tumor necrosis factor alpha
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transducer and activator of transcription 3), are key tumor factors
involved in the progression from carcinoma in situ to invasive BCa [6,10,
11]. In particular, NFκB and STAT3 signaling act as critical downstream
mediators of the primary inflammatory cytokines TNFα (tumor necrosis
factor alpha) and IL6 (interleukin 6), which are released during malig-
nant transformation and progression of BCa in a chronically inflamma-
tory environment [6,10,11].

Expression of functional inducible nitric oxide synthase (iNOS) via
NFκB activation in the tumor microenvironment is also important for the
initiation of cancer-associated inflammation and stimulation of tumor
growth, tumor angiogenesis and metastasis [12,13]. Sustained iNOS
expression in tumor and tumor-associated macrophages is known to be
responsible for continuous NO production, which can induce chemo-
therapy resistance and provide protection of tumor cells from apoptosis
[14,15]. Conceivably, pharmacological inhibition of iNOS expression or
activity was proposed as a therapeutic option to inhibit tumor growth
[16,17].

We have recently synthesized a series of compounds named DABs,
showing multiple biological properties: anti-inflammatory, anticancer
and anti-metastatic activities [18,19]. This new technology takes
advantage of a natural product, para-aminobenzoic acid (PABA) that is
efficiently converted into the DAB molecules via only three to four
chemical steps with excellent yields [18,19]. One of these PABA de-
rivatives named DAB-1 (Fig. 1) was thoroughly tested in our laboratory.
It was discovered that the maleimide and hydrazide moieties that form
theDAB-1molecule as well as the double bound in the maleimide moiety
are all essential for its anti-inflammatory activity and its anticancer
properties [18–22]. These studies are aimed to investigate DAB-1
interaction with serum transport proteins, i.e. β-lactoglobulin and albu-
min [20], DNA [21], and transfer RNA [22] and we observed that
drug-protein, drug-DNA and drug-transfer RNA conjugation occurs
mainly by ionic contacts. Furthermore, tested in animal model, DAB-1
displays significant anticancer activity reducing by 90% the development
of a murine BCa without any signs of toxicity and by preventing metas-
tasis to the lungs [8]. Overall, we revealed that this small molecule
produces its biological action through inhibition of TNFα/NFκB and
iNOS/NO pathways [8]. In order to improve its biological potential by
producing PABA derivatives with reduced cytotoxic activity while hav-
ing superior anti-inflammatory and anticancer activity than DAB-1, our
Fig. 1. The structure of DAB-1 obtained from the natural product PABA
[18,19].
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laboratories have generated a series of 2nd and 3rd generation molecules
by modifying its structure. These transformations led to hydrazide-based
and hydrazone-based analogs for the 2nd and 3rd generation, respec-
tively (Scheme 1). The therapeutic properties of these new molecules
were evaluated in vitro, by regulating cell proliferation/viability, NO
production, and activation of pro-inflammatory and pro-tumor signaling
pathways IL6/STAT3 and TNFα/NFκB in murine MB49-I BCa cells. Their
biological potential was also tested in vivo, by regulating inflammatory
response in an acute inflammation mouse model, and tumor develop-
ment in a preclinical model of murine BCa. This communication reports
the synthesis and biological properties of these new anti-inflammatory
compounds.

2. Results and discussion

2.1. Chemistry

The starting material DAB-1 was made from para-amino benzoic acid
(PABA) with good overall yield following a three-step reaction sequence
described in earlier studies [30]. Bearing in mind its unique biological
properties as an anti-inflammatory, anticancer/antimetastatic agent, it
was decided to further modify its structure with the aim of identifying a
compound with enhanced properties. Therefore, this product was acyl-
ated with acetic anhydride and trimethylamine in dichloromethane at 20
�C for 30 min to yield two new closely related hydrazide analogs, DAB-2-
31A (20%) and DAB-2-31B (trace) (Scheme 1). The latter can be ob-
tained more efficiently (57% yield) upon treatment with a mixture of
acetic anhydride and acetyl chloride at 60 �C for 2 h. Afterwards, DAB-1
was reacted with trifluoroacetic acid (TFA) in dichloromethane removing
the tert-butyloxycarbonyl group to yield DAB-1.TFA quantitatively. The
crude product was reacted with acetic anhydride to yield DAB-2-28, a
diacetylated hydrazide derivative with about 38% yield. DAB-2-28,
DAB-2-31A and DAB-2-31B are classified as 2nd generation hydrazine-
based analogs. DAB-1-TFA was also transformed into two new 3rd gen-
eration hydrazone-based derivatives DAB-3-27 and DAB-3-33. Cinna-
maldehyde and 2-hydroxy-3-methoxybenzaldehyde (or ortho-vanillin)
were selected for that purpose. They are two naturally occurring products
isolated from plants that are mainly used as flavoring agents and are
innocuous to humans. Hence, DAB-1.TFA reacted with either cinna-
maldehyde or 2-hydroxy-3-methoxy benzaldehyde in dichloromethane
led to DAB-3-27 and DAB-3-33 with 76% and 89% yield, respectively.
The new molecules were characterized by their respective infrared,
proton and carbon nuclear magnetic resonance spectroscopy and by
high-resolution mass analysis.

2.2. Evaluation of biological properties of second-generation DAB
molecules

This set of experiments was planned to investigate whether 2nd
generation DAB molecules exhibit reduced cytotoxic activity while hav-
ing anti-inflammatory and anticancer activity superior to DAB-1. To
evaluate the cytotoxic and anti-inflammatory activities of these new
molecules, MB49-I cells were first pretreated for 60 min with the vehicle
or with DAB-1, DAB-2-28, DAB-2-31A or DAB -2-31B at doses of 15 and
30 μM. Subsequently, the cells were washed and activated with IFNγ at
10 ng/mL and TNF⍺ at 25 ng/mL. Cells and their corresponding super-
natant were prepared to assess both the effect on cell viability with the
MTT assay and NO production by the Griess reagent assay. In order to
normalize the NO concentration and proliferation values obtained in
each experiment, and taking in account this variability, we considered
the NO production or proliferation of activated control cells as the
reference point, assigning it the value of 100%. Thus, the NO production
and cell proliferation/viability rates were presented as a percentage
relative to the control.

The results reported in Fig. 2 show that DAB-2-28 molecule signifi-
cantly inhibits the production of NO more effectively than DAB-1, DAB-



Scheme 1. Synthesis of second (blue) and third-generation (red) molecules from DAB-1. Reagents and conditions: a. Acetic anhydride, Et3N, CH2Cl2, 20 �C, 0.5 h
(DAB-2-31A, 20%); b. Acetic anhydride and acetyl chloride, Et3N, CH2Cl2, 60 �C, 2 h (DAB-2-31B, 57%); c. TFA, CH2Cl2, 20 �C, 2 h (intermediate not isolated); d.
Acetic anhydride, Et3N, CH2Cl2, 40 �C, 0.5 h (DAB-2-28, 37%); e. Cinnamaldehyde, NaHCO3, CH2Cl2 (DAB-3-27, 76%); f. 2-Hydroxy-3-methoxybenzaldehyde,
NaHCO3, CH2Cl2 (DAB-3-33, 89%).
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2-31A or DAB-2-31B molecules with little or no effect on cell viability
(Fig. 2a and c); the normalized NO inhibition relative to cell viability
being 34%� 3% at 15 μM (Figs. 2b) and 65%� 5% at 30 μM (Fig. 2d). In
contrast, the statistical analyzes indicated that, compared to DAB-1,
DAB-2-31A and DAB-2-31B molecules both have similar negative effect
on the rate of NO production as well as on cell viability (Fig. 2a and c),
3

normalized NO inhibition relative to cell viability being on average 19%
� 2% at 15 μM (Figs. 2b) and 34% � 4% at 30 μM (Fig. 2d).

The evaluation of the antitumor activity of DAB-1 compared to 2nd
generation DAB molecules was carried out by measuring the ability of
these different molecules to inhibit the IL6/STAT3 (Fig. 3) and TNFα/
NFκB signaling pathways (Fig. 4) in murine BCa MB49-I cells. The results



Fig. 2. Effects of DABs in cell viability and nitric oxide (NO) production in the murine BCa cell line MB49-I. Cells were pretreated with vehicle (DMSO) or DAB-1,
DAB-2-28, DAB-2-31A and DAB-2-31Bmolecules at 15 μM and 30 μM for 60 min, then washed and activated with PBS or a combination of 10 ng/mL IFNγ and 25 ng/
mL TNF⍺ for 24 h. Cell viability and NO measurements were performed after 24 h of incubation. For cell viability and NO production, data are presented as percent of
control (a and c) while NO production and NO inhibition rate were normalized to 100% viability (b and d). *p < 0.05 and **p < 0.01 denote significant differences
compared with DAB-1 group.

Fig. 3. Representative images (a) and graphical
analysis (b) showing the immunodetection of phos-
phorylated STAT3 (p-STAT3) in MB49-I cells pre-
treated for 30 min with vehicle (DMSO) or DAB-1,
DAB-2-28, DAB-2-31A and DAB-2-31B molecules at
15 and 30 μM, and then washed and recovered after
15 min of activation with 100 ng/mL IL6. The ratio of
phosphorylated/unphosphorylated proteins was
calculated from densitometric analysis of each sample
to evaluate the relative activation of p-STAT3. *p <

0.05 and **p < 0.01 denote significant differences
compared with vehicle control group.
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reported in Fig. 3 show that the DAB-2-28, DAB-2-31A and DAB-2-31B
molecules have a similar efficiency to that of DAB-1 in inhibiting the
level of STAT-3 protein phosphorylation (p-STAT3) induced by IL6.
However, statistical analyzes indicate that the DAB-2-28 molecule is
more effective than DAB-1, DAB-2-31A and DAB-2-31B in inhibiting
IL6-induced signaling at a dose of 30 μM (Fig. 3b). Finally, these results
demonstrate that DAB-2-31B is the least effective DAB molecule in
decreasing the level of p-STAT3 at doses of 15 and 30 μM (Fig. 3b).

Graphical and statistical analyzes of the phosphorylation level of IκB
4

protein (p-IκB) in MB49-I cells pretreated with the vehicle or the DABs
compounds demonstrate that DAB-2-28 is more effective than DAB-1,
DAB-2-31A and DAB-2-31B to inhibit TNFα-induced signaling even at
doses of 15 and 30 μM (Fig. 4). Nonetheless, these results demonstrate
that DAB-2-31A and DAB-2-31B are less effective than DAB-1 and DAB-
2-28 in reducing the level of p-IκB protein induced by TNFα at a dose of
15 μM (Fig. 4b).

Taken together, these studies on the structure-activity relationship of
DAB-1 and 2nd generation DABs revealed that DAB-2-28 has less



Fig. 4. Representative images (a) and graphical
analysis (b) showing the immunodetection of phos-
phorylated IκB (p-IκB) in MB49-I cells pretreated for
30 min with vehicle (DMSO) or DAB-1, DAB-2-28,
DAB-2-31A and DAB-2-31B molecules at 15 and 30
μM, and then washed and recovered after 5 min of
activation with 25 ng/mL TNFα. The ratio of p-IκB/
β-actin proteins was calculated from densitometric
analysis of each sample to evaluate the relative acti-
vation of p-IκB. *p < 0.05 and **p < 0.01 denote
significant differences compared with vehicle control
group.
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cytotoxic activity in vitro than the DAB-1 molecule. Moreover, at low
doses, DAB-2 -28 is more effective than DAB-1 in inhibiting both the
production of NO induced by the IFNγ/TNFα combination and the pro-
inflammatory and pro-tumor signaling pathways IL6/STAT3 and TNFα/
NFκB in BCa MB49-I cells.
2.3. Evaluation of biological properties of third-generation DAB molecules

In this second structure-activity relationship study, we first compared
the ability of two 3rd generation molecules, DAB-3-27 and DAB-3-33, to
regulate the activation of the IL6/STAT3 and TNFα/NFκB signaling
pathways and the production of NO by MB49-I cells. In a first series of
5

experiments, we compared the ability of DAB-1, DAB-3-27 and DAB-3-
33 to regulate the activation of IL6/STAT3 (Fig. 5) and TNFα/NFκB
signaling pathways (Fig. 6).

As reported in Fig. 5, the DAB-3-27molecule is less effective than the
DAB-1 and DAB-3-33 molecules in inhibiting the level of IL6-induced p-
STAT3. However, the statistical analyzes indicate that the DAB-3-33
molecule is more effective than DAB-1 in inhibiting the signaling
induced by IL6 at doses of 20 and 30 μM (Fig. 5b).

Similar to the IL6/STAT3 signaling pathway, the results reported in
Fig. 6 demonstrated thatDAB-3-27 is less effective thanDAB-1 andDAB-
3-33 in inhibiting TNFα-induced cell signaling. Still, the statistical
analysis demonstrated that DAB-3-33 is as effective as DAB-1 in
Fig. 5. Representative images (a) and graphical
analysis (b) showing the immunodetection of phos-
phorylated STAT3 (p-STAT3) in MB49-I cells pre-
treated for 30 min with vehicle (DMSO) or DAB-1,
DAB-3-27, and DAB-3-33 molecules at 10, 20 and 30
μM, and then washed and recovered after 15 min of
activation with 100 ng/mL IL6. The ratio of p-STAT3/
STAT3 proteins was calculated from densitometric
analysis of each sample to evaluate the relative acti-
vation of p-STAT3. *p < 0.05 and **p < 0.01 denote
significant differences compared with vehicle control
group.



Fig. 6. Representative images (a) and graphical
analysis (b) showing the immunodetection of phos-
phorylated IκB (p-IκB) in MB49-I cells pretreated for
30 min with vehicle (DMSO) or DAB-1, DAB-3-27,
and DAB-3-33 molecules at 10, 20 and 30 μM, then
washed and recovered after 5 min of activation with
25 ng/mL TNFα. The ratio of p-IκB/β-actin proteins
was calculated from densitometric analysis of each
sample to evaluate the relative activation of p-IκB. *p
< 0.05 and **p < 0.01 denote significant differences
compared with vehicle control group.

Fig. 7. Effects of DABs in cell viability and nitric oxide (NO) production. MB49-I cells were pretreated with DMSO (control) or DAB-1, DAB-2-28, DAB-3-27, and
DAB-3-33 molecules at 30 μM and 60 μM for 30 min, then washed and activated with PBS or a combination of 10 ng/mL IFNγ and 25 ng/mL TNF⍺ for 24 h. Cell
viability and NO measurements were performed after 24 h of incubation. For NO production and cell viability, data are presented as percent of control (a and c) while
NO production and NO inhibition rate were normalized to 100% viability (b and d). *p < 0.05 and **p < 0.01 denote significant differences compared with DAB-
1 group.
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inhibiting the level of p-IκB in MB49-I cells at a dose of 30 μM (Fig. 6b).
From these first studies, it is possible to conclude that the anticancer
activity of DAB-3-33 would be superior to that of DAB-1.

To determine if 3rd generation DAB molecules have superior anti-
inflammatory activity while being less toxic than DAB-1 or DAB-2-28,
cells were pretreated for 30 min with vehicle, DAB-1, DAB-2-28, DAB-
3–27 or DAB-3-33 at two different doses, 30 μM and 60 μM (Fig. 7). Cells
were washed and then activated with 10 ng/mL IFNγ and 25 ng/mL
TNF⍺ for 24 h. Cells and their corresponding supernatant were prepared
to assess both the effect on cell viability with the MTT assay and NO
production by the Griess reagent assay. In order to normalize the NO
6

concentration and proliferation values obtained in each experiment, and
taking in account this variability, we considered the NO production or
proliferation of activated control cells as the reference point, assigning it
the value of 100%. Thus, the NO production and cell proliferation/
viability rates were presented as a percentage relative to the control.

Results with DAB molecules pretreatment at a dose of 30 μM indi-
cated that all molecules have a similar negative effect on the rate of NO
production with little or no effect on cell viability (Fig. 7a), normalized
NO inhibition relative to cell viability being on average 23% � 3%
(Fig. 7b). Nevertheless, data from cells pretreated at a dose of 60 μM
indicated that all DABmolecules seem to have a similar negative effect on
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the NO production, the production rate of NO being on average 34% �
2% (Fig. 7c). However, statistical analysis demonstrates that compared to
DAB-2-28, pretreatment with DAB-1, DAB-2-27 and DAB-3-33 mole-
cules has a significant negative impact on cell viability, the average rate
of cell viability relative to the control for these treatments being 54% �
3% whereas the viability rate relative to the control is 96% in the cells
pretreated with DAB-2-28 (Fig. 7c). Thus, the inhibition rates of NO
production normalized as relative to cell viability are 26%, 65%, 34%
and 47% for cells pretreated with DAB-1, DAB-2-28, DAB-2-27 and
DAB-3-33, respectively (Fig. 7d). These results indicate that the down-
regulation of 3rd generation DABs on NO production is due to an effect
on the cell viability of MB49-I cells,DAB-2-28 andDAB-3-33 having very
little effect on cell viability compared to DAB-1 and DAB-3-27.
Fig. 8. Effects of DAB-1, DAB-2-28 and DAB-3-33 in an acute inflammation model.
DAB-2-28 and DAB-3-33 before (24 h and 1 h) and after (2 h, 4 h, 24 h, 36 h, 48 h and
paws of mice. Paw thickness (edema) measurements were recorded at t ¼ 0 h and afte
72 h *p < 0.05 denote significant differences compared with vehicle control group.
percent inhibition on the induction of intraplantar edema. *p < 0.05 denote significan
measured on day 1, day 1, day 2, day 3 and day 4 of the experiment.

7

2.4. Evaluation of anti-inflammatory properties of selected DABs in a
model of acute inflammation

The next objective of this study was to evaluate in vivo the anti-
inflammatory activity of DAB-1, DAB-2-28 and DAB-3-33 in the model
of acute inflammation induced by subcutaneous injection of carrageenan
in CD-1 mice. This injection induces edema, inflammation and hyper-
algesia at its injection site and therefore suitable for testing the anti-
inflammatory and analgesic effects of anti-inflammatory molecules
[23]. The process of formation of plantar edema induced with carra-
geenan is biphasic, the first phase between 2 h and 48 h involves the
iNOS/NO system and the second phase, between 48 h and 72 h, the
COX-2/prostaglandins system [23].
(a) Male CD-1 mice (5 mice/group) were injected intraperitoneally with DAB-1,
60 h) injection of carrageenan. Carrageenan was injected on day 1 into the right
r sub-plantar carrageenan injection, at t ¼ 2 h, t ¼ 4 h, t ¼ 24 h, t ¼ 48 h and t ¼
(b) The effect of DABs on carrageenan-induced inflammation was expressed as
t differences compared with DAB-1 and DAB-2-28 groups. (c)Mouse weight was
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The DABs molecules were injected intraperitoneally (i.p.), 24 h and 1
h before, and 2 h, 4 h, 24 h, 36 h, 48 h and 60 h after subplantar injection
of carrageenan into the left hind paws of mice. Measurements of paw
thickness (edema) were performed before (t¼ 0 h) and after (t¼ 2 h, 4 h,
24 h, 48 h and 72 h) injection of carrageenan. Fig. 8a indicated that the
molecules DAB-2-28 and DAB-3-33 have anti-inflammatory effects
similar to those of DAB-1 during the first phase of the inflammatory
process induced by carrageenan (i.e. to the iNOS/NO phase), both being
effective at t ¼ 2 h, t ¼ 4 h and t ¼ 24 h (Fig. 8a). In addition, the three
DAB molecules are also effective in reducing subplantar edema at the
second phase of the carrageenan-induced inflammatory process (i.e. at
the COX-2/prostaglandins phase between 48 h and 72 h). However,
statistical analysis of data from paw edema inhibition rates indicated that
compared to DAB-1 and DAB-2-28, DAB-3-33 exhibit less robust anti-
inflammatory effect at t ¼ 24 h, i.e. the end of the iNOS/NO phase of
carrageenan-induced inflammatory process (Fig. 8b). As shown in
Fig. 8c, repeated i.p. injections with DAB molecules had no effect on
normal development of mice as the average of bodyweight gain was not
significantly different between groups of mice throughout DAB
treatments.
2.5. Effects of DABs on iNOS and COX-2 protein expression by peritoneal
macrophages

Studies in the acute inflammation model in mice having demon-
strated that the anti-inflammatory effects of DABs are biphasic and act as
inhibitors of the iNOS/NO and COX-2/prostaglandin systems, in vitro
Fig. 9. Representative images (a) and graphical analysis (b and c) showing the infl
peritoneal macrophages isolated from CD-1 mice. Pretreated cells with DABs at a dose
were prepared from cell cultures after 24 h of incubation. Western blot assays were p
was expressed as fold induction. *p < 0.05 and **p < 0.01 denote significant diffe
inhibition of DABs on iNOS and COX-2 protein expression. *p < 0.05 denote signifi
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studies were carried out to determine and compare the effects of DAB
molecules on the expression of iNOS and COX-2. To do this, peritoneal
macrophages were pretreated for 30 min with the vehicle, DAB-1, DAB-
2-28 or DAB-3-33 at a dose of 30 μM, washed and then activated with
100 ng/mL LPS and 10 ng/mL IFNγ. After 24 h of cell activation, the
protein expression levels of iNOS and COX-2 enzymes were evaluated by
the Western blot method (Fig. 9).

Densitometry analysis reveals that in the peritoneal macrophages
pretreated with the vehicle, activation with LPS and INFγ combination
induces a strong increase in the expression of the iNOS and COX-2 en-
zymes and a significant decrease in their expression after pretreatment
with the DAB molecules (Fig. 9a). In addition, the statistical analysis
demonstrates that cell pretreatment with DAB-1 and DAB-3-33 mole-
cules has a similar negative impact on the expression of the iNOS enzyme
(88% versus 89%) whereas DAB-1 was more effective than DAB-3-33 in
inhibiting COX-2 protein expression (69% versus 45%) (Fig. 9b). More
noticeable, DAB-2-28 is the only DAB molecule under study to
completely inhibit MB49-I iNOS and COX-2 expression in response to LPS
and INFγ. Subsequently, preclinical studies were undertaken to investi-
gate the efficacy of molecular therapy with DAB-2-28 on tumor growth
of MB49-I cells implanted subcutaneously (ectopically) in C57Bl/6 mice.
2.6. Growth kinetics of ectopic MB49-I tumors in response to selected
DABs

To investigate the in vivo efficacy of DAB-1 and DAB-2-28 against
subcutaneous tumors originating from MB49-I cells, 30 tumor-bearing
uence of DAB-1, DAB-2-28 and DAB-3-33 on iNOS and COX-2 expression by
of 30 μM for 30 min were washed and activated with LPS and IFNγ. Cell lysates
erformed using specific antibodies. (b) The effect of DABs on protein expression
rences compared with vehicle control group. (c) Data is presented as percent
cant differences compared with DAB-1 group.
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C57Bl/6 mice were randomly divided to receive i.p. treatment with 100
μL of vehicle (0.1%DMSO in PBS; control group) or solutions ofDAB-1 at
150 μM and DAB-2-28 at 150 μM. The molecules were injected 7 days
following the inoculation of cancer cells. Analysis of tumor growth ki-
netics showed that tumors from mice in the control group grew signifi-
cantly faster than tumors from mice treated with DAB-1 and DAB-2-28
(Fig. 10a). The mice were sacrificed on the 20th day after inoculation
when mice in the control group have showed evidence of accelerated
tumor progression and the tumor have reached their limit points. The
results obtained on days 18 and 20 post-implantation showed that mo-
lecular therapy with DAB-1 and DAB-2-28 significantly reduce tumor
growth compared to the control group. Indeed, at the end of the exper-
iments, we found up to 3-fold and 4.5-fold decrease for DAB-1 and DAB-
2-28 treated mice respectively, in comparison to the control group
(Fig. 10a) without affecting mice body weight throughout the therapy
(Fig. 10b).
9

3. Conclusion

DAB-1 was recently identified as a molecule showing anti-
inflammatory and anticancer activity [8,19]. In this study, we prepared
and characterized five analogs derived from DAB-1 with the aim of
improving the biological potential of this type of molecule. Two hydra-
zides were prepared by direct acylation of DAB-1 leading to a mixture
DAB-2-31A and DAB-2-31-B. Another acylated hydrazide derivative was
synthesized through the intermediate DAB-1.TFA to give DAB-2-28. As
well, the two new hydrazones were made still via DAB-1-TFA using
cinnamaldehyde and 2-hydroxy-3-methoxybenzaldehyde to give
DAB-3-27 and DAB-3-33, respectively. The five molecules were tested in
vitro for their biological potential including their anti-inflammatory and
antiproliferative activity.

As a result, our different in vitro, ex vivo and in vivo studies about the
structure-activity relationship of DABs revealed that DAB-2-28 has a
lower cytotoxic activity with a greater efficiency than DAB-1 to
Fig. 10. Tumor growth of ectopic MB49-I tumors in
response to DAB-1 and DAB-2-28 molecular therapy.
(a) Graphical representation showing the effects of
DAB-1 and DAB-2-28 on the development of MB49-I
tumors subcutaneously implanted in male mice (n
¼ 8); volume is expressed in mm3 and correspond to
the mean for each group of mice. (b) Body weight
measurements in control (0.1% DMSO in PBS), DAB-1
and DAB-2-28 treated subgroups of male mice; data is
expressed in grams and correspond to the mean for
each group of mice. Error bars represent �SEM. *p <

0.05 and **p < 0.01 denote significant differences
compared with vehicle control group.
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significantly inhibit: 1) the production of NO induced by the IFNγ/TNFα
combination; 2) the IL6/STAT3 and TNFα/NFκB signaling pathways; 3)
the expression of iNOS and COX-2 enzymes induced by the IFNγ/LPS
combination; and 4) the growth of subcutaneous highly invasive MB49-I
tumors. Hence, this simple compound might be of interest as a non-toxic
anti-inflammatory derivative to investigate the role of inflammation in
BCa and other cancers in the future. Further studies using an in vivo
human model for BCa invasion and metastasis are currently underway to
demonstrate the anticancer effects of this new anti-inflammatory mole-
cule. Once completed, the results of these studies will be duly reported.

4. Experimental protocols

4.1. Chemistry

Anhydrous reactions were performed under an inert atmosphere of
nitrogen. The starting material, reactant and solvents were obtained
commercially and used as such or purified and dried by standard means
[24]. Organic solutions were dried over magnesium sulfate (MgSO4),
filtered and evaporated on a rotary evaporator under reduced pressure.
All reactions were monitored by UV fluorescence. Commercial TLC plates
were Sigma T 6145 (polyester silica gel 60 Å, 0.25 mm). Flash column
chromatography was performed according to the method of Still et al. on
Merck grade 60 silica gel, 230–400 mesh [25]. All solvents used in
chromatography were distilled prior to use.

The infrared spectra were taken on a Nicolet Impact 420 FT-IR
spectrophotometer. Mass spectral assays were obtained using a MS
model 6210, Agilent technology instrument. The high resolution mass
spectra (HRMS) were obtained by TOF (time of flight) using ESI (elec-
trospray ionization) using the positive mode (ESIþ) (Universit�e du
Qu�ebec �a Montr�eal and at Universit�e Laval).

Nuclear magnetic resonance (NMR) spectra were recorded on a
Varian 200 MHz NMR apparatus. Samples were dissolved in deutero-
chloroform (CDCl3), deuteroacetone (acetone-d6) or deuter-
odimethylsulfoxide (DMSO-d6) for data acquisition using
tetramethylsilane or chloroform as internal standard (TMS, δ 0.0 ppm for
1H NMR and CDCl3 δ 77.0 ppm for 13C NMR). Chemical shifts (δ) are
expressed in parts per million (ppm), the coupling constants (J) are
expressed in hertz (Hz). Multiplicities are described by the following
abbreviations: s for singlet, d for doublet, t for triplet and m for multiplet,
and bs for broad singlet.

4.1.1. Synthesis of DAB-2-28, DAB-2-31A, DAB-2-31B, DAB-3-27 and
DAB-3-33

4.1.1.1. Synthesis of 4-(2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-benzoic acid
hydrazide trifluoroacetic acid salt (DAB-1.TFA). A solution of DAB-1
(106 mg, 0.32 mmol) dissolved in dichloromethane (1 mL) and tri-
fluoroacetic acid (0.25 mL) was stirred at 20 �C for a period of 2 h. Af-
terwards, the solvent and excess trifluoroacetic acid were removed under
vacuum to give compound DAB-1.TFA quantitatively. The crude product
was used without purification for the synthesis of the diacetylated hy-
drazide product DAB-2-28 as well as the two hydrazones derivatives
DAB-3-27 and DAB-3-33. The spectral data of the crude material cor-
responds to those reported in the literature [18]. DAB-1.TFA: IR (ν,
cm�1): 3500-2500 (CO2H), 3277 (NH), 1710 (C––O); 1H NMR (200MHz,
DMSO-d6, δ ppm): 11.62 (br s, 1H, NHNH3

þCF3CO2
�), 8.63 (br s, NH3

þ),
8.01 and 7.56 (2� d, J ¼ 8.5 Hz, 4H, aromatic), 7.24 (s, 2H, maleimide);
13C NMR (50 MHz, DMSO-d6, δ ppm): 169.6, 165.4, 135.5, 135.0, 129.4,
128.4, 126.5.

4.1.1.2. Synthesis of N0,N0-diacetyl-4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)benzohydrazide (DAB-2-28). This compound was obtained by a pro-
cedure described in a patent [18] with the following proportions of re-
agents and solvents; DAB-1.TFA (345 mg, 1.0 mmol), acetic anhydride
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(4.7 mL, 5.0 mmol), triethylamine (0.84 mL, 6 mmol), dichlor-
omethane/DMSO (4 mL/0.2 mL). The mixture was stirred at 40 �C for 30
min. The crude material was purified immediately after the extraction to
yield 38% of the final product. DAB-2-28. mp: Decomposition begins at
190 �C; IR (ν, cm�1): 3194 (NH), 3093-3021 (C–H), 1701 (C––O), 1661
(C––O), 1607 (C––C); 1H NMR (200 MHz, acetone-d6, δ ppm): 10.14 (s,
1H, NH), 8.09 and 7.61 (2 � d, J ¼ 8.8 Hz, 4H, aromatic), 7.09 (s, 2H,
maleimide), 2.41 (s, 6H, 2 � CH3); 13C NMR (50 MHz, acetone-d6, δ
ppm): 171.1, 169.3, 166.0, 135.8, 134.7, 130.8, 128.2, 126.1, 24.2; ESI
þ HRMS: (M þ H)þ calculated for C15H14N3O5 ¼ 316.0928; found ¼
316.0945 and ESI þ HRMS: (M þ H -Ac)þ calculated for C13H12N3O4 ¼
275.08252; found ¼ 275.0856.

4.1.1.3. Synthesis of tert-butyl 1-acetyl-2-(4-(2,5-dioxo-2,5-dihydro-1H-
pyrrol-1-yl)benzoyl)hydrazinecarboxylate (DAB-2-31A). Acetic anhy-
dride (71 μL, 0.75 mmol) and triethylamine (252 μL, 1.81 mmol) were
added to a solution of DAB-1 (100 mg, 0.30 mmol) dissolved in
dichloromethane (3 mL). The mixture was stirred at 20 �C for 30 min.
Afterwards, the organic phase was diluted with ethyl acetate (25 mL)
directly into an extraction funnel. The organic phase was washed suc-
cessively with a 5% sodium bicarbonate aqueous solution (10 mL), with a
10% sodium chloride aqueous solution (10 mL) and finally with water
(20 mL). The organic phase was dried with anhydrous magnesium sul-
fate, filtered and evaporated to the crude material. The product was
purified by flash column chromatography using a mixture of hexane/
acetone (4/1) to give 22 mg (20%) of the desired material DAB-2-31A. It
is noteworthy to say that a longer reaction time (2 h) gave higher yield of
the desired material. However, some diacetylated product (DAB-2-31B)
was also present as a side product. Spectral data for DAB-2-31A: IR (ν,
cm�1): 3286 (NH), 1753 (C––O), 1711 (C––O), 1652 (C––O); 1H NMR
(200 MHz, CDCl3, δ ppm): 8.28 (s, 1H, NH), 7.90 and 7.50 (2� d, J¼ 8.6
Hz, 4H, aromatic), 6.89 (s, 2H, maleimide), 2.61 (s, 3H, CH3), 1.51 (s, 9H,
3 � CH3); 13C NMR (50 MHz, CDCl3, δ ppm): 170.5, 168.9, 165.2, 151.0,
135.0, 134.4, 130.9, 128.3, 125.7, 84.8, 27.8, 25.5; ESI þ HRMS: (M þ
Na)þ calculated for C18H19N3NaO6 ¼ 396.1166; found ¼ 396.1165 and
ESIþ HRMS: (Mþ H -tert-Boc)þ calculated for C13H12N3O4 ¼ 274.0822;
found ¼ 274.0824.

4.1.1.4. Synthesis of tert-butyl 1,2-diacetyl-2-(4-(2,5-dioxo-2,5-dihydro-
1H-pyrrol-1-yl)benzoyl)hydrazinecarboxylate (DAB-2-31B). Acetyl chlo-
ride (0.33 mL, 4.64 mmol), triethylamine (0.18 mL, 1.29 mmol) and 4-
pyrrolidinopyridine (5 mg, 0.03 mmol) were added to a solution of
DAB-1 (100 mg, 0.30 mmol) dissolved in acetic anhydride (2 mL). The
mixture was stirred at 60 �C for 2 h. Afterwards, the organic phase was
diluted with ethyl acetate (25 mL) directly into an extraction funnel. The
organic phase was washed successively with a 5% sodium bicarbonate
aqueous solution (2 � 10 mL), with water (2 � 10 mL) and finally with
brine (10 mL). The organic phase was dried with anhydrous magnesium
sulfate, filtered and evaporated to the crude material. The product was
purified by flash column chromatography using a mixture of hexane/
acetone (4/1) to give 71.5 mg (57%) of the desired materialDAB-2-31-B.
mp: 57.0–59.5 �C; IR (ν, cm�1): 3104-2940 (CH), 1712 (C––O), 1606
(C––C); 1H NMR (200 MHz, acetone-d6, δ ppm): 7.72 and 7.56 (2 � d, J
¼ 9.0 Hz, 4H, aromatic), 7.09 (s, 2H, maleimide), 2.46 and 2.39 (2 � s,
6H, 2 � CH3), 1.52 (s, 9H, 3 � CH3); 13C NMR (50 MHz, acetone-d6, δ
ppm): 170.2, 169.5, 169.2, 150.4, 135.3, 134.6, 133.0, 128.0, 125.6,
85.0, 27.0, 24.5, 23.3; ESI þ HRMS: (M þ Na)þ calculated for
C20H21N3NaO7 ¼ 438.1272; found ¼ 438.1262.

4.1.1.5. Synthesis of 4-(2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-benzoic acid (3-
phenyl-allylidene)-hydrazide (DAB-3-27). The intermediate DAB-1.TFA
was prepared as described above using the following quantities: deriva-
tive DAB-1 (100 mg, 0.303 mmol), trifluoroacetic acid 250 μL,
dichloromethane (1 mL). After evaporation of the reaction mixture, the
intermediateDAB-1.TFAwas redissolved in dichloromethane (2 mL) and
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treated with cinnamaldehyde (2 eq., 0.303 mmol) and sodium bicar-
bonate (25.4 mg, 0.303 mmol). If necessary, dichloromethane (2–3 mL)
was used to dissolve the aldehyde stuck to the reaction vessel wall. The
reaction was stirred at room temperature for 12 h. Afterwards, hexane (1
mL) was added to the mixture allowing the hydrazone to completely
precipitate. The solid was recovered on a fritted glass filter under vac-
uum, washed with dichloromethane (2 � 2 mL) and with water (3 � 2
mL) and the whole filter dried under vacuum. The solid was removed
from the filter to give DAB-3-27 with 76% yield as a pure product. mp:
220 �C; IR: (cm�1) 3468 (NH), 1700 (C––O). 1H NMR (DMSO-d6, δ ppm):
11.80 (s, 1H, NH), 8.21 (s, 1H, CH––N), 7.97 and 7.49 (2� d, J ¼ 7.8 Hz,
4H, aromatic), 7.60 (d, J¼ 6.3 Hz, 2H, aromatic), 7.36 (m, 3H, aromatic),
7.18 (s, 2H, maleimide), 7.04 (m, 2H, aromatic); 13C NMR (50 MHz,
DMSO-d6): δ (ppm) 170.09 (2), 162.91, 150.54, 139.79, 136.28, 135.26
(3), 134.90, 132.73, 129.31 (2), 128.70 (2), 127.57 (2), 126,.73 (2),
125.97; ESI þ HRMS: (M þ H)þ calculated for C20H16N3O3 ¼ 346.1186;
found ¼ 346.1178.

4.1.1.6. Synthesis of 4-(2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-benzoic acid (2-
hydroxy-3-methoxy-benzylidene)-hydrazide (DAB-3-33). Following the
same procedure as for the synthesis of DAB-3-27 using 2-hydroxy-3-
methoxybenzaldehyde (1.0 eq.) instead of cinnamaldehyde (2.0 eq.),
the desired product DAB-3-33 was obtained with 89% yield. mp:
136.2–140.2 �C. IR: (cm�1) 3504 (NH), 3246 (OH), 2942 (CH3), 1700
(C––O), 1372-1285 (Ar-O-CH3); 1H NMR (DMSO-d6, δ ppm): 12.11 (s,
1H, NH), 10.90 (s, 1H, OH), 8.65 (s, 1H, CH––N), 8.01 and 7.53 (2 � d, J
¼ 8.4 Hz, 4H, aromatic), 7.21 (s, 2H, maleimide), 7.15 (d, J¼ 7.4 Hz, 1H,
aromatic), 7.05 (d, J ¼ 7.4 Hz, 1H, aromatic), 6.88 (t, J ¼ 7.9 Hz, 1H,
aromatic), 3.80 (s, 3H, OCH3); 13C NMR (50 MHz, DMSO-d6): δ (ppm)
170.02 (2), 16,263, 148.70, 148.41, 147.62, 135.32 (2), 135.12, 132.24,
128.74 (2), 126.76 (2), 121.18, 119.52, 119.39, 114.29, 56.27; ESI þ
HRMS: (M þ H)þ calculated for C19H16N3O5 ¼ 366.1084; found ¼
366.1075.
4.2. Biological evaluation

4.2.1. Cell culture
Biological assays were performed using the murine BCa cell line

MB49-I, which is a highly invasive and tumorigenic BCa cell model that
was developed by successive in vivo passages of MB49 primary tumors
[26]. The cells were maintained in RPMI medium supplemented with
10% heat-inactivated fetal bovine serum (FBS) and containing 1 mM
sodium pyruvate, 10 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES) and 50 μg/mL gentamycin. The cells were maintained at
37 �C in a moisture-saturated atmosphere containing 5% CO2. Isolation
and cell culture of mouse peritoneal macrophages was performed as
previously described [8].

4.2.2. Measurement of cell viability/proliferation
MB49-I cells were seeded in 96-well plates (5 � 104 cells/well) and

incubated for 24 h in 5% CO2 at 37 �C. In initial experiments, the cells
were treated with vehicle (0.1% DMSO in PBS) or DAB molecules at
different concentrations for 30 min, washed twice, and then cultured for
24 h to measure cell viability/proliferation by MTT assay as previously
described [8,19]. In a second series of experiments, MB49-I cells cells
were pretreated for 30 min with vehicle (0.1% DMSO in PBS), or
different concentrations of DABmolecules and then activated for a period
of 24 h with the cytokines IFNγ (10 ng/mL) and TNF⍺ (25 ng/mL) to
simultaneously measure cell viability/proliferation and NO production.

4.2.3. Measurement of nitric oxide (NO) production
MB49-I cells were seeded in 96-well plates (5 � 104 cells/well) and

incubated in 5% CO2 at 37 �C. After 24 h of incubation, the cells were
pretreated for 30 min with vehicle (0.1% DMSO in PBS), or different
concentrations of DAB molecules and then activated to produce NO for a
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period of 24 h in response to the cytokines IFNγ (10 ng/mL) and TNF⍺
(25 ng/mL). The quantitation of NO production was performed in cell
culture supernatants using the Griess reagent method (Life Technologies;
# G-7921), as previously described [8,19]. This method involves the
detection of nitrite ions (NO2

�) formed by the spontaneous oxidation of
NO under physiological conditions.

4.2.4. Cell signaling studies and protein immunodetection
Intracellular signaling studies were carried out by immunodetection

of proteins of interest, in particular those linked to the pro-inflammatory
and pro-tumor signaling pathways IL6/STAT3 and TNFα/NFκB in murine
MB49-I tumor cells [8,19]. To study the regulatory effect of different DAB
molecules on cytokine-activated BCa cells, MB49-I cells (50 � 103

cells/well in 24-well plates) were pretreated for 30 min with the vehicle,
DAB-1 or 2nd or 3rd generation DAB molecules at different concentra-
tions (10, 15, 20 or 30 μM). Subsequently, the cells were stimulated with
vehicle (PBS), TNFα (25 ng/mL, 5 min) or IL6 (100 ng/mL, 15 min) in
order to study the activation status of IκB and STAT3 proteins, respec-
tively. A signaling study was also carried out to determine and compare
the effects of DAB molecules on the expression of iNOS and COX-2 using
peritoneal macrophages from CD-1 mice. In this series of experiments,
peritoneal macrophages (50 � 103 cells/well) were pretreated with
vehicle,DAB-1,DAB-2-28 orDAB-3-33 at 15 μM for 30min, washed and
then activated with PBS (control) or a combination of 100 ng/mL LPS
with 10 ng/mL IFNγ for 24 h. At the end of the signaling studies, cell
lysates were prepared and immunodetection of phospho-STAT3
(pSTAT3), STAT3, p-IκB, iNOS, COX-2 and β-actin was performed as
described [7,8,19,27]. The antibodies against pSTAT3 (pY705; #9145),
STAT3 (#4904), p-IκB (# 9246), iNOS (# 2977), and COX-2 (#12282)
were purchased from Cell Signaling Technology (Danvers, MA) and
β-actin (# A3854) was from Sigma Chemical Company (Oakville,
Canada).

4.2.5. Acute inflammation study in mice
Influence of DAB molecules on acute inflammatory response was

assessed in vivo using the carrageenan-induced paw edema model as
described [23]. Briefly, twenty CD-1mice were randomized into 4 groups
(n ¼ 5) of animals treated with intraperitoneal (i.p.) injections of 100 μL
of vehicle (0.1% DMSO in PBS; group 1), DAB-1 (150 μM; group 2),
DAB-2-28 (150 μM; group 3) and DAB-3-33 (150 μM; group 4) 24 h and
1 h before administering carrageenan. Paw edema was induced in all
animals by subplantar injection (50 μl) of carrageenan (1% v/v) into the
paws of the left hind legs of mice. Then, the vehicle and the DAB mole-
cules, at 150 μM, were administered at 2 h, 4 h, 24 h, 36 h, 48 h and 60 h
after the subplantar injection of carrageenan. To verify the presence of
edema, paw thickness was measured using a micrometer 1 h before and
after carrageenan injection at times t¼ 2 h, t¼ 4 h, t¼ 24 h, t¼ 48 h and
t ¼ 72 h. The effect of DAB molecules in paw thickness relative to the
control group was expressed as percent inhibition of paw edema. To
evaluate the normal development of mice, the body weight of each ani-
mal was recorded at days 1, 1, 2, 3, and 4. This animal study was con-
ducted in accordance with the rules of the animal care and use committee
of the Universit�e du Quebec �a Trois-Rivi�eres (Trois-Rivi�eres, Canada).

4.2.6. Ectopic murine bladder cancer model
The ectopic (subcutaneous) model of BCa was developed as described

[8,16,28]. Briefly, murine MB49-I BCa cells (5� 104 in 100 μL PBS) were
injected subcutaneously into the left flank of 4-week-old C57Bl/6 male
mice. At day 4 post tumor implantation, when the tumor reached a size of
approximately 50 mm3, each group of mice (n ¼ 8) were given i.p. in-
jections of either 0.1% DMSO in PBS (group 1), DAB-1 at 150 μM (group
2), or DAB-2-28 at 150 μM (group 3). I.p. injections were repeated every
2–3 days for three weeks. Growth rates of the subcutaneous tumors were
monitored by measuring the size of tumors every 3–4 days using a digital
caliper. The volume of the tumor was calculated by the following for-
mula: length x (width)2 x 0.52. Mice were examined daily for signs of
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tumor progression, including visible signs of tumor growth, apathy or
weight loss (2–3 g overnight), and were sacrificed when any of these
signs became apparent. To evaluate the normal development of mice, the
body weight of each animal was recorded at days 3, 6, 10, 14, 18, and 20.
Mice were sacrificed 21 days after inoculation of MB49-I cells. The ani-
mal care and use committee of the Universit�e du Quebec �a Trois-Rivi�eres
(Trois-Rivi�eres, Canada) have approved all animal procedures.

4.2.7. Statistical analyses
Data obtained from in vitro experiments are presented as means �

SEM from at least three independent experiments performed in triplicate.
In the preclinical model of BCa, difference between groups was evaluated
by unpaired two-tailed Student's t-test or two-way ANOVA followed by
Bonferonni post-test, as described [7,8,19,27]. Statistical differences
were considered to be significant at a value of p < 0.05 (*p < 0.05, **p <
0.01).
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