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A. baumannii is one of the most important multidrug-resistant microorganisms in hospital units.
It is resistant to many classes of antibiotics and the development of new therapeutic strategies is
necessary. The aim of this study was to evaluate the antibacterial activity of a set of piperazine-
derived thioureas against 13 clinical strains of colistin-resistant 4. baumannii. Six derivatives
were identified to inhibit bacterial growth of 46% of the A. baumannii strains at low micromolar
concentrations (Minimum Inhibitory Concentration from 1.56 to 6.25 pM). A common structural
feature in most active compounds was the presence of a 3,5-bis-trifluoromethyl phenyl ring at
the thiourea function. In addition, the ability of the compounds to inhibit production of nitric
oxide (NO) was examined in RAW 264.7 murine macrophages, highlighting the potential of
piperazine-derived thioureas as promising scaffolds for the design of new combined anti-
bacterial/anti-inflammatory agents.

2009 Elsevier Ltd. All rights reserved.

Multidrug resistance (MDR) in bacteria is an emerging
problem for public health all over the world. The inappropriate
overuse of antibiotics for the treatment of infectious diseases
contributes to the insensitivity of bacteria strains to these drugs.!

Acinetobacter baumannii is a gram-negative bacillus (GNB)
of great clinical relevance for being a MDR and extensive drug
antimicrobial resistant bacterium (XDR), also carbapenems-
resistant (CRADb). It is an important healthcare-associated
microorganism that causes a high number of nosocomial
infections in hospitalized patients of intensive care units.>* Many
nosocomial infections caused by it involve organ systems
containing high levels of fluids, such as blood stream infections
(BSI), septicemia and pneumonia, with high mortality rates.*
During the years, the antimicrobial resistance of different species
of A. baumannii has increased dramatically. Colistin (COL) is
one of the last therapeutic options for the treatment of these
infections, though resistance to polymyxins has been also
reported.>® There is therefore a need to find novel active
compounds with growth inhibition properties against A.
baumannii strains.'’

Many nitrogen heterocycles derivatives with potential
antimicrobial activity against 4. baumannii have been described
recently. Synthetic sets of pyrazole derivatives were prepared and
evaluated against A. baumannii. (1, Figure 1) Compounds with
halogen substituents on the N-aryl moiety as fluorine, chlorine or
bromine are the most active (lowest MIC value 1.56 pg/mL).%°
Also, novel 2-(pyrrolidin-1-yl)-thiazole derived compounds (2,
Figure 1)!%and 1,2,5-oxadiazoles were identified as new potential
anti-Acinetobacter agents, reaching modest activity ( lowest MIC
0.5 mM) in the case of oxadiazole derivatives.!!

In the last few years, many compounds with piperazine core
have been assessed as new potential antibiotics. Compounds
having 4-aminoquinoline moiety and 1,3,5- triazine core linked
through a piperazine ring have been prepared (3, Figure 1) and
have shown activity against GNB (MIC from 3.12 to 6.25
pg/mL). A thiourea function was employed to connect the
piperazine ring with the other moieties.!? In other studies, the
piperazine ring is part of molecular hybrids. Recently, the
synthesis of new cumarine-piperazine derivatives with good
antimicrobial and anti-inflammatory properties has been
described.’> Moreover, some conjugates of adamantane and
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reported as growth imhibitors of gram-positive Staphylococcus
aureus and Bacillus subtilis, (MIC from 0.25 to 8 pg/mL). The
most active compounds presented a 3,5-bis-trifluoromethyl group
on the phenyl ring (4, Figure 1).! At present, we have found one  Table 1. 4-Acyl-1-phenylaminothiocarbonyl-2-substituted-
study that reports piperazine-derived compounds as potential piperazine derivatives 5-43.

Scheme 1. Synthetic route for the piperazine-derived thioureas.
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Figure 1. Some reported nitrogen heterocyclic compounds with 17 B CH, H CFs H
anti.bacteria.l act[ivity (1-4) and general structure of piperazine- 18 B CH, H OCH, H
derived anti-Acinetobacter agents (5-43).
19 B CH; H CH; H
The synthetic methodology was a brief and high yielded route, 20 B CH; CF, H CF;
previously described, that consists of two reactions.'® The first
step involved a chemoselective N-acylation reaction of 21 C CH, H  NO, H
f:ommerC}al 2-subst1tu‘Fed piperazines and' provided the 22 c CH, . cl o
introduction of an amide or urethane functions at the less
hindered nitrogen. From these monoacyl derivatives the thiourea 23 C CH, H CN H
group was introduced at the other nitrogen by the reaction with
the appropriate phenylisothiocyanate (Scheme 1).'8 Spectral 24 C CH, H F H
(NMR, mass spectrometry) and analytical data of the new
. 1o . . 25 ¢ CH; H CF H
synthesized compounds (39-43)!° were in full agreement with the
proposed structures (Supplementary Information) 26 C CH, H OCH, H
R R o R 27 C CH; H CH; H
—~ i o i AN R®
i NH ——= >N N —' . R NN 28 C CH; CF; H CF;
_/ rR2 \\/ \‘g \Q\RA
R3 29 D CH; H NO, H
30 D CH; H Cl H

i: starting material 1 eq, acyl halyde or anhydride 1 eq, piridine 1.5 eq, dichloromethane
ii: monoamide 1 eq, isothiocyanate 1.2 eq, dichloromethane
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37 B Ph CF;, H CF,
38 D Ph CF; H CF,
39 A Ph CF; H CF;
40 C Ph CF;, H CF,
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420 B (R-CH; CF; H CF;
43 B (S-CH; CF, H CF,

iNew compounds

The antibacterial activity of these piperazine derivatives was
evaluated through a growth inhibition screening, against 13
clinical colistin-resistant A. baumannii (Ab) strains from an
outbreak in 2002 in the University Hospital Virgen del Rocio of
Seville.?°

Briefly, the inhibition activity at 50 uM of each compound
was carried out in 96-well plate to identify which compounds
produced growth inhibition of 5x105 Unit Forming Colonies
(UFC/ml) of the tested strains. Compounds were found to inhibit
the bacterial growth of 46% of strains.?! It is important to note
that our active compounds showed growth inhibition activity
against Ab 11, Ab 14, Ab 17, Ab 21R, Ab 22P and Ab 24
(Supplementary Information, Table S10). Then, the Minimal
Inhibitory Concentration (MIC) was determined for those
compounds that showed growth inhibition in the previous assay
by the standard broth microdilution method.?? MIC values of
COL were also determined. (Supplementary Information, Table
S12). Table 2 shows those compounds with MIC values < 12.5
uM.

Table 2. MIC values (uM) of the selected piperazine-derived
thioureas and COL against colistin-resistant A. baumannii
clinical strains and CC50 values (uM).

MIC (uM) Acinetobacter baumannii CCs
Comp (uM)*
11 14 17 2IR 22P 24

12 - 3.12 - - - - 112.4
20 - 50 - 6.25 6.25 6.25 732
21 - - - 25 12.5 - 148.1
22 - 50 - 12.5 12.5 25 200.0
25 - 12.5 - 25 6.25 312 1422
28 - 50 - 3.12 1.56 25 82.0
36 625 3.2 3.12 3.12 - 6.25 129.7
37 3.12 - - 3.12 312 3112 918
38 - - 3.12 - - - 104.3

40 3.12 - - 3.12 6.25 312 1246

41 125 6.25 6.25 6.25 12.5 - 108.6
42 - - - 6.25 12.5 6.25 162.1
43 - - - 6.25 6.25 125 735

COL 14 56 >111 1772 3545 7 -

2 Cytotoxic concentration 50%.

Most of the monosubstituted derivatives at para position of
the phenyl ring, having electron-releasing groups (R* = OCHj,
CH3) or electron withdrawing groups (R?* = NO,, Cl, CN, F, CF3)
exhibited MIC values from 25 to 50 uM (Supplementary
Information, Table S13). Only compound 25 (2-cyclohexylacetyl
derivative) with R? = CF; showed 6.25 and 3.12 uM against the
ADb22R and Ab24 strains, respectively.

The most active compounds (lowest values of MIC) were
analogues 20, 28 and 36-38. The presence of a 3,5-bis-
trifluoromethyl phenyl ring at the thiourea function seems to be
crucial to improve the in vitro activity (reduced MIC values,
from 1.56 to 6.25 uM). Depending on the acyl group at N-4, they
were active against different strains. Urethane derivative 12 was
active only against Ab 14 with low MIC (3.12 uM) while amide
derivatives (20, 28 and 36) were very active against, mainly,
three different strains, Ab 21R, Ab 22P and Ab 24. 28 (2-
cyclohexylacetyl derivative) gave the lowest MIC (1.56 uM
against Ab 22P) and 36 (2-phenylacetyl derivative) gave also low
MIC values (3.25 puM and 6.25 uM) with a broad spectrum of
activity (five strains). From the methyl pipeperazine-derived
thioureas collection, compounds 12, 28 and 36 were selected.

Keeping this substitution pattern at the phenyl ring, the 2-
methyl piperazine central core was exchanged with 2-
phenylpiperazine to give analogues 37-40. We focused not only
on trying to reduce MIC values but also on increasing the number
of strains that could be affected by these compounds. They were
active against the same strains than their methyl analogues.
Regarding the acyl group at N-4, 3,3-dimethylbutanoyl derivative
37 and 2-cyclohexylacetyl derivative 40 achieved lower MIC
values (3.12 pM) than their 2-methyl piperazine analogues
against most of the strains. However, compound 38, 2-
phenylacetyl derivative, did not improve the activity of 36.

Compound 41 (with an unsubstituted piperazine core) was
prepared as an achiral analogue of 12 (2-methylpiperazine core)
and 39 (2-phenylpiperazine core). It showed low MIC against
five strains, increasing the spectrum of activity compared to its
analogues.

We have also prepared both pure enantiomers of the racemic
compound 20 (42 and 43). They were both active against the
same strains and showed almost similar MIC values than 20
(Table 2).

As it was one of the of the broadest spectrum derivatives,
including the two most colistin-resistant strains (Ab 21R, Ab
22P), compound 41 was chosen to develop bactericidal studies
against them by time kill curves. We tested it at different
conditions: 1xMIC (6.25 uM), 2xMIC (12.5 uM), and 4xMIC
(25 uM) for each strain. We found that compound 41 showed
bactericidal effect at 4xMIC after 4 hours against Ab21R.
Furthermore, it reached a reduction close to 3-log;, after 4 hours
at 2xMIC, compared to the initial inoculum, against Ab21R
(Figure 2). No bactericidal activity was observed at any condition
against Ab22P strain (Figure 3).
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Figure 2. Bactericidal activity of compound 41 against 4.
baumannii 21R.
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Figure 3. Bactericidal activity of compound 41 against A.
baumannii 22P.

Considering the drawbacks of COL and other potential active
antibiotics in monotherapy, combination therapy has been raised
as an interesting strategy to overcome these limitations. The
synergistic activity of 41 in combination with standard antibiotic
COL against Ab 21R and Ab 22P was also investigated.?* The
outcomes were determined by calculation of Fractional Inhibitory
Concentration (FIC) Index values and presented in Table 3.
Compound 41 and COL displayed FICI values of 0.5 and 0.37
against Ab 21R and Ab 22P, which indicated a synergistic
interaction. It was noted that the compound markedly reduced the
MIC value of COL by fourfold against both strains.

Table 3. Determination of FIC values and interaction effects of
compound 41 and COL against two colistin-resistant A.
baumannii clinical strains.

MIC (uM) FICa
Strain Agent Alone  Combination FIC FIC
Individual Index
Comp. 6.25 0.78 0.12
Ab 41 0.5(S)
21R
COL 1178 443 0.38
Comp. 12.5 1.56 0.12
Ab 22P 41 0.37(S)
COL 3545 886 0.25

aThe FICI was interpreted as follow: synergism=FICI<0.5; indifferent> 0.5 to
<4; antagonism=FICI > 4. The experiments were performed in triplicate.

it is
mmportant to study 1f they can selectively Kill microorganisms
without being significantly toxic to host cells. All active
compounds were tested towards AS549 cell line at several
concentrations (Supporting Information) and their CCs, values
were also calculated (Supplementary Information, Table S13).
Selectivity index (SI) of selected compounds (12, 28, 36, 37, 40
and 41) was determined (Supplementary Information, Table
S13). The results showed that these compounds had relatively
high safety index, with values in the range of 8.69-52.56, being
most of them > 20, suggesting high selective toxicity towards
bacterial cells over host ones.?+-2¢

Microbial infections are always associated with the triggering
of inflammatory processes, necessary for the body to fight the
cause of the damage and stimulate the healing process.?’
However, if the inflammatory process becomes chronic it can
lead to severe tissue damage that can be associated with a loss of
the functionality of the affected tissue, providing greater harm
than benefit.?® In recent years, numerous in vitro and in vivo
studies highlighted the unexplored anti-inflammatory potential of
molecules having a piperazine moiety.!>?-32 This action seems to
be due to the ability of these molecules to act, in macrophages, as
antagonists of histamine receptors ,>-333% involved in the
modulation of different inflammatory mediators, such as NO,
pro-inflammatory cytokines and TNF-a.333¢ Furthermore, several
studies have highlighted the remarkable versatility of piperazine-
scaffold, whose anti-inflammatory activity often coexists with the
anti-bacterial one.3’-%

This scenario prompted us strongly to evaluate the anti-
inflammatory potential of the piperazine-derived thioureas
subject of this study, in order to reveal their possible double
effect that would find a useful use in the clinical practice. The
anti-inflammatory potential was assessed by monitoring the
ability of different compounds to inhibit, in the macrophage line
RAW 264.7, the production of nitric oxide (NO), one of the main
mediators of phlogistic processes.*

An initial screening was performed by treating macrophages
with all the different molecules at a concentration of 50 uM
(Supplementary Information, Table S14). Surprisingly, the
compounds that showed, in this first phase, an inhibitory capacity
on the production of NO were all characterized by possessing
two trifluoromethyl substituents (12, 20, 28, 36, 37, 38, 39, 40,
41), which previously turned out to be the best antimicrobial
agents. Trifluoromethyl group, indeed, is well known moiety in
pharmaceutical chemistry, with peculiar chemical and
physiological stability and able to enhance the anti-inflammatory
potential of bioactive compounds.*'*> Among our results, an
exception is represented by the compounds 21, 23, 30, 33,
differently substituted on the phenyl ring, characterized by a
weak or absent antibacterial activity against A. baumannii, but
which responded positively to the anti-inflammatory screening.
Subsequently, the active compounds were tested at lower
concentrations (1 and 10 uM), in order to highlight reductions in
NO production at concentrations that are closest to the previously
identified MICs (Figure 4A). Highest reduction of NO
production (percentage of inhibition > 80%) was observed with
2-phenylpiperazine  derivatives 37  (3,3-dimethylbutanoyl
derivative), 39 (tert-butoxycarbonyl derivative) and 40 (2-
cyclohexylacetyl derivative), while the inhibition observed with
their methyl analogues (20, 12 and 28 respectively) was
significantly lower (highest value observed 40%). The phenyl
substituent on piperazine ring seems to improve the anti-
inflammatory profile.
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production could be by macrophages death, the ettect on the cell
viability of our compounds was also evaluated (Supporting
information). In Figure 4B it is shown these results expressed as
percentage of cell viability versus control. Compounds 39 and 40
were the only ones with cytotoxic effects on the macrophage line
under examination.
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Figure 4. Anti-inflammatory activity of Piperazine-derived
thioureas. Nitrites production (A) and cell viability (B)
assessments after treatment of LPS-stimulated RAW 264.7 cell
line with different concentration of compounds for 24 hours.

In summary, we have evaluated the antibacterial activity of a
collection of 39 piperazine-derived thioureas. All active
compounds showed growth inhibition against 46% of the tested
colistin-resistant 4. baumannii clinical strains. The SAR analysis
has indicated that those compounds with a 3,5-bis-
trifluoromethyl phenyl ring at the thiourea function (12, 28, 36,
37, 40 and 41) were the most effective. Their potent activity, no
cytotoxicity, anti-inflammatory activity and easy synthetic
accessibility allow us to consider them as potentially strong
candidates for development of new anti-Acinetobacter agents.
The optimization process will be focused on improving their
potency as both antibacterial and anti-inflammatory agents. They
potentially could be used as adjuvants in combination therapy in
order to restore the efficacy of current employed antibiotics in the
clinical setting.
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A set of 39 piperazine-derived thioureas
was evaluated against colistin-resistant
Acinetobacter baumannii clinical strains.

Six derivatives inhibited bacterial growth of
46% of the A. baumannii strains at low
micromolar concentrations.

Bactericidal activity (time kill curve) was
tested for compound 41 against two colistin-
resistant A. baumannii strains.

Compound 41 was also tested for
synergistic combination with colistin
against the same two clinical strains.

Their potential anti-inflammatory activity
was assessed by their ability to inhibit the
production of nitric oxide
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Table 2. MIC values (uM) of the selected piperazine-derived
thioureas and COL against colistin-resistant A. baumannii
clinical strains and CC50 values (uM).

MIC (uM) Acinetobacter baumannii CCs
Comp (uM)*
11 14 17 2IR 22P 24
12 - 3.12 - - - - 112.4
20 - 50 - 6.25 6.25 6.25 732
21 - - - 25 12.5 - 148.1
22 - 50 - 12.5 12.5 25 200.0
25 - 12.5 - 25 625 3.12 1422
28 - 50 - 3.12 1.56 25 82.0
36 625 3.2 3.12 3.12 - 6.25 129.7
37 3.12 - - 3.12 312 312 918
38 - - 3.12 - - - 104.3
39 - 12.5 6.25 - - - 127
40 3.12 - - 3.12 625 3.12 1246
41 125  6.25 6.25 6.25 12.5 - 108.6
42 - - - 6.25 12.5 6.25 162.1
43 - - - 6.25 6.25 125 735

COL 14 56 >111 1772 3545 7 -

2 Cytotoxic concentration 50%.

Table 3. Determination of FIC values and interaction effects
of compound 41 and COL against two colistin-resistant A.
baumannii clinical strains.

Hours

MIC (uM) FIC?
Strain Agent Alone  Combination FIC FIC
Individual Index
Comp. 6.25 0.78 0.12
Ab 41 0.5(S)
21R
COL 1178 443 0.38
Comp. 12.5 1.56 0.12
Ab 22P 41 0.37(S)
COL 3545 886 0.25

aThe FICI was interpreted as follow: synergism=FICI<0.5; indifferent> 0.5 to
<4; antagonism=FICI > 4. The experiments were performed in triplicate

- moncamide 1 eq, \sbthio-cyanéte 1.2 eq,-dichlorométhane



