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Abstract

The N-hydroxydodecanamide (HA12) and its complexes tri-hydroxamato-iron(IlI) and di-hydroxamto-
iron(III) chloride (HA8Fe3 and HA12Fe3Cl, respectively) showed antibacterial and antimycobacterial activities.
The proteomic analysis demonstrated that the targets of Hydroxamic Acid (HA) and their complexes were involved
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in the biosynthesis of mycobacterial cell walls. The Reactive Oxygen Species (ROS) is one of the key elements to

cause oxidative stress, damaging DNA, and cell membranes impaired during the procedure to kill bacteria. Here, the
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ROS production was determined to evaluate the compounds HA12, HA8Fe3, HA12Fe3Cl, and ZnCl, against bacteria

using 2,7’-dichlorofluorescein diacetate (DCFDA) by spectrofluorometric analysis. The low fluorescence was
observed using the compounds HA12, HA8Fe3, HA12Fe3(l, and ZnCl, treating the S. aureus and E. coli, indicating
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that the ROS production could not be observed using the compounds used at a dose higher than the Minimum
Inhibitory Concentration (MIC). It was noted that the ROS determination could be performed with a concentration
less than or equal to the MIC. This would enable the mechanism of action linked to the ROS production by HA and

their metal complexes to be determined.

Introduction

Hydroxamic Acid (HA) has many applications in biology
and medicine [1], particularly against bacteria, cancer cells,
and fungi [2]. Due to the ability to bidentate chelate metal
ions, HA displayed multiple biological activities. For instance,
they interact with a variety of metal-containing enzymes, such
as matrix metalloproteases, lipoxygenase, hydrolase, urease,
peptide deformylase, histone deacetylase, carbonic anhydrase
to inhibit their activity [3,4].

HA were developed as medicines for the following
diseases: cancer, cardiovascular disease, HIV, Alzheimer’s
disease, malaria, hypertension, tuberculosis, glaucoma,
ulcers, and metal poisoning, including iron. They also were
developed as insecticides, antioxidants, anticorrosive agents,
and siderophores [4]. The hydroxamate group is considered to
be a key element in the pharmacophores [5]. The hydroxyurea
was used to treat sickle cell anaemia to induce DNA damage
by the production of radicals (nitrogen dioxide radical: ‘NO,,
which is obtained by oxidation of the nitric oxide radical:
*NO) [6].

https://doi.org/10.29328/journal.jcicm.1001048

Reactive oxygen species (ROS), an important indicator
of ferroptosis, are oxygen and water molecules that have
undergone reduction and oxidation, respectively. The redox
reaction products include peroxides (*0,%, H,0,), superoxide
anion (0,”), the hydroxyl anion ("OH) (Scheme 1), and free
radicals (0,’, HO*, RO, NO, and NO,’) generated by other
various sources [7,8]. The ROS can cause oxidative stress,
resulting in DNA, cell membranes, or protein damage. The
H,0, produced by ROS can penetrate the cell membrane and
kill bacteria [9].

Given the potential value of HA as a therapeutic agent, it
would be interesting to understand how NO is released from
HA under physiological conditions. It still remains unclear
whether it is formed via oxidation of hydroxyurea (1) by

0, + Fe¥¥ s=————= 0, + F&

26; + 2H s&=—————= H,0, + O, A ( Fenton reactions)
Fe?" 4+ H,0, ==——= Fe3™  + HO_ + HO

—e Fe2+ _ .

0, + H0, === 0, + HO + HO B (Haber-Weiss reaction)

Scheme 1: Fenton and Haber-Weiss reactions.
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heme proteins using hydrogen peroxide (H,0,) (Scheme
2A) [6,10] or by occurrence of other reactions; including the
direct release of NO from the nitroxide radical (2) and the
dimerisation of nitroxyl HNO (5) to generate nitrous oxide
(N,0) (Scheme 2B, 2C) [6,10]. The formation of anionic and
radical species (the peroxynitrite anion (ONOO7), nitrogen
dioxide ("NO,), carbonate anion (CO,"), and hydrogen peroxide
(H,0,) (Scheme 2D) [6].

Analytical methods were developed to detect the presence
of radicals *NO (spectrophotometry or spectrofluorometry).
The *NO led to an increase in fluorescence whereupon the *‘NO
radicals were trapped by the thiol-type antioxidants, and a
decrease in fluorescence was observed [11].

Although HA has a broad spectrum of biological activities,
its antimicrobial properties are generally enhanced in
metallic chelate form [12]. Although the biological properties
are attributed to lipophilicity and chelation for HA and the
presence of the metal for their complexes, the production of
ROS by Fe,0,, Fe,0, and CuO has been reported [13].

3’

The antimicrobial effects of ZnO nanoparticles are due
to the release of Zn?*ions; leading to ROS production and
consequently disruption of bacterial cell walls [13]. The ROS
production by Zn?*ions is not direct, unlike Fe** or Cu?*. The
first step is an interaction of Zn?*ions with -SH of the cysteines.

The HA with various carbon chain and their metal ions
complexes were synthesised in our previous work [14]
and displayed antibacterial and antimycobacterial activity
[14,15]. In order to assess the potential interactions between
the antibacterial properties and the ROS production for
bacteria, we performed the experiment to determine the
ROS production using the HA12 and its corresponding Fe(III)
complex (HA8Fe3, HA12Fe3(l) treating bacteria. The chemical
structures of HA12 and complexes HA8Fe3 and HA12Fe3Cl
are shown in Figure 1.

Materials and methods
Materials (Table 1)
Methods

The synthetic, characterisation and assessment of

o
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Scheme 2: Mechanism to release nitric oxide from hydroxyurea (A), N,0 formation
by HNO dimerisation (B and C), and the formation of anionic and radical species (the

peroxynitrite anion (ONOO"), nitrogen dioxide (‘NO,), carbonate anion (CO,") and
hydrogen peroxide (H,0,) (D) [6]. 3 = nitrosoformamide, 4 = carbamic acid.
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Chemical structures of N-hydroxydodecanamide (HA12), tri-
dodecanohydroxamato-Fe(III) (HA8Fe3) and di-hydroxamato-Fe(Ill) chloride
(HA12Fe3Cl).

HA12Fe3Cl1

Figure 1:

Table 1: The materials, reagents, and bacterial strains used in the experiments.

Catalog

Materials numbers Suppliers
Reagents
Dimethyl sulfoxide (DMSO) 232861407 Chem Lab (Zedelgem, Belgium)
Zinc chloride (ZnCl) 53244 Merck (Darmstadt, Germany)
2"7‘;;:::2;:‘&%‘;‘”52361“ Sigma Aldrich (Saint Louis, USA)
Mueller Hinton Broth (MHB) 70192 Sigma Aldrich (Saint Louis, USA)
Cetrimide Cetavlon ICI-Pharma
(Destelbergen, Belgium)
Material
96-well microplates (transparent .55, g0 Aldrich (Saint Louis, USA).
flat bottom and black side wall)
Spectrophotometer 192736 Bio-Tek (Winooski, USA)
Bacteria strains
Staphylococcus aureus LMG 8064 Microbiology l?gtlztjfr};em University,
Escherichia coli LMG 8223 Microbiology lab at. Ghent University,
Belgium

biological properties methods were reported in previous work
[14]. ROS production was measured using DCFDA. Briefly, an
initial solution of 10 millimolar (mM) DCFDA in DMSO was
diluted with MHB to obtain a 1 mM solution. In addition, a
stock solution of 10 mM in DMSO for the compounds HA12,
HA8Fe3, HA12Fe3(l, or ZnCl2 was prepared. Then, 10 pL
DCFDA at 1 mM and 25 pL. compound with 10 mM were added
to obtain a final volume of 1 mL bacterial culture. The final
concentration of DCFDA and compound in bacteria culture are
10 uM and 250 uM respectively.

For the positive control, 10 pL. of DCFDA at 1 mM and 10 pL
of cetrimide at 0.59 mM (0.2 mg/mL) were added to complete
1 mL of bacterial culture. The final concentration of DCFDA and
cetrimide in bacteria culture are 10 pM and 5.9 uM (2 pg/mL)
respectively. The loaded culture was incubated at 37 °C for 1
h before measuring fluorescence (excitation and emission at
485 nm and 530 nm, respectively) using a Biotek plate reader
spectrophotometer. The measurement was carried out in 96-
well plates (transparent flat bottom and black side wall) [16].

The DCFDA (6a) is a non-fluorescent dye, which is
hydrolysed intracellularly by esterases into its polar but non-
fluorescent form (6b). The compound 6b was oxidated to
produce ROSand otherintracellular peroxidestransformations
were obtained in the highly fluorescent form (6¢, Scheme 3)
[17]. Here, we tried to determine the ROS production in
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Scheme 3: Mechanism of action of DCFDA in bacteria cell [17].

bacteria (S. aureus and E. coli) treated by compound 6a. The
control groups in the presence and absence of compounds
(negative control) were also performed. Fluorescence was
recorded on a fluorescence spectrophotometer and expressed
as a percentage of fluorescence to the negative control.

All experiments were carried out at the Microbiology,
Bioorganic, and Macromolecular Chemistry Laboratory,
Faculty of Pharmacy, Université libre de Bruxelles in 2022.

Results and discussion

In the present study, the compounds HA12, HA8Fe3,
HA12Fe3Cl with 250 uM and cetrimide with 5.9 uM (2 pg/mL)
treating S. aureus gave low percentage values of fluorescence:
15.16%, 0.77%, 2.88% and 4.03%, respectively (Figure 2A).
A similar sharp decrease in percentage fluorescence values
was also observed for the compounds HA12 and ZnCl, at 250
UM against E. coli (3.26 and 0.69%, respectively) (Figure 2B).

It was reported that the decrease in fluorescence tested
by spectrophotometry probably reflects the non-conversion
of *NO into ONOO™ for compound HA12 [11]. The action
mechanism of compounds Fe,0,, Fe,0, and ZnO against
bacteria is due to the ROS production, the compounds
HA8Fe3, HA12Fe3Cl, and ZnCl2 did not produce ROS in the

experimental condition in the present study.

In previously published work, compound HA12 showed
an inhibitory effect against S. aureus and E. coli strains with
a MIC equal to 62.5 uM [14]. As for the compound HA8Fe3,
MIC of 78.13 uM and 156.25 pM against S. aureus and
E. coli respectively were observed. The bactericidal effects
of compounds HA12 and HA8Fe3 were also observed with
minimum bactericidal concentration (MBC) values equal to
125 uM against S. aureus and E. coli [14]. MBC were obtained
with the compound HA8Fe3 against S. aureus and E. coli with
values of 156 pM and 312 uM respectively. The MIC obtained
with ZnCl, against E. coli was 78.13 uM and the MBC was
312 puM [14]. These previously worked MBC results support
our hypothesis that ROS production could not be observed at
a concentration that would immediately kill the bacteria.

We believe that the compounds tested were applied at a
concentration that appears to have killed the bacteria. It is
probably due to the fact the bacteria were killed at a higher
concentration of compounds. When the bacteria died, ROS
were no longer produced. Therefore, it should be noted
that future experiments should be performed at lower
concentrations less than or equal to the MIC to determine the
ROS production.

https://doi.org/10.29328/journal.jcicm.1001048
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Figure 2: Determination of ROS production in S. Aureus with the compounds HA12,
HAB8Fe3, HA12Fe3Cl (A) and E. coli with the compounds HA12, ZnCl, (B).

C- = Negative control (S. aureus or E. coli + DCFDA), C+ = Positive control (cetrimide
at the concentration of 2 pg/mL). The experiment was carried out three times, each
in triplicate.

Conclusion

The low fluorescence values compared with the control
in the spectrofluorometric analysis indicate a lack of ROS
production. The ROS production in S. aureus and E. coli was not
observed in the experimental conditions using the compounds
HA12, HA8Fe3, HA12Fe3Cl, and ZnCl, at the concentration of
250 pM. The lack of ROS production was probably due to the
high concentration used in the experiment which resulted in
killing the bacteria directly. If bacteria die, the compounds
can no longer produce ROS. Spectrofluorometric analysis
to determine ROS production should be carried out at a
concentration range below 250 pM.
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