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The involvement of cellular oxidative stress in antibacterial therapy has remained a topical issue over the years. In this study, the
contribution of oxidative stress to astaxanthin-mediated bacterial lethality was evaluated in silico and in vitro. For the in vitro
analysis, the minimum inhibitory concentration (MIC) of astaxanthin was lower than that of novobiocin against
Staphylococcus aureus but generally higher than those of the reference antibiotics against other test organisms. The level of
superoxide anion of the tested organisms increased significantly following treatment with astaxanthin when compared with
DMSO-treated cells. This increase compared favorably with those observed with the reference antibiotics and was consistent
with a decrease in the concentration of glutathione (GSH) and corresponding significant increase in ADP/ATP ratio. These
observations are suggestive of probable involvement of oxidative stress in antibacterial capability of astaxanthin and in
agreement with the results of the in silico evaluations, where the free energy scores of astaxanthins’ complexes with
topoisomerase IV ParC and ParE were higher than those of the reference antibiotics. These observations were consistent with
the structural stability and compactness of the complexes as astaxanthin was observed to be more stable against topoisomerase
IV ParC and ParE than DNA Gyrase A and B. Put together, findings from this study underscored the nature and mechanism
of antibacterial action of astaxanthin that could suggest practical approaches in enhancing our current knowledge of
antibacterial arsenal and aid in the novel development of alternative natural topo2A inhibitor.

1. Introduction

Antibiotic resistance in bacteria has become a significant
public health threat, resulting in high mortality and morbid-
ity each year [1]. Due to this resistance, bacterial infections
have remained difficult to treat, and even the viable options
such as combination therapy have posed increased risk of
adverse events in patients [1, 2]. Faced with this threat,
immediate action is required to develop novel antibacterial
agents that could act via new mechanisms against infections

caused by multidrug-resistant microorganisms. Recently, the
involvement of cellular oxidative stress in antimicrobial-
mediated antibacterial therapy has been opined as one of
the novel alternatives of antibacterial actions [3, 4]. In this
context, the antibacterial agents generate diverse forms of
reactive oxygen species (ROS) while interacting with their
targets [5], and the fluoroquinolones are one of the implica-
ted classes of antibacterials utilizing this mechanism. The
fluoroquinolones (e.g., ciprofloxacin and novobiocin) target
the topoisomerase 2As (topo 2As: DNA gyrase and
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topoisomerase IV) required for nucleic acid synthesis and
transcription in bacteria [6, 7], and their multiple discrete
binding sites such as the ATP-binding subunits on DNA
gyrase have been recognised as important targets of syn-
thetic and natural inhibitors [8]. While interacting with
topo2As of bacteria, the fluoroquinolones boost electron
transport chain activity, and this results in elevated produc-
tion of ROS, which contributes to either cellular damage or
death [4]. Despite this remarkable mechanism of antibacte-
rial action of the fluoroquinolones, their applications have
been limited in clinical practice due to the continuous occur-
rence of resistant microbes and associated adverse effects [9].
While efforts have been made to modify chemical moieties
as improved versions of fluoroquinolones, no synthetic or
natural inhibitors of topo2As have reached the clinic to date.
Hence, the ATP-binding subunits of topo2As under altered
cellular redox state represent attractive targets that could
be unexploited to develop novel antibacterials that would
help in combating the ever-increasing levels of multidrug-
resistant-bacterial infections.

The level of ROS contribution to the bactericidal activity
of antibacterials has been demonstrated to depend on the
nature of compound [10]. In some compounds such as quin-
olone, rapid killing has been demonstrated to be fully
through ROS generation while in some other compounds;
other mechanisms are implicated [10, 11]. Interestingly, this
concept of bacterial killing through ROS generation has also
been implicated in some plant-derived phytochemicals such
as phenolic acids and flavonoids [3, 4, 12]. Through autoxi-
dation, these compounds generate high amount of ROS
when catalyzed by transition metals. Although, the ROS gen-
erated in this manner such as superoxide ion and H,0, are
not too reactive and as such do not cause oxidative damage
to bacterial macromolecules [13, 14]. However, through
Fenton reaction (Fe** +H,0,— Fe’" +.OH+OH), these
ROS react with independent ferrous ion in bacterial cells to
form OH* which are very reactive and can cause damage
to bacterial macromolecules such as protein, lipid, and
DNA and as such contribute to the ultimate death of the
organism [13, 14]. Hence, exploring plant-derived com-
pounds for their bactericidal capability through ROS gener-
ation remains a plausible area of research for identification
of antibacterial agents whose mechanisms of action will rely
on ROS generation. Consistent with the phenolics, the anti-
bacterial activities of carotenoids have also been reported
[13, 15] and more specifically, existing data on astaxanthin
(Figure 1), a xanthophyll carotenoid, showing promising
antibacterial activity against clinical isolates, wild- and
mutant-typed cultures have been reported [13, 16]. How-
ever, no studies have linked ROS involvement in the bacteri-
cidal activity of astaxanthin or its inhibitory effect on
topo2As (druggable targets) which have been demonstrated
to facilitate ROS generation when interacting with the fluor-
oquinolones. Hence, for the first time, this study employed
computational techniques in investigating the susceptibility
of each of the topo2As subunit (DNA gyrase A&B and topo-
isomerase IV ParC&E) to astaxanthin while establishing the
extent of ROS involvement in astaxanthin-mediated bacte-
rial lethality in vitro.
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FIGURE 1: Structural representation of astaxanthin.

TaBLE 1: Docking scores of astaxanthin, ciprofloxacin, and
novobiocin against DNA GyrA/GyrB and topo IV ParC/ParE.

Targets Compound  Docking score (kcal/mol)
) Ciprofloxacin -74
DNA gyrase subunit A .
Astaxanthin -8.8
) Novobiocin -8.7
DNA gyrase subunit B .
Astaxanthin -8.7
. Ciprofloxacin -6.9
Topoisomerase ParC .
Astaxanthin -84
. Novobiocin -6.6
Topoisomerase IV ParE .
Astaxanthin -6.7

2. Methodology

2.1. Computational Analyses

2.1.1. Ligand and Protein Preparation. The 3D structures of
the reference antibiotics (ciprofloxacin (CID: 2764), novobi-
ocin (CID: 54675769)) and astaxanthin (CID: 5281224) were
obtained from PubChem (https://www.pubchem.ncbi.nlm
.nih.gov) and then optimized by adding Gasteiger charges
and nonpolar hydrogen atoms using the Avogrados software
in preparation for docking [17]. Similarly, the crystal struc-
tures of DNA gyrase (Gyr) subunits A (ID: 4CKK) and B
(ID: 4DUH) and topoisomerase IV (ParC (ID: 1ZVU) and
ParE (ID: 1S14)) were obtained from the Protein Data Bank
(https://www.rcsb.org/pdb/), followed by structural optimi-
zation involving removal of water molecules, nonstandard
amino acids, and heme using UCSF Chimera v1.14 [17].
The structures generated were then saved in a PDB format
and used for molecular docking.

2.1.2. Grid Preparation, Molecular Docking, Dynamics, and
Postdynamics Simulation. Prior to docking, the binding sites
of the DNA GyrA and GyrB as well as topoi IV ParC and
ParE were determined as earlier reported [18], and the grid
boxes covering the binding sites in each case were generated
with well-defined x-y-z coordinates (Table S1). The
optimized 3D structures of ligands (ciprofloxacin,
novobiocin, and astaxanthin) and proteins were thereafter
docked using the Autodock vina 1.1.2 software in Chimera
v1.14 [18]. The molecular docking was evaluated according
to the free binding energy of the ligands with the
respective proteins, prior to pose ranking for fitness within
the binding pocket of each protein for continuum and
discrete bond interactions [17]. Thereafter, molecular
dynamics simulation (MDS) was performed on the ligand-
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TaBLE 2: Binding free energy scores of astaxanthin, ciprofloxacin, and novobiocin against DNA GyrA/GyrB and topo IV ParC/ParE.
Components of energy (kcal/mol)

Complex AE 4w AE . AGy,, AGg, AGy4
DNA Gyr subunit A

AST -91.94 +6.335 —48.45 £ 2.509 —29.39 £4.447 160.55 +£2.716 —28.84 +£4.830
CIP -51.64£7.683 —-179.07 £11.782 —184.72 + 8.341 120.99 +7.618 -33.72+£5.334
DNA Gyr subunit B

AST -36.0£11.341 -16.97 £2.760 —52.98 £8.410 28.55+9.481 —24.42+£3.112
NOV —62.44 £5.754 —85.90 £ 14.312 —148.34 +24.400 91.81 £13.968 —56.52 £11.450
Topoisomerase ParC

CIP —14.09 £0.289 -73.84+£3.193 —87.94 £4.301 77.945 £12.743 -10.19£4.771
AST —48.57 £5.207 -7.58 £0.273 -56.15 £ 8.337 20.60 £ 5.699 -35.55+£5.034
Topoisomerase ParE

NOV -31.43£3.522 —14.11 £ 3.943 —45.83 £8.001 27.19+£7.332 —18.63 £3.526
AST —48.87 £5.100 —-20.50 £ 3.943 -69.38 £13.704 30.64 £ 9.644 -38.73 £5.191

AE, 4y: van der Waals energy; AE,,: electrostatic energy; AE,,: gas phase free energy; AG: solvation free energy; AG,;,4: total binding free energy; AST:

gas*®
astaxanthin; CIP: ciprofloxacin; NOV: novobiocin.

protein complexes with the best docking scores in each
case [19].

The post-dynamic data was examined as previously
described [20], and analysis of radius of gyration (ROG)
and root mean square deviation (RMSD) were done
followed by evaluation of the free binding energy and com-
paring the binding affinity of the resulting complex in each
scenario of the simulation. The MDS was averaged among
100000 snapshots taken from a 60ns MDS, and using the
expression AGbind = Gcomplex - (GReceptor + Gligand)’ the free
binding energy (AG) was estimated. The ligand-receptor
complexes’ interaction at the active sites in each treatment
case was identified post-MDS and visualized using Discovery
Studio version 21.1.0.

2.2. Pharmacokinetic Properties. The SwissADME web tool
(http://swissadme.ch/index.php) and Molinspiration online
toolkit (https://www.molinspiration.com/cgi-bin/properties)
were utilized to make predictions for the physicochemical
and drug-likeness properties of astaxanthin while the Protox
IT webserver (https://tox-new.charite.de/protox_II/) which
contains models for predicting toxicological endpoints
related with a chemical structure was employed to determine
its toxicity profiles.

2.3. In Vitro Evaluation

2.3.1. Strains and Culture Conditions. The stocks of Gram-
positive (S. aureus, B. cereus) and Gram-negative (P. aeru-
ginosa, E. coli) strains used in this study were obtained
from Microbiologics (Minnesota, USA) and subsequently
propagated on Mueller-Hinton broth (MH) for 24h at
37°C before use.

2.3.2. Antibacterial Assays. The minimum inhibitory con-
centrations (MIC) of astaxanthin and the reference stan-
dards (ciprofloxacin and novobiocin) were evaluated as
previously reported [21]. A range of 64 ug/ml to 0.125 ug/

ml were prepared from the stock solutions of 128 ug/ml of
astaxanthin and the antibiotics. Subsequently, the prepared
concentrations in each case were suspended in inocula (10
*CFU/ml) in microtitre plates (96 wells), before incubation
(37°C, 24h). Judging by the absence of turbidity, the MIC
in each case was taken as the lowest concentration of astax-
anthin and reference antibiotics which inhibit bacterial
growth.

For the bactericidal concentration (MBC), the method of
Oloyede et al. [22] was employed. In brief, from the MIC
plate with no visible growth, 100yl bacterial suspensions
were taken and subcultured on nutrient agar. The plates
were incubated (37°C, 48h), and the lowest concentration
of astaxanthin and reference antibiotics that showed no
observable growth was selected as the MBC.

2.3.3. Time-Kill Susceptibility Assay. The time-dependent
susceptibility of test organisms to astaxanthin was investi-
gated as previously described [23]. Briefly, the test organisms
were grown overnight in MH broth, centrifuged, and resus-
pended in 50 ml fresh MH medium (Optical Density,,, = 0.1
) after which it was grown aerobically at 37°C to optical den-
sity of 0.2. The cultures were then incubated with astax-
anthin, ciprofloxacin, and novobiocin at a concentration of
4x MIC, at 37°C for 3h, with dimethyl sulfoxide (DMSO)
serving as a control. Following that, the absorbance in each
case was measured at 600 nm every 30 min for a total incu-
bation time of 3h.

2.3.4. ROS Monitoring Assays

(1) Superoxide Anion Assay. The method of Ajiboye et al.
[24] was employed for the superoxide anion generation
assay. In brief, 1 ml of the exponential phase of test organ-
isms was incubated for 30 min with 4x MIC of either astax-
anthin, ciprofloxacin, or novobiocin, before nitroblue
tetrazolium (0.5ml, 1mg/ml) addition and incubation
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antibiotics (ciprofloxacin and novobiocin) presented as root mean square deviation (RMSD) over a 60 ns molecular dynamics simulation.

(37°C, 30 min). Subsequently, the mixture was centrifuged
(1,500 x g, 10 min) after HCI (0.1 ml) addition. With DMSO
and phosphate-buffered saline (0.8 ml, pH 7.5), the reduced
nitroblue tetrazolium in the pellets was extracted and
diluted, and the absorbance (575nm) was taken, while the
molar extinction coefficient of MTT (5-diphebyl tetrazolium
bromide) used to estimate the cells’ superoxide anion level.

(2) Hydroxyl Radical Assay. This was done using the method
of Oloyede et al. [22]. Using MH broth medium, overnight
grown bacterial cultures were harvested and resuspended
in MH medium (50 ml, optical density,, = 0.1) and aerobi-
cally grown to optical density,,, of 0.2 at 37°C before addi-

tion of 2,2'-dipyridyl (500 umol/L) and/or 4x MIC
astaxanthin, ciprofloxacin, or novobiocin followed by incu-
bation (37°C, 3h). At every 30min incubation time, an
absorbance reading at 600 nm was taken.

2.3.5. Oxidative Stress Biomarker Assays

(1) Glutathione Assay. Cells were tested for reduced glutathi-
one (GSH) using the instructions in GSH assay kit. The cells
were treated for 30 min at 37°C with 4x MICs of either cip-
rofloxacin, novobiocin, or astaxanthin. After treatment, they
were pelleted, rinsed, frozen, and thawed twice and later cen-
trifuged (10,000xg, 10min). The working reagent was
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mixed with 10 yl of cell free extract, and the blank was made
with 5% sulfosalicylic instead of bacterial cells. The absor-
bance (412nm) was taken using a microplate reader, and
the GSH standard curve was used to determine the GSH
concentration in the cell free extract [25].

(2) ADP/ATP Assay. In this case, the ADP/ATP test kit
was used as per manufacturer’s instructions. The 4x
MIC of either ciprofloxacin, novobiocin, or astaxanthin
was incubated (30min, 37°C) with cells in exponential
phase before the cells (90ml) were mixed with the ATP
reagent and further incubated (1min, 25°C). Thereafter,
luminescence (relative light units (RLU,)) was measured
for ATP and the mixture incubated further (10min,

25°C) before luminescence reading (RLU,) [26]. Finally,
5ul of the ADP reagent was added vortexed, and a new
luminescence (RLU,) was read 1min later prior to the

estimation of ADP/ATP ratio from the expression:
ADP/ATP= (RLUc-RLUD)/RLUa.

2.4. Data Analyses. Experiments were performed in tripli-
cates for the in vitro assessments, and the findings presented
as the mean + standard deviation of replicate experiments.
Using the Analysis ToolPak in Microsoft Excel, the analysis
of variance and the students t-test were done to identify sig-
nificant difference at p<0.05 level between treatment
means. The plots for the computational analyses were con-
structed with Origin V18.
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TaBLE 4: MIC and MBC of astaxanthin against Gram-positive (S. aureus and B. cereus) and Gram-negative (P. aeruginosa and E. coli)

strains.

Bacterial strain Ciprofloxacin (ug/ml)

Novobiocin (yg/ml) Astaxanthin (ug/ml)

MIC MBC MIC MBC MIC MBC
Bacillus cereus 0.125 0.5 0.25 32 16 32
Escherichia coli 0.125 0.5 0.25 32 16 32
Pseudomonas aeruginosa 0.125 0.5 0.125 32 16 32
Staphylococcus aureus 0.125 0.25 16 64 8 32

3. Results

3.1. Computational Analyses. The binding energy scores of
the ligand-protein complexes generated through molecular
docking are presented in Table 1, with the docked DNA
GyrA- and topoi iv ParC-ciprofloxacin complexes having
scores of -7.4 and -6.9 kcal/mol, respectively, while -8.8 and
-8.4kcal/mol were obtained with astaxanthin, respectively.
On the other hand, the scores for DNA GyrB- and topoi iv
ParE-novobiocin docked complexes were -8.7 and
-6.6 kcal/mol, respectively, which were similar to -8.7 and
-6.7 kcal/mol with astaxanthin, respectively (Table 1).

Table 2 shows the results obtained in terms of the esti-
mated free binding energy of the complexes following
MDS analysis. The negative binding free energy scores of
astaxanthin-topoi iv ParC and topoi iv ParE complexes were
-35.55 and -38.73 kcal/mol, respectively, which were higher
than the reference antibiotics (Table 2). However, in com-
plex with GyrA and GyrB, ciprofloxacin (-33.72 kcal/mol)
and novobiocin (-56.52 kcal/mol) had higher negative bind-
ing free energy scores than astaxanthin (-28.840 and
-24.42 kcal/mol, respectively). The average RMSD values of
astaxanthin complexes with GyrA, PaC, and ParE were
1.40 A, 2.31 A, and 2.29 A, respectively, which compared well
with those of the reference antibiotics (1.21 A, 2.05 A, and
1.99A) and unbound protein (1.08 A, 2.56 A, and 2.45A)
(Figures 2(a), 2(c), and 2(d)). However, in complex with
DNA GyrB, the RMSD value for astaxanthin (4.03 A) was
lower than that of the unbound protein (5.00 A)
(Figure 2(b)). The data obtained with respect to RoG are
presented in Figure 3. The average RoG values of astax-
anthin complex with GyrA, GyrB, PaC, and ParE were
2328 A, 23454, 26.10 A, and 26.09 A, respectively, which
were similar to those obtained with the reference antibiotics
(23.52 A, 24.35A,25.47 A, and 25.38 A, respectively) and the
unbound protein (23204, 25454, 25954, and 25.73 A,
respectively) (Figures 3(a)-3(d)).

The interactions between the residues at the active site of
the proteins with astaxanthin post-MDS revealed that cipro-
floxacin (10) and novobiocin (26) had more interactions
with GyrA and GyrB than astaxanthin with 7 and 8 interac-
tions with GyrA and GyrB, respectively (Figure 4). Astax-
anthin formed van der Waals interactions with Arg62,
Ala39, Glyl178, Lys43, Ala37, and Gly40 and alkyl bonds
with (Leu38) of DNA GyrA while forming van der Waals
interactions with Asp3, Arg378, Arg6, Prol128, GIn129, and
GIn333; alkyl bonds with Val127 and Lys334 and hydrogen
bond with Arg6 of DNA GyrB (Figure 4). However, astax-

anthin with 17 and 19 interactions with Topoi IV ParC
and Topoi IV ParE, respectively, were higher than that of
ciprofloxacin (9) and novobiocin (16) against Topoi IV ParC
and Topoi IV ParE, respectively (Figure 5). Astaxanthin
formed van der Waals interactions with Tyr46, Ala79,
Asp32, Arg28, Val33, Gly35, Phe78, Hie 38, Pro39, Leu34,
Asp42, Gly4l, and Ser43 and alkyl bonds with Lys36,
Cys45 Hie40, and Pro75 of Topoi IV ParC while forming
van der Waals interactions with Leu9, Asp84, Arg83,
Val70, Ser68, Leu65, Pro49, Thr112, Thr114, Glu20, and
Asnl6; alkyl bonds with Vall3, Valll6, Ile64, Met48,
Arg46(2); and hydrogen bond with Val69 of Topoi IV ParE
(Figure 5). Astaxanthin had no common amino acid resi-
dues with ciprofloxacin and novobiocin with DNA GyrA
and Topoi IV ParE, respectively, but had common interac-
tions with ciprofloxacin and novobiocin with amino acid
residues Pro75, Ser43, Gly41, Phe78 of Topoi IV ParC and
Arg378, and Arg6 of DNA GyrB, respectively.

The ADMET (absorption, distribution, metabolism,
excretion, and toxicity) properties of astaxanthin and refer-
ence antibiotics are shown on Table 3. Astaxanthin has a
molecular weight, hydrogen bond donor, and hydrogen
bond acceptor of 596.84 g/mol, 2, and 4, respectively, which
were lesser than that of novobiocin (612.62 g/mol, 11, and 5,
respectively). For bioavailability and solubility in water,
astaxanthin compared well with novobiocin with a score of
0.17 and moderate solubility, respectively, relative to 0.55
with high solubility for ciprofloxacin. Astaxanthin was a
noninhibitor of all the CYP isoenzymes; however, novobio-
cin inhibit the CYP3A4. Also, astaxanthin passed the com-
mon toxicity tests while novobiocin and ciprofloxacin were
predicted to be potential immunotoxin and mutagen,
respectively. Judging by the estimated LD, values, astax-
anthin (4600 mg/kg) was a class 5 drug contrary to the anti-
biotics that belong to class 4 (Table 3).

3.2. In Vitro Evaluations. The results of the antimicrobial
activity of astaxanthin against the test organisms are shown
in Table 4. The MIC value for astaxanthin against B. cereus,
E. coli, and P. aeruginosa was 16 yug/ml relative to a range of
0.25-0.125 ug/ml for the reference standards. However, the
MIC of astaxanthin against S. aureus was lower than that
of novobiocin. Furthermore, astaxanthin had the same
MBC value against B. cereus, E. coli, and P. aeruginosa
as novobiocin, which was lower than the values observed
with ciprofloxacin against all the tested organisms
(Table 4). Regarding the time-kinetics, all the
astaxanthin-treated bacterial strains demonstrated a
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FIGURE 6: Viability of (a) E. coli, (b) P. aeruginosa, (c) B. cereus, and (d) S. aureus exposed to astaxanthin (4x MIC).

concentration-dependent effect observed as decrease in
absorbance after 30 min of incubation, compared to the
DMSO-treated strains (Figure 6). However, while the
decrease in absorbance in astaxanthin-treated P. aerugi-
nosa was more pronounced than the observation with
novobiocin (Figure 6(b)), there was no significant differ-
ence in the effect elicited by astaxanthin against S. aureus
and B. cereus when compared to the reference antibiotics
(Figures 6(c) and 6(d)).

The superoxide anion radicals generated during astax-
anthin treatment of the bacterial cells are shown in
Figure 7. The superoxide anion levels of P. aeruginosa, B.
cereus, S. aureus, and E. coli increased significantly following
treatment with astaxanthin, when compared with DMSO-
treated cells. It was noteworthy that the levels of superoxide
anion generated in astaxanthin-treated cells compared
favorably with those generated in cells treated with cipro-
floxacin (Figure 7(a)) and novobiocin (Figure 7(b)). The
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time-killing rate as a result of treatment of bacterial cells The data obtained regarding the effect of astaxanthin treat-
with astaxanthin in the presence and absence of 2,2'dipyri- ~ ment on GSH concentration of the bacterial cells are presented
dyl is shown in Figure 8. Cotreatment of bacterial cells with  in Figure 9. Compared with DMSO-treated organisms, the
astaxanthin and 2,2'dipyridyl resulted in marginally =~ GSH concentration of the astaxanthin-treated cells signifi-
decreased time-dependent killing of the bacterial cells rela-  cantly decreased (p <0.05). However, the decrease in GSH
tive to treatment with astaxanthin only. concentration in the reference antibiotics treated cells was



Oxidative Medicine and Cellular Longevity

Absorbance (600 nm)

Absorbance (600 nm)

S. cereus
0.35 -
0.3 4
0251
02
0.15
0.1
0.05
0 T T T T T 1
0 30 60 90 120 150 180
Time (min)
—— DMSO —— AST + Dipyridyl
Dipyridyl —— AST
()
B. cereus
0.35 -
0.3 4
0.25
0.2 4
0.15
0.1 4
0.05
0 T T T T T 1
0 30 60 90 120 150 180
Time (min)
—— DMSO —— AST + Dipyridyl
Dipyridyl — AST
(b)

FiGure 8: Continued.

17



18

Oxidative Medicine and Cellular Longevity

E. coli
0.40 -
0.35
~ 03 /1/1
T
g I S :
\8\9 0.25 4 3 T 1
g 024
=1
<
£ 0.15 -
2
< 01+
0.05 ~
0 T T T T T 1
0 30 60 90 120 150 180
Time (min)
—— DMSO —— AST + Dipyridyl
Dipyridyl — AST
(©
P. aeruginosa
0.35 4
. 1
0.3 1 3
E 025 1
g ’/,j—//} -
= .
8 02-
3
g 0.5 -
S
=
o
2 0.1
<
0.05
O T T T T T 1
0 30 60 90 120 150 180
Time (min)
—— DMSO —— AST + Dipyridyl
Dipyridyl — AST

(d)

F1GURE 8: Involvement of hydroxyl radical in astaxanthin (4x MIC) mediated lethality on (a) B. cereus, (b) S. aureus, (c) E. coli, and (d) P.

aeruginosa, in the presence of 2,2’ -dipyridyl (500 umol/L).

more significant than those of the astaxanthin-treated cells
except in S. aureus where the effect potentiated by astaxanthin
compared favorably with that of novobiocin (Figure 9(b)). On
the other hand, a significant increase was noted in ADP/ATP
ratio following treatment of the bacterial cells with astaxanthin
relative to the DMSO-treated cells (Figure 10). It is also note-
worthy that the increase in ADP/ATP ratio of astaxanthin-
treated cells was higher than those observed with both cipro-
floxacin (Figure 10(a)) and novobiocin (Figure 10(b)).

4. Discussion

Fluoroquinolones are currently the only bactericidal antibac-
terials that directly impede bacterial DNA synthesis [27].

They function through generation of “poison” complexes
between topo2As and DNA with evidence of ROS/oxidative
stress involvement [3, 4, 22, 28]. In this work, the involve-
ment of oxidative stress in antibacterial activity of astax-
anthin was investigated in vitro and in silico.

Molecular docking is an in silico method that predicts
ligand orientation and conformation in the active site of a
receptor, thus allowing for the estimation of binding affinity
[29, 30]. In comparison to the reference standards, the
higher binding energy observed with astaxanthin against
DNA GyrA and topoi IV Par C/ParE in this study could
be an indication that astaxanthin had greater binding effi-
ciency and affinity for these proteins than ciprofloxacin
and novobiocin. Similarly, judging by the docking scores,
both astaxanthin and novobiocin had similar affinity for
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DNA GyrB. However, since the prediction accuracy of
molecular docking is limited due to its simple scoring func-
tions in predicting ligand’s interactions in receptors binding
pocket [31, 32], the best complex poses in each case were
further subjected to molecular dynamic simulations
(MDS). The MDS takes into consideration the physical
movements of atoms of the ligands and proteins allowing
for the estimation of free binding energy, ROG and RMSD
[33]. In this study, the higher negative free binding energy
score observed with astaxanthin against topoi IV ParC and
ParE than the reference antibiotics could be an indication
that astaxanthin had better inhibitory effect on these pro-
teins with a higher binding affinity and possibly better stabil-

ity of the resulting complex than the reference antibiotics.
This observation agrees with previous findings where anti-
microbial compounds such as withasomnine and garcinol
[27, 34] were reported to have potential stronger affinities
against topoi IV over synthetic inhibitors. This is however
in sharp contrast to the higher binding affinity indicative
of better inhibition of DNA GyrA and GyrB with the refer-
ence antibiotics than astaxanthin observed in this study.
The RMSD measures the thermodynamic conformational
stability of protein-ligand complex during MDS and the
lower the RMSD the greater the stability [33]. The observa-
tion that the average RMSD values of astaxanthin complexes
with GyrA, ParC, and ParE were less than the acceptable
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limit of <3.5A and relatively similar to the value obtained
with the unbound proteins was a pointer to the fact that
astaxanthin does not perturb the conformational stability
of these proteins and an indication of better benefit as pro-
spective lead and potential new inhibitor of topoi IV ParC
and ParE when considered alongside the higher free binding
energy of astaxanthin against these proteins than the values
observed with the reference antibiotics. Consistently, the
observed higher RMSD of astaxanthin in complex with GyrB
when compared with other complexes was suggestive of
lower stability of astaxanthin with GyrB, and this was con-

sistent with the lower negative binding free energy obtained
for this complex in this study. In sharp contrast to this
observation, the lower RMSD value for novobiocin implied
that it had a better capacity to improve structural stability
of GyrB than astaxanthin. The RoG evaluates the compact-
ness and stability of the resulting complex during MDS,
and a more stable complex is usually indicated by a lower
RoG value [20]. In this study, the observed relatively similar
average RoG values of astaxanthin with unbound protein
and reference antibiotics in complexation with GyrA, GyrB,
PaC, and ParE further support the RMSD results. Generally,
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based on the observed findings from the in silico evaluations
in this study, astaxanthin seems to have more affinity and
higher inhibitory potential against the topo2As druggable
target of Gram-positive organism (topoi IV ParC/ParE) than
the Gram-negative bacteria (DNA GyrA/GyrB).

The free binding energy of a complex is usually attribut-
able to the bond interactions between a receptor and its
ligands [35, 36], and the observed higher binding affinity
and stability of astaxanthin complex with Topoi IV ParC
and Topoi IV ParE in this study could have been due to its
higher number of bond interactions with these proteins rel-
ative to the interactions formed with the reference antibi-
otics. This observation is consistent with a previous report
where higher binding affinity and stability of five flavonoids
against penicillin binding protein 2a were attributed to
higher number of established bonds at the binding pockets
of the protein [33]. This perhaps could explain why astax-
anthin had higher inhibitory potential towards topoi IV
ParC and ParE than DNA GyrA and GyrB in this study. Fur-
thermore, the identification of Lysl113, Phell5, Serll4,
Alall6, Pro 112, and Asp110 residues within the 100-122
loop of topoi IV ParC (Figure S2a) could be another
supporting evidence for structural stability of astaxanthin’s
complex with the protein, as this loop has been reported to
be germane in topoi IV ParC stabilization [37]. Although,
some of these amino acid residues were also observed in
topoi IV ParC complexed with ciprofloxacin, however,
within the 100-122 loop, ciprofloxacin had lesser amino
acid residues and could have probably contributed to the
lower free binding energy observed with ciprofloxacin
relative to astaxanthin. Also, Arg65 of topoi IV ParC
which formed two hydrogen bonds with astaxanthin was
also identified in this study as important amino acid
contributing to the stability of the complex. Similarly, for
GyrA, the Asp87 (Figure S1b) which formed carbon-
hydrogen bond with ciprofloxacin in this study has been
shown by Huang [38] to be one of the most important
catalytic amino acid residues of GyrA. This important
amino acid was absent in the complex with astaxanthin
and could have contributed to its lower free binding
energy relative to ciprofloxacin observed in this study. For
GyrB, amino acid such as Arg20, Pro23, GInl35, and
Asp29 (Figure Slc) forming hydrogen bonds and alkyl
bonds with astaxanthin was observed to be important
residues contributing to the stability of the complex. In
contrast to this observation, Gjorgjieva et al. [39] have
previously noted Val71, Thrl65, Asn46, Pro79, Ile78,
Asp73, Glu50, Arg76, Vall20, Val43, Val 43, Vall64, and
Ala 47 to be important residues contributing to the
stability of benzothiazole scaffold-based Gyr B inhibitor.
Nevertheless, residue Asp73 of GyrB formed van dan
Woaals interactions with astaxanthin and novobiocin,
respectively (Figure Slc and d). Regarding topoi IV ParE,
Argl131, Valll53, and Valll36 that formed hydrogen
and Pi-alkyl bonds at the active site with astaxanthin
(Figures S2c) were identified as catalytically important
residues, though, not in agreement with Gly71, Arg72,
Gly73, Tle68, Arg72, Val39, Ile40, Ser43, and Val44
previously reported by Li et al. [40].
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The Lipinski’s rule of five describes the druggability
and oral bioavailability of a biologically active compound
[41]. Based on this rule, the drug likeliness as a function
of pharmacokinetic traits of a compound or drug candi-
date can be predicted [42]. In this study, the number of
hydrogen bond acceptors and donors for astaxanthin is
within the acceptable Lipinski limit of <5 and 10, respec-
tively, suggesting a good blood-brain barrier (BBB) per-
meation effect. The molecular weight of astaxanthin was
greater than the Lipinski’s value of <500 g/mol but within
the recommended range of 130 to 725g/mol [42] indicat-
ing that astaxanthin can still penetrate target cell mem-
brane. Metabolism by the CYP isoenzymes is a key
determinant of drug interactions and an indication of drug
toxicity [33]. The observation that astaxanthin was pre-
dicted to be a noninhibitor of all the CYP isoenzymes in
this study is suggestive of its tendency not to cause
drug-drug interactions when coadministered with drugs
normally metabolized by the enzymes, and this is in tan-
dem with a previous work [43], where related findings
were reported in the evaluation of a-naphthoflavones
against the CYP isoenzymes. Judging by the LD, values
and the class of drugs evaluated in this study, astaxanthin
stands the chance of being considered suitable for use as a
drug candidate relative to the standards that belong to
class 4 with higher lethality profile [33].

Since astaxanthin showed some level of significant inhib-
itory effects especially on the topoi IV ParC and ParE in
silico, the in vitro evaluations were undertaken to confirm
the observed effects and the possibility of oxidative stress
involvement in its bacterial lethality. Studies have reported
the antimicrobial properties of astaxanthin [44-49] with evi-
dence pointing towards its dose-dependent bactericidal and
bacteriostatic activity against both Gram-negative and
Gram-positive bacteria. Findings from this study corrobo-
rate these observations as astaxanthin was found to be
potent against both Gram-negative and Gram-positive
organisms, and the time-kill susceptibility test of astaxanthin
demonstrated a concentration-dependent decrease in bacte-
rial viability. Interestingly too, the lower MIC value of astax-
anthin against S. aureus than novobiocin in this study
suggests that a lower concentration of astaxanthin is
required to inactivate the organism and further supports
the in silico results, where astaxanthin had higher affinity
for the topo2As druggable targets (topoi IV ParC/ParE) in
Gram-positive organisms than Gram-negative targets
(GyrA/GyrB).

Studies have reported an increase in the production of
ROS in response to antimicrobials treatment, with the resul-
tant effect being redox homeostasis imbalance [50-54]. This
imbalance is caused by increased bacterial respiratory chain
activity, which results in oxidative damage to macromole-
cules (lipids, nucleic acids, and proteins) and consequently
cell death [24, 53, 54]. In this study, the observed increase
in the level of superoxide anion radicals produced following
treatment with astaxanthin could be indicative of ROS gen-
eration and its subsequent involvement in bacterial lethality.
This was further supported by the decrease in bacterial via-
bility attributable to the inhibitory effect of astaxanthin on
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hydroxyl radicals in the presence of 2,2 -dipyridyl, a chelator
of Fe** that inhibits Fenton reaction, and consequently
hydroxyl radicals’ formation. These findings are consistent
with the report of Ajiboye et al. [24], where protocatechuic
acid enhanced ROS generation, with concomitant damaging
effect on the Fe-S cluster proteins of the treated bacterial
cells, resulting in either inactivation or death. The ADP/
ATP ratio is another plausible marker of oxidative stress,
and the cellular respiratory intensity is directly proportional
to ADP values [4]. The observed increases in the ADP/ATP
ratios in the astaxanthin-treated cells in this study could be
an indication of induced oxidative stress and intense cellular
respiration in the bacterial cells. This observation is in agree-
ment with the findings of Lobritz et al. [54], where cell death
was associated with accelerated respiration, while further
lending credence to the contributory role of ROS to antibac-
terial potential of astaxanthin against the tested strains.
The bacterial systems are equipped with GSH, a nonen-
zymatic antioxidant responsible for the detoxification of free
radicals [55]. During cellular metabolism and in the advent
of oxidative stress induction, the antioxidant systems such
as GSH of the bacterial cells become depleted in an attempt
to detoxify generated ROS. This GSH depletion could pro-
mote redox imbalance in bacterial cells in a manner that
the cells may not be able to cope with noxious ROS, which
will enhance macromolecular cellular damage resulting to
death [24, 51]. In this study, the significantly reduced GSH
level in the astaxanthin-treated cells is not only indicative
of GSH depletion in response to both superoxide and
hydroxyl ions produced but supportive evidence that ROS
generation was involved in astaxanthin-mediated bacterial
lethality. Similar observations regarding GSH have also been
reported following treatment of clinically important patho-
genic bacteria with plant secondary metabolites [22, 51].

5. Conclusion

This study has demonstrated the significance of oxidative stress
in astaxanthin-mediated bacterial killing as revealed from the
increased ROS generated following treatment with astaxanthin
through rate of killing, reduction in GSH, and the correspond-
ing significant increase in ATP/ADP ratio of the bacterial cells.
Although astaxanthin had inhibitory effect against both Gram-
positive and Gram-negative bacteria, its effects were more pro-
nounced and significant against the Gram-positive organisms
in vitro, and this observation agrees with the results of the in
silico analyses regarding the binding free energy, structural sta-
bility, and compactness of astaxanthin-topoi IV ParC and ParE
complexes, which were higher and better than its effect against
GyrA and GyrB. Consequent upon the foregoing and the good
pharmacokinetic traits alongside its drug likeliness properties,
astaxanthin could be harnessed to develop novel therapeutic
candidates against topo2As taking advantage of oxidative stress
involvement in its bacterial lethality.
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