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a b s t r a c t 

Zinc is a highly coveted redox-inactive micronutrient required for the growth and virulence of Acinetobac- 

ter baumannii. In this study, the role of the zinc uptake regulator Zur in the susceptibility and oxidative 

stress response of A. baumannii to antibiotics was evaluated. Inactivation of zur increased the suscep- 

tibility of A. baumannii AB5075 to colistin, gentamicin, rifampicin and tigecycline. Furthermore, activi- 

ties of superoxide dismutase and catalase decreased significantly in the �zur mutant compared with the 

parental strain. Colistin, gentamicin, rifampicin and tigecycline raised the superoxide anion radical ( ·O 2 
−) 

and hydrogen peroxide (H 2 O 2 ) contents of the �zur mutant compared with the parental strain. In ad- 

dition, the antibiotics lowered glutathione and concomitantly raised glutathione disulphide levels in the 

�zur mutant. All of the antibiotics, except tigecycline, significantly raised the NAD 

+ /NADH and ADP/ATP 

ratios in A. baumannii . We conclude that decreased capability of the �zur mutant to detoxify reactive 

oxygen species increased its susceptibility to antibiotics. 

© 2018 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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. Introduction 

Acinetobacter baumannii is a Gram-negative, opportunistic

athogen responsible for nosocomial infections including pneumo-

ia, urinary tract infection, burn infection, secondary meningitis

nd systemic infections [1] . Ever-increasing rates of resistance to

ntibiotics [2–5] make A. baumannii a significant human pathogen

ith a critical need for new antibiotic development [6] . The abil-

ty of A. baumannii to tolerate desiccation and disinfection [7] and

o form biofilms [8] contribute to morbidity and mortality [3] . The

mportance of micronutrients, including zinc, on the virulence of

. baumannii has been demonstrated [9,10] . 

Zinc is a redox-inactive metal that is a component of structural,

atalytic and regulatory proteins [11,12] . At physiological concen-

ration, Zn, being a cofactor of superoxide dismutase (SOD), pro-

ects against free radical formation [13,14] . However, it is toxic at

igh concentrations owing to mismetallation of non-zinc proteins

15] . Thus bacteria, including A. baumannii , have evolved regulatory

echanisms to control the intracellular zinc concentration [14,16] . 

In A. baumannii , the zinc uptake regulator Zur, a member

f the ferric uptake regulator (Fur) family, regulates zinc home-

stasis [17] . In Zn-replete conditions, Zur binds Zn 

2 + leading to
∗ Corresponding author. 

E-mail address: toajiboye@nileuniversity.edu.ng (T.O. Ajiboye). 

2

 

t  

ttps://doi.org/10.1016/j.ijantimicag.2018.11.022 

924-8579/© 2018 Elsevier B.V. and International Society of Chemotherapy. All rights rese
epression of Zn acquisition proteins (ZnuABC), Zn transporters

ZnuD1 and D2) and the TonB system that provides energy for Zn

ransport [18] . Although zinc is redox-inactive in vivo, Eijkelkamp

t al. reported compromised redox balance in favour of reactive

xygen species (ROS) production [19] . In A. baumannii, zur dele-

ion increased susceptibility to β-lactam antibiotics [9] . Further-

ore, expression of genes engaged in ROS detoxification as well

s soxR , which is responsible for sensing superoxide stress, were

rossly decreased [17] . Although it is expected that SOD activity

ecreases in response to lowered soxR expression, Sein-Echaluce et

l. reported significantly increased SOD and catalase activities in a

ur mutant of Anabaena sp. PCC 7120 [11] . 

The contributory role of oxidative stress to antibiotic-mediated

illing of bacteria, including A. baumannii , has been widely re-

orted [20–23] . We hypothesised that zur deletion would enhance

usceptibility to antibiotics owing to a reduced ability to detoxify

OS. To this end, the oxidative response of a �zur mutant strain of

he wild-type (WT) A. baumannii AB5075 to antibiotics was inves-

igated. 

. Materials and methods 

.1. Strains and culture conditions 

Acinetobacter baumannii WT strain AB5075 and its zur mu-

ant (AB09851, designated �zur ) were obtained from the
rved. 

https://doi.org/10.1016/j.ijantimicag.2018.11.022
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijantimicag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijantimicag.2018.11.022&domain=pdf
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A. baumannii transposon mutant library at http://tools.

uwgenomics.org/tn _ mutants/ [9] . All strains were grown at

37 °C in Luria–Bertani (LB) broth or on LB agar supplemented with

5 μg/mL tetracycline to maintain the transposon insertion of the

mutant. 

2.2. Zinc concentration assay 

The concentration of Zn in WT and �zur A. baumannii strains

was determined using a Zinc Assay Kit (MAK032; Sigma-Aldrich).

Briefly, A. baumannii cells were grown to exponential phase,

were pelleted, washed and suspended in phosphate-buffered saline

(PBS), and were homogenised using multiple freeze/thaw cycles.

The extract was deproteinised by adding an equal volume of

trichloroacetic acid (7%). The mixture was then centrifuged at 13

0 0 0 × g for 5 min to obtain the cell-free extract as the supernatant.

Then, 50 μL of the cell-free extract was mixed with 200 μL of Zn

reagent mix and the reaction was incubated at room temperature

for 10 min. Absorbance of the reaction mixture was read at 560

nm. 

2.3. Minimum inhibitory concentration (MIC) determination 

MICs of colistin, gentamicin, rifampicin and tigecycline were de-

termined using Etest strips (Liofilchem, Roseto degli Abruzzi, Italy).

Briefly, LB agar plates were covered completely with appropriate

cultures [optical density at 600 nm (OD 600 ) of ca. 0.5] and then

the liquid was removed, Etest strips were deposited and the plates

were incubated at 37 °C for 18 h to determine the MIC. At least

three independent MIC determinations were performed. 

2.4. Time–kill assay 

WT and �zur strains of A. baumannii were grown overnight at

37 °C in LB broth supplemented with 5 μg/mL tetracycline to main-

tain the �zur cassette. Overnight cultures of WT and �zur were

diluted to OD 600 = 1 in LB medium without antibiotics. Then, 1 mL

of the resulting culture was inoculated into 50 mL of LB medium

in a 250-mL baffled flask and was grown aerobically in a shaking

incubator (150 rpm) at 37 °C. At exponential growth (OD 600 = 0.5),

colistin, gentamicin, rifampicin and tigecycline at 4 × MIC were

added to the medium. The OD 600 was read at 30-min intervals over

a 3-h incubation period. Antibiotics were solubilised in dimethyl

sulfoxide (DMSO) and were diluted with LB to achieve appropri-

ate concentration of antibiotics in 0.04% DMSO and the desired

concentrations of colistin, gentamicin, rifampicin and tigecycline

(4 × MIC). All measurements were performed with these concen-

trations, unless otherwise stated. 

2.5. Catalase 

Catalase activity was determined using the procedure described

by Shangari and O’Brien [24] . Briefly, WT and �zur A. baumannii

strains in exponential phase were incubated with colistin, gentam-

icin, rifampicin or tigecycline (4 × MIC) at 37 °C for 30 min. The

cells were pelleted, washed, suspended in PBS and homogenised

using multiple freeze/thaw cycles. The mixture was centrifuged at

13 0 0 0 × g for 5 min to obtain the cell-free extract as the su-

pernatant. Then, 20 μL of cell-free extract was incubated with 65

μM H 2 O 2 in 6.0 mM sodium phosphate buffer (pH 7.4) (100 μL).

The reaction was stopped by adding 32.4 mM ammonium molyb-

date (100 μL) and then absorbance of the yellowish molybdate

and H 2 O 2 complex was read at 400 nm within 30–60 s using a

VersaMax TM microplate reader (Molecular Devices, San Jose, CA). 
.6. Hydrogen peroxide (H 2 O 2 ) assay 

The H 2 O 2 content of WT and �zur A. baumannii strains exposed

o colistin, gentamicin, rifampicin or tigecycline was estimated

s outlined in the Peroxide Assay Kit (MAK311; Sigma-Aldrich).

riefly, WT and �zur strains of A. baumannii at exponential

hase were incubated with colistin, gentamicin, rifampicin or tige-

ycline (4 × MIC) at 37 °C for 30 min. H 2 O 2 in the cell-free extract

prepared as described for the catalase assay) oxidises Fe 2 + and

he absorbance of the purple Fe 3 + –xylenol complex was read at

85 nm. 

.7. Superoxide dismutase (SOD) 

The activity of SOD in A. baumannii was determined as de-

cribed by Misra and Fridovich [25] . Cell-free extract of WT and

zur A. baumannii strains exposed to colistin, gentamicin, ri-

ampicin or tigecycline (4 × MIC) was prepared as described for

he catalase assay. Briefly, 15 μL of cell-free extract was added

o 125 μL of 0.05 mol/L carbonate buffer (pH 10.2) and the reac-

ion was started by adding 15 μL of freshly prepared epinephrine

0.3 mmol/L). The increase in absorbance at 480 nm (A 480 ) was

ead every 30 s for 150 s using a VersaMax TM microplate reader.

ne unit of enzyme activity was defined as 50% inhibition of the

ate of autoxidation of epinephrine as determined by the change in

 480 /min. 

.8. Superoxide anion radical ( ·O 2 
−) generation 

WT and �zur A. baumannii cells were grown to exponential

hase and were incubated with colistin, gentamicin, rifampicin or

igecycline (4 × MIC), followed by addition of nitroblue tetrazolium

0.5 mL; 1 mg/mL), and were incubated at 37 °C for 30 min. Follow-

ng incubation, 0.1 mL of HCl (0.1 M) was added and the resulting

ixture was centrifuged at 1500 × g for 10 min. Reduced nitrob-

ue tetrazolium in the pellets was extracted with DMSO (0.04%),

as diluted with 0.8 mL of PBS (pH 7.5) and the absorbance

as read at 575 nm. The superoxide anion content of the cells

as calculated using the molar extinction coefficient of 3-(4,5-

imethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) for-

azan (17 0 0 0 M 

−1 cm 

−1 at pH 7.4–8.0) as described by Ajiboye

t al. [26] . 

.9. Glutathione (GSH) and glutathione disulfide (GSSG) assay 

Reduced GSH in WT and �zur strains of A. baumannii exposed

o colistin, gentamicin, rifampicin or tigecycline was as outlined in

he Glutathione Assay Kit (CS0260; Sigma-Aldrich). WT and �zur

ells of A. baumannii at exponential phase were incubated with

olistin, gentamicin, rifampicin or tigecycline (4 × MIC) at 37 °C for

0 min. The incubated cells were pelleted, were washed with PBS

nd were treated with 5-sulfosalicylic acid (5%). The resulting mix-

ure was subjected to two freeze/thaw cycles, followed by centrifu-

ation at 10 0 0 0 × g for 10 min to obtain the cell-free extract as the

upernatant. Then, 10 μL of cell-free extract was mixed with work-

ng reagent [final concentrations, 95 mM potassium phosphate

uffer (pH 7.0), 0.95 mM ethylene diamine tetra-acetic acid (EDTA),

.115 U/mL glutathione reductase, 48 μM NADPH and 0.031 mg/mL

TNB]. The blank was constituted the same way except that the

ample was replaced with 5% sulfosalicylic acid. Absorbance was

ead at 412 nm in a microplate reader. The concentration of GSH

n the cell-free extract was obtained from the GSH standard curve.

he glutathione disulfide contents of the cell free extract was esti-

ated as described by Ajiboye et al. [26] . 

http://tools.uwgenomics.org/tn_mutants/
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Fig. 1. Zinc concentration in the cell-free extract of wild-type (WT) Acinetobacter 

baumannii (AB5075) and the �zur mutant strain (AB09851). ∗ Significantly different 

( P < 0.05). Results are expressed as the mean ± standard error of the mean of three 

independent experiments. 
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.10. NAD 

+ /NADH ratio 

The NAD 

+ /NADH ratio in cells treated with or without col-

stin, gentamicin, rifampicin or tigecycline was estimated using the

rocedure outlined in the NAD/NADH Quantification Kit (MAK037;

igma-Aldrich). Exponential-phase A. baumannii cells were treated

s detailed in the GSH assay. Following 30 min of incubation, cells

ere washed with cold PBS and were centrifuged at 20 0 0 rpm for

 min. The cells were treated with NADH/NAD extraction buffer

hrough two freeze/thaw cycles of 20 min on dry ice, followed by

0 min at room temperature. The cell-free extract was separated

y centrifuging the samples at 13 0 0 0 × g for 10 min. Then, 50 μL

f cell-free extract was treated with 50 μL of NADH/NAD extrac-

ion buffer, followed by 100 μL of master reaction mix (NAD cy-

ling buffer and NAD cycling enzyme). The reaction was mixed and

as incubated for 5 min at room temperature, after which 10 μL

f NADH developer was added. Samples were incubated at room

emperature for 2 h and the absorbance was read at 450 nm. 

.11. ADP/ATP ratio 

The ADP/ATP ratio was assessed using the procedure de-

ailed in the ADP/ATP Ratio Assay Kit (MAK135; Sigma-Aldrich).

xponential-phase A. baumannii cells were treated as described in

he GSH assay. Following 30 min of incubation, 90 μL of the cells

as mixed with an equal volume of ATP reagent and was incu-

ated for 1 min at room temperature. Luminescence [relative light

nits (RLU)] was read for ATP (RLU A ). The mixture was then in-

ubated for an additional 10 min and the luminescence for ATP

RLU B ) was read to provide the background before ADP measure-

ent. Immediately after RLU B reading, 5 μL of ADP reagent was

dded and mixed and the luminescence was read after 1 min

RLU C ). ADP/ATP was estimated using the expression below: 

 

RL U C − RL U B 

RL U A 

.12. Protein concentration assay 

The concentration of protein in the cell-free extracts of WT

nd �zur A. baumannii was determined as described by Bradford

27] . Briefly, 5 μL of cell-free extract was mixed with 250 μL of

oomassie reagent. The mixture was incubated at room tempera-

ure for 10 min and the absorbance was read at 595 nm. 

.13. Statistical analysis 

The results were expressed as the mean ± standard error of

he mean of three independent experiments. Differences between

reatments were determined by analysis of variance (ANOVA) fol-

owed by Dunnett’s post-hoc test using GraphPad Prism for Win-

ows v.6.01 (GraphPad Software Inc., La Jolla, CA). 

. Results 

Zur regulates Zn 

2 + homeostasis in bacteria, including in A. bau-

annii [17] . In this study, the level of Zn in a �zur mutant of

. baumannii AB5075 was assessed and was compared with the

arental A. baumannii strain. As expected, the �zur mutant ex-

ibited an increased Zn concentration compared with the WT

 Fig. 1 ). Next, the MICs of colistin, gentamicin, rifampicin and

igecycline were determined both for the �zur mutant and its

arental strain. Consistent with Gebhardt et al. [9] , significant ( P

 0.05) decreases in the MICs of colistin, gentamicin, rifampicin

nd tigecycline were observed in the �zur mutant compared

ith the WT ( Fig. 2 A). Furthermore, the �zur mutant showed a

light growth defect compared with the parental strain ( Fig. 2 B).
n addition, the susceptibility of the �zur mutant to colistin, gen-

amicin, rifampicin, tigecycline as well as to H 2 O 2 was raised com-

ared with the parental strain ( Fig. 2 C,D). 

Deletion of zur was reported to lower the expression of catalase

17] and this could increase susceptibility to ROS-induced oxidative

tress . Since ROS generation has been linked to antibiotic-induced

acterial death [20,22,28] , we proposed that a reduced capability

f the �zur mutant to detoxify H 2 O 2 might be responsible for the

ncreased antibiotic susceptibility. To validate this, first the activity

f catalase in A. baumannii WT and �zur in the absence of antibi-

tics was assessed. Consistent with the findings of Mortensen et al.

17] , the activity of catalase in the �zur mutant was significantly

owered compared with the WT strain ( Fig. 3 A). This activity was

urther lowered following exposure of WT and �zur cells to the

ntibiotics ( Fig. 3 A). Furthermore, colistin, gentamicin, rifampicin

nd tigecycline significantly raised the level of H 2 O 2 in the �zur

utant compared with the WT strain ( Fig. 3 B). 

The presence of Zn in Cu/Zn SOD explains its importance in

OS detoxification. Indeed, zur deletion in Anabaena spp. PCC 7120

aised SOD activity [11] . Thus, we evaluated the impact of zur dele-

ion on the activity of SOD and, contrary to Sein-Echaluce et al.

11] , we noted a significant decrease in SOD for the �zur mutant

ompared with the WT ( Fig. 4 A). Antibiotics further lowered SOD

ctivity in the �zur mutant compared with the WT strain ( Fig. 4 A).

ntibiotics can increase respiratory activity leading to enhanced

O 2 
– generation [29–31] . Thus, it seems plausible that the dimin-

shed SOD activity will reduce the capability of the �zur mutant to

etoxify superoxide leading to the increased susceptibility to an-

ibiotics observed in this study. To test this, we assessed ·O 2 
– in

. baumannii WT and �zur following exposure to colistin, gentam-

cin, rifampicin or tigecycline. The level of ·O 2 
– in the �zur mutant

ncreased significantly compared with the WT A. baumannii strain

 Fig. 4 B) . 

Catalase is not the only existing mechanism for H 2 O 2 detoxifi-

ation [32–34] ; indeed, reduced GSH is also involved [35,36] . Thus,

e sought to investigate the level of GSH in A. baumannii exposed

o these antibiotics. The GSH content of the �zur mutant strain ex-

osed to colistin, gentamicin, rifampicin and tigecycline decreased

ignificantly compared with the WT strain ( Fig. 5 A). The connec-

ion between zinc metabolism and thiol proteins and peptides, in-

luding GSH, prompted us to ask what was responsible for the re-

uced GSH. To this end, the level of glutathione disulphide (GSSG)

as assessed because it is the product of H 2 O 2 -mediated oxidation

f GSH. The level of GSSG increased significantly in the �zur mu-

ant of A. baumannii exposed to colistin, gentamicin, rifampicin and

igecycline compared with the WT strain ( Fig. 5 B). Indeed, the in-

reased H 2 O 2 observed in the �zur strain of A. baumannii ( Fig. 3 B)

uggests that the GSH system is not sufficient for detoxification. 
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Fig. 2. Inactivation of zur increases the susceptibility to antibiotics. (A) Minimum inhibitory concentrations (MICs) of colistin (CST), gentamicin (GEN), rifampicin (RIF) and 

tigecycline (TGC) against wild-type (WT) Acinetobacter baumannii (AB5075) and the �zur mutant strain (AB09851). (B) Growth curve of WT and �zur mutant strains. (C,D) 

Time–kill assays of WT (C) and �zur mutant strains to H 2 O 2 (5 mM), colistin, gentamicin, rifampicin and tigecycline (4 × MIC). Bars with different superscript letters are 

significantly different (P < 0.05). 
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s  
Antibiotic-mediated fuelling of electron transport chain activity

with NADH [37–39] is responsible for increased electron leak-

age and ROS generation. We assessed the influence of electron

transport on ROS generation in colistin-, gentamicin-, rifampicin-

and tigecycline-treated �zur mutant and WT strains of A. bauman-

nii . The antibiotics used in this study, except tigecycline, signifi-

cantly raised the NAD 

+ /NADH ratio both in WT and �zur mutant

strains of A. baumannii compared with untreated strains ( Fig. 6 A).

However, antibiotic-mediated increases in the NAD 

+ /NADH ratio

were not significantly different in the WT and �zur mutant

strains. Similarly, the ADP/ATP ratio, an index of redox status in

bacteria [40] , increased significantly in colistin-, gentamicin- and

rifampicin-treated, but not tigecycline-treated, A. baumannii WT

and �zur mutant strains ( Fig. 6 B). 

4. Discussion 

Transition metals, including zinc, are indispensable for the bio-

chemistry of life owing to their involvement in enzyme catalysis

and regulatory function [12] . Despite this, organisms including A.

baumannii have evolved regulatory mechanisms to avoid toxicity

resulting from overload [18] . In this study, we present the influ-

ence of the zinc uptake regulator Zur on the oxidative stress re-

sponse and susceptibility of A. baumannii to antibiotics. 

The susceptibility of a zur mutant compared with WT strains of

A. baumannii to antibiotics including colistin, gentamicin and tige-

cycline has been reported [9] . In that study, deletion of zur had no

significant effect on the susceptibility to colistin and gentamicin
ompared with the parental strain A. baumannii AB5075 [9] . Inter-

stingly, Gebhardt et al. reported that the �zur mutant was more

esistant to tigecycline, albeit without statistical significance [9] . In

ontrast, in the current study we noted increased susceptibility of

he �zur mutant to colistin, gentamicin, rifampicin and tigecycline.

he lowered MICs of colistin, gentamicin, rifampicin and tigecy-

line for the �zur mutant indicate increased susceptibility and the

nfluence of Zur on antibiotic resistance. 

Oxidative stress arising from increased ROS generation has

een demonstrated and documented in antibiotic-induced bacte-

ial lethality [20,26,39] . Consistent with these studies, the antibi-

tics (colistin, gentamicin, rifampicin and tigecycline) increased

 2 O 2 and ·O 2 
− generation in A. baumannii . Interestingly, H 2 O 2 and

O 2 
− generation was more pronounced when the �zur mutant was

reated with antibiotics, which could be due to lowered catalase

ctivity in the mutant compared with the parental strain. Indeed,

ortensen et al. reported similarly decreased expression of cata-

ase in a �zur mutant strain of A. baumannii [17] . The decreased

OD activity, which is contrary to previous studies [11] , is ex-

ected because Mortensen et al. reported lowered soxR expression

n the �zur mutant strain of A. baumannii [17] . It is plausible that

he �zur mutant strain should have lowered SOD activity, as ex-

ression of its transcriptional regulator soxR is also lowered. Thus,

ncreased ·O 2 
− content in the �zur mutant exposed to the antibi-

tics compared with the parental strain suggests reduced capabil-

ty to detoxify ROS. 

Enhanced ROS ( ·O 2 
− and H 2 O 2 ) generation, as noted in this

tudy, has been reported to be a function of increased citric acid
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Fig. 3. (A) Activity of catalase in wild-type (WT) Acinetobacter baumannii (AB5075) 

and the �zur mutant strain (AB09851) exposed to colistin, gentamicin, rifampicin 

and tigecycline (4 × MIC); and (B) hydrogen peroxide (H 2 O 2 ) generation in WT 

and �zur mutant strains exposed to colistin, gentamicin, rifampicin and tigecy- 

cline (4 × MIC). Bars with different superscript letters are significantly different ( P < 

0.05). Results are expressed as the mean ± standard error of the mean of three in- 

dependent experiments. The MICs used for WT and �zur mutant strains are based 

on the values obtained in the current study. MIC, minimum inhibitory concentra- 

tion. 
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Fig. 4. (A) Activity of superoxide dismutase (SOD) in wild-type (WT) Acinetobacter 

baumannii (AB5075) and the �zur mutant strain (AB09851) exposed to colistin, gen- 

tamicin, rifampicin and tigecycline (4 × MIC); and (B) superoxide anion radical gen- 

eration in WT and �zur mutant strains exposed to colistin, gentamicin, rifampicin 

and tigecycline (4 × MIC). Bars with different superscript letters are significantly dif- 

ferent ( P < 0.05). Results are expressed as the mean ± standard error of the mean 

of three independent experiments. The MICs used for WT and �zur mutant strains 

are based on the values obtained in this study. MIC, minimum inhibitory concen- 

tration. 
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ycle (TCA cycle) and electron transport chain activities [37] . All of

he antibiotics, except tigecycline, increased the NAD 

+ /NADH ra-

io, an indicator of electron transport chain activity, suggesting the

ontribution of increased citric acid cycle and electron transport

hain activities in antibiotic-mediated ROS increase. However, the

educed capability of the �zur mutant to detoxify ROS, as noted in

he form of decreased SOD and catalase activities, potentiates the

usceptibility to these antibiotics. Although ·O 2 
− and H 2 O 2 gen-

ration increased significantly for tigecycline in the �zur mutant,

here was no change in NAD 

+ /NADH and ADP/ATP ratios. This ob-

ervation, which is in line with our previous findings [27,30] , sug-

ests that tigecycline-mediated ROS generation is not related to
ig. 5. Levels of (A) glutathione (GSH) and (B) glutathione disulphide (GSSG) in wild-ty

xposed to colistin, gentamicin, rifampicin and tigecycline (4 × MIC). Bars with different s

ean ± standard error of the mean of three independent experiments. The MICs used for

inimum inhibitory concentration; DMSO, dimethyl sulfoxide. 
CA cycle activity. ADP/ATP, an index of oxidative stress [40] , is a

eflection of respiratory intensity. The increase in the ADP/ATP ra-

io following exposure of A. baumannii to colistin, gentamicin or

ifampicin suggests that ROS generation observed in this study is

elated to increased respiration [29] . However, the non-significant

hange in the ADP/ATP ratio of A. baumannii exposed to tigecycline

urther shows that the elevated ROS is independent of respiratory

ctivity. 

In this study, we have demonstrated that the increased suscep-

ibility of a �zur strain of A. baumannii AB5075 to antibiotics is

ue to the decreased capability to detoxify ROS ( Fig. 7 ). This is

ecause SOD and catalase activities, the primary antioxidants re-
pe (WT) Acinetobacter baumannii (AB5075) and the �zur mutant strain (AB09851) 

uperscript letters are significantly different ( P < 0.05). Results are expressed as the 

 WT and �zur mutant strains are based on the values obtained in this study. MIC, 
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Fig. 6. (A) NAD + /NADH and (B) ADP/ATP ratios in wild-type (WT) Acinetobacter baumannii (AB5075) and the �zur mutant strain (AB09851) exposed to colistin, gentamicin, 

rifampicin and tigecycline (4 × MIC). Bars with different superscript letters are significantly different ( P < 0.05). Results are expressed as the mean ± standard error of 

the mean of three independent experiments. The MICs used for WT and �zur mutant strains are based on the values obtained in this study. MIC, minimum inhibitory 

concentration; DMSO, dimethyl sulfoxide. 

Fig. 7. Proposed mechanism of the impact of zur inactivation on the susceptibility 

of Acinetobacter baumannii to antibiotics. (i) Inactivation of zur prevents the regula- 

tion of Zn 2 + transport by ZnuABC, (ii) leading to enhanced translocation of Zn 2 + 

into A. baumannii. (iii) This event lowers the activities of superoxide dismutase 

(SOD) and catalase (CAT). (iv) Antibiotics stimulate the citric acid cycle (TCA cycle), 

(v) resulting in increased NADH generation via the TCA cycle and (vi) reactive oxy- 

gen species via electron transport following the transfer of an electron from NADH 

(at complex I) and FADH 2 (at complex II) to ubiquinone (Q). (vii) Since zur inacti- 

vation decreases the activities of SOD and CAT activities, hydrogen peroxide (H 2 O 2 ) 

is available for the Fenton reaction. (viii) Hydroxyl radicals generated damage DNA 

and ultimately lead to A. baumannii death. 
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sponsible for the detoxification of ROS, decreased significantly in

the antibiotic-treated �zur strain of A. baumannii . 
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