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Abstract

Pseudomonas aeruginosa is an opportunistic pathogen with a remarkable capacity to adapt to environmental stress
and antibiotic exposure. However, the combined effects of osmotic stress and fluoroguinolones on the
reorganization of oxidative stress responses, particularly in multidrug-resistant (MDR) strains, remain
incompletely understood. Therefore, this study aimed to investigate the phenotypic, enzymatic, and protein-level
alterations in the antioxidant defense system of P. aeruginosa under combined osmotic and fluoroquinolone stress
conditions.

In this study, three clinical MDR strains and one reference strain were exposed to ciprofloxacin, norfloxacin, and
ofloxacin. Fluoroquinolones were applied at sub-inhibitory concentrations corresponding to one-quarter and one-
half of the minimum inhibitory concentration (MIC), while osmotic stress was induced using 0.3 M and 0.5 M
sodium chloride. Changes in MIC, phenotypic antibiotic susceptibility, bacterial growth, antioxidant enzyme
activities, including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), and the
expression levels of OxyR, KatA, and SodB proteins were evaluated.

The results demonstrated that the combination of osmotic stress and sub-inhibitory concentrations of
fluoroquinolones led to increased MIC, reduced phenotypic susceptibility, and induction of responses associated
with adaptive antibiotic tolerance in MDR strains. These conditions were accompanied by a relative reduction in
bacterial growth and significant increases in antioxidant enzyme activities and the levels of the investigated
proteins. The most pronounced changes were observed in MDR strains exposed to 0.5 M osmotic stress, whereas
the reference strain exhibited limited responses.

These findings indicate that osmotic stress enhances antibiotic tolerance in P. aeruginosa by upregulating OxyR-
associated oxidative defense components and strengthening the cellular antioxidant system. These results are more
appropriately interpreted within the framework of stress-associated adaptive tolerance and do not provide direct
evidence for the development of stable genetic antibiotic resistance. Such adaptive responses may contribute to the
survival, persistence, and ecological fitness of multidrug-resistant strains in clinical environments.

Keywords: Pseudomonas aeruginosa, Osmotic stress, Fluoroquinolones, Sub-MIC, Oxidative stress, OxyR,
Multidrug resistance (MDR).

!Corresponding Author
3060-7647/ © 2026 The Authors

This is an open access article under the CC BY-NC-ND/4.0/ License (https://creativecommons.org/licenses/by-nc-nd/4.0/). @. EY Ncw
Seifi, R., Darvishnia, M., Pakbaz, S., Mirzaeipour, Z. Isolation and identification of fungi associated with Maize(Zea mays) in Nahavand
county. Journal of Microbial Biology, 2026; 15(58):59-89. doi: 10.22108/bjm.2026.148476.1671



https://bjm.ui.ac.ir/?lang=en
https://portal.issn.org/resource/ISSN/3060-7647
mailto:kiarashpoortaji@gmail.com
mailto:m.m45.roknabadi@gmail.com
mailto:sanazmahmazi@yahoo.com
mailto:shokri32@yahoo.com
mailto:bionader@yahoo.com
https://portal.issn.org/resource/ISSN/3060-7647
https://creativecommons.org/licenses/by-nc-nd/4.0/
doi:%2010.22108/bjm.2026.148476.1671
https://orcid.org/0009-0005-8900-4394

60 Journal of Microbial Biology, 15™ Year, Vol. 15, No. 58, 2026

Introduction

Pseudomonas aeruginosa is an important opportunistic pathogen responsible for severe healthcare-associated
infections, particularly in immunocompromised patients and individuals with cystic fibrosis. Its extraordinary
capacity to adapt to hostile environments, including antimicrobial exposure and physicochemical stressors,
contributes substantially to its persistence, treatment failure, and multidrug resistance. Exposure to sub-inhibitory
antibiotic concentrations (sub-MIC), which frequently occurs during therapeutic administration and environmental
exposure, triggers adaptive responses that affect biofilm formation, membrane permeability, efflux activity,
oxidative defense, and antibiotic tolerance.

Osmotic stress is another clinically relevant environmental challenge encountered by P. aeruginosa in host-
associated niches, including respiratory secretions, chronic wounds, and hyperosmotic therapeutic environments.
Although the independent effects of osmotic stress and sub-MIC antibiotic exposure have been investigated, their
combined influence on the oxidative stress response remains incompletely understood, particularly in multidrug-
resistant strains.

Oxidative stress responses, regulated through OxyR-associated pathways and antioxidant defense systems,
including catalase, superoxide dismutase, and glutathione peroxidase, are essential determinants of bacterial
adaptation during environmental stress. Therefore, the present study investigated the combined effects of osmotic
stress and fluoroquinolone treatment on phenotypic susceptibility, growth behavior, antioxidant enzyme activity,
and oxidative defense protein expression in MDR and reference strains of P. aeruginosa.

Materials and Methods
Three clinical MDR strains of P. aeruginosa and a reference strain, ATCC 27853, were obtained from
microbiological collections. The MDR status was confirmed using CLSI-recommended disk diffusion procedures.

Ciprofloxacin, norfloxacin, and ofloxacin were evaluated at %4, %2, and 1x MIC. Osmotic stress was induced using
sodium chloride concentrations of 0.3 M and 0.5 M, whereas non-stressed conditions served as the controls.

MIC were determined using broth microdilution according to CLSI recommendations before and after treatment
under different osmotic conditions.

Phenotypic susceptibility was assessed using disk diffusion assay. Changes in the inhibition zone diameter and
relative reductions following treatment were calculated.

Growth Kinetics were evaluated using optical density measurements at 600 nm, and growth performance was
quantified by calculating the area under the growth curve over a 12-h period.

The activities of superoxide dismutase, catalase, and glutathione peroxidase were determined
spectrophotometrically using established biochemical assays.

Total proteins were extracted using cell lysis procedures and quantified using BCA assay. SDS-PAGE and Western
blot analyses were performed to evaluate the levels of OxyR, KatA, SodB, and auxiliary antioxidant proteins. The
relative band intensities were quantified densitometrically.

All experiments were performed in triplicates. Data are expressed as mean + standard deviation and were analyzed
using appropriate parametric statistical approaches, with p < 0.05 considered statistically significant.

Results
Combined exposure to osmotic stress and fluoroquinolone treatment increased the MIC values in MDR strains, with
the highest values observed under ¥2 MIC pretreatment combined with 0.5 M NaCl exposure.

Phenotypic susceptibility progressively decreased following treatment exposure, particularly under conditions of
increasing osmotic stress. The greatest reduction in the inhibition zone diameter was observed under ciprofloxacin
treatment combined with severe osmotic stress, whereas the selected treatment conditions demonstrated strain-
dependent variation.

Growth progressively declined with increasing osmotic stress intensity. The mean AUC values decreased from
0.5240 under non-stressed conditions to 0.4785 under 0.5 M NaCl exposure, corresponding to approximately 8.7%
overall growth inhibition. Growth responses varied among strains, with MDR-Strain 1 exhibiting the largest
reduction and MDR-Strain 1 demonstrating comparatively limited changes. Statistical analyses demonstrated
significant effects of antibiotic type and strain x antibiotic interactions.
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Antioxidant enzyme activity increased under combined stress conditions. Under 1 x MIC combined with 0.5 M
NaCl, SOD activity reached 52.33 + 2.08 in MDR strains compared with 36.25 + 1.16 in the reference strain. Similar
increases were observed in catalase and glutathione peroxidase activities. GPx demonstrated a stronger strain
dependency than SOD and CAT and remained elevated in MDR strains, even under lower-intensity treatment
conditions.

Western blot analysis revealed treatment-associated alterations in antioxidant defense proteins. Relative increases
reached approximately 210% for OxyR, 185% for KatA, and 195% for SodB under the selected treatment
conditions. MDR strains consistently demonstrated larger responses than the reference strain, whereas AhpC
expression decreased under the selected experimental conditions.

Multivariate analyses demonstrated highly significant effects of fluoroquinolone concentration and osmotic stress
intensity on OxyR expression, with F values of 1085.78 and 614.76 and partial eta squared values of 0.923 and
0.872, respectively. Two-way interactions were not statistically significant; however, the concentration x osmotic
stress x strain interaction was significant. Similar statistical patterns were observed for KatA and SodB.

Discussion

The present findings demonstrate that combined osmotic and antibiotic stress induces extensive adaptive remodeling
in P. aeruginosa, particularly in MDR strains. Increased MIC values, together with reduced inhibition zone
diameters, indicate that osmotic stress substantially modifies bacterial responses to fluoroquinolone exposure and
promotes adaptive tolerance under sub-inhibitory conditions.

Although osmotic stress reduced overall bacterial growth, antioxidant responses were simultaneously enhanced,
suggesting the activation of compensatory defense mechanisms. Increased SOD, CAT, and GPx activities, together
with elevated expression of OxyR-associated proteins, indicate the coordinated activation of oxidative defense
pathways during combined environmental stress.

The relatively uniform induction of SodB across the treatment conditions suggests that superoxide detoxification
may represent an early and generalized protective response. In contrast, CAT, particularly GPx, demonstrated
stronger strain-dependent regulation, indicating that different antioxidant components contribute unequally to
adaptation under combined stress.

The stronger responses consistently observed in MDR strains suggest that pre-existing resistance mechanisms may
facilitate physiological reprogramming during environmental stress exposure. Enhanced oxidative defense
activation may therefore contribute not only to transient stress adaptation but also to persistence under clinically
relevant multidimensional stress conditions.

Reduced AhpC expression under selected treatment conditions may further indicate the redistribution of cellular
resources toward dominant oxidative defense pathways during severe stress exposure.

Collectively, these findings support a model in which osmotic stress and fluoroquinolone exposure act cooperatively
to reshape the oxidative defense networks and promote adaptive survival responses.

Conclusion

In conclusion, osmotic stress substantially modifies bacterial responses to fluoroquinolone exposure by promoting
the activation of oxidative defense and adaptive tolerance mechanisms in P. aeruginosa. These effects are
particularly pronounced in MDR strains, which exhibit stronger antioxidant activation and a greater capacity for
stress-associated physiological remodeling.

The coordinated induction of OxyR-associated defense systems, together with enhanced antioxidant enzyme
activity, suggests that oxidative defense pathways are central components of bacterial adaptation during combined
environmental and antimicrobial stress. These findings emphasize the importance of considering environmental
stress conditions when interpreting antimicrobial susceptibility and designing therapeutic strategies for MDR
pathogens.

Future investigations should focus on the regulatory networks underlying stress-induced tolerance and identify
potential intervention targets capable of disrupting adaptive, oxidative defense responses.
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Table 1. Mean + standard deviation of minimum inhibitory concentrations (ug/mL) of ciprofloxacin, norfloxacin, and ofloxacin against
MDR Pseudomonas aeruginosa strains under sub-MIC pre-treatments and different osmotic stress levels

Osmotic

Pre-treatm_ent stress Ciprofloxacin Norfloxacin Ofloxacin

concentration (NaCl) (Mean £ SD) (Mean £ SD) (Mean £ SD)
1x MIC No stress 20.13+1.47 29.47 218 2249 +1.68
1x MIC 0.3M 32.56 +1.92 43.85+ 2.76 33.69+2.03
1x MIC 05M 40.21+2.24 51.38 + 3.04 4170+ 241
YaMIC No stress 62.34 £ 4.15 82.76 £5.22 72.90 = 4.56
Ya MIC 0.3M 98.45+5.31 124.56 + 6.82 110.26 £ 5.78
Ya MIC 05M 118.90 + 6.42 148.23 + 7.61 131.90 +6.93
% MIC No stress 92.78 + 5.56 117.34 £6.95 102.69 + 5.88
% MIC 0.3M 127.45 £ 7.02 157.89 + 8.25 141.80 £ 7.45
% MIC 05M 159.23 +8.34 194.56 + 9.87 173.70 + 8.62

doi: 10.22108/bjm.2026.148476.1671



doi:%2010.22108/bjm.2026.148476.1671

2 O, s S5LS /. b 4gl 50 53 Pseudomonas aeruginosa o51uuS| e 2l el <hs

Stress
None (Control) Ciprofloxacin (CIP) Norfoxacin (NOR) Cfioxacin (OFX) B Control
W03 MNaCl
W05 M NaCl
40000
300 00
o
3
2 20000
=4
b3

il il

000

DN | E-_

) B B = $) i Q) sk ok O A = =
S E N =2 e B © - I e BE N =z
3 > > B 2 > > 2 > > = 2 > > =
g 22060 8 £ =2 g £ £ ¢ g £ 2 0
S & 6 S n 0O S 6 6 S A 6

Treatment concentration

Ermor Bars: 95% CI

33 el bl 5 LS 5l 5 5 € pannlaS g e LS g T (5l ke Plas oSSl ) S8
el Sslize sl 5 6 g ST Cilits saclile cos Pseudomonas aeruginosa (glas s

Figure 1- Mean minimum inhibitory concentration of ciprofloxacin, norfloxacin, and
ofloxacin against Pseudomonas aeruginosa strains under different antibiotic
concentrations and varying osmotic stress levels.
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Table 2. Changes in inhibition zone diameter in Pseudomonas aeruginosa strains before and after sub-MIC treatment under
different osmotic stress levels along with percentage reduction

Antibiotic Concentration OSZ:?;;E bl\eflffﬁg a';t/l:raz Change Reduction
(MIC) (NaCl)  +SD sD @) %)
Ciprofloxacin Ya Control }:306578 i106578 -2.00 14.6
Ciprofloxacin Ya 0.5M izogsS ggg * -3.00 24.3
Norfloxacin s 0.3 M g:gg * g:gg = 100 13.6
Ofloxacin Ya Control gg; * 825 * -0.45 4.7
Ofloxacin s 0.5M g:g; * g:g% 4055 —
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Figure 2- Comparative diagram of the mean inhibition zone diameter of Pseudomonas aeruginosa strains before and after
sub-MIC treatment under the influence of fluoroquinolones and osmotic stress levels.
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Table 3. Mean and standard deviation of area under the growth curve of Pseudomonas aeruginosa strains under different
levels of osmotic stress

MDR- No stress (Mean 0.3 M NaCl 0.5 M NaCl Overall mean
Strain +SD) (Mean £ SD) (Mean £ SD) (Mean = SD)
MDR-
Strainl 0.5432 £ 0.0743 0.5152 + 0.0681 0.4465 + 0.0762 0.502 + 0.084
MDR-
Strain? 0.5221 £ 0.0930 0.5158 + 0.0830 0.4955 + 0.0645 0.511 +0.082
MDR-
Strain3 0.5068 + 0.0950 0.5113+£0.0574 0.4936 £ 0.0772 0.504 +0.078
Overall 0.5240 + 0.084 0.5141 +0.067 0.4785 £ 0.073 0.506 + 0.077

Estimated Marginal Means of Growth (OD&00)
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M Ciprofloxacin (CIP)

60 W Norfloxacin (NOR)
E Ofloxacin (OFX)

40

Estimated Marginal Means

.20

.00

Control 0.3 MNaCl 05 MMNaCl

Stress
Error bars: 95% CI
Pseudomonas aeruginosapLa.. S s )3 (S el AT S &y@T & Jolas bl (ODB00) iy (glacil L;l.w:i'lf ¥ Ji.ﬂ

Figure 3. Marginal means of growth (OD600) based on the interaction of antibiotic type and osmotic stress intensity in resistant
Pseudomonas aeruginosa strains.
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Table 4. Mean changes of reactive oxygen species (ROS) in Pseudomonas aeruginosa strains under different levels of
osmotic stress

MDR-Strain No Stress 0.3 M NaCl 0.5 M NaCl
MDR-Strain 1 358.8 +80.1 4555 +107.8 587.9 £ 123.3
MDR-Strain 2 429.5 +103.6 476.0 £ 108.0 461.6 +111.8
MDR-Strain 3 414.9 + 100.7 425.1 + 1115 482.6 + 112.3
Overall Mean 401.1+£99.2 452.2 £109.9 510.7 £ 127.4
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Figure 4. Estimated marginal means of reactive oxygen species (ROS units) based on the interaction
between antibiotic type and osmotic stress levels in resistant strains of Pseudomonas aeruginosa.

1 ol 5 S g ol els Al il
Shde aanals Gufisn Gl Gl Oliee 2 6ol el
@l s VADIVA b s sl cale Lol gl F oo Lol
95, g ol Cawd w AVFIVE L ol (el 2is Jole
cble gly S n? ke .wog o gixe )kl Lk 5l !
A dlone JAVY (g pamsl i35 (gl g +/AYY

50 3dgs Ll dme bl Ll 5l Jelegs cDlelas
oy 5 el 25 Sl e ol (bl
D oo 5 YIAY b ply F e g ol i)l o sine
€9 5 dgw ol Ol ael cavs ae/of Lol
W55 o gine Siisa T

a5 cul ol sasmsplas p g F oYL polie oy
G5y oaleeSals Gl L andolm) ol
o3Il g 09 (29,5 0098 St 5l fiien Sl peds (5 e
(p<0.001) wi,ls OXYR 159, o p (S5 sl il
sanlie 15 S0UB ¢ KatA (sl p alie s bl 45! oy

ki 5o Jelse opl alS ik eausSuST a8 w

ST 3T £ (55w Jled
g b by slageson ol Sl 2Lyl 5o
YE oo Jsse 0 b @bl (Glans] ]
(Sl 5 5 Y 5 llssleS B0 o llogles
oo Ol ald gl SodB 4 KatA (OxyR
s oanlie S 5 (sld e 4 grasly 5o Lol oyl s
el oo 1 T Jsaz 0 ol goae ol
B OXYR Wby oo a3l e (o lad Layl s 5o

g KatA wil sl oyl 1l e j0 0l Sl w00 Y -

8l bl asys VA0 5 YAD b o saSodB
ATCC 5o 35 b auslio ;o MDR 2o (sloey g
1 il il o Sl 55V 02627853
FsSUse 0y3 L ANPC K8 Wil el 4o iols L
b oad ol b lulyd (S jo osdlogkS V0 (o,
053 ol o Lo, £O

olas OXYR (sl opmsitonir uilyly ol mls

doi: 10.22108/bjm.2026.148476.1671



doi:%2010.22108/bjm.2026.148476.1671

\%4 oL s S5LS /. b 4gl 50 53 Pseudomonas aeruginosa o51uuS| e 2l el <hs

Sl o esalie SOOB (sl sgolice (6Ll (555 el e5lanST £lbs (glagenl,

Sl 5 5 Sl 55 5 olaieSaels S ol 5y gl il Ll i) KatA

L} Jg‘)g cdale J.ch 6‘)‘.’ F )‘\A.S.A RERATY) )L)L;l.uc J.ALC 6‘)‘.’ F )‘Jj.c REVATY) )bsz.u ‘_g)LoT )Ja.s )‘ 6)M‘

Josins SOUB gl oleaws 5 lolegs cdlelss ol w0 IAVE 5 NF oy S 1 polie disgs -/ +)
(0 S 90 Jguz) Wiog $lp bleaw b Julegs Ol 5l Sygn Al s

Al )55l sxe KatA

Table 5. Protein indicator bands in SDS-PAGE and relative changes in their intensity under selected treatments

Molecular weight Relative change in

(kDa) Protein Treatment condition intensity (%) Strain

“%MICCIP+0.3 M MDR-

34 OxyR NaCl 145 Strainl
1x MICNOR + 0.5 MDR-

34 OxyR M NaCl +210 Strain2
1 -

55 KatA Y2 MIC OFX + no +120 MD_R
stress Strainl3
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21 SodB M NacCl +135 Strain12
1x MIC OFX + 0.5 MDR-

21 SodB M NacCl +195 Strain3
15 AhpC 1x MIC CIP + 0.3 65 ATCC
(auxiliary) M NacCl 27853
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Figure 5- Expression of antioxidant defense proteins OxyR, KatA, and SodB in Pseudomonas aeruginosa strains under different
fluoroquinolone concentrations and osmotic stress levels (mean + 95% confidence interval).
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Table 6. Comparison of antioxidant enzyme activities between MDR strains and the reference strain ATCC 27853 under

selected conditions

Enzyme Treatment MDR strains ATCC 27853 p-value
SOD 1x MIC + 0.5 M NaCl 52.33+2.08 36.25+1.16 0.002
SOD 1x MIC without stress 38.92+1.48 30.56 +1.63 0.039
CAT 1x MIC + 0.5 M NaCl 53.41+2.33 49.68 + 1.08 0.026
CAT Y, MIC without stress 40.76 £1.04 30.91+2.08 0.031
GPx 1x MIC + 0.5 M NaCl 25.90 £ 1.55 23.82+£0.85 0.033
GPx Y MIC without stress 20.88 £0.79 13.36 + 0.83 0.019
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Figure 6. Comparison of the activity of antioxidant defense enzymes superoxide dismutase, catalase, and glutathione peroxidase
between multidrug-resistant (MDR) clinical strains and the reference strain.
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