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A B S T R A C T

Pseudomonas aeruginosa is one of the major reasons of nosocomial infections and well known of its high morbidity 
and mortality in hospitals. Additionally, it is well known of its intrinsic resistance to most of antibiotics. 
P. aeruginosa virulence factors have been investigated well in recent years and it has been classified according to 
their secreted factors for attachment into alginate, PEL, PSL. In this study we investigated reduction effect of β- 
sitosterol which is a natural compound found in most of plants, on biofilm formed by different biofilm-associated 
mutant strains and wild types of P. aeruginosa. The results revealed that β- sitosteral has antibacterial and 
showing reduction in biofilm formation on P. aeruginosa. Also, β- sitosterol significantly affects swarming and 
swimming of most strains.

1. Introduction

Pseudomonas aeruginosa has been considered as one of the most 
virulent pathogen in hospitals related to percentage of mortality, near- 
ubiquitous presence, widely intrinsic antibiotic resistance and ability 
to form biofilm on any indwelling medical devices (Ma et al.2020), it 
represents a great bluster in nosocomial infections especially in immu
nocompromised patients (Liao et al.2022).Fig 1.

Bacterial pathogenesis depends on best demonstration of virulence 
factors. According to virulence factors of P. aeruginosa they can be 
classified into three classes the first one is bacterial structures including 
pili which facilitates attachment to host, biofilm formation (Burrows, 
2012), flagella which responsible for bacterial adhesion and biofilm 
formation (Sampedro et al. 2015), lipopolysaccharide (LPS) is a crucial 
surface structural component. It also reduces the endotoxicity of Lipid A 
in LPS, facilitates tissue damage, adhesion, and host receptor recogni
tion (Park, et al., 2022), while second class includes exopolysaccharides 
like alginate, PSL, and PEL which may aid in the development of biofilms 
and prevent the removal of bacteria (Ozer, E. et al. 2021).Third class 
comprise cell to cell interaction Quorum sensing which regulates pro
duction of virulence factors and biofilm which enables bacteria to resist 
antimicrobial agents. Biofilm combined bacteria in extracellular poly
saccharide that adapt bacteria to harsh environmental conditions and 

increase resistance against antimicrobial agents (Thi et al., 2020). The 
extracellular materials forming biofilm matrix shield microbes from 
antimicrobials and the host immune system (Fleming et al., 2022).

Some strains of P. aeruginosa rely more on PEL like PA14 its mutant 
strain failed to attach to surface since it can’t produce PEL.Also, strains 
rely on PSL like PAO1 its mutant strain couldn’t attach to surface due to 
failure to produce Psl (Colvin et al., 2012). The presence of PSL and PEL 
inside biofilm of PAO1 is different than PA14, since PSL is present on the 
margin of grown biofilm and PEL is centralized on the base of grown 
biofilm this in case of PAO1 and the vice versa occurs in PA14 (Jennings 
et al., 2015).

Bioprospecting for antimicrobial and antibiofilm agents have been 
widely investigated from natural sources in recent years to combat 
resistance of bacteria.β-sitosterol which is isolated from cell membranes 
of some plants and was previously demonstrated to have antibacterial 
properties (Ododo et al., 2016). In our study we investigate the effect of 
β- sitosterol on P. aeruginosa biofilms.

2. Materials and methods

β-sitosterol was purchased from Sigma Aldrich (St. Louis, MO, USA).

* Corresponding author at: Zagazig University Hospitals, Infection Control Unit, Zagazig 44519, Egypt.
E-mail addresses: mfabuzaid@zu.edu.eg (M. Fady), yasuhiko.irie@liu.se (Y. Irie), raljowaie@ksu.edu.sa (R.M. Aljowaie), alsaeedah@ksu.edu.sa (S. Musaed 

Almutairi). 

HOSTED BY Contents lists available at ScienceDirect

Journal of King Saud University - Science

journal homepage: www.sciencedirect.com

https://doi.org/10.1016/j.jksus.2024.103400
Received 30 April 2024; Received in revised form 14 July 2024; Accepted 17 August 2024  

Journal of King Saud University - Science 36 (2024) 103400 

Available online 20 August 2024 
1018-3647/© 2024 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:mfabuzaid@zu.edu.eg
mailto:yasuhiko.irie@liu.se
mailto:raljowaie@ksu.edu.sa
mailto:alsaeedah@ksu.edu.sa
www.sciencedirect.com/science/journal/10183647
https://www.sciencedirect.com
https://doi.org/10.1016/j.jksus.2024.103400
https://doi.org/10.1016/j.jksus.2024.103400
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jksus.2024.103400&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


2.1. Bacterial strains and cultivation requirements

PAO1 wild type strain served as the parental strain for the genetic 
mutant used in this study, ΔwspF mutant has elevated intracellular c-di- 
GMP, which results in over-expression of both PEL and PSL, Δpel mu
tants produce no PEL, Δpsl mutants produce no PSL, and Δpel Δpsl 
mutants produce neither PEL nor PSL. PA14 was used as an alternative 
wild type strain. All bacterial strains were cultured in lysogeny broth 
(LB) and any additional supplements are described below.

2.2. Disc diffusion assay

Antibacterial effect of β-sitosterol was investigated by using disc 
diffusion method according to CLSI (2015). Briefly, a concentrated so
lution of β-sitosterol was made by dissolving 10 mg/ml in ethyl acetate. 
Sterile filter paper discs were cut into 6 mm diameter then dipped in for 
30 min, let dry then placed on Muller Hinton agar with different strains 
of P. aeruginosa, incubated for 24 h. at 37 ◦C and the diameters of the 
zones of inhibition were measured this is repeated three times.

2.3. Determination of MIC and MBC

The MIC and MBC were determined by using broth microdilution 
method in 96 wells plates. A 100 µl of 3.2 mg/ml of β-sitosterol was 
serially diluted, then 100 µl of p. aeruginosa were added into each well 
and incubated for 24 h. at 37 ◦C. MIC was determined and recorded as 
the minimum concentration that prevented the growth of bacteria, this 
is repeated three times.

For MBC, we took 10 µl from the wells at and above MIC, spread on 
agar plates technique. The MBC was determined as the concentration at 
which no bacterial colonies formed on plates after 24 h incubation at 
37 ◦C this is repeated three time.

2.4. Antibiofilm activity

To determine the effects of β-sitosterol on pre-formed biofilm, 100 µl 
cultures of P.aeruginosa strains were inoculated into 96 wells plates 
overnight in LB after adjusting turbidity to 0.5 McFarland standard. 
After 24 h the broth was discarded and the wells were washed with 
distilled water three times to remove unattached bacteria. 100 µl of 32 
mg/ml of β-sitosterol was serially diluted in 96 wells with one well left 
without addition of β-sitosterol to act as poitive control and one well 
with 100 µl ethyl acetate to act as negative control, the wells were 
overnight incubated at 37 ◦C then biofilm reduction were detected 

qualitatively by observing turbidity in 96 microtiter plates and quanti
tatively by calorimetry assay using crystal violet staining. Biofilms were 
also evaluated using Scanning Electron Microscopy (SEM). PAO1 Δpsl 
biofilm (24 h) was scanned before and after treatment with 100 µl of 
800 µg/ml β-sitosterol for 24 h.

2.5. Motility assays

The effects of β-sitosterol on motility of P. aeruginosa were tested 
using modified protocols from (Ha et al., 2014) for swimming motility 
and (Packiavathy et al., 2014) for swarming motility. Briefly, overnight 
culture of P. aeruginosa with (100 µl) β-sitosterol (400 µg), 2 µl were 
inoculated on the media of swimming (0.3 % agar) and swarming (0.6 % 
agar). Plates were incubated at 37 ◦C for 24 h and the diameter of the 
migration zones from the inoculation points were measured.

2.6. Tissue culture cytotoxicity test of β-sitosterol

To determine the cytotoxicity of β-sitosterol against mammalian 
cells, Madin Darby canine kidney (MDCK) cells were used as a model for 
mammalian epithelial cells MDCK tissue culture cells were grown to ~ 
90 % confluency in a 24 well sterile Corning plate. Then, we added 100 
µl of β-sitosterol, 100 µl of PAO1 was used as positive cytotoxicity 
control. The cells were observed at 24, 48 and 72 h under a microscope 
to determine when the epithelial culture has gone below 75 % conflu
ence with tight junctions between the cells broken down. We also used 
lactate dehydrogenase (LDH) release assay to supplement our micro
scopy data. Cell death was measured by assessing plasma membrane 
damage. If the cell is damaged it releases a product LDH which can be 
measured using a colorimetric assay with a plate reader.

2.7. Statistical analysis

Three separate bacterial cultures were used in MIC, MBC antibiofilm 
and cytotoxicity tests. The one-way ANOVA test, with Dunnett’s and 
Tukey’s adjustments, has been used to establish statistical significance. P 
values less than 0.05 are regarded as statistically significant.

3. Result

3.1. Antibacterial effect

β-sitosterol shows antibacterial and antibiofilm properties towards 
different strains of P. aeruginosa as shown in Fig. 2 which revealed that β 
sitosterol exhibited wide range of antibacterial effect against 
P. aeruginosa strains where the most antibacterial effect was recorded 
with Δ Pel Psl, Δ Psl and PA 14 the inhibition zone measured between 
(16.51 ± 0.51 mm to 24.13 ± 0.51 mm), while in case of PAO1, Δ wspf, 
Δ Pel the range of zone inhibition was (12.62 ± 0.45 mm to 18.58 ±
0.45 mm).

3.2. MIC and MBC and antibiofilm activity

The susceptibilities of various wild and mutant strains of 
P. aeruginosa were contrast in Table 1. For planktonic bacteria the MBC 
was 4–8 fold more than MIC. The results revealed that β- sitosterol has 
antibacterial and antibiofilm against wild and mutant strains of 
P. aeruginosa. Calorimetry assay showed that β- sitosterol reduced bio
films of wild type PAO1at concentrations 400, 800, 1600, 3200 µg/ml by 
50.27± 0.23 %, 72. 37 ± 0.26 %, 85.26 ± 0.31 % and 98.15 ± 0.29 % 
respectively, while for PA14 the percentage of biofilms reduction with 
concentrations 200, 400, 800 and 1600 µg was 48.24 ± 0.17 %, 75.97 ±
0.26 %, 87.06 ± 0.26 %and 96.30 ± 0.26 %respectively. Biofilms of 
ΔwspF was reduced by reduction 50.08 ± 0.29 %, 69.40 ± 0.34 %, 
83.89 ± 0.25 % and 85.50 ± 0.27 % with concentrations 400, 800, 1600 
and 3200 µg/ml respectively.

Fig. 1. Structure of B-sitosterol (National Center for Biotechnology Informa
tion, 2024).
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The anti-biofilm effect of β-sitosterol on ΔPel with concentrations 
200, 400 and 800 µg was 51.17 ± 0.28 %, 82.42 ± 0.27 % and 99.8 ±
0.22 % respectively while on ΔPsl concentrations were 200, 400 and 
800 µg/ml and reduction percentage of biofilm formation was 44.34 ±
0.23 %, 76.97 ± 0.22 and 90.40 ± 0.25 % respectively. Evaluation of 
anti-biofilm in case of ΔPel Psl with 100, 200, 400 µg was 42.85 ± 0.26 
%, 74.60 ± 0.31 %and 99.68 ± 0.33 % respectively. These results are 
shown in Figs. 3, 4 and 5.

3.3. β-sitosterol inhibits motility

The effect of β-sitosterol(400 µg) on swimming and swarming was 
shown in Fig. 6 (A, B).Fig. 6A showing effect of β-sitosterol on swimming 
of PA14 it was 44.4 ± 0.21 % reduction and in case of PAO1 was 42.5 ±
0.22 % reduction. The swarming reduction of PA14 it was 43.30 ± 0.16 

% reduction. Additionally, reduction was 44.40 ± 0.16 % with PAO1.

3.4. Cytotoxicity of β-sitosterol

Fig. 7 shows that β-sitosterol has low cytoxicity onto MDCK epithelial 
cells after exposure for 24, 48 and72 h. Also, Fig. 8: A, B revealed that 
epithelial cells still alive under microscope even after incubation with 
β-sitosterol for 24 h.

4. Discussion

P. aeruginosa is a common opportunistic Gram negative pathogen 
found in various ecological and medical environments that has capa
bilities to form biofilms on many types of surfaces including indwelling 
medical devices. Moreover, it has intrinsic resistance against most 
classes of antibiotics, which is a major reason why it is one of the most 
widely studied organisms. P.aeruginosa can produce three distinct 
extracellular biofilm polysaccharides: PSL, PEL and alginate.β-sitosterol 
is found extensively in plants and has demonstrated to have antibacterial 
properties. (Anokwah et al., 2021; Anwar et al. 2022) and anti- Quorum 
sensing (Rasamiravaka et al., 2017). In this research we focus on 
investigating β-sitosterol as a potential antibiofilm compound.

To assess the antibacterial effect of β-sitosterol, several assays were 
performed against P. aeruginosa: disc diffusion assays, and determina
tion of MIC and MBC which revealed that β-sitosterol has antibacterial 
properties against P. aeruginosa this is in convenience with (Anwar et al. 
2022) who reported that β-sitosterol extracted from Kalanchoe tomentosa 

        

Fig. 2. Antibacterial effect of β-sitosterol was measured by using disc diffusion method.

Table 1 
MIC and MBC of P. aeruginosa strains.

Strain Vegetative cells

MIC(µg/ml) MBC(µg/ml) MBC/MIC ratio

PA14 25 200 8
PAO1 50 200 4
ΔPel 25 100 4
ΔPsl 50 200 4
ΔwspF 100 800 8
Δ Pel Psl 12.5 50 2

Fig. 3. Showing reduction of biofilm with different mutant isolates by staining with crystal violet.
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exhibited antibacterial effect against S. aureus and K. pneumonia. Also, 
(Subramaniam et al., 2014) reported that β-sitosterol-D-glucopyrano
side exhibited antibacterial activity against E. faecalis, S. dysenteriae, and 
P. aeruginosa. A recent study (Abo-Elghiet et al. 2023) isolated β-sitos
terol from Pulicaria crispa as one of the most abundant compounds and 
revealed antibacterial effect against S.aureus and P. aeruginosa.

The MIC of β-sitosterol ranged from 12.5 to 100 µg/ml with different 
planktonic strains of P. aeruginosa while MBC recorded 50 to 200 µg/ml. 
A study reported that MIC of β-sitosterol was 125 µg/ml with 
P. aeruginosa (Anokwah et al. 2021) Also, (Akbar et al., 2021) Showed 

that MIC of β-sitosterol with p. aeruginosa was 700 µg/ml. Also, A report 
(Anwar et al., 2022) showed that MIC of β-sitosterol against 
K. pneumonia is 31.25 µg/ml.

P. aeruginosa biofilm represents a scaffolding network under which 
sessile bacterial communities are differ completely in resistance to an
timicrobials than planktonic (Limoli et al., 2015). Antibiotic resistant 
pathogens are an increasing problems in hospitals all over the world. To 
eradicate and combat p. aeruginosa biofilms, doctors usually use com
bination of two antimicrobial agents but this way has many side effects 
and adverse effects moreover it may produce multidrug resistance 

Fig. 4. Calorimetry assay showing reduction effect of β-sitosterol on biofilm formed by PAO1, PA14, Δwspf, Δ Pel, ΔPsl, and Δ Pel Psl.

Fig. 5. Scanning Electron Microscope (A) Biofilm formation of PAO1 Δpsl before treatment with β-sitosterol (B) Biofilm of PAO1 Δpsl after treatment with β-sitosterol 
showing disruption of biofilm.

A   (Swimming motility)             B (Swarming motility)

PAO1                             PA14                                       PAO1                         PA14   

Fig. 6. (A) Effects of β-sitosterol on swimming motility of different wild and mutant strains of P. aeruginosa, figure showing swimming before and after treatment.(B) 
Effect of β-sitosterol on swarming motility of different wild and mutant strains of P. aeruginosa, figure showing swarming before and after treatment.
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(Chung et al., 2023). Consequently, we are in an urgent need for new 
natural antimicrobial compounds that can combat biofilm infections, 
including p. aeruginosa.

PSL consists of D-glucose, D mannose and L-rhamnose with neutral 
charge(Byrd et al., 2009) which plays an important role in starting cell 
adhesion and cell to cell communications (Jones et al., 2017). In addi
tion, PSL plays an important role in resistance of sessile form to anti
microbial agents (Billings et al., 2013) In contrast, PEL consists of N- 
acetyl-d-glucosamine and N-acetyl-d-galactosamine with positive 
charge which contributes in initiation, integrity of biofilm and repulsion 
of positively charged antimicrobial agents (Jennings et al., 2015).

Antibiofilm effect of β-sitosterol was assessed calorimetry using 
crystal violet assay which showed reduction effect with most mutated 
strains and wild types. This is in agreement with (Rasamiravaka et al., 
2017) who reported that β-sitosterol at 200 µM has reduced of extra
cellular polysaccharides of PAO1 after 24 h by 42 ± 3 % and has 
diminished production of the pelA gene by 32 ± 7 % while biofilm for
mation was prohibited by 44 ± 3 %.

The motility of P. aeruginosa is accompanied by flagella and type IV 
pili (T4P) (Gellatly and Hancock, 2013) where flagella plays an impor
tant role of swimming in liquid media while T4P participates effectively 
of twitching on solid media and when both of them combine together 
participate with swarming effect on semi-solid (Nirody et al., 2017).

PSL plays a role in swimming (Wang et al. 2013), since β-sitosterol 
has a reduction effect on swimming so it will affect PSL too.

Swarming and swimming motility play an important role in bacterial 
colonization and primary attachment of vegetative bacteria to sessile 
form(Conrad et al., 2011).Our results revealed that β-sitosterol inhibited 
a swimming motility and swarming motilityof P. aeruginosa.

β-sitosterol has an effect on quorum sensing (QS) since 
(Rasamiravaka et al. 2017) reported that β-sitosterol diminished 
expression of lasB and rhlA by 25 %, 32 % respectively. Also, they re
ported 44 % inhibition for both pyocyanin production and biofilm for
mation while extracellular polysaccharide in PAO1was diminished by 
42 % and reduced expression of Pel A by 32 %.

Our results about cytotoxicity of β-sitosterol revealed that epithelial 
cells keep alive after 24, 48, 72 h. Our results are in line with a recent 
study showed that β-sitosterol exhibited no hepatotoxicity, did not 
inhibit cytochrome P450 2D6 and did not show mutagenic in the 
chemical Ames mutagenicity test; and LD 50 for rat oral LD50 was 1.57 
g/kg (Akbar et al., 2021).

In animal model, a group of mice were treated with 5 mg /kg 
β-sitosterol 24 h before infection with p. aeruginosa where they recov
ered faster and there was a decrease in number of bacteria isolated from 
mice airways (Rossi et al., 2023).

Many investigations have been carried out recently to know mode of 
action of β-sitosterol, one of them interpreted mode of action of 
β-sitosterol by interfering with pneumolysin hence protects mice from 
death of pneumonia caused by Streptococcus pneumonia (Li. et al., 
2015), while another interpretation of mode of action of β-sitosterol 
with Salmonella typhimurium by elevating secretion of antimicrobial 
peptides (Ding et al., 2010). Also, Protein ligand docking for β-sitosterol 
revealed that antibacterial action is due to prevention of enzyme dihy
drofolate reductase (Ravi et al., 2020) which leads to interruption of 
synthesis of thymidylate and folate dependent formyltransferases (Rao 
and Tapale 2013).

A recent study (Fan et al., 2023) showed that β-sitosterol affects 
production of LPS which represents a pioneer in virulence factors of all 

Fig. 7. Showed the % of LDH release with β-sitosterol, control and positive control after 24, 48, 72 h incubation with MDCK cells.

Fig. 8. (A) showed MDCK under microscope at 0-time control condition, fig (B) showed 72 h. incubation with β-sitosterol.
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gram negative bacteria. Additionally, lipid A in LPS is endotoxic, which 
allows for tissue injury and attachment (Park et al., 2022). They rec
ommended β-sitosterol as a new natural alternative for antibiotics.

A viable strategy is to target matrix exopolysaccharides unique to 
P. aeruginosa biofilms because these exopolysaccharides are important 
for community architecture, cell aggregation, and substrate adhe
sion—factors that enhance P. aeruginosa tolerance to antimicrobials and 
host defenses and confer survival benefits (Malhotra et al. 2019).

Since β-sitosterol contain hydroxyl group terminal which may form a 
hydrogen bond with hydroxyl group of N-acetylglucosamine found in 
Pel gene and hydroxyl group of d-mannose found in PSL and this may 
interfere with their role in biofilm formation.

This suggestion must be investigated in future as it will be a valuable 
finding since positive charge of PEL enables it to bind to eDNA conse
quently increased resistance to aminoglycoside (Jennings et al.2021).

5. Conclusion

P. aeruginosa secretes three factors associated with initiation of 
infection and biofilm formation PEL, PSL and alginate. Our results 
showed that β-sitosterol has both antibacterial and antibiofilm effect on 
P. aeruginosa. Also, affects swarming and swimming of P.aeruginosa. Our 
findings suggests a potential novel compound to combat P. aeruginosa 
infections.
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