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ABSTRACT

MOLECULAR INVESTIGATION OF P. aeruginosa IN THE PRESENCE
OF 4-HBA

The escalating threat to human health posed by bacterial pathogens is increasingly
attributed to the growing prevalence and distribution of antibiotic-resistant bacteria. In
response to antibiotics, microorganisms have developed resistance mechanisms to elude
and survive the impacts of these drugs. Phenolic acids have emerged as potent candidates
in the battle against bacterial infections due to their unique property of not inducing
resistance. This study focuses explicitly on 4-hydroxybenzoic acid (4-HBA), a type of
phenolic acid, as an effective antimicrobial agent. Proteomics research has become an
indispensable tool in the fight against antimicrobial resistance. Pseudomonas aeruginosa,
a bacterium capable of existing in both planktonic and biofilm states and known to cause
numerous human diseases, is of particular significance in this context. Furthermore, the
study explores the molecular aspects of P. aeruginosa when exposed to 4-HBA through
proteomic analysis, revealing a significant impact on protein biosynthesis as a
predominantly affected function. Additionally, P. aeruginosa, the study investigates the
effects of phenolic acid and antibiotic-loaded bone cements on Methicillin-sensitive
Staphylococcus aureus, Methicillin-resistant Staphylococcus aureus, Staphylococcus
epidermidis, Enterococcus faecium, and P. aeruginosa. Remarkably, 20 percent
inhibition rate is achieved after 48 hours of treatment. Moreover, the study examines
biofilm produced by P. aeruginosa in the presence of 4-HBA, utilizing both the Crystal
Violet assay and Scanning Electron Microscopy. Significantly, the biofilm formation is
observed to be disrupted by these methodologies. Overall, this study underscores the
effectiveness of 4-HBA as antimicrobial compound against diverse range of pathogens,

as demonstrated through both phenotypic and proteomic approaches.

Keywords: Antimicrobial resistance, Pseudomonas aeruginosa, 4-HBA,

Proteomics, Bone cement



OZET

4-HBA’NIN VARLIGINDA P. aeruginosa’NIN MOLEKULER
INCELEMESI

Bakteriyel patojenlerin insan sagligina yonelik artan tehdidi, giderek artan siklikta
ve dagilimda goriilen antibiyotik direngli bakterilerin biiyiimesine atfedilmektedir.
Antibiyotiklere karsi, mikroorganizmalar bu ilaglarin etkilerini atlatabilmek ve hayatta
kalabilmek i¢in diren¢ mekanizmalar1 gelistirmiglerdir. Fenolik asitler, direng
olusturmayan benzersiz bir Ozellie sahip olduklari icin bakteriyel enfeksiyonlarla
miicadelede etkili adaylar olarak ortaya c¢ikmistir. Bu calisma ozellikle etkili bir
antimikrobiyal madde olarak 4-hidroksibenzoik asit (4-HBA) adli bir fenolik asite
odaklanmaktadir. Proteomik arastirma, antimikrobiyal dirence kars1 savasta vazgecilmez
bir ara¢ haline gelmistir. PSeudomonas aeruginosa, hem planktonik hem de biyofilm
durumlarinda var olabilen ve birgok insan hastaligina neden oldugu bilinen bir bakteridir
ve bu baglamda 6zellikle 6nemlidir. Ayrica, ¢galisma P. aeruginosa'nin 4-HBA'ya maruz
kaldiginda protein biyosentezi iizerindeki etkilerini proteomik analiz yoluyla ortaya
koymaktadir ve bu etkinin belirgin oldugunu gostermektedir. P. aeruginosa'nin yani sira,
calisma fenolik asit ve antibiyotik yiiklii kemik c¢imentosunun Metisilin-duyarl
Staphylococcus aureus, Metisilin-direngli Staphylococcus aureus, Staphylococcus
epidermidis, Enterococcus faecium ve P. aeruginosa {izerindeki etkilerini
aragtirmaktadir. Sasirtic bir sekilde, 48 saatlik muamele sonrasinda yiizde 20 inhibisyon
orani elde edilmistir. Ayrica, ¢alisma 4-HBA'nin varliginda P. aeruginosa tarafindan
iiretilen biyofilmi Crystal Violet testi ve Taramali Elektron Mikroskopi kullanarak
incelemektedir. Onemli bir sekilde, bu yontemlerle biyofilm olusumunun bozuldugu
gozlemlenmektedir. Genel olarak, bu ¢alisma, hem fenotipik hem de proteomik
yaklasimlarla 4-HBA'nin ¢esitli patojenlere karsi etkili bir antimikrobiyal bilesik olarak

etkinligini vurgulamaktadir.

Anahtar Kelimeler: Antimikrobiyal diren¢, Pseudomonas aeruginosa, 4-HBA,

Proteomik, Kemik cimentosu
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CHAPTER 1

LITERATURE REVIEW

1.1. Overview of Pathogens

Bacteria are a diverse group of microorganisms that belong to the domain
Bacteria. They are prokaryotic organisms that lack a defined nucleus and other
membrane-bound organelles. Bacteria are characterized by their small size, simple cell
structure, and lack of organelles. They can be found in nearly every habitat on Earth,
including soil, water, and the human body (Baron et al., 1996). Bacteria are essential in
many ecological processes, such as nutrient cycling, soil formation, and plant growth.
They also break down organic matter and recycle crucial elements like nitrogen and
carbon. In addition, many bacteria have mutualistic relationships with other organisms,
such as in the gut of animals, where they aid digestion (Llad6 et al., 2017).

Bacteria are also used in many industrial applications. Microorganisms are vital
in producing fermented foods like yogurt, cheese, and pickles. Additionally, they find
extensive applications in the biotechnology sector, primarily for generating enzymes,
antibiotics, and various chemical compounds. (Anand et al., 2022). Nevertheless, certain
bacteria can potentially cause diseases in both humans and animals. These pathogenic
bacteria have the capability to cause various infections, including strep throat, urinary
tract infections, and foodborne illnesses such as food poisoning. It is important to
understand the different types of bacteria and how to prevent the spread of pathogenic
strains through good hygiene practices and the use of antibiotics when necessary (Balloux
etal., 2017).

The human body is a dynamic and intricate ecosystem comprising approximately
102 human cells and a vast population of microbial species, including bacteria, yeast, and
protozoa, amounting to around 10 cells. These microorganisms, known as normal flora,
typically inhabit specific body regions, such as the skin, oral cavity, large intestine, and
vagina. Furthermore, individuals consistently harbor viral infections, with the majority of

them remaining asymptomatic. (Alberts et al., 2002)



Microorganisms that normally exist in our body do not make people sick, but if
there is a weakness in the immune system or if they reach normally a sterile place, as in
the case of intestinal perforation, the intestinal flora enters the abdominal peritoneal
cavity and causes peritonitis. However, the host doesn’t need to be injured or immune-
compromised for pathogenesis. Because pathogens have evolved mechanisms to
circumvent biochemical barriers and elicit specific responses in the host that will
contribute to their survival and proliferation. There are a series of steps a p athogen must
undergo in order to survive and reproduce in a host. These:(1) colonize the host, (2) find
a compatible nutritional niche in the host body, (3) overcome the host's immune system,
(4) reproduce using the host's resources, (5) emerge and spread to a new host (Alberts et
al., 2002)

Pathogenic bacteria refer to bacteria that elicit disease in humans, animals, or
plants. Several instances of pathogenic bacteria encompass Salmonella, Escherichia coli
(E. coli), Streptococcus, Staphylococcus aureus, Pseudomonas aeruginosa, and
Mycobacterium tuberculosis. These bacteria can spread through contaminated food and
water, physical contact with infected individuals, or inhaling respiratory droplets.
Pathogenic bacteria are responsible for a broad spectrum of diseases, spanning from
minor ailments like food poisoning to severe and potentially life-threatening conditions
such as pneumonia, meningitis, and sepsis. Treatment for bacterial infections may involve
antibiotics. However, it is important to note that the overuse of antibiotics can lead to
antibiotic resistance, making treatment more difficult (Zourob et al., 2008).

According to the World Health Organization (WHO), pathogenic bacteria cause a
significant number of deaths each year globally. In 2016, it was estimated that bacterial
infections caused 7% of all deaths worldwide, which amounts to approximately 517,000
deaths. Some specific examples of bacterial diseases that cause significant morbidity and
mortality include tuberculosis (TB), sepsis, and bacterial diarrhea. Tuberculosis alone is
estimated to cause approximately 1.4 million deaths annually, while sepsis and diarrhea
combined contribute to 1.3 million fatalities each year. It is important to note that these
are rough estimates, and the actual number of deaths caused by pathogenic bacteria may
be higher, as some deaths may go unreported or misclassified (WHO, 2019).

Multidrug-resistant (MDR) Pseudomonas aeruginosa, a type of bacteria, is
particularly prevalent among individuals with Cystic Fibrosis. In the United States alone,

it is responsible for over 50,000 healthcare-associated infections annually, leading to



approximately 440 deaths. Among these infections, more than 13% (around 6,700 cases)
are caused by MDR Pseudomonas. The Centers for Disease Control and Prevention
(CDC) has classified MDR Pseudomonas aeruginosa as a significant threat in its
Antibiotic Resistance (CDC AR) report. Furthermore, the World Health Organization's
(WHO) 2017 list of priority antibiotic-resistant pathogens, which encompasses 12
bacterial families, identifies carbapenem-resistant Pseudomonas aeruginosa as the most
severe menace to human health. (Azam and Khan, 2019).

As the Centers for Disease Control and Prevention (CDC) states, bacterial
infections continue to present a significant public health concern in the United States,
contributing to substantial rates of illness and death. Some of the most common bacterial
infections in the U.S. include Streptococcus pneumoniae (pneumonia), Clostridium
difficile (C. difficile) infection, and Methicillin-resistant Staphylococcus aureus
(MRSA). In 2017, the CDC reported that approximately 3 million cases of invasive
bacterial infections occurred in the U.S., leading to an estimated 38,000 deaths.
Additionally, the CDC estimates that C. difficile infection alone causes nearly 500,000
illnesses and at least 15,000 deaths yearly in the U.S. These numbers highlight the
continued threat posed by pathogenic bacteria and the need for continued efforts to
prevent and treat bacterial infections (CDC, 2019).

Opportunistic bacteria are normally harmless microorganisms that can cause
disease when the host's immune system is weakened or compromised. These bacteria take
advantage of the weakened immune system to cause infection, hence the term
"opportunistic”. Examples of opportunistic bacteria include Escherichia coli (E. coli),
Klebsiella pneumoniae, Pseudomonas aeruginosa, and Streptococcus pneumoniae.
Although these bacteria are commonly found in the environment and on the skin and
mucous membranes of healthy individuals, they can cause infections in people with
weakened immune systems, such as those with HIV/AIDS, cancer, organ transplant
patients, and those receiving long-term treatment with antibiotics or steroids.
Opportunistic bacterial infections can range from mild conditions, like skin and urinary
tract infections, to severe diseases, such as pneumonia and sepsis. Early diagnosis and
prompt treatment of these infections are crucial in preventing severe complications and
improving outcomes for patients with weakened immune systems (Brown, Cornforth, and
Mideo, 2012).



Some of the dangerous and opportunistic pathogens are the subject of this thesis.
These pathogens described below are Staphylococcus aureus, Staphylococcus

epidermidis, Enterococcus faecium, and Pseudomonas aeruginosa.

1.1.1. Staphylococcus aureus

Staphylococcus aureus (S. aureus) is a Gram-positive bacterium associated with
various clinical diseases. The infection can be transmitted in both healthcare settings and
the community (Lowy et al., 1998). Since there is a development of multi-drug resistant
strains, for instance, Methicillin-Resistant Staphylococcus aureus (MRSA), treatment of
the infections remains problematic (Centers for Disease Control and Prevention (CDC);
Boucher and Corey, 2008). The bacteria do not normally infect healthy skin tissue;
however, if they can get into the bloodstream, a wide range of serious infections can
emerge (Lowy et al., 1998). Transmission of the bacteria happens typically through direct
contact. Other than being in the environment, it can be found in the healthy human flora.

Colonies of the bacteria can be found as yellow or golden (aureus means yellow
or golden) on media, and with up to 10% salt concentration, they can grow. They could
grow from 18 °C to 40 °C at anaerobic and aerobic conditions. The bacteria can be
distinguished by being catalase-positive (all pathogenic Staphylococcus species),
coagulase-positive (discrimination of S. aureus from the other Staphylococcus species),
novobiocin sensitive (to discriminate from Staphylococcus saprophyticus), and mannitol
fermentation positive (to differentiate from Staphylococcus epidermidis) (Rasigade and
Vandenesch, 2014). The mec gene, which is found in the Staphylococcal chromosomal
cassette mec (SCCmec) part, is carried by MRSA strains. Depending on the SCCmec type,
multiple antibiotic resistance is deliberated by the situation (CDC, 2003). The gene
encodes the penicillin-binding protein 2a (PBP-2a). PBP-2a is one type of penicillin-
binding protein (PBP) that plays a crucial role in catalyzing the production of
peptidoglycan in the bacterial cell wall. As an important enzyme involved in bacterial cell
wall synthesis, it is significant for the structural integrity of the cell. Unlike other PBPs,
PBP-2a exhibits a lower affinity for binding to beta-lactam antibiotics. Consequently,
even in the presence of several antibiotics, PBP-2a allows for the continued synthesis of
the bacterial cell wall. This characteristic makes MRSA strains resistant to oxacillin,

methicillin, cephalosporins, and nafcillin. (CDC, 2003; Rasigade and VVandenesch, 2014).
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The predominant sources of S. aureus strains are humans, such as mucous
membranes and skin (Boucher and Corey, 2008) (Chambers et al., 2005). Colonization
of these organisms has been estimated to occur in approximately half of the adult
population, with 15% of adults carrying S. aureus constantly in their anterior nostrils. It
has been found that hospitalized patients, healthcare workers, and immunocompromised
individuals are particularly prone to carry the bacteria at higher ratios. The transmission
of bacteria can occur via fomites or from person to person (Tong et al., 2015; Rasigade
and Vandenesch, 2014).

S. aureus causes several diseases, including infective endocarditis, bacteremia,
pulmonary infections, gastroenteritis, and skin and soft tissue infections (Tong et al.,
2015). Strain differences lead to different serious infections and/or toxin-mediated
diseases (DeLeo et al., 2009). Formation of biofilm, antigen masking using Protein A,
production of an antiphagocytic capsule, and inhibiting leukocytes chemotaxis are the
ways to avoid host immune response (Foster et al., 2005). During infectious endocarditis,
bacteria have the ability to attach themselves to fibronectin and extracellular matrix
proteins. This attachment is facilitated by specific bacterial cell wall-associated proteins,
such as teichoic acids, clumping factors, and fibrinogen-binding proteins. These bacterial
proteins play a role in mediating the binding of bacteria to fibronectin and other
components of the extracellular matrix (DeLeo et al., 2009). Additionally, in infectious
endocarditis, toxic shock syndrome, and sepsis, Staphylococcal superantigens (TSST-1
or toxic shock syndrome toxin 1) are significant for evasion of the host cells (Salgado-
Pabon et al., 2013; Musser et al., 1990). Since S. aureus strains produce biofilms and use
quorum sensing in a bacterial cell density-dependent manner, they cause infections of
prosthetic devices (Le and Otto, 2015).

The type of infection and the presence or absence of drug-resistant strains
determine the treatment of S. aureus infections (Tong et al., 2015). If isolates are
sensitive, penicillin would be used for treatment; it is vancomycin for MRSA strains
(Boucher and Corey, 2008). There may be cases where alternative treatment is required
in addition to antimicrobial therapy (Tong et al., 2015). In situations involving toxin-
mediated diseases, prosthetic endocarditis, or catheter-related infections, fluid
replacement management is frequently necessary to remove foreign devices. MRSA

(methicillin-resistant Staphylococcus aureus) infections pose a significant threat in both



hospital and community settings due to their resistance to multiple antibiotics. (Boucher
and Corey, 2008; Chambers et al., 2005).

Treating implant-associated infections (IAls) caused by S. aureus is a pressing
medical requirement for effective therapeutic interventions. (Darouiche et al., 2004). 1Als
originating from implant-associated infections account for approximately half of the 2
million nosocomial cases reported annually. (Darouiche et al., 2004). Treating this
medical complication poses significant challenges, resulting in elevated morbidity and
mortality rates. (Kapadia et al., 2016). S. aureus is a prominent causative agent of 1Al,
exhibiting a remarkable ability to infect foreign objects present in the human body. (Del
Pozo and Patel, 2009). S. aureus can establish persistence on implant surfaces through
the formation of biofilms. Biofilms are structured communities of microcolonies
surrounded by an extracellular matrix, allowing them to adhere to biomedical implants.
(Bjarnsholt et al., 2013). Treating infections associated with biofilms is challenging
because biomaterials provide a conducive environment for S. aureus, reducing the
necessary inoculum size for infection by a factor of more than 100,000 (Ari-Pekka et al.,
2014).

1.1.2. Staphylococcus epidermidis

The common bacterial colonizers of humans and other mammals’ skin and
mucous membranes are Staphylococci species (Kloos and Schleifer, 1986). Since
Staphylococcus epidermidis (S. epidermidis) colonizes head, nares, and axillae, it is the
most commonly isolated species from human epithelia (Kloos and Musselwhite, 1975).
Studies have demonstrated that S. epidermidis possesses genes that confer protection
against harsh environments. For example, the bacteria possess eight sodium ion/proton
exchangers and six transport systems for osmoprotectants, enabling them to effectively
manage extreme osmotic pressure and salt concentration. (Rogers et al., 2009; Chu et al.,
2008). Other than coagulase-positive Staphylococci, for instance, S. aureus, S.
epidermidis does not contain coagulase enzymes and is in the group of coagulase-negative
Staphylococci (CoNS). The species demonstrate a high degree of variety by 74 identified
sequence types (STs) (Miragaia et al., 2007).

S. epidermidis, in its natural environment, does not cause infection; however, it

can invade the human body with prosthetic devices. The situation leads to the entering of



the microbes into the bloodstream. Then, S. epidermidis could produce biofilm for
protection from the antimicrobials and host defense mechanism (Otto et al., 2009).
Biofilm formation is another way for coagulase-negative species to protect from harsh
environments. Once the biofilm is formed by protective exopolymers called poly-y-
glutamic acid, biofilm provides protection against innate host defense mechanisms (Otto
et al., 2009).

1.1.3. Enterococcus faecium

Enterococci were initially identified in the human fecal microbiota in 1899.
However, they remained classified within the Streptococcus genus until 1984. (Murray et
al., 1990). Streptococcus faecalis (S. faecalis) was initially characterized in 1906
following its isolation from an individual with endocarditis. On the other hand,
Streptococcus faecium (S. faecium) was first recognized in 1919. Subsequently,
Streptococci belonging to serogroup D were further classified into two groups based on
investigations involving DNA-rRNA homology and 16S rRNA sequence studies. These
studies revealed notable biochemical properties and nucleic acid composition distinctions
among the two groups. (Schleifer and Kilpper-Balz, 1984). S. faecalis and S. faecium
have been classified within the Enterococcus group, which encompasses over 50 species
in total (Parte et al., 2013).

Within the Enterococci group, Enterococcus faecalis (E. faecalis) and
Enterococcus faecium (E. faecium) are the primary pathogens responsible for human
infections. In the 1970s, Enterococci emerged as the predominant cause of infections
acquired within hospital settings. (Gilmore et al., 2013). Over the past twenty years, E.
faecium has undergone significant evolutionary changes, establishing itself as a
prominent nosocomial pathogen globally. It has demonstrated remarkable adaptability to
the conditions prevalent in healthcare facilities and has acquired resistance to
glycopeptides. (Top et al., 2008; Bonten et al., 2001). Genes associated with glycopeptide
resistance are governed by van operons found on mobile genetic elements (MGES). These
operons consist of regulatory genes that oversee the expression of ligase genes, which
confer resistance to glycopeptides. Among these ligase genes, vanA and vanB are the most

prevalent. (Arias and Murray, 2012).



1.1.4. Pseudomonas aeruginosa

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative, aerobic, and rod-
shaped bacterium with measurements of 0.5 to 0.8 um by 1.5 to 3.0 um (Baron and
Iglewski, 1996; Tang et al., 2015). Single polar flagellum is found in almost all of them,
whereas two or three flagella can be seen in some strains (Baron and Iglewski, 1996).
Although the temperature between 25 °C and 37 °C is proper for its growth, at 42 °C, it
can also grow, which is a distinctive feature different than other Pseudomonas species
(Tang et al. 2015). Different environments provide suitable conditions for its growth,
which induces disease in humans, animals, and plants (Tang et al., 2015).

Including P. aeruginosa, more than 25 Pseudomonas species lead to diseases in
humans that are related to opportunistic infections. Since it causes several human
diseases, it is crucial to highlight P. aeruginosa. It is considered one of the biggest threats
for hospitalized patients because of their weakened immune defenses and resistance to a
broad range of antibiotics (Baron and Iglewski, 1996; Moradali et al., 2017). The
bacterium can occupy immunodeficient tissues; meanwhile, the situation isn’t seen in
healthy tissues (Wu and Li, 2015). Cystic fibrosis and cancer-diagnosed patients and ones
with burns in hospitals have shown that 50% of fatalities are caused by P. aeruginosa
infection (Wu and Li, 2015).

In nature, P. aeruginosa exhibits two forms: biofilm and planktonic. A complex
nutrition supply is not required for these bacteria, as distilled water alone would be
sufficient for their growth. Additionally, media containing ammonium sulphate and
acetate provide conditions for the good growth of the bacteria (Wu and Li, 2015). P.
aeruginosa’s strains produce one or more pigments, including the fluorescent, green-
yellow pyoverdine, and green-blue pyocyanin. Pyochelin, a derivative of pyocyanin, has
the ability to sequester iron from P. aeruginosa from the host. Regular work of the human
respiratory system and nasal cilia could be disorganized by pyocyanin (Wu and Li, 2015).
Pyoverdine also plays a crucial role in the colonization and biofilm formation of P.
aeruginosa (Alonso et al., 2020)

P. aeruginosa strains possess extensive genomes, typically ranging from
approximately 5 to 7 megabase pairs (Mbp) in size. These strains exhibit a considerable
metabolic capacity, as evidenced by their ability to synthesize numerous secondary

metabolites. (Moradali et al., 2017). The genes of P. aeruginosa exhibit a significant



degree of conservation and comprise a rich repertoire of regulatory genes and networks,
surpassing those observed in other well-studied bacterial genomes. These genes enable
the bacterium to effectively respond to and adapt to various environments. (Moradali et
al., 2017).

1.1.4.1. Pathogenesis of P. aeruginosa

Escape from innate immunity mechanisms and harm to host cells can be
conducted by toxins and extracellular enzymes. Additionally, host-killing mechanisms,
for instance, phagocytosis and complement, can be inhibited by alginate or bacterial
capsules (Wu and Li, 2015).

In the initial invasion process, virulence consists of alkaline protease and elastase,
two extracellular proteins. Fibrin is lysed, and fibrin formation is disorganized by alkaline
protease. 1gG, IgA and collagen are cut by elastase. Furthermore, two hemolysins and a
cytotoxin protein are produced by P. aeruginosa and have a role in invasion. Different
types of cells, including neutrophils, can be eliminated by the cytotoxin; lipids and
lecithin in host cell membranes can be eliminated by phospholipase and lecithinase,
which are the two hemolysins (Wu and Li, 2015).

Exotoxin A and exoenzyme S are extracellular protein toxins generated by P.
aeruginosa (Wu and Li, 2015). To inhibit the synthesis of proteins in host cells and thus
lead to cell death, elongation factor 2 (EF2) is ADP ribosylated by exotoxin A, which is
a mono-ADP-ribosyltransferase (Tang et al., 2015; Wu and Li, 2015). Burned tissue has
been found to contain exoenzyme S, which is another ADP-ribosyltransferase (Wu and
Li, 2015).

P. aeruginosa also has a systemic effect on organisms. Since it has LPS and
capsule, serum bactericidal activity and phagocytosis are not usable for P. aeruginosa.
Inflammatory cytokines can be stopped, and the proteases can cut 1gG antibodies.
Hypotension, fever, and intravascular coagulation are examples of Gram-negative
septicemia’s common diseased characteristics provided by LPS’s lipid A moiety.
Eventually, dissemination is advocated by cytotoxicity that is generated by exotoxin A
(Wu and Li, 2015).



1.1.4.2. Colonization of P. aeruginosa

P. aeruginosa commonly threatens hospitalized patients because it may prefer
damaged tissue for respiratory track colonization, for instance, respiratory track infected
by tuberculosis or AIDS. Pili of P. aeruginosa may use sialic acid (N-acetylneuraminic
acid) as the tracheal epithelial cells’ receptor. Additionally, respiratory cells’
glycoproteins can be served by exoenzyme S in the same manner to appear to be adhesion.
P. aeruginosa needs pili to adhere to epithelial cells, which is conducted via receptors of
sialic acid, galactose, or mannose on epithelial cells after providing fibronectin
degradation using a protease enzyme (Wu and Li, 2015).

Alginate, a repeating polymer of guluronic and mannuronic acid found in P.
aeruginosa’s mucoid exopolysaccharide and matrix of biofilm of the Pseudomonas, is
made by the alginate. Cells are anchored to the environment by the alginate, and bacteria

are defended from host protection by that structure (Wu and Li, 2015).

1.1.4.3. Biofilm of P. aeruginosa

Several different bacteria have the ability to attach to distinct surfaces and form
biofilms (Donlan et al., 2002). A biofilm is a sophisticated bacterial community enclosed
within a self-generated matrix composed of extracellular polymeric substances (EPS).
When confronted with swift alterations in environmental factors like nutrient availability
and temperature fluctuations, the formation of a biofilm represents a crucial survival
strategy for the species involved (Rollet et al., 2008). Biofilms offer a significantly
enhanced capacity, approximately 1000 times greater, to evade the host immune system
and exhibit resistance against antimicrobial agents compared to their planktonic
counterparts (Lewis et al., 2001). Due to its well-established ability to form biofilms, P.
aeruginosa is a valuable model for investigating the process of biofilm formation (Crespo
et al., 2018; Ghafoor et al., 2011). A robust biofilm plays a crucial role in P. aeruginosa,
enabling it to effectively compete, persist, and establish dominance within the complex
polymicrobial environment of the cystic fibrosis lung (Oluyombo et al., 2019). P.
aeruginosa has the ability to colonize various surfaces, such as medical materials,

including contact lenses, implants, and urinary catheters. (Ghafoor et al., 2011).
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Therefore, it is of utmost importance to comprehend the architectural characteristics of
biofilms and the underlying molecular mechanisms governing the antimicrobial tolerance
displayed by bacteria within biofilms. This knowledge is crucial for developing strategies
to prevent or eradicate biofilm-associated infections (Thi et al., 2020). Considering that
biofilm takes up a vital place in pathogenesis, its composition enlightened us about the
importance of biofilm. Biofilm is a formation that allows bacteria to survive against
sudden changes such as the presence of food or temperature and is a complex bacterial
community consisting of extracellular polymeric substances (EPS) (Moradali and Rehm,
2020; Rehm et al., 2010).

The biofilm matrix of P. aeruginosa consists of polysaccharides, extracellular
DNA, lipids, and proteins. (Strempel et al., 2013). The biofilm matrix, comprising
polysaccharides, extracellular DNA, lipids, and proteins, contributes to approximately
90% of the biofilm biomass. It serves as a structural framework for attachment to living
and non-living surfaces. Additionally, it provides protection to bacteria against antibiotics
and host immune responses. The matrix is also crucial in facilitating nutrient exchange,
enzyme activity, and intercellular communication within the biofilm community.
(Strempel et al., 2013; Jackson et al., 2004; Ryder et al., 2007). The molecules Psl, Pel,
and alginate have significant roles in the processes of adhesion, formation, and stability
of biofilms. They are essential for the initial attachment of bacteria to surfaces, as well as
for the development and structural integrity of the biofilm community. These molecules
contribute to the overall architecture and cohesion of the biofilm, ensuring its robustness
and persistence over time. (Billings et al., 2013).

Psl is a type of pentasaccharide found in neutral form, consisting predominantly
of d-glucose, d-mannose, and I-rhamnose components. (Ma et al., 2009; Byrd et al.,
2009). This exopolysaccharide is essential for facilitating the attachment of sessile cells
to surfaces and promoting cell-to-cell interactions during the initiation of biofilms in both
non-mucoid and mucoid strains. (Ma et al., 2012; Jones and Wozniak, 2017). The
characteristics of Psl can be summarized as follows: (i) Psl confers advantages to biofilm
communities rather than unattached populations; (ii) mixed biofilms with Psl-producing
cells exhibit improved growth compared to non-Psl-producing cells; (iii) Psl-positive
populations tend to dominate over Psl-negative populations during biofilm development;
and (iv) non-Psl producers may not benefit from the presence of Psl producers (Irie et al.,

2017). Psl contributes to the structural integrity of mature biofilms by surrounding the
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mushroom-shaped architecture. (Ma et al., 2009). Heightened Psl expression is linked to
the formation of cell aggregates in a liquid medium, a characteristic observed in the
sputum of individuals with cystic fibrosis (CF) (Irie et al., 2012; Staudinger et al., 2014).
Psl is a signaling molecule that stimulates the synthesis of c-di-GMP (bis-(3'-5")-cyclic
dimeric guanosine monophosphate). Elevated levels of c-di-GMP lead to the
development of denser and more resilient biofilms (Staudinger et al., 2014). Moreover,
Psl also serves as a protective barrier, shielding biofilm bacteria from antimicrobial agents
and preventing their engulfment by neutrophils through phagocytosis. This attribute
makes Psl an effective defensive molecule, enabling the establishment of persistent
infections. (Mishra et al., 2011).

Pel is a polysaccharide polymer with a positive charge. It is composed of N-acetyl-
D-glucosamine and N-acetyl-D-galactosamine, which have undergone partial
deacetylation. It serves as a crucial component of the biofilm matrix in non-mucoid
strains, contributing to both the initial adhesion to surfaces and the overall integrity of the
biofilm structure. Its properties are comparable to those of Psl in these aspects (Colvin et
al., 2013; Jennings et al., 2015). Pel is accountable for the formation of a membrane-like
biofilm that develops at the interface between air and liquid in a stationary broth culture
(Friedman and Kolter, 2003). The production of Psl and Pel is specific to certain strains
and can be modified in response to changes in the surrounding environment (Colvin et
al., 2011). Pel enhances the resistance of bacteria residing within the biofilm to
aminoglycoside antibiotics (Yang et al., 2011). Furthermore, biofilms containing Pel
demonstrate resistance against the antibiotic colistin and exhibit decreased susceptibility
to neutrophil-mediated killing initiated by human HL-60 cell lines. (Baker et al., 2016).
In contrast to Psl, Pel is not readily available to Pel-negative cells, both in the biofilm and
planktonic populations (Irie et al., 2017).

In the biofilm of Pseudomonas strains, the presence of alginate mucoid is
observed due to a mutation in the mucA22 allele. The shift from an acute to a chronic
infection is frequently linked to the appearance of mucoid phenotypes, particularly in
isolates obtained from individuals with cystic fibrosis. (Ciofu et al., 2015; Folkesson et
al., 2012). Alginate is a polymer with a negative charge composed of acetylated residues
of mannuronic acid and guluronic acid (Evans and Linker, 1973). Alginate has been
extensively studied and found to serve numerous crucial functions, including the

maturation of biofilms, shielding against phagocytosis and opsonization, and limiting the
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diffusion of antibiotics within the biofilm (Tseng et al., 2013; Hay et al., 2013). The ratio
of mannuronic acid to guluronic acid in alginate has an impact on the viscoelastic
properties of biofilms. This, in turn, can lead to impaired cough clearance in the lungs of
individuals with cystic fibrosis who are infected with P. aeruginosa. (Gloag et al., 2018;
Rehm and Valla, 1997).

Exposure to environmental stress, including antimicrobial treatment, can trigger
the release of DNA from disrupted cells, referred to as extracellular DNA (eDNA). eDNA
plays a crucial role in the formation of biofilms. The endolysin Lys, encoded within the
R- and F-pyosin gene cluster, contributes to cell disruption, which can occur during both
the initial stages of biofilm formation and the planktonic phase. Environmental stress
leads to structural damage to the cell wall, causing rod-shaped bacteria to transform into
round cells and ultimately undergo lysis. The resulting eDNA, along with cytosolic
proteins and RNA, is enclosed within membrane vesicles (MVs) that form from
fragments of the membranes of lysed cells (Turnbull et al., 2016). Extracellular DNA
(eDNA) can also be found in specific locations, such as the surface and the stem regions
of mushroom-like micro-colonies (Allesen-Holm et al., 2006). eDNA serves multiple
functions within the biofilm environment. Firstly, it acts as a source of nutrients for
bacteria residing in the biofilm. Secondly, it aids in cellular organization and alignment
through twitch motility. Thirdly, eDNA acts as a chelator for divalent cations on the outer
membrane, such as Mg?* and Ca?". This chelation subsequently activates the type VI
secretion system and facilitates the diffusion of virulence factors within the host.
Fourthly, eDNA contributes to the acidification of the biofilm environment and infection
sites. This acidification limits the penetration of antimicrobial agents. Lastly, eDNA has
the potential to influence the inflammatory response initiated by neutrophils in the
presence of P. aeruginosa biofilms. (Wilton et al., 2016; Wilton and Wong et al., 2016;
Gloag et al., 2013; Fuxman Bass et al., 2010).

Polyhydroxyalkanoate (PHA) is a carbon and energy storage biopolymer
synthesized within the cells present in a biofilm. While it does not directly contribute to
the structural composition of the biofilm matrix, PHA serves important functions. It
provides stress tolerance to the cells and facilitates adhesion to abiotic surfaces like glass
(Pham et al., 2004).

Gaining insights into the stages of biofilm formation is crucial for studying the

impact of antimicrobial agents. P. aeruginosa has been found to exhibit slow growth
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under hypoxic and anoxic conditions, providing a basis for comparison with the growth
patterns observed in patients with cystic fibrosis (CF) and chronic wounds (Senderholm
et al., 2017). The reduced growth rate of P. aeruginosa in oxygen-limited environments
is associated with its antibiotic resistance. This bacterium forms biofilms on abiotic
surfaces like industrial equipment and medical implants. The process of biofilm
development can be described through five distinct steps (Figure 1.1). Step 1: Bacterial
cells attach to surfaces through the presence of cellular appendages such as flagella and
type IV pili, facilitating their adhesion (O'Toole et al., 2017; Klausen et al., 2003).
Restricted flagellar movement mediates twitch motility and the biosynthesis of
exopolysaccharides, which are necessary for surface aggregation during biofilm
formation (Hickman and Harwood, 2008). It's a reversible adherence. Bacterial responses
and biofilm formation of wild-type PAO1 were shown to be surface-specific in a
proteomics study. This situation can be understood by the records of P. aeruginosa, which
detects a different surface and adjusts other proteins and the amounts of these proteins
accordingly (Guilbaud et al., 2017). Step 2: Transition of bacterial cells from reversible
to irreversible attachment occurs. Step 3: The gradual spread of attached bacteria into a
more structured architecture is achieved at this stage, and this structure is called micro-
colonies. Step 4: These micro-colonies evolve into three-dimensional mushroom-like
structures, a hallmark of biofilm maturation. Step 5: In the center of the micro-colony,
matrix space is disrupted by cell autolysis to release dispersed cells, followed by a
transition from sessile to planktonic growth mode to seed non-colonized areas (Step 6),
allowing the biofilm cycle to repeat (Rasamiravaka et al., 2015). It has recently been
presented that the endonuclease EndA via eDNA degradation is required for the dispersal

of existing biofilm (Cherny and Sauer, 2019).
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Figure 1.1. P. aeruginosa’s biofilm development cycle is divided into six steps. At first,
bacteria settle on the surface and produce extracellular polymeric substances
(EPS), including lipids, eDNA, polysaccharides, and proteins. After that, cell
division and the evolution of reversible binding to irreversible binding
occurs. The following steps are the formation of microcolonies and the
transformation of these colonies into mushroom-shaped structures.
Production of virulence factors and cell-cell interaction play a vital role in
the maturation and robustness of biofilms. A matrix cavity is created in the
center of the micro-colony through cell autolysis to disrupt the matrix to
release the dispersed population. Finally, the released cells undergo a
transition to planktonic phenotypes of about 2 hours, during which
planktonic phenotypes will then invade non-colonized areas (Moradali and
Rehm, 2020).

*Bacteria-surface

association *Mushroom shaped structures
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Recent studies have revealed that cells within biofilms exhibit distinct
physiological characteristics compared to planktonic cells and display enhanced
resistance to antibiotic treatments (Rollet et al., 2008). Despite advancements in
understanding the physiological differences between attached and free-swimming cells
within biofilms, there remains limited knowledge regarding the intermediate forms that
bridge the gap between these two lifestyles. Recent evidence suggests that the transition
from detachment to planktonic growth represents a unique stage in the development of
biofilms (Step 6) (Figure 1). Distinct from both planktonic and sessile cells, these cells
exhibit altered physiology and mark the transition from chronic infections to acute
infections. After a 2-hour lag phase, during which pyoverdin and intracellular c-di-GMP
levels decrease, these cells undergo a phenotypic shift towards a planktonic phenotype
(Chua et al., 2013; Chua et al., 2015). In the dispersed population, a decrease in the

expression of iron-uptake genes and an increase in the expression of virulence-encoding
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genes were detected (Chua et al., 2014). Results from both laboratory experiments (in
vitro) and studies involving live organisms (in vivo) demonstrated that the dispersed cells
exhibited high cytotoxicity toward macrophages, increased vulnerability to iron
deficiency, and greater lethality toward nematode hosts compared to the planktonic
bacteria (Chua et al., 2014). A separate study demonstrated that dispersed bacteria
obtained from biofilms treated with glycoside hydrolase exhibited rapid spread in a mouse
model of chronic wound infection, ultimately leading to fatal septicemia (Fleming and
Rumbaugh, 2018).

1.2. Antimicrobial Resistance

Antimicrobial resistance (AMR) poses a substantial public health challenge and
imposes a significant economic burden on healthcare systems worldwide. The World
Health Organization (WHO) has identified certain bacteria as priority threats to human
health, with a significant number belonging to the Gram-negative bacteria category. This
includes P. aeruginosa, Acinetobacter baumannii, and Enterobacteriaceae (WHO, 2017,
Willyard et al., 2017). Recent findings indicate the emergence of resistance against
antibiotics that were once considered last-line treatments, such as colistin and polymyxin
B (Zavascki et al., 2007; Liu et al., 2016).

Most of the antibiotics currently used in clinical practice were identified and
developed during the period known as the "golden age™ of antibiotic discovery, which
spanned from the 1940s to the 1960s. Subsequently, new drugs were developed by
chemically modifying existing scaffolds to create analogs with improved properties
(Coates, Halls, and Hu, 2011). The issue is further compounded by the phenomenon that
bacteria evolve resistance more rapidly than the development of new antibiotics
(Martinez and Baquero, 2014; Bonomo et al., 2016). The most recent class of antibiotics,
designed to specifically target gram-negative bacteria, are synthetic fluoroquinolones,
introduced to medical practice almost five decades ago (Lundquist et al., 2020; Lewis et
al., 2020).

Antibiotic resistance is an inherent process that arises when microorganisms come
into contact with antibiotic medications. When exposed to antibiotics, susceptible bacteria
are either eliminated or suppressed, while bacteria that possess inherent resistance or have

acquired resistance mechanisms have a higher likelihood of survival and proliferation.
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The rise of antibiotic resistance is not only attributed to the excessive use of antibiotics
but also to their inappropriate use, which includes improper selection, inadequate dosing,
and inadequate adherence to treatment guidelines (Francesco, Pezzotti, and Pantosti,
2015).

1.3. Phenolic Acids

Plant usage for significant needs, such as food, medicine, and clothes, started from
thevery beginning of human history. Several types of diseases have been observed with
decreased risk during the consumption of a diet rich in plant-derived foods. One of the
substances found in the cures is polyphenols, which have roles in disease healing and

biological activities (Kumar and Goel, 2019).

Skin care

products

Figure 1.2. Different applications of phenolic acids (Kumar and Goel, 2019).

Plant phenolics, composed of an aromatic ring that is attached to one or more
hydroxyl groups, and are generated through a shikimate pathway from L-phenylalanine

and L-tyrosine, are the secondary metabolites mostly abundant and have types of phenolic
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acids, simple phenols, flavonoids, stilbenes, and coumarins, etc. Those secondary
metabolites are derived mainly for defense against insects, viruses, and bacteria. Flavor,
color, and smell production is another role of these metabolites. Besides having functions
in plant defense, development, and growth, they also have beneficial properties for
humans since they are considered powerful antioxidants with antimicrobial, anticancer,
and anti-inflammatory features (Figure 1.2) (Kumar and Goel, 2019).

Free phenolic acids have the ability of high solubility in water and increased levels
of bioavailability compared to flavonoids. Additionally, other than flavonoids, phenolic
acids can be absorbed in the stomach. Phenolic acids, like flavonoids, can alleviate
chronic diseases and body damage caused by excessive free radicals, and thus, they are
recognized as exceptional antioxidants (Chen et al., 2020).

Phenolic compounds, including one carboxyl group, are generally known as
phenolic acids. The highest concentrations of these substances are typically found in
various plant-based foods, including seeds, fruit skins, and vegetable leaves. They are
commonly present in bound forms such as esters, glycosides, or amides and are less
frequently encountered in their free form. (Pereira et al., 2009). Hydroxycinnamic acid
and hydroxybenzoic acid are two subtypes of phenolic acids (Kumar and Goel, 2019). It
has been presented that the in vitro antioxidant activity of phenolic acids is much higher
than acknowledged antioxidant vitamins (Tsao and Deng, 2004). Hydroxycinnamic acids
are commonly found in food and are derived from cinnamic acid. They are often present
as simple esters with glucose or quinic acid. Among these compounds, chlorogenic acid
is the most abundant soluble-bound hydroxycinnamic acid. It is composed of a
combination of quinic acid and caffeic acid. Caffeic acid, sinapic acid, ferulic acid, and
p-coumaric acid are typical examples of hydroxycinnamic acids. On the other hand,
hydroxybenzoic acids include p-hydroxybenzoic acid, gallic acid, vanilic acid,
protocatechuic acid, and syringic acid. Hydroxybenzoic acids have a C6-C1 structure and
are derived from benzoic acids. By conjugating organic acids and sugars, they are in
soluble form and found in cell wall arrangements’ integral section as lignin (Kumar and
Goel, 2019). Compared with hydroxycinnamic acids, hydroxybenzoic acids are often
found in onions, black radishes, red fruits, etc., found in low concentration (Griffiths et
al., 1996). The most found hydroxybenzoic acids are vanillic, p-hydroxybenzoic, syringic

acid, and protocatechuic (Kumar and Goel, 2019).
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The precise role of phenolic acids in plants is still not fully comprehended, but it
Is recognized that they contribute to enzyme activity and nutrient uptake. Phenolic acids
are the primary polyphenols synthesized by plants and serve as precursors for bioactive
compounds widely utilized in the cosmetic, food industries and therapeutics. They have
been extensively studied for their diverse biological applications. (Croft et al., 1998).
Phenolic acids can be metabolized by natural microbes, which is the most important
advantage of using them. In that way, an important alternative to human-made
environmentally harmful chemicals is provided. Moreover, plant phenolics have the role
of signaling molecules, for instance, in the initiation of legume rhizobia and arbuscular

mycorrhizal symbiosis production (Mandal, Chakraborty, and Dey, 2010).

1.3.1. Phenolic Acids as Antimicrobial Agents

In fecal water, phenolic acids are the most abundant type compared to other
phenolic compounds (Cueva et al., 2010). They operate as food preservatives and show
antimicrobial activity. The antimicrobial properties of phenolic acids are influenced by
their chemical structure, particularly the position of saturated chains, the number of
substitutions in the benzene ring, and the chain length. Increased length of the alkyl chain
has been found to enhance the antimicrobial activity. For example, phenolic acid
oligomers exhibit greater activity than monomers (Elegir et al., 2008). The antimicrobial
activity of compounds, such as hydroxybenzoic and hydroxycinnamic acids, is influenced
by the presence of hydroxyl (—OH) and methoxy (—OCH3) functional groups. However,
the relationship between their structure and function does not fully explain the diverse
range of antimicrobial activities observed in these compounds (Sanchez-Maldonado,
Schieber, and Génzle, 2011). Similar to other weak organic acids, hydroxybenzoic acids
exert their antimicrobial activity by diffusing across the cell membrane in their
undissociated acid form. This acidification of the microbial cytoplasm disrupts cell
function and ultimately leads to cell death. The antimicrobial effectiveness of phenolic
acids, determined by their solubility in the microbial membrane, is influenced by factors
such as pKa (acid dissociation constant) and lipophilicity. (Campos et al., 2009). Since
pH provides a charge on the ring substitutions (methoxy and hydroxyl groups), the

saturation of the side chain and the carboxyl (-COOH) group shows a significant part.
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There is a contrary interaction between the change in pH and phenolic acids’
antimicrobial activity (Almajano et al., 2007).

The emergence of drug-resistant bacterial pathogens poses a growing challenge,
and there is a need to discover compounds with novel antibacterial mechanisms to address
this issue. Plant phenolic acids, which are naturally occurring compounds, present a
promising reservoir of diverse chemical structures that have the potential to inhibit
bacteria through distinct mechanisms. However, the investigation of novel antibacterial
action mechanisms associated with plant phenolic compounds is not widely practiced and
can pose challenges. The use of systems biology approaches can aid in evaluating
antibacterial action mechanisms without the bias of targeted bioassays, enabling the
discovery of novel mechanisms against drug-resistant microorganisms. As natural
products, including plant-derived compounds, exhibit a range of bioactive properties,
they have gained renewed interest in this context (Rempe et al., 2017). Multi-drug
resistant bacteria can be defeated by using phenolic acids derived from plants; however,
to use them as antibacterial curing, the description of their action mechanism needs to be
thoroughly investigated (Cristina, McBain and Simdes, 2012).

Because conclusive evidence of protein-ligand binding is available, proteomic
approaches have been prevalent for discovering small molecule binding targets. For small
molecule binding targets isolation for the phage display of peptides and protein
microarrays for separation, affinity chromatography was utilized, and then mass
spectrometry was used for identification. Broad research has been conducted on
techniques of proteomics (Wong et al., 2008; Ziegler et al., 2013). Proteomic approaches
by differential expression of proteins can also determine mechanisms of actions of
antimicrobial therapy. Research shows mechanistic determinations can be provided by
expression proteomics. For instance, the approach provided evidence for a second
mechanism of action of atypical tetracycline chelocardin, which leads to membrane
depolarization at high concentrations and inhibits peptidyl transferase at low

concentrations and in B. subtilis (Stepanek et al., 2016).
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1.3.2. 4-Hydroxybenzoic Acid

4-hydroxybenzoic acid, also referred to as p-hydroxybenzoic acid (PHBA), is a
monohydroxybenzoic acid derived from benzoic acid. It contains a hydroxy substituent
at the C-4 position of the benzene ring. It is an organic compound with a chemical formula
of C7H603 and a molecular weight of 138.12 g/mol. PHBA is a white crystalline solid
with a 214-216 °C melting point range. The hydroxyl group on the fourth carbon imparts
important properties to 4-hydroxybenzoic acid, such as solubility in water and stability
towards oxidation (Figure 1.3). The compound is soluble in water and polar organic
solvents such as ethanol, methanol, and acetone but is insoluble in nonpolar solvents like
benzene and ether (PubChem, 2020).

4-Hydroxybenzoic acid is found in various plant species, including rose,
carnation, clove, etc. It functions as a secondary metabolite in plants, serving as a
protective agent against environmental stress and pathogenic attacks. It also plays a role
in plant growth and development and has been reported to have antifungal, antibacterial,
and antiviral properties (Kim et al., 2020).

In the chemical industry, 4-hydroxybenzoic acid serves as a crucial precursor for
the synthesis of diverse derivatives. For instance, it is utilized in the production of
salicylic acid, which possesses analgesic properties and finds application as a pain
reliever. Additionally, 4-hydroxybenzoic acid is an essential compound in the synthesis
of various fragrances, flavorings, preservatives, and pharmaceuticals, including anti-
inflammatory drugs, anti-tumor drugs, and anti-viral drugs (Wang et al., 2018).

In conclusion, 4-hydroxybenzoic acid is a versatile and important organic
compound with diverse applications in the chemical and pharmaceutical industries and
the natural world. Its hydroxyl group gives it solubility in water and stability towards
oxidation, making it an ideal starting material for synthesizing a wide range of

compounds.
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Figure 1.3. 4-hydroxybenzoic acid’s chemical structure (PubChem, 2020).

1.4. Bone Cement

Bone cement is a medical adhesive used to fix artificial joints, such as hip or knee
replacements, to the bones in the body. The cement is a mixture of a powder and a liquid
that hardens quickly when mixed. It is applied to the surface of the artificial joint and the
bone, and then the joint is pressed into place. Bone cement is used to fill bone voids, and
as a bone graft substitute (Vaishya, Chauhan, and Vaish, 2013).

Antibiotic-loaded bone cement, also known as antibiotic-impregnated bone
cement (AIB cement), is a medical adhesive used in orthopedic surgeries, such as joint
replacements and spinal fusions. It is the antibiotics added type of traditional bone
cement. The antibiotics are released gradually, providing a sustained release of the drugs
to the surgical site. This can help to prevent or reduce the risk of infection in the implanted
joint (Bistolfi et al., 2011).

Staphylococcal species, such as S. aureus and S. epidermidis, are common causes
of infection in orthopedic surgeries. These bacteria are often found on the skin and can
easily pass to the surgical site during the procedure. When they infect a replaced joint,
they can cause prosthetic joint infection (PJI). PJI is a serious complication that can occur
after joint replacement surgery, and it's one of the most common reasons for revision
surgery (Cara et al., 2021).

AIB cement can help reduce the risk of PJI by providing a sustained release of
antibiotics to the surgical site. Antibiotics, such as gentamicin and vancomycin, can help

to kill or inhibit the growth of the Staphylococcal bacteria, thus reducing the risk of
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infection. In-vitro studies have shown that using AIB cement can significantly reduce the
bacterial load on the replaced joint and decrease the incidence of infection (Ghosh et al.,
2022).

However, the use of AIB cement should be used with caution. Excessive
utilization of antibiotics can result in the development of antibiotic resistance, a
phenomenon that can pose challenges in the effective treatment of bacterial infections in
subsequent instances. Additionally, the use of AIB cement can also lead to an increased
risk of implant failure and aseptic loosening, particularly in cemented total hip
arthroplasty. In conclusion, Antibiotic-loaded bone cement is an option in orthopedic
surgeries that can help to reduce the risk of prosthetic joint infection caused by
Staphylococcal species. Therefore, the use of AIB cement should be based on a balance
between the potential benefits and risks and should be reserved for high-risk patients or
cases with a high risk of infection.

P. aeruginosa can be responsible for prosthetic joint infections (PJI), and it is
known to be one of the most virulent and difficult-to-treat pathogens in orthopedic
surgery. AIB cement can be used as an adjunctive measure in preventing P. aeruginosa
infections, but it's not considered the main line of defense. The antibiotics used in AIB
cements, such as gentamicin and vancomycin, are ineffective against P. aeruginosa.
Therefore, AIB cement alone may not be enough to prevent PJI caused by P. aeruginosa
(Scott & Higham, 2003). A comprehensive strategy is necessary to prevent P. aeruginosa
infections in orthopedic surgery. The antibiotics used in AIB cement are not very effective
against P. aeruginosa. Therefore, AIB cement alone may not be enough to prevent PJI
caused by this bacterium.

E. faecium can cause infections in various contexts, including orthopedic surgical
procedures. It can be responsible for prosthetic joint infections (PJI), and it is known to
be a nosocomial pathogen that can cause nosocomial infections (Baldassarri et al., 2005).
AIB cement can be used as an adjunctive measure in preventing E. faecium infections.
However, it should not be relied upon as the main line of defense. The antibiotics used in
AIB cements, such as gentamicin and vancomycin, exhibit activity against E. faecium,
but their efficacy may be limited by the emergence of antibiotic resistance. Therefore,
AIB cement alone may not be enough to prevent PJI caused by E. faecium. The prevention
of E. faecium infections in orthopedic surgery requires a multifaceted approach, including

prophylactic antibiotics, appropriate surgical techniques, and implant coatings designed
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to minimize bacterial colonization. While considering the inclusion of AIB cement as an
adjunct measure, it should be viewed as part of a broader preventive regimen,
complementing these other preventive measures.

In conclusion, AIB cement can be used as an adjunctive measure in preventing
infections caused by opportunistic bacteria such as P. aeruginosa and E. faecium
infections in orthopedic surgery, but it should be used in conjunction with other
preventive measures such as prophylactic antibiotics, appropriate surgical techniques, and

implant coatings.

1.5. Aim

This study aims to investigate the alterations in the overall protein profile of
Pseudomonas aeruginosa in the presence of 4-HBA using LC-ESI-MS/MS analysis.
Furthermore, the protein data obtained will be validated at the transcript level using
droplet digital PCR. Additionally, the research aims to examine the impact of gentamicin,
4-HBA, and a combination of gentamicin and 4-HBA loaded bone cement on various
bacterial strains, including MSSA, MRSA, S. epidermidis, E. faecium, and P. aeruginosa.
Furthermore, the study assesses the phenotypic changes in the biofilm formation of P.

aeruginosa after the 4-HBA exposure.
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CHAPTER 2

MOLECULAR INVESTIGATION OF Pseudomonas
aeruginosa IN THE PRESENCE OF 4-HYDROXYBENZOIC
ACID

2.1. Introduction

Proteomics is the large-scale study of proteins and their functions within an
organism. It has become an essential field of study in various biological and medical
research areas due to its importance in understanding biological processes, identifying
disease biomarkers, and developing new therapeutic targets (Aslam et al., 2016). The
study can be conducted to do protein expression analysis because it allows researchers to
study the expression of proteins in different biological systems. By identifying changes
in protein expression levels, researchers can gain insights into cellular responses to
stimuli, such as drugs or environmental factors. Post-translational modifications can be
found in the study. Proteins can undergo various post-translational modifications, such as
phosphorylation, acetylation, and glycosylation, affecting their function. Proteomics
allows researchers to study these modifications and their impact on protein activity and
cellular signaling. Protein-protein interactions can be investigated by the method, as well.
Proteins often work together in complex networks to carry out biological processes.
Proteomics can be used to identify protein-protein interactions, which can provide
insights into cellular signaling pathways and protein function. Proteomics can be utilized
to identify disease biomarkers proteins present in different disease states. By analyzing
the protein profiles of different disease samples, researchers can identify proteins specific
to a particular disease, which can be used for early detection and diagnosis. Proteomics
can also be used in drug discovery to identify potential targets and to develop more
effective drugs. By studying the proteins involved in disease processes, researchers can
design drugs that target specific proteins and pathways (Cho et al., 2007)

In summary, proteomics is a powerful tool that allows researchers to study the

complex world of proteins and their role in biological processes. The information
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obtained through proteomics can lead to new insights into disease mechanisms, better
diagnostics and treatments, and improved patient outcomes.

Mass spectrometry (MS) is an extensively utilized analytical technique in
proteomics research. It is a method that assesses the mass-to-charge ratio (m/z) of ions to
ascertain the identity, abundance, and structure of molecules. In the field of proteomics,
Mass Spectrometry (MS) is employed for the identification and quantification of proteins
and peptides, as well as post-translational modifications.

The basic principle of MS is to ionize molecules, separate the ions based on their
mass-to-charge ratio, and detect the resulting ion currents. There are different types of
ionization techniques used in MS, such as electrospray ionization (ESI), matrix-assisted
laser desorption/ionization (MALDI), and gas-phase ionization. ESI and MALDI are the
most commonly used techniques in proteomics (Biiylikkdroglu et al., 2018). In the field
of proteomics, Mass Spectrometry (MS) serves various purposes, including protein
identification. It achieves protein identification by creating peptide fragments from
protein digestion and matching these fragment ions with a protein database. Additionally,
in quantitative proteomics, MS plays a crucial role in measuring protein abundance within
a sample, allowing researchers to compare protein levels across different samples or
conditions. Moreover, MS is instrumental in the identification and quantification of post-
translational modifications on proteins, encompassing phosphorylation, acetylation, and
glycosylation in post-translational modification analysis. Furthermore, MS can be
harnessed for identifying protein-protein interactions by detecting proteins that co-purify
with a bait protein in protein-protein interaction analysis.

Overall, mass spectrometry is a critical technique in proteomics research that
allows researchers to identify, quantify, and characterize proteins and their modifications.
It is a highly sensitive and accurate technique that can provide detailed information about
protein structure, function, and interactions.

The rising threat to human health from bacterial pathogens is increasingly
attributed to the growing number and distribution of antibiotic-resistant bacteria. At the
same time, the rate of discovery of new antimicrobial drugs has been diminishing. As a
consequence of using antibiotics to combat infectious diseases, microorganisms have
developed resistance mechanisms to evade and survive the effects of these drugs. Efforts
are underway to identify these mechanisms and develop strategies to counter the steady

rise in treatment failures caused by multidrug-resistant microbes. Antimicrobial
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resistance (AMR) poses a significant global threat to public health, progressively
emerging as a prominent hurdle in the effective management of infectious diseases.
Antimicrobial agents, such as antibiotics, are becoming increasingly ineffective against
certain pathogens due to the development of resistance mechanisms. According to the
Centers for Disease Control and Prevention (CDC), over 2.8 million individuals are
impacted annually by antibiotic-resistant infections, leading to a minimum of 35,000
fatalities (CDC, 2019). In Europe, there is a significant prevalence of illnesses and
fatalities attributed to multidrug-resistant bacteria, with an estimated 670,000 infections
and 33,000 deaths reported in 2015 (Cassini et al., 2019). Furthermore, it is projected that
the number of fatalities attributed to antimicrobial resistance (AMR) could rise to
approximately 10 million annually by 2050. This figure surpasses the projected burden
of other significant health conditions, such as cancer and diabetes, when combined
(Balouiri, Sadiki, and Ibnsouda, 2016).

Proteomics research has become an important tool in the fight against AMR by
helping to identify new drug targets, understand resistance mechanisms, and develop
more effective treatments. Proteomics plays a crucial role in this field of research by
elucidating the molecular mechanisms of bacterial pathogenesis and identifying factors
that contribute to disease outcomes. By uncovering physical interactions, proteomics
provides valuable insights for developing targeted treatment approaches that can curb the
spread of antibiotic resistance. With the recent advancements in whole-genome
sequencing, proteomic technologies are extensively employed to investigate microbial
gene expression. Consequently, proteomics has emerged as a dependable tool for
studying bacteria (Khodadadi et al., 2020).

Proteomics techniques play a pivotal role in comprehensively studying the entire
proteome of pathogenic microorganisms, including the proteins involved in resistance
mechanisms. By identifying proteins that are essential for the survival of the pathogen,
researchers can develop novel drug targets and therapeutic strategies.

Proteomics can also be used to study the proteome of host cells during infection.
This can provide insights into the mechanisms used by pathogens to evade the host
immune response and cause disease. By understanding these mechanisms, researchers
can develop new treatments that target both the pathogen and the host response.

One of the critical challenges in antimicrobial research is the development of rapid

diagnostic tests that can accurately identify the pathogen and determine its susceptibility
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to different antimicrobial agents. Proteomics can be used to develop new diagnostic tests
based on detecting specific proteins or peptides unique to a particular pathogen or strain.
These tests can be faster and more accurate than traditional culture-based methods and
can provide information on the pathogen's resistance profile.

Another important area of antimicrobial research in proteomics is the study of
post-translational modifications (PTMs) on proteins. PTMs are chemical modifications
that can alter the function, stability, and localization of proteins. Many pathogenic
bacteria and fungi use PTMs to evade the host immune response and resist antimicrobial
agents. Proteomics can be used to identify and quantify PTMs and to understand their
role in resistance mechanisms.

Proteomics can serve as a valuable tool for investigating the interactions between
antimicrobial agents and their respective targets. The analysis of protein-protein
interactions involving antimicrobial agents and their targets makes it possible to develop
novel drugs with enhanced effectiveness and reduced side effects, as stated by Tsakou et
al. in 2020.

Finally, proteomics can be used to develop new vaccines against pathogenic
bacteria and fungi. By identifying the proteins essential for the survival and virulence of
the pathogen, researchers can develop new vaccine targets. Proteomics can also be used

to develop new adjuvants to enhance the immune response to vaccines.

2.2. Materials and Methods

The antimicrobial activity of 4-HBA on P. aeruginosa at the protein level was
determined through LC-ESI-MS/MS analysis and Protein Discoverer software, utilizing
the P. aeruginosa database in UniProt for reference. Gene Ontology (GO) analysis was
employed to analyze the downregulated proteins. The proteins that exhibited
downregulation or upregulation following treatment were categorized based on their
functions using Venn diagram analysis. These proteins were further grouped according to
the biological processes they are involved in, as determined by UniProt. To gain insights
into the effects of 4-HBA on P. aeruginosa at the proteomic level, the STRING database
was utilized to visualize the interaction network among these groups of proteins.
Afterward, ddPCR analysis was used to observe the transcriptomic level of changes in

selected genes.
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2.2.1. Growth Conditions of P. aeruginosa and 4-HBA Treatment

Pseudomonas aeruginosa (ATCC 27853) that were maintained at -80 °C, TSB
included 20% of glycerol has been inoculated to fresh TSA plate every four weeks and
during the period kept at 4 °C, a single colony was passaged to new agar plate and
incubated at 37 °C in each week.

A single colony of P. aeruginosa was inoculated to 4 ml of TSB media and
incubated at 37 °C for 18 hours without shaking. Spectrophotometric analysis at 600 nm
of the overnight bacterial cultures was conducted to determine optical density (OD).
Phenolic acid 4-HBA was purchased commercially (Sigma-Aldrich). 1.6 mg/ml of 4-
HBA was found as the sub-inhibitory concentration in previous research of the Soyer
Laboratory (Ozdemir and Soyer, 2020). Therefore, 10 CFU/ml of bacteria was inoculated
to 400 ml of TSB for large-scale growth, including 1.6 mg/ml of 4-HBA. The same
amount of bacteria was inoculated to 400 ml of TSB without 4-HBA as a control group.
The control and treated groups were incubated without shaking at 37 °C and for 18 hours.

Then, the cultures were used for total protein isolation.

2.2.2. Total Protein Isolation

The following protocol was followed to isolate total proteins from the 4-HBA
treated and control groups: A culture volume of 200 ml was subjected to centrifugation at
10,000 x g for 20 minutes at 4 °C. The supernatant was discarded, and the remaining 200
ml of the culture was added to the same tube and centrifuged under the same conditions.
After removing the supernatant, the harvested cells were washed twice with 20 ml of
0.85% NaCl and centrifuged at 17,000 x g for 20 minutes at 4 °C. The resulting pellet
was dissolved in 2.5 ml PBS (pH 7.4). Sonication was performed for 15 minutes for the
control group and 10 minutes for the 4-HBA treated groups, with 9-second intervals of
sonication followed by 9 seconds of rest. The samples were then centrifuged at 17,000 x
g for 20 minutes at 4 °C, and the supernatant was collected in Lo-bind Eppendorf tubes.

The protein samples were stored at -80 °C until peptide sample preparation.
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2.2.3. Preparation of Peptide Samples

To perform acetone precipitation, ice-cold acetone in a volume four times that of
the protein samples was added to the samples and vortexed. The samples were then kept
at -20 °C overnight. Protein concentrations of the samples were determined using the
Bradford Assay. Bovine serum albumin (BSA) standards and protein samples were
dissolved in a resuspension buffer containing 7 M urea and 2 M thiourea in pH 7.8 0.1 M
Tris-HCl. The standards and unknown protein samples were subjected to
spectrophotometric measurement at 595 nm, and a graph was plotted using the OD values
versus concentrations (Appendix A). The equation derived from the graph (R?>0.98) was
used to determine the concentrations of the protein samples. After the Bradford assay, the
protein sample concentrations were adjusted to 0.1 mg for the LC-ESI-MS/MS analysis.
Before the addition of trypsin, a solution digestion procedure was employed. The protein
samples were treated with DTT to achieve a final concentration of 5 mM. Subsequently,
iodoacetamide was added to attain a final concentration of 10 mM, followed by the
addition of DTT again to achieve a final concentration of 10 mM. These steps were
performed in 50 mM Tris-HCI (pH 7.8), and the samples were kept in the dark at room
temperature for 40 minutes during each step. The urea content was reduced to less than 1
M by adding 50 mM Tris-HCI (pH 7.8). Trypsin, at a concentration of 0.04 pug/ml (in 50
mM Tris-HCI (pH 7.8)), was added to each protein sample. The trypsin digestion was
carried out overnight at 37 °C. The next day, samples were acidified (pH 3 or less) with
2% of TFA. Stage Tip assembly was prepared. A syringe needle was used to remove a
piece of filter paper from the Empore disk (0.24 um). The needle was placed into a 200
ul pipette tip, and cored disk pieces were pushed into the tip. The process was repeated
three times for each pipette tip to increase loading capacity. The estimated binding
capacity of the one core was 2 ug. A hole was poured on the top of the Eppendorf tubes
to provide Stage Tip/Tube assembly by fitting tips, including Empore disk cores. For each
sample, an assembly was prepared. For the desalting procedure, three solutions were
prepared. Solution 1 (Wash Solvent) was prepared from 98:2:0.1% of water:acetonitrile:
trifluoroacetic acid (TFA), solution 2 (Wetting Solvent) was prepared from 80:20:0.1%
of acetonitrile:water: trifluoroacetic acid and solution 3 (Elution Solvent) was prepared

from 60:40:0.1% of acetonitrile:water: trifluoroacetic acid. A 100 ul Wash solvent was
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added to the tips and then centrifuged at 6000 rpm for 5 minutes. 60 pl of 100%
acetonitrile was used for the wetting process. The wetting process was repeated by adding
100 pl of wetting solvent to the tips, and centrifugation was applied for 5 minutes at 6000
rpm. 100 pl of wash solvent was added to the tips and centrifuged for 5 minutes at 6000
rpm. The liquids in the bottom of the Eppendorf tubes were discarded. 10 pg of acidified
samples were added to tips and centrifuged for 20 minutes at 4000 rpm. Then, the washing
procedure was applied by 100 ml of wash solvent and centrifuged for 10 minutes at 4000
rpm. Cap/Stage tip assembly was removed to new Eppendorf tubes, and the elution
process was conducted. 50 pl of elution solvent was added to the tips and centrifuged for
10 minutes at 2000 rpm, and the procedure was repeated three times to collect all of the
samples. Finally, a speed vacuum was applied to the desalted peptide mixture to dry out.
Then, the samples dissolved in a mobile phase solution, and nanodrop measurements were
taken to load between 200-500 ng of peptide samples to the mass spectrometry

equipment.

2.2.4. SDS Protocol

The SDS-PAGE analysis was conducted using the Mini-PROTEAN Tetra Cell
(Bio-Rad). The samples were mixed with an equal amount of 2X Laemmli Buffer, which
consisted of 1.0 ml of 0.5 mM Tris-HCI (pH 6.8), 2.0 ml of 25% glycerol, 0.08 ml of
1.0% bromophenol blue, 1.6 ml of 10% SDS, 0.4 ml of B-mercaptoethanol, and 2.92 ml
of ddH20. The mixture was heated at 95 °C for 5 minutes before loading into the wells.
A pre-stained protein marker (Applichem Protein Marker VI) was used to determine the
molecular weights of the proteins.

For the resolving gel (12%) preparation, 2 ml of 30% acrylamide-bisacrylamide
solution (19T:1) was mixed with 1.675 ml of ddH2O. Then, 1.25 ml of 1.5 M Tris (pH
8.8) and 50 pl of 10% SDS were added to the acrylamide solution. Then, 25 pl of 10%
freshly prepared ammonium persulfate (APS) and 2.5 ul of tetramethylethylenediamine
(TEMED) were added. The gel was poured into the cast, and 200 pl of ethanol was
layered on top for faster polymerization. After complete solidification of the gel, the
ethanol was removed, and the top of the gel was washed with distilled water. The stacking

gel was prepared separately and added on top of the resolving gel. For the stacking gel
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(4%) preparation, 0.325 ml of 30% acrylamide-bisacrylamide solution was mixed with
1.525 ml of ddH2O. Then, 0.625 ml of 0.5 M Tris (pH 6.8) and 25 pl of 10% SDS were
added to the solution. Additionally, 12.5 pl of 10% APS and 2.5 pl of TEMED were
added. The prepared gel was poured onto the resolving gel, and a comb was placed.

Once the stacking gel polymerized, 1X Run Buffer was added, and the combs
were removed. A protein marker (3 pl) was added to one well, and the prepared protein
samples (40 pg per well) were loaded into the remaining wells.

The 5X Run Buffer (1X: 25 mM Tris, 192 mM glycine, 0.1% SDS) was prepared
by dissolving 15 g of tris and 72 g of glycine in 600 ml of ddH2O. Then, 5 g of SDS was
added, and the volume was brought up to 1 liter. The Run Buffer was stored at +4°C and
warmed to room temperature before use. Electrophoresis was performed at 100 V for 90
minutes after adding 1X run buffer. The gel was placed into a staining solution to visualize
protein bands.

Staining Solution ‘Coomassie Blue R-250’ (500 ml): 1.0 g of Coomassie Brillant
Blue-R-250 dissolved in 150 ml of ethanol. Then, 300 ml of ddH2O and 150 ml of glacial
acetic acid were added. De-staining Solution (1000 ml): 100 ml of methanol and 800 ml

of dH20 were mixed, and then 100 ml of glacial acetic acid was added.

2.2.5. Isolation of Total RNA

The Roche High Pure RNA Isolation Kit was employed for RNA isolation.
Initially, 1 mL of Pseudomonas aeruginosa cultures (both control and 4-HBA treated)
with a concentration of 1 x 10° CFU/mL was collected through centrifugation at 2,000 x
g for 5 minutes, and the resulting pellet was resuspended in 200 pl of 10 mM Tris (pH
8.0). 4 ul of lysozyme with a 50 mg/mL concentration was added to the samples, followed
by incubation at 37 °C for 10 minutes. Subsequently, 400 ul of Lysis/-Binding buffer was
added and thoroughly mixed. The samples were then transferred to the upper reservoir of
a combined high pure filter tube and collection tube. Centrifugation was performed for
30 seconds at 8,000 x g, and the flow-through was discarded. Next, a mixture of 90 pl of
DNase incubation buffer and 10 pl of DNase I was added to the filter tube, and incubation
was carried out for 60 minutes at 20 °C. Following this, 500 pul of wash buffer I was added
to the upper reservoir of the filter tube and centrifuged for 30 seconds at 8,000 x g. Again,
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the flow-through was discarded. The same procedure was repeated using 500 pl of wash
buffer II. Subsequently, 200 pl of wash buffer II was added to the upper reservoir of the
filter tube, and centrifugation was performed for 2 minutes at 13,000 x g to eliminate any
residual wash buffer. The collection tube was discarded, and the filter tube was inserted
into a sterile 1.5 ml centrifugation tube. To elute the RNA, 50 pl of elution buffer was
used, and the tube assembly was centrifuged for 1 minute at 8,000 x g. The resulting RNA

samples were subsequently employed for cDNA preparation.

2.2.6. cDNA Preparation

The SensiFast cDNA Synthesis Kit (Meridian Bioscience) was utilized for cDNA
synthesis. Firstly, the master mix was prepared on ice. For this, total RNA (up to 1 pg), 4
ul of 5X TransAmp Buffer, 1 pl of reverse transcriptase, and the reaction mix was brought
up to 20 pl by addition of DNase/RNase water were mixed by gentle pipetting. Then, the
following program was set: 20 °C for 10 minutes, 42 °C for 15 minutes, 85 °C for 5

minutes and 4 °C for hold. Afterward, the cDNA product was stored at -20 °C.

2.2.7. LC-ESI-MS/MS (Liquid Chromatography-Electrospray

Ionization-Tandem Mass Spectrometry)

The analysis was conducted by the Izmir Institute of Technology EAS specialists
in Orbitrap Fusion Tribrid (Thermo Scientific).

2.2.8. Droplet Digital PCR

A PCR mix of 20 uL was prepared for analysis. The mix included 10 puL of 2X
ddPCR EvaGreen Supermix (Bio-Rad, cat. no. 1864034), 6 uL of water free of nucleases,
1 pL each of forward and reverse primers and 10 ng of cDNA from each sample. The
ddPCR assay mixture was loaded into a disposable DG8 Cartridge (Bio-Rad, cat. no.
1864008) and placed in a cartridge holder (Bio-Rad, cat. no. 1863051). Droplet
generation oil for EvaGreen (Bio-Rad, cat. no. 1864005) was added to each of the eight
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oil wells, totaling 70 pL. The cartridge was covered with a DG8 Gasket (Bio-Rad, cat.
no. 1863009) and inserted into the QX200 Droplet Generator (Bio-Rad, cat. no.
1864002). Once droplet generation was completed, the droplets were carefully transferred
to anew ddPCR 96-well PCR plate kit (Bio-Rad, cat. no. 10023379). The plate was sealed
with a pierceable aluminum foil (Bio-Rad, cat. no. 1814040) using the PX1 PCR Plate
Sealer (Bio-Rad, cat. no. 1814000) and placed in a thermal cycler. The thermal cycling
conditions were an initial step at 95 °C for 5 min, followed by 50 cycles of 95 °C for 30
s and 58 °C for 1 min. Then, two steps at 98 °C for 10 seconds and a continuous hold at
4 °C. After PCR, the sealed plate was transferred to the plate holder of the QX200 Droplet
Reader (Bio-Rad, cat. no. 1864003). Using the QuantaSoft software (Bio-Rad), droplet
analysis was set up to detect the droplets optically. Once the plate reading was complete,
the resulting data were analyzed using QuantaSoft software v1.7. Specifically, the
positive droplets in each well were identified from the 2D amplitude plot. Finally, the
recQ, pilM, and deaD mRNA quantities were determined as copies/puL.

The primers in this experiment were designed for the genes recQ, pilM, and deaD.
The primer sequences are presented in Table 2.1.

Table 2.1. Designed Primers for ddPCR.

Targeted Primers

Gene

recQ Forward 5’ AAGAGCGGGAAATGTGGGAG ¥’
Reverse 5’ GGGAAGATCACATAGGGCGG 3’

pilM Forward 5’ GCTGAACGGCAAGGTGAATG ¥’
Reverse 5’ AGTCGAA ACTCCTCAACGCC 3°

deaD Forward 5" GGCAAACCCATGACTCAGGA ¥’
Reverse 5’ TTGAGCCTGGATAGGCGAAG 3’

2.2.9. Data Analysis

The Gene Ontology tool was used to interpret downregulated proteins. STRING
11.5 version was used to interpret both upregulated and downregulated proteins. In

STRING tools, different colors were used to represent specific types of evidence. A red
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line represents fusion evidence, indicating the presence of fusion events between proteins.
A green line represents neighborhood evidence, indicating that the proteins are found in
close proximity to each other in the genome. A blue line represents co-occurrence
evidence, suggesting that the proteins are frequently found together across different
organisms. A purple line indicates experimental evidence, meaning the protein-protein
interaction has been experimentally validated. A yellow line represents text-mining
evidence, indicating that the interaction was inferred from the text-mining of scientific
literature. A light blue line represents database evidence, indicating that the interaction is
supported by information in databases. Lastly, a black line represents co-expression
evidence, indicating that the proteins are co-expressed across different conditions or

tissues.

2.3. Results and Discussion

In this chapter, the proteomics approach was utilized to analyze the functional
effects of 4-HBA on P. aeruginosa. For this reason, Gene Ontology and STRING tools
were used to interpret the results obtained from the proteomics data. Validation of the
proteomics data was confirmed by ddPCR analysis on selected genes.

2.3.1. Quality Control of Isolated Proteins

The SDS-PAGE method was conducted to perform quality control of total isolated
proteins from 4-HBA treated and untreated P. aeruginosa cultures. It was observed that
proteins on the gel were found to be separated with clear bands (Figure 2.1). Additionally,

smear formation was not observed, meaning isolated proteins were not degraded.
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Figure 2.1. SDS-PAGE result of total protein isolation of P. aeruginosa untreated and 4-
HBA treated samples. Protein samples were run on the gel as three replicates:
Sample 1, 2, and 3. The first well includes the protein ladder, which shows the
protein molecular weight ranging between 250 kDa and 10 kDa.

2.3.2. Gene Ontology (GO) Analysis of the Differentially Expressed

Proteins

Through proteomic analysis, a total of 1701 proteins were found. The criteria,
which is a p-value smaller than 0.05 and a g-value smaller than 0.01, were taken into
consideration to select the differentially expressed proteins. According to these criteria, it
was found that 58 proteins were downregulated, whereas 40 proteins were upregulated
after 4-HBA treatment on P. aeruginosa. Gene Ontology analysis was conducted on
downregulated proteins to examine the related biological functions on the number of

genes, FDR value, and fold enrichment levels (Figure 2.2).
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Figure 2.2. Gene Ontology (GO) analysis of differentially expressed proteins between 4-
HBAtreated and control groups. The top 30 pathways were utilized based on
the fold enrichment ranging from 0 to 80, the number of genes ranging
between 2 and 10, and the FDR value ranging from 1.50 to 2.25 as logl0
fold.

The top 30 pathway enrichments of downregulated proteins are all available gene
sets based on GO analysis (Figure 2.2). The result showed that the TRAM domain,
methylthiotransferase, conserved site proteins give the highest fold enrichment value of
60. Helicase, C-terminal, and helicase superfamily 1/2 and ATP binding domain proteins
showed the highest FDR value of 2.1. Nucleotide-binding and protein biosynthesis
proteins show the highest number of genes throughout the downregulated proteins.
Throughout the analysis, it was observed that mostly ubiquinone biosynthesis, helicase,
ribosomal protein, ribonucleoprotein, RNA-binding, and nucleotide-binding were
downregulated, respectively. The downregulation of ubiquinone biosynthesis, helicase,
ribosomal protein, ribonucleoprotein, RNA-binding, and nucleotide-binding proteins in
P aeruginosa may have various impacts on the organism. It may affect the synthesis of
ubiquinone, which is important in electron transport and ATP production. The
downregulation of helicases may affect the separation of double-stranded DNA during
replication, transcription, and DNA repair. The downregulation of ribosomal proteins and
ribonucleoproteins may affect protein synthesis and cellular processes. Similarly, the
downregulation of RNA- and nucleotide-binding proteins may affect RNA processing and
other cellular functions that depend on nucleotide binding. The specific impact of these

changes would depend on the context and the specific roles of these proteins in P,

aeruginosa.
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The TRAM, methylthiotransferase, and S1 domains play crucial roles in protein
biosynthesis. The TRAM domain in tRNA-modifying enzymes aids tRNA binding and
delivers RNA-modifying enzymatic domains to their targets. Methylthiotransferases, the
radical SAM superfamily, add methylthio groups to compounds like tRNA and proteins
through Fe-S clusters (Anantharaman, Koonin, and Aravind, 2001; Arragain et al., 2010).
The S1 domain interacts with the ribosome and messenger RNA, binding RNA in a
sequence-specific manner during translation. These proteins are essential for proper
protein synthesis, ensuring accurate modification and translation of tRNA and
maintaining cellular processes (Young and Karbstein, 2011).

Helicase proteins were found to have the highest FDR value, with 2.1 throughout
the chart. Helicases can modify and unwind nucleic acid or nucleic acid-protein
complexes. They can bind to and separate double-stranded DNA during DNA replication,
allowing each strand to be copied. This separation requires energy, which is provided by
ATP. Helicases also play a role in other cellular processes, such as DNA repair and
transcription. RNA helicases, on the other hand, are involved in shaping RNA molecules
during various processes involving RNA, including transcription, splicing, and
translation (Raney, Byrd, and Aarattuthodiyil, 2012).

As aresult, after 4-HBA treatment on P. aeruginosa, it has been found that through
the GO analysis, protein translation machinery was mostly affected. Therefore, it would
mean that the mechanism of action of 4-HBA within the cell may target protein
biosynthesis at the molecular level directly or indirectly. On the other hand, its impact on
helicases may affect replication machinery. In parallel to this, bacteria wouldn’t survive
under these conditions. Hence, protein translation machinery was blocked by the indirect

effect of 4-HBA.

2.3.3. The Protein Profile in the Presence of 4-HBA

The proteomics analysis revealed that, upon treatment with 4-HBA, 58 proteins
were identified as downregulated, while 40 proteins were found to be upregulated (Figure

2.3).
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Figure 2.3. The percentages of proteins for each group of function in the presence of 4-
HBA. a) Downregulated proteins b) Upregulated proteins.

The proteins that showed downregulation and upregulation were categorized
based on their functions by using the UniProt database. These proteins were then grouped
into eight main categories: DNA, RNA, ribosomes and proteins, cell wall and membrane,
metabolism, redox and cell homeostasis, virulence, and uncharacterized proteins. The
percentages of downregulated proteins in these groups were 6.9%, 12.1%, 19%, 8.6%,
3.4%, 34.5%, 3.4%, and 12.1%, respectively. On the other hand, the percentages of
upregulated proteins in the same groups were 2.5%, 5%, 0%, 20%, 2.5%, 45%, 0%, and
25%, respectively. Notably, metabolism-related proteins showed the highest percentages
in both downregulated and upregulated proteins, with 45% upregulated and 34.5%
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downregulated. This suggests that the treatment with 4-HBA led to an overall increase in
protein expression in metabolism-related proteins rather than a decrease.

Among the downregulated proteins, the least affected ones were observed in the
categories of virulence and cell wall and membrane proteins, accounting for 3.4% of the
total. This suggests that the impact of 4-HBA treatment was primarily focused on the
intracellular environment rather than the outer membrane. Additionally, the proteins
related to virulence and ribosomes and proteins did not show any upregulation during 4-
HBA treatment. This finding suggests that the bacteria were unable to compensate for the

downregulation of these functions by producing more proteins.

2.3.3.1. DNA-Related Proteins of 4-HBA Treatment

The STRING database was employed to visualize the interaction network of
DNA -related proteins based on their gene names. The network of downregulated proteins
was depicted in Figure 2.4.a, while the network of upregulated proteins was illustrated in
Figure 2.4.b. Furthermore, a comprehensive interaction network encompassing both
downregulated and upregulated proteins in response to 4-HBA treatment was presented
in Figure 2.4.c. Additionally, Table 2.2 provides an overview of the functions associated
with the downregulated and upregulated proteins.

The findings showed that four proteins were downregulated after the treatment of
4-HBA, whereas one protein was upregulated. The results demonstrated that DNA
polymerase III subunit alpha, DNA helicase, Recombination-associated protein, and
NalD were downregulated during the 4-HBA treatment; meanwhile, STAS domain-
containing protein was found to be upregulated.

DNA polymerase III is a complex enzyme responsible for bacterial DNA
replication. Its alpha chain, DnaE, acts as the DNA polymerase and exhibits 3' to 5'
exonuclease activity. Downregulating DnaE in bacteria can have several consequences.
Firstly, impaired DNA replication and slower synthesis may occur since DnaE is the
primary polymerase component. Secondly, an increased error rate in DNA replication can
result from impaired proofreading abilities. Thirdly, sensitivity to DNA damage may rise
due to reduced efficiency in repair. Lastly, reduced cell viability or death may occur due
to defects in DNA replication. Downregulating DnaE significantly impacts bacterial DNA

replication, growth, and survival.
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RecQ helicase, a conserved protein from bacteria to humans, plays a critical role
in genome stability and DNA repair. It processes stalled replication forks and participates
in SOS signaling. Downregulating RecQ protein can have several consequences. Firstly,
increased sensitivity to DNA damage may occur. Secondly, impaired replication fork
restart can lead to DNA damage or cell death. Thirdly, defective SOS signaling may make
cells less capable of responding to DNA damage. Lastly, genome instability and increased
mutation frequency could result from RecQ downregulation. Overall, downregulating
RecQ protein significantly impacts DNA repair, genome stability, and cell survival,
affecting the ability of cells to respond to DNA damage effectively (Berstein, Gangloff,
and Rothstein, 2010; Hishida et al., 2004).

NalD protein is downregulated during 4-HBA treatment in P. aeruginosa. The
major contributor to multidrug resistance in this bacterium is the MexAB-OprM efflux
system, which exports various antimicrobials. The study revealed that disruption of the
nalD increases MexAB-OprM expression and multidrug resistance, indicating that NalD
negatively regulates this efflux system. Conversely, introducing the nalD reduces
resistance to MexAB-OprM substrates. This suggests that bacteria downregulate nal/D
expression to maintain their drug resistance and protect themselves (Sobel et al., 2005).

The RdgC protein, downregulated during treatment, binds double-stranded DNA
(dsDNA) through a central hole. Mutagenesis studies indicate that positively charged
residues surrounding the hole are crucial for DNA binding. Downregulating RdgC could
have two main consequences: decreased DNA binding ability and increased sensitivity to
DNA damage. Reduced DNA binding may affect processes reliant on RdgC-mediated
DNA binding, such as DNA repair and transcriptional regulation. Moreover, decreased
levels of RdgC could make cells more vulnerable to DNA damage, compromising their
ability to repair DNA and maintain genome stability. Overall, the downregulation of
RdgC has significant implications for DNA-related processes and cellular survival (Ha et
al., 2007).

The upregulation of the PA3347 protein in Pseudomonas aeruginosa after 4-HBA
treatment has significant implications. PA3347, a STAS domain-containing protein, is
involved in regulating gene expression and swarming motility (Aravind and Koonin,
2000). Its upregulation could lead to increased swarming motility, facilitating
colonization and infection. It may also result in altered gene expression patterns, affecting

various cellular processes and pathways. The phosphorylation of PA3347 by the
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neighboring response regulator PA3346 plays a crucial role in its regulatory function (Hsu
et al., 2008). The dysregulation of sigma factors, which bind RNA polymerase and control
transcription, could occur due to the upregulation of PA3347. These consequences may
impact P. aeruginosa's ability to regulate gene expression and carry out essential cellular
processes (Bhuwan et al., 2012). Understanding the regulatory mechanisms involving
PA3347 provides insights into the complex behavior and virulence of P. aeruginosa,
contributing to the development of targeted interventions for combating Pseudomonas
infections.

Table 2.2. The proteins related to DNA in the presence of 4-HBA.

Accession  Protein  Protein Localization q- Downregulation/Upregulation
ID Name Value
PA3640 DnaE DNA Cytoplasm 0.000 Downregulated
polymerase
III subunit
alpha
PA3344 RecQ DNA helicase  Cytoplasm 0.000 Downregulated
PA3263 RdgC Recombinatio  Periplasm 0.000 Downregulated
n-associated
protein
PA3574 NalD NalD Cytoplasm 0.002 Downregulated
PA3347 STAS Unknown 0.004 Upregulated
domain-
containing
protein
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Figure 2.4. String representation of DNA-related proteins in the presence of 4-HBA. a)
Downregulated proteins, b) Upregulated proteins, ¢) Both downregulated
and upregulated proteins. The red arrows indicate the downregulated
proteins, and the black arrows indicate the upregulated proteins.

2.3.3.2. RNA-Related Proteins of 4-HBA Treatment

The visualization of the interaction network of RNA-related proteins based on
gene names was performed using the STRING database. Figure 2.5.a presented the
network of downregulated proteins, while Figure 2.5.b depicted the network of
upregulated proteins. The complete interaction network of these proteins, with a focus on
downregulation and upregulation, was demonstrated in Figure 2.5.c. Additionally, Table
2.3 showcased the functions of the downregulated and upregulated proteins.

The findings showed that seven proteins were downregulated after the treatment
of 4-HBA, whereas two proteins were upregulated. The results demonstrated that tRNA
pseudouridine synthase B, tRNA-2-methylthio-N(6)-dimethylallyladenosine synthase,
HTH-type transcriptional regulator, tRNA sulfurtransferase, RNA polymerase-associated
protein RapA, another HTH-type transcriptional regulator and S1 motif domain-
containing protein downregulated during the 4-HBA treatment meanwhile an
endoribonuclease and a transcriptional regulator have been found as upregulated.

The downregulation of tRNA pseudouridine synthase B (TruB) after treatment has

significant consequences for cellular processes. TruB functions as an RNA chaperone,
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aiding in the folding of the tRNA molecules necessary for proper protein synthesis.
Impaired tRNA folding due to TruB downregulation can disrupt protein synthesis and
impact cellular functions. TruB is also responsible for adding pseudouridine
modifications to tRNA molecules, and its downregulation may lead to altered RNA
modification patterns, affecting the stability and function of modified RNAs (Keffer-
Wilkes, Govardhan Veerareddygari, and Kothe, 2016). The study suggests that TruB's role
in tRNA folding is crucial for cellular survival, and its downregulation could result in
decreased survival under conditions where protein synthesis is vital. Additionally,
mutations in tRNA-modifying enzymes, including TruB, have been associated with
impaired biofilm formation, indicating a potential impact on the virulence of bacterial
pathogens (Schinner et al., 2020). Understanding the consequences of TruB
downregulation provides insights into the importance of tRNA maturation, modification,
and folding for cellular processes, highlighting potential therapeutic targets.

In a recent study, researchers discovered that the tRNA modification enzyme
PA3980, also known as MiaB, plays a crucial role in regulating the expression of Type III
secretion system (T3SS) genes in P. aeruginosa, a pathogenic bacterium. MiaB modifies
a base called isopentenyladenosine (i6A) in tRNA molecules, and its downregulation can
lead to several consequences (Koshla et al., 2019; Griffiths et al., 1978; Durand et al.,
1997; Lamichhane et al., 2013). Firstly, the decreased expression of MiaB results in
reduced T3SS gene expression impairs the bacterium's ability to infect host cells and
cause acute infections (Lin et al., 2022). Secondly, the altered i6A modification patterns
due to MiaB downregulation can affect the stability and function of modified tRNAs,
potentially impacting protein synthesis accuracy. Thirdly, MiaB is critical for inducing
cytotoxicity in human lung epithelial cells, so its downregulation may result in impaired
cytotoxicity, reducing the bacterium's ability to cause damage to host cells. Lastly, MiaB's
role in regulating T3SS gene expression suggests it may play a part in the bacterium's
response to changing environmental conditions, and its downregulation could lead to
altered environmental responses and impact the bacterium's ability to survive and cause
infections. Overall, the downregulation of MiaB in P. aeruginosa can significantly affect
T3SS gene expression, i6A modification, cytotoxicity, and environmental responses,
influencing the bacterium's virulence and pathogenicity.

In 1998, a protein called RapA was discovered in E. coli, which interacts with

RNA polymerase (RNAP) and functions as an ATPase. RapA forms a stable complex with
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RNAP, and its ATPase activity is stimulated by binding to RNAP. Interestingly, RapA is
a homolog of eukaryotic SWI/SNF proteins involved in transcription activation and DNA
repair (Sukhodolets and Jin, 1998). A study identified a mutant E. coli strain with a rapA
gene mutation, causing lower resistance to penicillin G in biofilms but no effect on
planktonic cells. The mutant biofilms exhibited reduced polysaccharide quantities and
coverage, important components of the biofilm matrix (Lynch et al., 2007). Although no
study has been conducted on RapA in P. aeruginosa, its effects can be discussed in
relation to E. coli. Downregulation of RapA may result in decreased ATPase activity
associated with RNAP, leading to reduced transcription efficiency and impaired
adaptability to environmental changes. This could have implications for bacterial biofilm
formation, antibiotic resistance, and stress response.

The GntR is a regulator protein found in bacteria that controls glucose metabolism
in P. aeruginosa (Suvorova, Korostelev, and Gelfand, 2015). If the GntR protein is
downregulated, it can result in increased expression of target genes, such as GntP, which
encodes the gluconate permease. This would enhance gluconate uptake and lead to a shift
in carbon metabolism towards its utilization. GntR binds to specific promoters, and the
operator sequence for GntR has been identified. The binding of gluconate or 6-
phosphogluconate to the GntR/DNA complex induces the release of GntR from the
promoter, enabling gene expression. GntR and the related protein PtxS may have evolved
from a common ancestor (Daddaoua et al., 2017). While the physiological relevance of
GntR's negative feedback loop is not fully understood, its downregulation would likely
alter the metabolic profile of P. aeruginosa, potentially impacting its growth, survival,
and virulence. Understanding the regulation of glucose metabolism by GntR and other
regulatory systems in P. aeruginosa can provide insights into complex regulatory circuits
in bacteria.

The enzyme Thil is responsible for catalyzing the transfer of sulfur from ATP to
tRNA, resulting in the formation of 4-thiouridine in position 8 of tRNAs. This
modification acts as a photosensor sensitive to near-UV light. In certain types of bacteria,
Thil serves a dual function, as it is necessary for both the production of the 4-thiouridine
modification in tRNA and the formation of the thiazole component in the biosynthesis
pathway of thiamine (Martinez-Gomez et al., 2011).

The research findings highlight the crucial role of the YbeY gene in E. coli and P.

aeruginosa. In E. coli, YbeY is involved in ribosome assembly and the maturation of
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ribosomal RNAs (rRNAs), particularly at the ends of 16S, 23S, and 5S rRNAs (W. Davies
et al., 2010). In P. aeruginosa, YbeY is essential for rRNA processing and contributes to
the bacterium's virulence. Knocking out the ybeY gene in P. aeruginosa leads to
downregulation of oxidative stress response genes and increased vulnerability to
oxidative stress and neutrophil killing (Xia et al., 2020). Therefore, upregulating the
YbeY protein in P. aeruginosa could enhance ribosome assembly, translation accuracy,
and overall protein synthesis capabilities. This may result in increased production of
virulence factors and improved resistance to oxidative stress and immune defense
mechanisms. However, the precise effects of upregulating YbeY may depend on specific
conditions, and further research is required to understand its consequences fully.

Overall, via the STRING database, the main interaction has been observed in the
axis of downregulated proteins TruB, MiaB, and Thil and upregulated protein YbeY. The
downregulation of TruB, MiaB, and Thil proteins in Pseudomonas aeruginosa may affect
the modification of tRNAs, which could lead to a decrease in protein synthesis and affect
the overall fitness of the bacteria. On the other hand, the upregulation of YbeY and Hfq
proteins may play a role in the regulation of gene expression and the processing of small
noncoding RNAs, respectively. These changes in gene expression could potentially affect
the virulence, antibiotic resistance, and adaptive responses of P. aeruginosa to different
environmental conditions. Considering that 4-HBA treatment has a detrimental effect on
the bacteria, it could try to survive by compensating affected mechanisms in terms of

RNA-related proteins.

Table 2.3. The proteins related to RNA in the presence of 4-HBA.

Accession  Protein Protein Localization q- Downregulation/Upregulation
ID Name Value

PA4742 TruB tRNA Cytoplasm 0.007 Downregulated
pseudouridi
ne synthase
B
PA3980 MiaB tRNA-2- Cytoplasm 0.002 Downregulated
methylthio-
N(6)-
dimethylally
ladenosine
synthase

PAS374 Betl HTH-type Unknown 0.000 Downregulated
transcription
al regulator
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PAS118 Thil tRNA Cytoplasm 0.000 Downregulated
sulfurtransfe
rase
PA3308 HepA RNA Cytoplasm 0.000 Downregulated
polymerase-
associated
protein
RapA
PA2320 GntR HTH-type Cytoplasm 0.002 Downregulated
transcription
al regulator
PAS201 S1 motif Cytoplasm 0.000 Downregulated
domain-
containing
protein
PA3982 YbeY Endoribonu  Cytoplasm 0.000 Upregulated
clease
PA0155 PcaR Transcriptio  Cytoplasm 0.000 Upregulated
nal regulator
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Figure 2.5.

String representation of RNA-related proteins in the presence of 4-HBA. a)
Downregulated proteins, b) Upregulated proteins, ¢) Both downregulated
and upregulated proteins. The red arrows indicate the downregulated

proteins, and the black arrows indicate the upregulated proteins.

2.3.3.3. Ribosome and Protein-Related Proteins of 4-HBA Treatment

The visualization of the interaction network of ribosome and protein-related
proteins was carried out by utilizing the STRING database. Figure 2.6 displays the

network of downregulated proteins. Furthermore, Table 2.4 presents the functions of the

downregulated.
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Throughout the 4-HBA treatment, 11 proteins were detected as downregulated,
and no protein was found as upregulated. Specifically, DeaD, SecA, and a heat shock
protein were found to be downregulated. Remarkably, all proteins have a g-value of 0,
which is found explicitly in the ribosome and protein-related proteins. The result of found
proteins by the Proteome Discoverer tool indicates there is no false hit possibility of the
proteins.

The DeaD protein, also known as CsdA protein, was extensively studied in E. coli
and P. aeruginosa, uncovering its diverse functions in these bacteria. In E. coli, DeaD is
involved in the biogenesis of the large ribosomal subunit, playing a direct role in its
assembly. Its absence leads to the formation of misassembled subunits and impairs
ribosome activity, affecting translation accuracy. Additionally, the DeaD/CsdA protein in
E. coli has been associated with RNA remodeling and is implicated in various cellular
processes (Charollais et al., 2004). In P. aeruginosa, DeaD/CsdA protein has been linked
to the regulation of the type III secretion system (T3SS), a critical virulence factor. It
promotes the synthesis of ExsA, a key T3SS regulator, by facilitating the relaxation of
secondary structures in its mRNA. This mechanism ensures proper T3SS gene expression
and contributes to the bacteria's ability to cause disease (Intile et al., 2015). Furthermore,
studies have shown that the DeaD/CsdA protein in P. aeruginosa affects cell size,
replication origins, and growth rate at low temperatures. Its absence results in larger cells
with more replication origins and slower growth, accompanied by significant changes in
gene expression. DeaD/CsdA coordinates the cell cycle and growth by stabilizing mRNA
for essential metabolic and cell division genes while degrading mRNA for nucleotide
metabolic genes (Lv et al., 2022). Understanding the functions of DeaD/CsdA protein in
both E. coli and P. aeruginosa provides valuable insights into bacterial physiology,
ribosome assembly, translation regulation, and virulence mechanisms. Further research
on this protein may uncover new targets for therapeutic interventions, as its diverse roles
make it a potential candidate for the development of antimicrobial strategies.

SecA, a protein component of the Sec translocase, has been observed to be
downregulated in P. aeruginosa. The Sec translocase is a complex machinery responsible
for transporting secretory proteins across the bacterial plasma membrane. It involves the
trimeric SecYEG protein, which forms a membrane-embedded "clamp," and the dimeric
SecA ATPase, which acts as a "motor" for protein translocation (Vrontou and Economou,

2004). Recent studies have highlighted the role of the Sec translocon in facilitating protein

48



movement across lipid bilayers and the importance of SecA as an ATPase and a potential
ribosome binder (Cranford-Smith and Huber, 2018). The Sec machinery is vital for the
translocation of soluble secreted proteins and outer membrane proteins in bacteria (Zhu,
Wang and Shan, 2022). SecA, working in coordination with SecYEG, recognizes
substrate proteins and ensures their unfolding before translocation (Gupta, Toptygin, and
Kaiser, 2020). Downregulation of SecA in P. aeruginosa is likely to have significant
consequences for protein secretion across the plasma membrane, leading to reduced
efficiency in the translocation and secretion of soluble and outer membrane proteins. This
could impact bacterial physiology, including a decrease in virulence and pathogenicity
due to the impaired secretion of virulence factors. Additionally, it may affect the bacterial
cell envelope's response to environmental stressors, such as antibiotics. The
downregulation of the SecA protein in P. aeruginosa highlights its essential role in
bacterial physiology, emphasizing the significance of this protein for bacterial fitness,
survival, and adaptation to different environments. Further research on the regulation and
functions of SecA could provide valuable insights into bacterial protein secretion
mechanisms and potential targets for therapeutic interventions.

A probable heat shock protein also has been downregulated during the 4-HBA
treatment. Heat shock proteins (HSPs) play essential roles in various biological processes,
including bacterial responses to environmental stress and the pathogenesis of infections.
In the case of P. aeruginosa, however, the specific role of HSPs has yet to be fully
understood. In a study, the unique role of the HSP Dnal in biofilm formation and
pathogenicity in P. aeruginosa was investigated. A mutant strain lacking dnaJ was found
to produce very little pyocyanin and form significantly fewer biofilms, resulting in
decreased pathogenicity, as demonstrated by a reduced mortality rate in a Drosophila
melanogaster infection model. The decrease in pyocyanin production in the mutant strain
was due to a reduction in the transcription of the phenazine synthesis operons, including
phzAl, phzA2, phzS, and phzM. The reduced biofilm formation and initial adhesion in the
dnaJ mutant could be restored by the addition of exogenous pyocyanin or extracellular
DNA (eDNA). The absence of dnaJ was also found to reduce the release of eDNA in P,
aeruginosa significantly, and the addition of exogenous pyocyanin could restore eDNA
release. These findings suggest that Dnal is required for pyocyanin production and full
virulence in P. aeruginosa, and it affects biofilm formation and initial adhesion through

pyocyanin, inducing eDNA release (Zeng et al., 2020).
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The consequences of the downregulation of a probable heat shock protein would

depend on the specific protein that is affected and its role in the cell. However, in general,

a decrease in the level of heat shock proteins could result in a reduced ability of the

bacterial cell to respond to environmental stress, such as high temperature or exposure to

toxic compounds. This could lead to a decreased survival rate of the bacterium under

stress conditions. Additionally, heat shock proteins are known to be involved in bacterial

pathogenesis, so the downregulation of these proteins could also impact the ability of the

bacterium to cause disease or infect a host. The specific consequences of downregulation

would need to be determined by further investigation of the affected protein and its

functions within the cell.

Table 2.4. The proteins related to ribosome and protein synthesis in the presence of 4-

HBA.

Accession

Protein

ID

Protein
Name

Localization

q_
Value

Downregulation/Upregulation

PA2840

DeaD

ATP-
dependent
RNA helicase

Cytosol

0.000

Downregulated

PA4403

SecA

Protein
translocase
subunit

Cytosol

0.000

Downregulated

PA0916

RimO

Ribosomal
protein S12
methylthiotra
nsferase

Cytosol

0.000

Downregulated

PA3656

RpsB

30S
ribosomal
protein S2

Cytosol

0.000

Downregulated

PAS5440

Probable
peptidase

Cytosol

0.000

Downregulated

PAS049

RpmE

50S
ribosomal
protein L31

Cytosol

0.000

Downregulated

PA4258

RplV

50S
ribosomal
protein L22

Cytosol

0.000

Downregulated

PA4251

RplE

50S
ribosomal
protein L5

Cytosol

0.000

Downregulated

PA3162

RpsA

30S
ribosomal
protein S1

Periplasm

0.000

Downregulated

PA3799

Der

GTPase Der

Cytoplasmic
Membrane

0.000

Downregulated

PA1068

Probable heat
shock protein
(Hsp90
family)

Cytosol

0.000

Downregulated
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Figure 2.6. String representation of downregulated ribosome and protein-related proteins
in the presence of 4-HBA.

2.3.3.4. Cell Wall and Membrane-Related Proteins of 4-HBA

Treatment

The interaction network of cell wall and membrane-related proteins was
visualized using the STRING database. Figure 2.7.a showcased the network of
downregulated proteins, while Figure 2.7.b displayed the network of upregulated
proteins. The comprehensive interaction network, encompassing both downregulation
and upregulation, was presented in Figure 2.7.c. Moreover, Table 2.5 presents the
functions of the downregulated and upregulated proteins.

Throughout the proteomics analysis results, two proteins, PilM and MItD, were
found to be downregulated, and one protein, PirA, has been discovered as upregulated.

Type IV pili are important virulence factors in P. aeruginosa, contributing to
infections in vulnerable individuals. These pili are involved in colonization, and their
absence can reduce pathogenicity. The pilM, N, O, P, and Q genes are crucial for the
assembly of type IV pili and twitching motility. Interactions between PilN/P/O/Q
proteins, PilP, and PilA are involved in forming a complex macromolecular machine that
spans multiple cellular compartments (Tammam et al., 2013). The downregulation of the
PilM protein in P. aeruginosa can have significant implications for the expression of type
IV pili and twitching motility, which are crucial for virulence and pathogenicity. The

PilM protein, along with other encoded proteins from the pilM/N/O/P/Q gene cluster,
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forms an inner membrane complex that facilitates the assembly of type IV pili. This
complex is essential for the stability and proper functioning of the outer membrane
complex involving PilQ. The PilR/S two-component system is also involved in regulating
the levels of inner membrane complex components (Ayers et al., 2009). The
downregulation of PilM disrupts the formation of the inner membrane complex, leading
to a decrease in the stability of the outer membrane complex and PilQ secretion. This
disruption can impair pilus assembly and twitching motility, ultimately reducing the
virulence and pathogenicity of P. aeruginosa. Additionally, targeting type 1V pili may
offer new therapeutic opportunities by reducing bacterial colonization.

The PirA protein is a receptor for the siderophore ferrienterobactin. Siderophores
are molecules that bacteria use to scavenge iron from their environment. The PirA protein
is located in the outer membrane of P. aeruginosa. When the PirA protein binds to
ferrienterobactin, it forms a complex internalized into the cell. The iron is then released
from the siderophore and used by the bacterium for growth and development (Ghysels et
al., 2005). The PirA protein is also important for the virulence of P. aeruginosa. Virulence
is the ability of a pathogen to cause disease. P. aeruginosa strains lacking the pirA are
less virulent than strains with the gene. This is because the pirA is required for the
bacterium to acquire iron, which is essential for its growth and survival (Moynié et al.,
2017). The PirA protein is a potential target for the development of new antibiotics against
P. aeruginosa. By blocking the ability of the bacterium to acquire iron, it may be possible
to prevent it from causing disease (Cornelis and Dingemans, 2013). The upregulation of
the PirA protein in P. aeruginosa can have a number of effects, for instance, increased
iron acquisition, virulence, and resistance to antibiotics. The upregulation of the PirA
protein is a major factor in the pathogenesis of P. aeruginosa infections. By
understanding the mechanisms by which the PirA protein is upregulated, it may be
possible to develop new strategies for preventing and treating P. aeruginosa infections.

Although the downregulation of the PilM protein reduces the pathogenicity of the
bacteria, the upregulation of the PirA protein results in increased pathogenicity and
virulence. Therefore, bacteria try to compensate for these aspects by upregulation of PirA

protein during the downregulation of PilM protein.
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Table 2.5. The proteins related to the cell wall and membrane in the presence of 4-HBA.

Accession  Protein Protein Localization q- Downregulation/Upregulation
1D Name Value
PAS044 PilM Type IV Cytoplasmic 0.000 Downregulated
pilus inner membrane
membrane
component
PilM
PA1812 MitD Membrane-  Unknown 0.008 Downregulated
bound lytic
murein
transglycosy
lase D
PA0931 PirA Ferric Outer 0.005 Upregulated
enterobactin  membrane
receptor
PirA

o \__ pilm
© . 6
< \

o &

Figure 2.7. String representation of cell wall and membrane-related proteins in the
presence of 4-HBA. a) Downregulated proteins, b) Upregulated proteins, c)
Both downregulated and upregulated proteins. The red arrows indicate the
downregulated proteins, and the black arrows indicate the upregulated
proteins.

2.3.3.5. Metabolism-Related Proteins of 4-HBA Treatment

The interaction network of metabolism-related proteins was visualized using the
STRING database. Figure 2.8 presents the network of downregulated proteins, while
Figure 2.9 presents the network of upregulated proteins. The complete interaction

network, encompassing downregulation and upregulation, was demonstrated in Figure
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2.10. Furthermore, Table 2.6 showcased the functions of the downregulated and
upregulated proteins.

UbiD protein, which is 3-polyprenyl-4-hydroxybenzoate decarboxylase, catalyzes
the conversion of 3-polyprenyl-4-hydroxybenzoate to 2-polyprenylphenol in the
biosynthesis of ubiquinone has been found as downregulated during the treatment
(Jacewicz et al., 2013). Downregulation of the UbiD protein in P. aeruginosa would likely
result in a decrease in the production of ubiquinone, as UbiD is an essential enzyme in
the biosynthesis pathway of ubiquinone. This may have several effects on the cell, as
ubiquinone is involved in many important cellular processes, including respiration,
oxidative phosphorylation, and electron transport. The specific effects of downregulation
of UbiD in P. aeruginosa may vary depending on the specific experimental conditions
and the extent of downregulation. In our results, it was found to be significantly
downregulated with the -6.644 Log2 value. However, in general, a decrease in ubiquinone
production could lead to a reduction in energy production and a decrease in the ability of
the cell to respond to oxidative stress. In addition to its role in energy production,
ubiquinone has also been implicated in other cellular processes, including cell signaling
and membrane dynamics. Therefore, the downregulation of UbiD could also have effects
on these processes.

Downregulation of the Zwf protein in P. aeruginosa, particularly in cystic fibrosis
(CF) patients, leads to a decrease in the activity of glucose-6-phosphate dehydrogenase
(G6PDH) encoded by the zwf gene. This reduction significantly affects alginate
production, a major virulence factor produced by mucoid P. aeruginosa strains that
contribute to chronic pulmonary disease in CF patients. The regulation of zwf expression
differs between CF isolates and other strains, with CF isolates exhibiting relaxed control
of zwf expression. This deregulation provides a survival advantage for P. aeruginosa in
the CF pulmonary environment. Decreased Zwf protein activity not only reduces alginate
production but also affects P aeruginosa's resistance to human sputum, which is
dependent on Zwf expression. Additionally, the downregulation of Zwf and subsequent
decreased G6PDH activity could impact basic metabolic activities, including carbon
catabolism, potentially influencing the bacterium's adaptation to the CF pulmonary
environment (Silo-Suh et al., 2005). Understanding the role of Zwf in P. aeruginosa
infections in CF patients may offer insights into therapeutic strategies targeting alginate

production and the pathogenesis of the chronic pulmonary disease.
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Downregulation of the HmgA protein in P aeruginosa leads to the
hyperproduction of a dark-brown pigment called pyomelanin. This effect is observed in
both laboratory and clinical isolates. While the inactivation of hmgA slightly reduces the
bacterium's killing ability in acute lung infections, it confers decreased clearance and
increased persistence in chronic lung infections. The researchers propose that this
increased adaptation to chronicity may be attributed to the pyomelanin pigment's ability
to provide higher resistance to oxidative stress in vitro. However, further investigation is
required to determine whether pyomelanin production is the cause of the heightened
adaptation to chronic infections or simply a side effect of #imgA inactivation (Rodriguez-
Rojas et al., 2009). These findings suggest that the downregulation of HmgA and
subsequent hyperproduction of pyomelanin may play a role in the survival and persistence
of P. aeruginosa strains in chronic infection settings.

The upregulation of the PchA protein in P. aeruginosa leads to enhanced pyochelin
formation and increased salicylate production, particularly in cultures grown under iron-
limiting conditions. PchA is the first enzyme in the pyochelin biosynthetic pathway and
is encoded by the last gene in the pchDCBA operon. The study demonstrated that the
activity of PchA depends on the presence of Mg(2+) ions and is not influenced by
feedback inhibitors or allosteric effectors. The concentration of PchA within the cell was
identified as a critical factor in determining the rate of salicylate formation, both in vitro
and in vivo. The researchers propose that the PchA concentration plays a crucial role in
regulating the flow through the pyochelin biosynthetic pathway, with pyochelin serving
as a positive signal and iron acting as a negative signal (Gaille, Reimmann, and Haas,
2003). Consequently, the upregulation of the PchA protein may stimulate pyochelin
synthesis in P. aeruginosa. These findings provide insights into the molecular
mechanisms underlying pyochelin production and its regulation, offering potential
avenues for modulating the biosynthesis of this siderophore in the bacterium.

SpeH protein catalyzes the decarboxylation of S-adenosylmethionine to S-
adenosylmethioninamine (dcAdoMet), the propylamine donor required for the synthesis
of the polyamines spermine and spermidine from the diamine putrescine. SpeE2 protein
also has a role in the spermidine biosynthetic process. Since spermidine has a role in
growth, biofilm formation, and other surface behaviors, it can be speculated that
bacteria’s cell surface integrity is trying to be increased by the upregulated production of

these proteins (Piatek et al., 2023).
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D-lactate dehydrogenase (LdhA) protein was found to be upregulated during the
treatment, as well. A study examines the role and expression patterns of lactate
dehydrogenases in P. aeruginosa, the most common cause of chronic, biofilm-based lung
infections in patients with cystic fibrosis. The study identifies four lactate dehydrogenase
enzymes produced by P. aeruginosa, three of which contribute to anaerobic or aerobic
metabolism in liquid cultures. The fourth enzyme, LIdA, performs redundant 1-lactate
oxidation during growth in aerobic cultures and is explicitly induced by the I-enantiomer
of lactate. The study also finds that lactate dehydrogenases play similar roles in colony
biofilms as they do in liquid cultures and that enzymes LdhA and LIdE have the potential
to support metabolic cross-feeding in biofilms. LdhA can catalyze the production of d-
lactate in the anaerobic zone, which is then used as a substrate in the aerobic zone (Lin et
al., 2018). Upregulation of the LdhA protein in Pseudomonas aeruginosa may increase
the production of d-lactate during anaerobic survival, as LdhA reduces pyruvate to d-
lactate. This could potentially support metabolic cross-feeding in biofilms, as d-lactate
produced by LdhA in the anaerobic zone could be used as a substrate in the aerobic zone.

Although downregulation of UbiD, Zwf, and HmgA proteins reduce energy
production, virulence, and killing ability of the bacteria, respectively, upregulation of
PchA, SpeH, SpeE2, and LdhA proteins results in increased pyochelin biosynthesis,
growth, and biofilm formation respectively. Therefore, bacteria try to compensate for
growth and survival by upregulation of the PchA, SpeH&SpeE2, and LdhA proteins
during the downregulation of UbiD, Zwf, and HmgA proteins.

Table 2.6. The proteins related to metabolism in the presence of 4-HBA.

Accession  Protein  Protein Localization q- Downregulation/Upregulation
ID Name Value

PAS252 Probable Cytoplasm 0.000 Downregulated
ATP-binding
component of
ABC
transporter

PAS5237 UbiD 3-octaprenyl-  Cytoplasm 0.000 Downregulated
4-
hydroxybenz
oate carboxy-
lyase

PA3190 Probable Periplasm 0.000 Downregulated
binding
protein
component of
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ABC sugar
transporter

PA1818

LdcA

Lysine
decarboxylase
LdcA

Cytoplasm

0.000

Downregulated

PA4443

CysD

Sulfate
adenylyltrans
ferase subunit
2

Cytoplasm

0.000

Downregulated

PA4442

CysNC

Bifunctional
enzyme
CysN/CysC

Cytoplasm

0.000

Downregulated

PA3183

Zwf

Glucose-6-
phosphate 1-
dehydrogenas
e

Cytoplasm

0.000

Downregulated

PA3195

Gap

Glyceraldehy
de-3-
phosphate
dehydrogenas
e

Cytoplasm

0.000

Downregulated

PA3584

GlpD

Glycerol-3-
phosphate
dehydrogenas
e

Cytoplasm

0.007

Downregulated

PAS278

DapF

Diaminopime
late
epimerase

Cytoplasm

0.000

Downregulated

PAS209

CYTH
domain-
containing
protein

Unknown

0.000

Downregulated

PA4636

PlsC domain-
containing
protein

Unknown

0.000

Downregulated

PA3171

UbiG

Ubiquinone
biosynthesis
O-
methyltransfe
rase

Cytoplasm

0.000

Downregulated

PA2903

CoblJ

Precorrin-3
methylase
CobJ

Cytoplasm

0.000

Downregulated

PA2249

BkdB

Lipoamide
acyltransferas
€ component
of branched-

Cytoplasm

0.000

Downregulated
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chain alpha-
keto acid
dehydrogenas
e complex

PA2248

BkdA2

2-
oxoisovalerat
e

dehydrogenas
e subunit beta

Cytoplasm

0.002

Downregulated

PA1344

Probable
short-chain
dehydrogenas
e

Unknown

0.000

Downregulated

PA0413

ChpA

Histidine
kinase

Cytoplasm

0.000

Downregulated

PA0335

Histidinol-
phosphatase

Cytoplasm

0.000

Downregulated

PA2009

HmgA

Homogentisat
el,2-
dioxygenase

Unknown

0.000

Downregulated

PA4231

PchA

Salicylate
biosynthesis
isochorismate
synthase

Cytoplasm

0.005

Upregulated

PA2531

Probable
aminotransfer
ase

Unknown

0.000

Upregulated

PA0231

PcaD

Beta-
ketoadipate
enol-lactone
hydrolase

Unknown

0.000

Upregulated

PA0227

3-oxoadipate
CoA-
transferase

Cytoplasm

0.000

Upregulated

PAS5445

Probable
coenzyme A
transferase

Cytoplasm

0.002

Upregulated

PA4774

SpeE2

Polyamine
aminopropylt
ransferase 2

Cytoplasm

0.000

Upregulated

PA4773

SpeH

S-
adenosylmeth
ionine
decarboxylase
proenzyme

Unknown

0.001

Upregulated
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PA3559

UDP-glucose
6-
dehydrogenas
e

Cytoplasm

0.000

Upregulated

PA3524

GloAl

Lactoylglutat
hione lyase

Cytoplasm

0.000

Upregulated

PA3277

Probable
short-chain
dehydrogenas
e

Cytoplasm

0.000

Upregulated

PA2918

Probable
short-chain
dehydrogenas
e

Cytoplasm

0.000

Upregulated

PA2764

AB
hydrolase-1
domain-
containing
protein

Cytoplasm

0.000

Upregulated

PA1830

SCP2
domain-
containing
protein

Unknown

0.000

Upregulated

PA0927

LdhA

D-lactate
dehydrogenas
e
(Fermentative

)

Cytoplasm

0.002

Upregulated

PA0835

Pta

Phosphate
acetyltransfer
ase

Cytoplasm

0.001

Upregulated

PA0558

Methyltransf
11 domain-
containing
protein

Cytoplasm

0.000

Upregulated

PA0318

FAA hydrola
se domain-
containing
protein

Cytoplasm

0.000

Upregulated

PA0245

AroQ2

3-
dehydroquina
te
dehydratase 2

Cytoplasm

0.000

Upregulated
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Figure 2.8. String representation of metabolism-related downregulated proteins in the
presence of 4-HBA.
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Figure 2.9. String representation of metabolism-related upregulated proteins in the

presence of 4-HBA.
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Figure 2.10. String representation of metabolism-related proteins in the presence of 4-
HBA. Both downregulated and upregulated proteins. The red arrows
indicate the downregulated proteins, and the black arrows indicate the
upregulated proteins.

2.3.3.6. Redox and Cell Homeostasis Proteins of 4-HBA Treatment

The interaction network of redox and cell homeostasis-related proteins was
visualized using the STRING database. Figure 2.11. a presented the network of
downregulated proteins, while Figure 2.11.b depicted the network of upregulated
proteins. The complete interaction network, encompassing downregulation and
upregulation, was demonstrated in Figure 2.11.c. Furthermore, Table 2.7 showcased the

functions of the downregulated and upregulated proteins.

62



Bacterioferritin protein BfrB was found to be downregulated during the 4-HBA
treatment. Iron is a crucial nutrient for bacteria, but it poses difficulties due to the high
reactivity of Fe?" and the insolubility of Fe**. Iron storage proteins play a crucial role in
overcoming these challenges by oxidizing Fe?" using O2 and H,O as electron acceptors
and compartmentalizing Fe**. Two kinds of iron-storage proteins, ferritins (Ftn) and
heme-containing bacterioferritins (Bfr) exist in bacteria, but the reasons for their
coexistence are not well understood. Pseudomonas aeruginosa cells possess two iron
storage proteins, FtnA and BfrB, but their relative contributions to iron homeostasis are
currently unknown (Eshelman et al., 2017). Downregulation of the BfrB protein in
Pseudomonas aeruginosa could potentially lead to disruptions in iron homeostasis and
iron metabolism in the bacterium. BfrB is involved in the storage and regulation of iron,
and its downregulation could result in reduced capacity for the bacterium to sequester
iron ions in the cytoplasm. This could result in an increased susceptibility of the bacterium
to oxidative stress and reactive oxygen species. It could also affect the expression of other
iron-responsive genes and the ability of the bacterium to acquire iron from its
environment. The specific consequences of BfrB downregulation may depend on the
availability of other iron storage proteins and the severity of the iron limitation in the
environment.

NosZ was found to be downregulated during the treatment, as well. The genes
known as nosZ encode for an enzyme called nitrous oxide reductase, which contains
multiple copper ions. (Zumft et al., 1992). In P. aeruginosa, the genes responsible for
reducing nitrous oxide (N(2)O), namely nosRZDFYL, are grouped together on the
chromosome. Promoter assays that fused the lacZ reporter gene to the transcriptional
elements found that the nosZ, which encodes the nitrous oxide reductase enzyme, is
transcribed along with the adjacent nosR (Arai et al.,, 2003). Nitrous oxide (N2O)
reductase is responsible for reducing N>O in bacteria, and its production is catalyzed by
the nosZ. 1f the expression of NosZ is downregulated in P. aeruginosa, then the ability of
the bacteria to reduce N>O would be impaired. The downregulation of the NosZ may also
impact the bacterial response to environmental stress and the metabolism of other
nitrogen-containing compounds. Overall, the downregulation of the NosZ protein could
significantly impact the ecological and environmental functions of P. aeruginosa.

The upregulation of the SodB protein in P. aeruginosa results in increased

resistance to oxidative stress caused by reactive oxygen species (ROS) like superoxide,
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hydrogen peroxide, and hydroxyl radicals. SodB is an iron-cofactor-associated
superoxide dismutase that plays a crucial role in detoxifying superoxide radicals. Its
upregulation reduces the levels of ROS, protecting cellular components and promoting
survival under stressful conditions. Moreover, elevated SodB levels may lead to higher
pyocyanin production in P. aeruginosa. Pyocyanin is a blue antibiotic that generates
superoxide, similar to paraquat, and its production coincides with increased activities of
iron superoxide dismutase and catalase enzymes (Hassett, Schweizer, and Ohman, 1995).
The upregulation of SodB could enhance pyocyanin synthesis by stimulating the
production of these enzymes, providing P. aeruginosa with a competitive advantage
against other microorganisms in its environment. In summary, the upregulation of SodB
in P. aeruginosa confers benefits such as improved resistance to oxidative stress and
enhanced pyocyanin production, contributing to the bacterium's overall fitness and
survival.

Although downregulation of BfrB results in the susceptibility of the bacterium to
oxidative stress and reactive oxygen species, upregulation of the SodB protein increases
the organism's resistance to oxidative stress. By these changes, bacteria try to survive
during the 4-HBA treatment.

Table 2.7. The proteins related to redox and cell homeostasis in the presence of 4-HBA.

Accession Protein Protein Name  Localization q- Downregulation/Upregulation
ID Value
PA5421 FdhA Glutathione- Cytoplasm 0.000 Downregulated
independent
formaldehyde
dehydrogenase

PA3531 BfrB Bacterioferritin ~ Cytoplasm 0.000 Downregulated

PA3392 NosZ Nitrous-oxide Periplasm 0.000 Downregulated

reductase

PA2630 JmjC domain- Cytoplasm 0.000 Downregulated
containing

protein

PA1606 DUF3859 Unknown 0.000 Downregulated

domain-
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containing

protein

P53641 SodB Superoxide Periplasm 0.000  Upregulated

dismutase [Fe]

PA3795 Probable Cytoplasm 0.000  Upregulated
oxidoreductase

PA3397 Fpr Ferredoxin-- Cytoplasm 0.000  Upregulated
NADP(+)
reductase

PA3092 FadH1 2,4-dienoyl- Cytoplasm 0.000 Upregulated
CoA reductase

PA2546 Probable ring- Cytoplasm 0.001  Upregulated
cleaving
dioxygenase

PA2482 Probable Periplasm 0.002  Upregulated

cytochrome ¢

PA1684 MtnD Acireductone Cytoplasm 0.000  Upregulated

dioxygenase
PAS240 TrxA Thioredoxin Cytoplasm 0.000  Upregulated
nosZ
@ \ nosZ \ PA3795
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Figure 2.11. String representation of redox and cell homeostasis-related proteins in the
presence of 4-HBA. a) Downregulated proteins, b) Upregulated proteins, c)
Both downregulated and upregulated proteins. The red arrows indicate the
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downregulated proteins, and the black arrows indicate the upregulated
proteins.

2.3.3.7. Virulence-Related Proteins of 4-HBA Treatment

The interaction network of virulence-related proteins was visualized using the
STRING database. Figure 2.12 presents the network of proteins, and Table 2.8 presents
the functions of the downregulated proteins.

The downregulation of VgrGla protein, a component of the Type VI secretion
system (T6SS) in P. aeruginosa, can have significant implications for the bacterium's
ability to infect host cells. Secretion systems play a crucial role in bacterial pathogenesis
by enabling the delivery of proteins that facilitate survival and exploitation of the host
environment. Gram-negative bacteria possess various secretion systems, including T6SS,
which is involved in delivering effector proteins into host cells. The T6SS system consists
of multiple genes and is essential for bacterial pathogenesis and host cell survival. P,
aeruginosa harbors several gene clusters encoding T6SS components. Mutants lacking
T6SS genes were shown to be less virulent in animal infection models. The T6SS system
secretes proteins belonging to two families, Hcp and VgrG, with VgrGs forming trimeric
complexes resembling bacteriophage tail proteins. VgrG proteins, including VgrGla,
play a crucial role in the T6SS-mediated delivery of effectors. They form trimeric
complexes that puncture membranes, facilitating the passage of proteins or
macromolecular complexes (Hachani et al., 2011). Therefore, the downregulation of
VgrGla in P. aeruginosa would likely impair the bacterium's ability to deliver effector
proteins into host cells effectively. This could result in reduced virulence and
compromised survival within the host. It is important to note that the specific effects of
VgrG downregulation may vary depending on the targeted protein and the context of the
infection. However, since the T6SS system is known to be crucial for bacterial
pathogenesis and host-cell interactions, the downregulation of VgrGla would likely have
a negative impact on P. aeruginosa's ability to establish infection and manipulate host
responses. Further research is needed to fully understand the consequences of VgrG

downregulation and its implications for Pseudomonas aeruginosa virulence.
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Table 2.8. The proteins related to virulence in the presence of 4-HBA.

Accession Protein Protein Localization q-Value  Downregulation/Upregulation
ID Name
PA0091 VegrGla Type VI Extracellular 0.000 Downregulated
secretion

system spike
protein

VgrGla

PA0082 TssAl Type VI Cytoplasm 0.002 Downregulated
secretion
system
component

TssAl

PA0082
vgrG1

\/

Figure 2.12. String representation of virulence-related downregulated proteins in the
presence of 4-HBA.

2.3.3.8. Uncharacterized Proteins of 4-HBA Treatment

Several downregulated and upregulated proteins were shown, uncharacterized in
Uniprot. The STRING results demonstrated the interaction network of these
downregulated and upregulated proteins (Figure 2.13). Table 2.9 shows the list of the
uncharacterized proteins.

The strongly interacted downregulated proteins PA4685, PA4684, and PA0943 are
found to play a role in chromosome partitioning, as DUF3375 domain-containing and
dehydrogenase, respectively (Klockgether et al., 2010). Similarly, the strongly interacted
upregulated protein PA2805, a chromosome partitioning protein (UniProt, 2023).
Therefore, bacteria maintain these aspects in the downregulation of PA4685, PA4684, and
PA0943 proteins by upregulated production of PA2805 protein.
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Table 2.9. The uncharacterized proteins in the presence of 4-HBA.

Accession  Protein  Protein Name Localization q- Downregulation/Upregulation
ID Value

PA4684 Uncharacterized Cytoplasm 0.005 Downregulated
protein

PA4685 Uncharacterized Cytoplasm 0.000 Downregulated
protein

PA0943 Uncharacterized  Periplasm 0.000 Downregulated
protein

PA4714 Uncharacterized Unknown 0.000 Downregulated
protein

PA3318 Uncharacterized Unknown 0.002 Downregulated
protein

PA0371 Uncharacterized Unknown 0.007 Downregulated
protein

PA2458 Uncharacterized  Outer 0.005 Downregulated
protein Membrane

PA2805 Uncharacterized Unknown 0.000  Upregulated
protein

PA4611 Uncharacterized Cytoplasm 0.000 Upregulated
protein

PA2451 Uncharacterized Cytoplasm 0.000 Upregulated
protein

PA3720 Uncharacterized Cytoplasm 0.002  Upregulated
protein

PA4090 Uncharacterized Unknown 0.000 Upregulated
protein

PA3332 Uncharacterized Cytoplasm 0.000 Upregulated
PhzA/B-like
protein

PA5339 Uncharacterized Cytoplasm 0.000 Upregulated
protein

PA3123 Uncharacterized Cytoplasm 0.000  Upregulated
protein

PA2770 Uncharacterized Cytoplasm 0.000  Upregulated
isomerase

PA2729 Uncharacterized Cytoplasm 0.000  Upregulated

protein
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Figure 2.13. String representation of uncharacterized proteins in the presence of 4-HBA.
Both downregulated and upregulated proteins. The red arrows indicate the
downregulated proteins, and the black arrows indicate the upregulated

proteins.

2.3.4. Quantitative Analysis by ddPCR

To validate proteomics data, three genes were selected to conduct ddPCR analysis.
Droplet Generation and Droplet digital PCR protocol were used for absolute

quantification of recQ, pilM, and deaD gene expression on P. aeruginosa. Copies of

expressed mMRNA levels per ul have been given in the figure below (Figure 2.14).
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Figure 2.14. Copies/ul results of recQ, pilM, and deaD’s mRNA expression levels on
untreated P. aeruginosa and 4-HBA treated P. aeruginosa. “*” indicates
p-value similar or smaller than 0.05.
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Three different proteins involved in various functions have been selected to
conduct the experiment. RecQ protein is a DNA-related protein; PilM protein is a cell
wall and membrane-related protein; and DeaD protein is a ribosome and protein-related
protein. According to the results, fewer copies/ul of expressed mRNA levels of the given
genes on 4-HBA treated samples were found compared to untreated samples. All genes
were significantly changed in the 4-HBA treated sample compared to the untreated
sample (Figure 2.14). The PilM/N/O/P/Q gene cluster, particularly PilM, is essential for
type IV pili and twitching motility in bacteria. PilM, typically cytoplasmic, colocalizes
with other components to form an inner membrane complex. Its loss affects complex
stability, impacting outer membrane complex formation (Ayers et al., 2009). RecQ
protein in P. aeruginosa also plays pivotal roles in DNA repair, recombination, and
replication, ensuring genomic stability. It resolves DNA damage, facilitates genetic
recombination, and aids in faithful DNA replication (Berstein, Gangloff, and Rothstein,
2010). In Pseudomonas aeruginosa, the DeaD protein (CsdA) functions as an RNA
helicase, unwinding RNA structures critical for translation, RNA degradation, and
ribosome assembly. It plays a role in ribosome biogenesis, RNA metabolism, and stress
responses, aiding the bacterium's adaptability and gene expression regulation in diverse
environments (Lv et al., 2022). mRNA expression levels of these two proteins were

decreased after 4-HBA treatment.

2.4. Conclusions

In this study, proteomics analysis revealed the functional effects of phenolic acid
4-HBA on opportunistic pathogen P. aeruginosa. Differentially expressed proteins were
categorized as downregulated and upregulated to interpret their functions using Gene
Ontology and STRING. The proteomics data was also validated by ddPCR analysis, and
the expected results were reached.

Throughout the results, the most significant changes were observed in the proteins
related to protein biosynthesis against 4-HBA treatment. DNA replication was found to
be affected as well. Hence, it can be inferred that 4-HBA treatment led to defects in the
protein translation machinery, subsequently affecting processes such as DNA repair and

transcription.
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Another conclusion was reached that the downregulation of certain proteins
results in upregulation of some other proteins. For instance, from cell wall and membrane-
related proteins, PilM protein, which has a role in pathogenicity and is suggested as a
target for new therapeutics, was found to be downregulated. Meanwhile, PirA protein,
which is ferrienterobactin that is associated with pathogenicity and virulence, was found
to be upregulated. These results suggest that bacteria try to survive by compensating for
the downregulation of some proteins by producing new ones.

On the other hand, upregulation of ribosome and protein-related proteins was not
observed throughout the treatments. Various proteins that have effects on virulence,
protein translocation, and pathogenesis were downregulated, whereas no protein was
found to be upregulated. Therefore, it was once again concluded that more significant
changes in the result of 4-HBA treatment are related to protein and ribosome.

Lastly, proteomics data validation was conducted by ddPCR analysis by
comparing mRNA expression levels of PilM, RecQ, and DeaD proteins in untreated and
4-HBA-treated P. aeruginosa samples. According to the results, expression levels

decreased after 4-HBA treatment, as was observed in proteomics data.
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CHAPTER 3

EFFECT OF 4-HBA-LOADED BONE CEMENTS ON
MSSA, MRSA, S. epidermidis, E. faecium and P. aeruginosa

3.1. Introduction

Bone cement, commonly referred to as polymethyl methacrylate (PMMA), finds
wide application in orthopedic and trauma surgeries for the fixation of implants. However,
the term "cement" can be misleading as it implies a substance that binds two objects
together. In reality, PMMA serves as a space-filling material that creates a snug fit,
anchoring the implant against the bone and functioning akin to a "glue." Its effectiveness
stems from the close mechanical interlock achieved between the irregular surface of the
bone and the prosthesis rather than possessing adhesive properties. (Chow et al., 2001).
While the utilization and the range of bone cements have advanced significantly over the
past century, ongoing research endeavors to explore their clinical applications further and
mitigate the associated adverse effects (Vaishya, Chauhan, and Vaish, 2013). The
consequences could be allergic reactions, infection, bone cement embolism, heat
generation, and mechanical loosening of the implant.

PMMA (polymethyl methacrylate), an acrylic polymer, is produced through the
combination of two sterile components: a powdered copolymer composed of MMA
(methyl methacrylate) and styrene and a liquid monomer called MMA. When these two
elements are mixed, the liquid monomer undergoes polymerization, enveloping the pre-
polymerized powder particles and forming solidified PMMA. During this process, an
exothermic reaction occurs, generating heat.

PMMA, in combination with different additives, imparts a range of physical and
chemical characteristics to the mixture. The liquid component of the mixture can undergo
premature polymerization when exposed to light or high temperatures. To prevent this, a
stabilizer or inhibitor called hydroquinone is incorporated. The powder component of the
PMMA bone cement comprises an initiator, commonly di-benzoyl peroxide (BPO), while

the liquid component contains an accelerator, primarily N, N-dimethyl-p-toluidine
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(DmpT). These additives function in synergy to promote the polymerization of the
monomer at ambient temperature, known as cold curing the cement.

A contrast agent is incorporated to improve the cement's visibility during imaging
procedures. Available commercially, bone cement commonly employs either barium
sulfate (BaSO4) or zirconium dioxide (ZrO2). Zirconium dioxide is favored due to its
notably lower solubility compared to barium sulfate, as well as its minimal influence on
the mechanical properties of the cement.

During the exothermic free-radical polymerization process, heating is being
endured in the cement. Approximately 82 °C to 86 °C heat within the body is being
reached by this polymerization. The relatively thin coating of the cement, not exceeding
5 mm, along with the dissipation of temperature through the large surface area of the
prosthesis and the flow of blood, contribute to the lower polymerization temperature
observed in the body (Vaishya, Chauhan, and Vaish, 2013).

The number of primary and revision total joint arthroplasty (TJA) surgeries has
increased in recent decades. In the United States, it is projected that there will be
approximately 635,000 primary total hip arthroplasties (THAs) and 935,000 total knee
arthroplasties (TKAs) performed by the year 2030 (Sloan, Premkumar, and Sheth, 2018).
Aseptic loosening and infection are the leading causes of arthroplasty revision,
particularly in the cases of early failures following total knee arthroplasty (TKA) (Fehring
et al., 2001). A recent study conducted in France, which examined a cohort of 1,170 TKA
reinterventions, revealed that prosthetic joint infection (PJI) accounted for nearly 50% of
all revision procedures (Schmidt et al., 2020). The incidence of PJIs after TJA ranges
from 1% to 7% (Sultan et al., 2019)

Bone cement has emerged as a valuable tool due to its ability to incorporate
specific active substances, such as antibiotics, into the powder component. This
characteristic allows bone cement to serve as a contemporary drug delivery system,
delivering necessary medications directly to the surgical site. When bone cement is used,
the localized concentration of active substances achieved is significantly lower compared
to the standard clinical dosages used for systemic single injections. Studies have shown
that incorporating various antibiotics into bone cement, in amounts less than 2 grams per
standard packet of bone cement, does not negatively impact the mechanical properties
such as compressive or diametrical tensile strengths. However, exceeding the 2-gram

threshold can weaken these properties. Antibiotics like gentamicin, tobramycin,
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erythromycin, cefuroxime, vancomycin, and colistin have been successfully mixed and
applied with bone cement. The crucial requirements for the added antibiotics are having
heat resistance and retaining their effectiveness over an extended period.

Specifically, the combination of gentamicin and tobramycin demonstrates a
synergistic effect, leading to a significant increase of 68% in the elution of tobramycin (P
= 0.024) and a substantial increase of 103% in the elution of vancomycin from the bone
cement (P = 0.007) compared to controls containing a single antibiotic. (Penner, Masri,
and Duncan, 1996).

According to Van Staden's research, bacteriocins have emerged as a promising
alternative to antibiotics for integration into bone cement. In vitro findings from the study
revealed that adding bacteriocins to brushite cement did not result in significant changes
to the matrix characteristics, and the peptides were released in an active form. Moreover,
the study demonstrated that brushite cement loaded with nisin F effectively managed S.
aureus infection in mice. (Van Staden et al., 2011).

Silver-containing nanoparticles have demonstrated significant promise as highly
effective antibacterial agents that can be incorporated into bone cement (Alt et al., 2004).
Additionally, adding 10% vitamin E additives has been observed to positively impact the
reduction of free radical oxidation and exothermic activity. This addition also leads to a
marginal decrease of less than 5% in tensile strength. (Arora et al., 2013).

Compared to intramuscular administration, the systemic concentration levels of
gentamicin when delivered through bone cement are relatively low, typically below 1
pg/mL (less than 10%). After seven days of administration, no detectable systemic levels
of gentamicin are present. Following the administration of bone cement, gentamicin
levels in urine initially range from 10 pg/mL and, after seven days, decrease to 1-2 pg/mL.

Different bone types of cement exhibit unique chemical compositions, leading to
arange of antibiotic-loaded bone cement with varying handling properties. This diversity
enables the selection of bone cement tailored to meet diverse clinical needs and surgical
techniques. (Vaishya, Chauhan, and Vaish, 2013).

Szymski et al. analyzed 13,612 intracapsular femoral neck fracture cases,
comparing hip arthroplasty (HA) with total hip arthroplasty (THA) and assessing
infection rates. They found that using antibiotic-loaded cement in HA significantly
reduced the infection rate compared to uncemented prostheses. In THA cases, there was

no statistical difference between cemented and uncemented prostheses, but after one year,
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infections were slightly higher in uncemented THA. Risk factors for periprosthetic joint
infection (PJI) were identified as BMI (Body Mass Index) and Elixhauser Comorbidity
Index. Cemented THA showed an increased risk within the first 30 days. The study
concludes that antibiotic-loaded cement may be a reasonable preventive measure,
especially for patients with multiple risk factors for PJI (Szymski et al., 2023).

Although antibiotics play a crucial role in modern medicine by supporting surgical
procedures and aiding immunocompromised patients, the rise of antibiotic-resistant
bacteria is making existing antibiotics less effective. Antibiotic resistance currently
causes around 700,000 deaths annually, and if not addressed through antibiotic
stewardship or the continuous development of new antibiotics, it is projected to claim 10
million lives by 2050. Unfortunately, the pipeline for new antibiotics has stagnated due
to diminishing commercial incentives for the pharmaceutical industry (Ghosh et al.,
2022). To overcome this challenge, we propose a new strategy by loading the bone cement
with an antibiotic and another antimicrobial agent: gentamicin and 4-HBA.

Ghosh et al. described the engineering of a drug-device combination for treating
orthopedic infections. The demand for orthopedic procedures is increasing due to the
aging global population and trauma cases. Despite pre-operative and prophylactic
antibiotic therapy, infection related to invasive orthopedic procedures is expected, with
rates exceeding 25% in complex open fractures or revision surgeries. Post-operative
orthopedic infections, caused not only by Staphylococcus but also by Enterococcus,
Cutibacterium, and Pseudomonas bacteria, pose significant challenges even in advanced
medical settings (Ghosh et al., 2022).

These infections often lead to the formation of dead bone sections, which, along
with limited blood supply, create an environment characterized by acidic pH, local
immune suppression, and poor penetration of antibiotics. Persistent bacterial biofilms
commonly develop, resulting in chronic infections that require surgical interventions.
While systemic antibiotics are commonly used, high doses are necessary to achieve
efficacy at the necrotic region. However, this systemic antibiotic exposure can disrupt the
normal microbiome (Ghosh et al., 2022).

Antibiotic-eluting acrylic bone cement spacers are increasingly being used to
address these challenges. The US Food and Drug Administration (FDA) has approved
bone cement loaded with vancomycin, gentamicin, tobramycin, or clindamycin.

However, these antibiotics were not initially developed for local delivery from bone
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cement, and resistance has emerged against them. Therefore, there is a need for next-
generation antibiotics that are specifically optimized to meet the emerging demands of
localized delivery in orthopedic infections (Ghosh et al., 2022).

Kim et al.'s study focused on the pharmacodynamics of gentamicin (GEN) in
relation to Gram-positive organisms, specifically methicillin-resistant Staphylococcus
aureus (MRSA). Aminoglycosides, including gentamicin, are known for their
concentration-dependent killing and post-antibiotic effect in Gram-negative bacteria. The
researchers aim to explore the relationship between gentamicin concentration and the rate
of bacterial kill or resistance development in S. aureus and investigate differences
compared to Gram-negative organisms (Kim et al., 2010).

Although comprehensive dose-fractionation studies were not conducted, the
bacterial killing rates of once-daily (OD) and traditional twice-daily (TD) dosing
regimens of gentamicin were compared. The results suggest that OD dosing over 24-48
hours had superior killing effects compared to TD dosing, similar to observations in
Gram-negative organisms. Kim et al. also proposed that the discordance between the
regimens may be attributed to the rapid killing of susceptible populations during the early
period, followed by the re-growth of resistant subpopulations later. To gain a better
understanding of the pharmacodynamics of gentamicin against community-acquired
MRSA (CA-MRSA), further studies involving complete dose-fractionation with strains
of varying minimum inhibitory concentrations (MICs) are warranted (Kim et al., 2010).
Their vitro studies have shown that exposure of CA-MRSA to gentamicin for 24 hours at
concentrations ranging from 1 to 64 times the MIC resulted in the development of high-
level resistance. This suggests that gentamicin monotherapy may not be an effective
treatment choice despite most CA-MRSAs being initially susceptible to gentamicin.
Optimal bactericidal activity of aminoglycosides, including gentamicin, is achieved when
the exposure concentration is approximately 8-10 times the MIC against Gram-negative
organisms. Moreover, maintaining a peak/MIC ratio of 8:1 was correlated with a decrease
in the selection and re-growth of resistant subpopulations during treatment with
netilmicin. The study simulated human pharmacokinetics over a 48-hour evaluation
period and identified the development of resistance in TD dosing with individualized
pharmacokinetics/pharmacodynamics modeling. Resistance and re-growth of colonies
were observed after 24 hours of TD dosing. In contrast, OD dosing with a peak/MIC ratio
over 8.6 in both CA-MRSA strains exhibited more profound bactericidal activity with no
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resistance or re-growth. This could be attributed to the longer duration of the post-
antibiotic effect (PAE) in the OD regimen against CA-MRSA. The findings provide clues
for maximizing the efficacy of aminoglycosides against CA-MRSA, even though most
peak/MIC data are associated with Gram-negative bacteria. The authors plan to extend
their experiments to include combination therapies and the development of resistance
against MRSA (Kim et al., 2010).

Regarding small colony variants (SCVs) of S. aureus, optimal therapy has yet to
be defined. Gentamicin is generally not recommended for SCVs due to reduced uptake
caused by the interruption of electron transport, resulting in decreased susceptibility
compared to the parent strain. However, recent studies have shown that OD dosing of
arbekacin could reduce or eliminate the appearance of SCVs in individualized
pharmacokinetic/pharmacodynamics modeling. In the current study, SCVs appeared after
30 hours of TD treatment with gentamicin but were not observed with OD dosing.
Combination therapies such as ceftriaxone plus gentamicin, administered once daily, have
shown potential for selected cases of staphylococcal endocarditis. Further investigations
are needed to determine whether OD or higher dose treatment can overcome the reduced
uptake of gentamicin in S. aureus SCVs and to identify the beneficial period (Kim et al.,
2010). Since gentamicin's required dosage is still an unknown subject and monotherapy
with it is not suggested for treating MRSA strains, there is a specific need for new
antimicrobial agents to combat these infections (Kim et al., 2010).

The effectiveness of antibiotics being released from bone cement plays a crucial
role in determining the antibacterial capabilities of antibiotic-loaded bone cement
(ALBC). A higher porosity level is anticipated to enhance the discharge of antibiotics
from ALBC, leading to increased antibacterial activity. Powder antibiotics have shown
effective release from bone cement, according to studies. On the other hand, using a liquid
form of antibiotics in bone cement was limited due to a significant decrease in the
cement's mechanical strengths, up to 50%. However, it was reported that liquid
gentamicin in bone cement can be effectively released while maintaining its ability to kill
bacteria. Furthermore, when liquid gentamicin is combined with vancomycin in the same
cement, a mutually beneficial effect was observed on the release of both antibiotics
(Chang et al., 2014).

The enhanced release of antibiotics with the addition of liquid gentamicin to bone

cement is attributed to the increased porosity of the cement. Consequently, incorporating
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a liquid antibiotic can increase the porosity of antibiotic-loaded bone cements (ALBCs).
Dissolving antibiotic powder in distilled water before mixing it with bone cement could
provide a more efficient release of antibiotics compared to loading the same amount of
antibiotic powder directly (Chang et al., 2014). In this study, the antimicrobial properties
of bone cement loaded with 4-HBA (4-hydroxybenzoic acid) were investigated in
comparison to gentamicin-loaded bone cement as an antimicrobial agent. Our findings
revealed that 4-HBA-liquid-loaded bone cement exhibited superior antibacterial activity
compared to their powder-loaded counterparts, primarily due to increased porosity, as
extensively discussed in the literature.

An ideal antibiotic is characterized by its ability to eliminate infections while
preserving the healthy microbiome and minimizing the development of antibiotic
resistance. Numerous studies indicate that alternative broad-spectrum antibacterial
compounds (ABLCs) have demonstrated effectiveness in combating infections. However,
an unresolved issue remains regarding the optimal dosage and duration required to
achieve satisfactory outcomes (Mensah and Love, 2021). As a concern, a natural product
showing antimicrobial, anticancer, and anti-inflammatory features has been tested in the
study.

Herein, we describe a novel study investigating the effects of a natural
antimicrobial agent, 4-HBA, and gentamicin-loaded bone cement on several pathogens.
The primary objective of this chapter is to assess the impact of 4-HBA-loaded bone
cement on various bacterial strains, including MSSA (methicillin-sensitive
Staphylococcus aureus), MRSA (methicillin-resistant Staphylococcus aureus), S.
epidermidis, E. faecium, and P. aeruginosa. Furthermore, our study aims to elucidate the
contrasting effects of bone cements loaded with 4-HBA in powder and liquid forms.
Additionally, the potential synergistic effects of 4-HBA when combined with gentamicin,

an aminoglycoside-type antibiotic, in loaded bone cement was explored and discussed.

3.2. Materials and Methods

In this study, methicillin-susceptible Staphylococcus aureus (MSSA), methicillin-
resistant Staphylococcus aureus (MRSA), Staphylococcus epidermidis, Enterococcus
faecium, and Pseudomonas aeruginosa were utilized to examine the antimicrobial

activity of phenolic acid 4-hydroxybenzoic acid-loaded bone cement.



3.2.1. Preparation of Bone Cement Samples

The antimicrobial agents utilized in bone cement preparation were i) 1 g
gentamicin powder, ii) 2 g gentamicin powder, iii) 10 mL gentamicin solution that
contains 2 g gentamicin powder, iv) 2 g 4-HBA powder, v) 10 mL 4-HBA solution that
contains 2 g 4- HBA powder, vi) 1 g of gentamicin powder with 1 g of 4-HBA powder
and, vii) 1 g gentamicin powder with 2 g 4-HBA powder. 10 ml of sterile ddH>O was
used to dissolve antimicrobial agents in the solutions. The bone cement samples
containing gentamicin were used as a positive control. The bone cement samples without
adding antimicrobial agents were used as negative control and indicated as “null” during
the experimental procedure.

All steps for bone cement sample preparations were conducted under aseptic
conditions. The size of the bone cement samples is 8 mm in diameter and 3 mm in height.

Radiopaque Cement Oliga 1 and Radiopaque Cement Oliga 1 Genta were
purchased commercially. Both contained 40 g of PMMA radiopaque powder and 20 mL
of liquid methyl methacrylate (MMA). Radiopaque Cement Oliga 1 Genta also contained
1 g of gentamicin. The 20 mL of liquid MMA was combined in a fast way with the 40 g
of powder of PMMA. Prepared bone cement discs were stored at -20 °C and in the dark

to prevent light exposure (Dokumaci et al., 2022).

3.2.2. Antimicrobial Effects of Gentamicin and 4-Hydroxybenzoic
Acid Loaded Bone Cements on MSSA, MRSA, S. epidermidis,

E. faecium and P. aeruginosa

PMMA bone cement samples, including null, 2 g of Gentamicin powder, 2 g of 4-
HBA, 2 g of Gentamicin liquid, 2 g of 4-HBA liquid, 1 g of Gentamicin, and 1 g of 4-
HBA and 1g of Gentamicin and 2 g of 4-HBA concentrations were weighted, and 1 g of
bone cement (approximately 6 or 7 discs) were added to test tubes including 5 ml of TSB.
The test tubes were pre-incubated for 7 days at 37 °C at 75 rpm. The experiment was
conducted for each bacterium individually for three replicates. Bacteria were inoculated
from a single colony to 4 ml of TSB and incubated for 18 hours at 37 °C without shaking.
Then, the bacteria were diluted to 106 CFU/ml, and 1 ml was inoculated in pre-incubated
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cement-containing tubes. The samples were subjected to OD measurements at 600 nm at
time zero. Parallel to this, 100 pl from each tube was spread onto TSA plates for viable
count. After the inoculation, tubes were incubated for 24 hours at 37 °C with 75 rpm to
provide kinetically co-incubation effects of the bone cement. Then, the OD measurements
and viable count were conducted to observe the growth inhibition of the bacteria for 24-
hour and 48-hour time points.

3.2.3. Statistical Analysis

Three technical replicates were used with two sets to conduct experiments.
GraphPad Prism 6 was used to interpret the data. Statistical significance was found by

unpaired t-test.

3.3. Results and Discussions

In this study, seven different types of PMMA bone cement samples containing a)
Null (no antimicrobial agent), b) 2 g of gentamicin powder (Genta powder), c) 10 mL of
gentamicin solution that includes 2 g of gentamicin powder (Genta liquid), d) 2 g of 4-
HBA powder, e) 10 mL of 4-HBA solution that includes 2 g of 4-HBA powder (4-HBA
liquid), ) 1 g of gentamicin powder with 1 g of 4-HBA powder and, g) 1 g of gentamicin
powder with 2 g of 4-HBA powder were examined for antimicrobial activity against
MSSA, MRSA, S. epidermidis, E. faecium, P. aeruginosa.

“4-HBA-liquid” or “Gentamicin-liquid” loaded bone cement samples were
prepared by dissolving 2 g of the antimicrobial agent in 10 mL of the sterile ddH2O. The
bone cements with the addition of gentamicin were used as a positive control for 4-HBA-
containing samples. “Null” labeled bone cement didn’t include any antimicrobial agent

and was the negative control of the study.
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3.3.1. Antimicrobial Effects of Gentamicin and 4-Hydroxybenzoic Acid-
Loaded Bone Cements on MSSA

The study aimed to assess the antimicrobial efficacy of bone cement loaded with
antimicrobial agents against Methicillin-Susceptible Staphylococcus aureus (MSSA).
Different combinations of gentamicin and 4-HBA were compared alongside control
groups to evaluate their effectiveness in inhibiting bacterial growth. The antimicrobial

effects of 7 days of preincubated 1 g bone cement samples were shown in Figure 3.1.

MSSA
1.0-
> . m \ul
0.8 o Bl Genta Powder
i B 4-HBA Powder
8 0.6+ Bl Genta Liquid
a 4-HBA Liquid
© 0.4+ Bl 1g Genta + 1g 4-HBA
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0.0 . . -+
0 24 48
Time (h)

Figure 3.1. Antimicrobial effect of bone cement samples on MSSA (108 CFU/ml). The
optical densities (ODsoonm) Were measured at 600 nm at the 0™, 24™, and 48"
hours of MSSA inoculation. “**” indicates a p-value equal to or smaller than
0.01, and “****” indicates a p-value equal to or smaller than 0.0001, found
by unpaired t-test.

Although all OD values were similar at the 0™ hour, the null displayed the highest
at the 24" and 48™ hour time points (Figure 3.1). It was an expected result since no
antimicrobial agents were loaded to null samples. 4-HBA liquid and 4-HBA powder
containing bone cement samples were found below the null significantly. All gentamicin-
loaded cement samples displayed the lowest OD values, indicating bacterial growth
inhibition. At the end of the 48" hour, the result indicated that 4-HBA liquid inhibited the
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growth of MSSA more than the 4-HBA powder containing cement samples because of
its better release properties. It was distinctly visible that all gentamicin-loaded cement
samples inhibited the growth of MSSA at the 24" and 48" hours.

In a study involving patients with infected total hip replacements, where
gentamicin-loaded bone cement was primarily utilized, it was found that 88% of these
patients carried at least one strain of Staphylococcus bacteria that showed resistance to
gentamicin (Hilbrand van Belt et al., 2000). This indicates a potential risk for developing
antibiotic-resistant strains due to prolonged exposure to low concentrations of gentamicin
in the vicinity of the implant. Hence, it is imperative to utilize a specific subtype of
phenolic acid known as 4-HBA, which, according to unpublished data, does not exhibit
resistance in MSSA and MRSA. This particular subtype is deemed necessary for the
purposes of this study. Furthermore, published evidence supports the anti-resistance
properties of another subtype of phenolic acid called 3-HPAA, thereby substantiating the
data (Keman and Soyer 2019).

The strength of the bone cement is a significant aspect since the increased
roughness increases the porosity and thus causes inclined antimicrobial agent release. A
recent study showed that caffeic acid phenethyl ester (CAPE) increased the strength of
the cement, which was found in more than 130 MPa, which is higher than the strength of
gentamicin-loaded bone cement. Therefore, the strength of the 4-HBA-loaded bone
cement and in vivo implantation test could be done further to observe the cement's release
rate and inflammatory response, respectively (Lee and Chang, 2015). A similar result was
reached by our unpublished data (Soyer Lab) about increasing the strength of the cement
by 4-HBA. Higher doses of 4-HBA would be loaded into the bone cement; for instance,
up to eight times higher concentrations than gentamicin concentration would be tried to
observe the antimicrobial effect of the bone cement as it is researched in the literature
(Lee and Chang, 2015).

An ideal antibiotic is characterized by its ability to eliminate infections while
preserving the healthy microbiome as much as possible and minimizing the development
of antibiotic resistance. Numerous studies indicate that alternative broad-spectrum
antibacterial compounds (ABLCs) have demonstrated effectiveness in combating
infections. However, an unresolved issue remains regarding the optimal dosage and

duration required to achieve satisfactory outcomes (Mensah and Love, 2021). As a
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concern, a natural product, 4-HBA, that showed antimicrobial, anticancer, and anti-
inflammatory features was tested in our study.

Furthermore, there is an associated mechanical drawback when incorporating high
doses of antibiotics into bone cement. The strength of the cement is negatively impacted,
leading to a reduction in structural stability. A study by Singh et al. demonstrated that
adding more than 3 g of vancomycin decreased the bending strength and stiffness of
ALBCs (Singh et al., 2019). Therefore, up to 2 g of gentamicin was utilized in our study
to load the cements. Thus, a maximum of 2 g 4-HBA was loaded into the cements and
was investigated in our study.

Antibiotic-loaded bone cements could be utilized in patients with diabetic foot
osteomyelitis for wound healing, as well. Although the usage should be researched more,
it was found that pathogens eradication was increased and hospital stays decreased (Ehya
et al., 2021). Therefore, The study serves for joint replacements and other attention-
required wounds.

The use of gentamicin, an aminoglycoside antibiotic, has declined significantly in
orthopedic infections over the past three decades due to its associated toxicity. However,
the experimental utilization of gentamicin during this period has provided valuable
insights into microbial pathogenesis and antibiotic resistance, presenting opportunities for
drug development. In 1973, it was discovered that gentamicin does not enter mammalian
cells, leading to the development of the "Gentamicin Protection Assay" in the early 1980s.
This assay involves infecting a layer of murine primary bone marrow macrophages with
S. aureus expressing green fluorescent protein (GFP) and observing the clearance of
extracellular GFP-positive bacteria upon gentamicin treatment. This allows for the study
of S. aureus within macrophages, which is important as intracellular persistence is a
characteristic of chronic infections. Researchers have also developed methods to
investigate antibiotic resistance to generate virulent gentamicin-induced small colony
variants (SCVs) of Staphylococcus aureus. These nonhemolytic SCVs have become a
well-established experimental model for studying antibiotic resistance. Therefore, while
gentamicin's use has declined due to its toxicity, the insights gained from studying its
properties have opened up new avenues for developing an ideal antibiotic treatment for
musculoskeletal and orthopedic infections that effectively targets intracellular pathogens
(Schwarz et al., 2020).
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The use of low-dose (with a median exposure of only 4 days at a daily dose of 2—
3 mg/kg) gentamicin in combination with either vancomycin or antistaphylococcal
penicillins for the treatment of S. aureus bacteremia and native valve endocarditis was
associated with notable renal dysfunction (Cosgrove et al., 2009). Low-dose gentamicin
usage, therefore, should be increased; however, the increased gentamicin usage causes
strength values that are under standardized level in the bone cement. In our study, an
additional antimicrobial agent is used to eliminate issues related to drug resistance,
inadequate gentamicin doses, and strength of the bone cements.

In Table 3.1. percent inhibitions values were presented according to the OD
values. All gentamicin-loaded cement samples killed all the bacteria, according to the
table. It is observable that 2 g of 4-HBA liquid killed more bacteria than 2 g of 4-HBA
powder. It was measured that the release of 4-HBA liquid-loaded cement samples was
more efficient than the 4-HBA powder-loaded samples (Dokumaci, 2022). Chang et al.
(2014) also had similar findings with the release of liquid antibiotics from bone cement
samples.

Table 3.1. Percent inhibition values of MSSA after 24 and 48 hours of incubation.

% Inhibition
Bacteria Bone Cement Sample
24™ hour 48" hour
2 g of Gentamicin Powder 99.7% 99.5%
2 g of 4-HBA Powder 12.7% 10.2%
2 g of Gentamicin Liquid 99.0% 98.9%
MSSA
2 g of 4-HBA Liquid 15.1% 31.4%
1 g of Gentamicin + 1 g of 4-HBA 99.5% 99.4%
1 g of Gentamicin + 2 g of 4-HBA 99.5% 99.5%

The viable cell counts of the MSSA at the initial inoculum, after 24 hours and 48
hours of incubation, were presented in Table 3.2. The bacterial growth in the presence of
null samples was the negative control. The viable count indicated that the initial inoculum
of MSSA was 108 CFU/mL. No growth was observed in the group that contained all
gentamicin-loaded cement samples from the time zero of the experiment. This showed

that gentamicin has an immediate bacteriocidal effect on MSSA. After 24 hours of
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incubation, the growth of MSSA was increased by 3 logs than the initial values at the
tubes that contained null, 4-HBA powder, and 4-HBA liquid bone cement samples. Then,
after 48 hours, the bacterial count was increased by 1 log in null; however, it almost did

not change for 4-HBA powder and slightly decreased in 4-HBA liquid samples.

Table 3.2. Viable cell counts of MSSA after incubation with bone cement samples.

Viable cell counts (CFU/mL)
Bacteria | Bone Cement Sample
0 Hour 24" Hour 48" Hour
Null 2.16 x 10° 9.75x10° | 5.05x 10%
2 g of Gentamicin 0 0 0
Powder
2 g of 4-HBA Powder 1.76 x 10° 5.50 x 10° 5.72 x 10°
MSSA | 2 g of Gentamicin Liquid 0 0 0
2 g of 4-HBA Liquid 1.66 x 10° 6.97 x 10° 3.64 x 10°
1 g of Gentamicin and 0 0 0
1 g of 4-HBA
1 g of Gentamicin and 0 0 0
2 g of 4-HBA

3.3.2. Antimicrobial Effects of Gentamicin and 4-Hydroxybenzoic Acid
Loaded Bone Cements on MRSA

The study aimed to evaluate the antimicrobial effect of bone cement loaded with
antimicrobial agents against Methicillin-Resistant Staphylococcus aureus (MRSA).
Various combinations of gentamicin and 4-HBA were assessed in comparison to control
groups to determine their capacity to inhibit bacterial growth. The antimicrobial effects

of 7 days of preincubated 1 g bone cement samples were shown in Figure 3.2.
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Figure 3.2. Antimicrobial effect of bone cement samples on MRSA growth. The optical
densities (OD600nm) were measured at 600 nm at the Oth, 24th, and 48th
hours of MRSA inoculation. “**” indicates a p-value that is equal to or
smaller than 0.01, “***” indicates a p-value that is equal to or smaller than
0.001, and “****” indicates a p-value that is equal to or smaller than 0.0001,
found by unpaired t-test.

In orthopedic surgeries, antibiotic-loaded PMMA bone cement is commonly used
to address implant-related infections associated with bacterial biofilm formation.
However, due to the development of antibiotic resistance in pathogens, Melicher¢ik et al.
investigated the effectiveness of an antimicrobial peptide (AMP) mixed in bone cement
to inhibit bacterial adhesion and biofilm formation. The study focused on methicillin-
resistant MRSA biofilms on PMMA implants loaded with a 12-amino acid residue AMP.
Results showed that the AMP prevented MRSA adhesion and biofilm formation on over
80% of the implants, while control implants made from plain cement did form biofilms.
The study suggests that this murine osteomyelitis model has the potential to simulate
actual orthopedic operations (Melichercik et al., 2022). In our study, the same approach
has been tested using 4-HBA on MRSA, and a statistically significant decrease has been
reached.

The use of gentamicin-loaded bone cement for infected total hip replacements has
shown a potential risk of antibiotic resistance development, with 88% of patients carrying

gentamicin-resistant strains of Staphylococcus bacteria. Thus, a need for a product that
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does not induce antibiotic resistance is crucial. The strength of bone cement must be
considered when an antimicrobial agent is incorporated into the cement. A recent study
demonstrated that incorporating caffeic acid phenethyl ester (CAPE) increases the
cement's strength, surpassing that of gentamicin-loaded bone cement (Lee and Chang,
2015). Therefore, further research is recommended to observe the release rate and
inflammatory response of 4-HBA-loaded bone cement through in vivo implantation tests.
Additionally, in vivo experiments should be conducted to assess the anti-inflammatory
properties of phenolic acids, which can reduce inflammation in implanted tissues by
decreasing TNF-a production.

An ideal antibiotic should effectively eliminate infections while preserving the
healthy microbiome and minimizing the development of antibiotic resistance. Alternative
broad-spectrum antibacterial compounds (ABLCs) have shown promise in combating
infections, but the optimal dosage and duration for satisfactory outcomes remain
unresolved. Incorporating high doses of antibiotics into bone cement can negatively
impact its strength, leading to reduced structural stability (Singh et al., 2019).
Furthermore, antibiotic-loaded bone cements may also be utilized for wound healing in
patients with diabetic foot osteomyelitis, as it was demonstrated the increased pathogen
eradication and decreased hospital stays (Ehya et al., 2021).

Despite the declining use of gentamicin due to its associated toxicity, experimental
utilization has provided valuable insights into microbial pathogenesis and antibiotic
resistance. The study of gentamicin's properties has led to the development of assays and
models for investigating antibiotic resistance and targeting intracellular pathogens. Low-
dose gentamicin usage, in combination with other antibiotics, was associated with renal
dysfunction. Therefore, incorporating an additional antimicrobial agent like 4-HBA into
the bone cement can address drug resistance issues, the need for less effective gentamicin
doses, and the strength of the cements.

In Figure 3.2. at the 24™ and 48™ hours, null was observed as the highest OD level.
It was an expected result since null did not contain any antimicrobial agents. At the 24"
hour, 4-HBA powder was found to be lower than the null, and 4-HBA-liquid with a 0.358
OD600 value was found at almost half of the null with an OD value of 0.589. As in the
MSSA, MRSA also showed a higher antibacterial effect in 4-HBA-liquid bone cement
samples compared to 4-HBA-powder bone cement samples. This result is expected since

4-HBA-liquid-loaded bone cement samples had a higher antimicrobial agent release rate.
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In Table 3.3. percent inhibition values of MRSA after 48 hours of incubation with
bone cements were presented. All gentamicin-loaded cement samples showed a
bacteriocidal effect on MRSA (Table 3.4). Both at 24 and 48 hours of incubation, 4-HBA-
liquid-loaded bone cement samples showed higher percent inhibition than 4-HBA-
powder samples. However, the viable count results displayed similar CFU/mI for both

samples.

Table 3.3. Percent inhibition values of MRSA after 24 and 48 hours of incubation.

% Inhibition
Bacteria Bone Cement Sample
24" hour 48" hour
2 g of Gentamicin Powder 99.5% 99.4%
2 g of 4-HBA Powder 25.6% 14.0%
2 g of Gentamicin Liquid 98.3% 97.3%
MRSA
2 g of 4-HBA Liquid 39.2% 26.4%
1 g of Gentamicin + 1 g of 4-HBA 99.6% 99.3%
1 g of Gentamicin + 2 g of 4-HBA 99.8% 99.2%

Viable cell counts of all cement samples against MRSA were presented in Table
3.4. The initial inoculum was 10° CFU/mL in null and 4-HBA-liquid and powder-loaded
bone cement samples. Both 2 g of gentamicin-powder-loaded and 2 g of gentamicin-
liquid-loaded bone cement samples displayed bacteriocidal effect starting from the O™
time point. At the 24™ hour null, 2 g of 4-HBA-powder and 2 g of 4-HBA-liquid bone
cement samples showed approximately 3 log higher viable cell counts, similar to those of

MSSA counts for the same bone cement sample groups.



Table 3.4. Viable cell counts of MRSA after incubation with bone cement samples.

Viable cell counts (CFU/mL)

Bacteria | Bone Cement Sample
0 Hour 24™ Hour 48" Hour
Null 1.18 x 10° 4,55 x 108 1.64 x 108
2 g of Gentamicin 0 0 0
Powder
2 g of 4-HBA Powder 4.38 x 10° 5.70 x 108 1.56 x 108
MRSA | 2 g of Gentamicin Liquid 0 0 0
2 g of 4-HBA Liquid 1.36 x 10° 3.47 x 108 1.55 x 108
1 g of Gentamicin and 1
1 g of 4-HBA 1.17x 10 0 0
1 g of Gentamicin and 1
2 g of 4-HBA 1x10 0 0

3.3.3. Antimicrobial Effects of Gentamicin and 4-Hydroxybenzoic Acid

Loaded Bone Cements on S. epidermidis

The study aimed to assess the antimicrobial efficacy of bone cement loaded with
antimicrobial agents against S. epidermidis. Different combinations of gentamicin and 4-
HBA were compared alongside control groups to evaluate their effectiveness in inhibiting

bacterial growth. The antimicrobial effects of 7 days of preincubated 1 g bone cement

samples were shown in Figure 3.3.
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Figure 3.3.  Antimicrobial effect of bone cement samples on S. epidermidis growth. The
optical densities (OD600nm) were measured at 600 nm at the Oth, 24th,
and 48th hours of S. epidermidis inoculation. “*” indicates a p-value equal
to or smaller than 0.05, “**” indicates a p-value equal to or smaller than
0.01, “***” indicates a p-value equal to or smaller than 0.001, and “****>
indicates a p-value equal to or smaller than 0.0001, found by unpaired t-
test.

Periprosthetic joint infections (PJI) are challenging to treat due to biofilm
formation on implant surfaces. This in vitro study investigated the efficacy of methylene
blue photodynamic therapy (MB-PDT) on PJI-causing biofilms on various implant
materials. The study tested different strains of bacteria in planktonic form and with early
and mature biofilms on prosthetic materials such as polyethylene, titanium alloys, cobalt-
chrome-based alloys, and bone cement. MB-PDT effectively eliminated common PJI
pathogens in both the planktonic bacteria and the biofilms, regardless of the strain,
orthopedic material, or biofilm maturity. The treatment did not cause relevant surface
modifications to the implants. These findings suggest that MB-PDT could be a promising
treatment approach for PJI, potentially replacing invasive methods and reducing the
duration of antibiotic treatment, thereby improving patient quality of life and reducing
associated healthcare costs (Prinz et al., 2023). Since implant-related infections are an
overwhelming issue, new treatment approaches are gaining valuable insights into this
field. Combining these approaches with natural products would promise a great strategy

against biofilm formation on implant surfaces.
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A recent study investigated the pharmacological properties of Solenostemma
argel, a desert medicinal plant native to African countries. The research focuses on
analyzing the antibacterial, antioxidant, anticancer, and anti-inflammatory activities of
the aerial parts (leaves and flowers) of Solenostemma argel (Delile) Hayane.
Additionally, the study characterized the phenolic and flavonoid contents of the plant.
The antioxidant activity of Solenostemma argel extract shows an increase in
effectiveness, ranging from 12.16% to 94.37%, as the concentration of the extract is raised
from 10 pg/mL to 1280 ug/mL. Among the tested organisms, S. epidermidis demonstrates
the highest sensitivity to chloroform extract (Elsanhoty et al., 2022). As it is parallel with
the literature, in this study, 4-HBA-loaded bone cement samples showed a significant
decline in the growth of the bacteria with a 1 log difference, as shown in Table 3.6.

The current treatment approach for traumatic wounds, like those caused by
gunshot injuries, involves using gauze and tourniquets. However, these dressings are
inadequate for wounds that cannot be compressed and do not provide sufficient protection
against infections, leading to high morbidity and mortality rates. To address this critical
clinical need, a recent study developed a foam made of shape memory polymers (SMP)
with antimicrobial and antioxidant properties. The shape memory properties of the foam
allow for easy application onto deep and irregularly shaped wounds. Moreover, the
presence of antimicrobial polyphenols, specifically 4-HBA, within the foam provides
effective defense against common wound pathogens such as E. coli, S. aureus, and S.
epidermidis (Du et al., 2022). The findings of this recent study align with the conclusions
reached in this chapter.

Gentamicin, an aminoglycoside antibiotic, is commonly employed in orthopedic
surgery due to its favorable bacteriological and physico-chemical properties for local
infection treatment. In a study, the growth of S. epidermidis biofilm was observed to
increase slime production on the biomaterials after 3 hours of exposure to gentamicin (as
shown in Figure 5). This aligns with previous findings indicating that antibiotics can
induce slime production. Slime production serves as a protective response by bacteria,
enabling them to endure unfavorable conditions, including the presence of antibiotics.
Furthermore, embedding biofilms within slime is recognized as a significant cause of
failure in treating or preventing biofilm-associated infections (BAI) with antibiotics.
Evidence suggests that the binding of positively charged aminoglycosides to slime

hampers the penetration of these agents (Nuryastuti et al., 2010). This study explains why
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the immediate effect of gentamicin-loaded bone cements was not observable in the S.
epidermidis cultures as it was found in MSSA and MRSA. Additionally, the study
provides information about the inadequate effect of gentamicin on the dispersal of biofilm
of the bacteria, which suggests the urgent need for the usage of new antimicrobial agents.

In the Figure 3.3. null was found with the highest OD value at both the 24™ hour
and the 48" hour. 4-HBA powder follows null and can be seen lower than the null at both
the 24" hour and 48" hour in the graph. 4-HBA-liquid was significantly lower than the
null, according to the graph. Combinations, which include 1 g of gentamicin other than 2
g of gentamicin powder and liquid, did not kill all the bacteria. This suggests that
gentamicin does not affect S. epidermidis as much as it does MSSA and MRSA. An
interesting result was found also in the combined effects of 4-HBA and gentamicin. 1 g
of gentamicin and 1 g of 4-HBA-loaded cement samples (0.188 OD600 value) resulted
in almost the same killing rate as 1 g of gentamicin and 2 g of 4-HBA-loaded cement
samples (0.193 OD600 value). This was not an expected result since 4-HBA was found
to be effective on MSSA and MRSA; an increased amount of it should have led to the
increased Killing rate. Since S. epidermidis is a biofilm-producing bacteria, 4-HBA and
gentamicin could not affect the bacteria as they happen in MSSA and MRSA (Ammann
et al., 2017). Finally, gentamicin-powder-loaded bone cement samples and gentamicin-
liquid-loaded bone cement samples containing 2 grams killed most of the bacteria at both
time points.

Table 3.5. shows percent inhibition values of S. epidermidis after 48 hours of bone
cement treatment; 2 g of gentamicin powder killed almost all the bacteria as indicated as
98.6% and 97.0% of inhibition values at the 24™ and 48" hours, respectively. A similar
result is observable in 2 g of gentamicin-liquid-loaded bone cements since 98.3% and
98.0% of inhibitions were found at the 24" and 48™ hour time points, respectively. 2 g of
4-HBA powder-loaded bone cements show a significant change in the term of inhibition.
However, 2 g of 4-HBA-liquid-loaded bone cement killed 41.9% of the bacteria at the
24" hour. Since the result hasn’t been reached at the 48™ hour, where 12.1% inhibition
was observed, it cannot be said that 4-HBA leads to a very significant inhibition rate on

S. epidermidis.
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Table 3.5. Percent inhibition values of S. epidermidis after 24 and 48 hours of incubation.

% Inhibition
Bacteria Bone Cement Sample
241 hour 48" hour

2 g of Gentamicin Powder 98.6% 97.0%

2 g of 4-HBA Powder 10.5% 7.36%

S 2 g of Gentamicin Liquid 98.3% 98.0%
epidermidis | 5 o of 4-HBA Liquid 41.9% 12.1%
1 g of Gentamicin + 1 g of 4-HBA 98.2% 72.7%

1 g of Gentamicin + 2 g of 4-HBA 95.5% 72.0%

Viable cell counts of S. epidermidis were indicated in the table after the bacterial
load at the initial time point and after the 24th and 48th hours in Table 3.6. The bacterial
growth in the presence of null bone cement discs was negative control. The initial
inoculum of S. epidermidis was 10° CFU/mL, and the initial spread was performed after
inoculation. At the initial (Oth) time point, no immediate effect of gentamicin was
observed when starting with a bacterial concentration of 10° CFU/mL in all the bone
cement samples. However, the immediate effect of gentamicin had been observed on
MSSA and MRSA in the previous results. Growth of null, 2 g of 4-HBA powder, and 2
g of 4-HBA liquid increased 1000 times at the 24™ hour. An increase is observable at the
48" hour; however, 4-HBA exhibits lower growth compared to the control (null).
Additionally, 4-HBA liquid shows less viable cell counts than 4-HBA powder because of
the release level explained before. 2 g of gentamicin-loaded bone cements resulted in a
higher killing rate than the combinations loaded ones. The reason for the result could be
less gentamicin amount (1 g) in combinations than gentamicin alone loaded bone cements
(29). Additionally, combinations showed less growth than only 4-HBA-loaded cements;
this indicated that 4-HBA decreased the growth slightly.
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Table 3.6. Viable cell counts of S. epidermidis after incubation with bone cement samples.

Viable cell counts (CFU/mL)
Bacteria Bone Cement Sample
0" Hour 24" Hour 48™ Hour
Null 5.9 x 10° 8.27 x 108 1.81 x 10°
2.g of Gentamicin 745x105 | 13x10° | 1.50x 10
Powder
2 g of 4-HBA Powder 7.07 x 10° 1.83 x 108 9.05 x 108
S| 2gof Gentamicin 738x10° | 880x10° | 2.05x 102
epidermidis Liquid
2 g of 4-HBA Liquid 9.43x10° | 1.61x10% | 2.63x10°
1 g of Gentamicin and 5 6 8
1g of 4-HBA 8.46 x 10 9.1x10 2.26x 10
1 g of Gentamicin and 5 7 8
2 g of 4-HBA 9.20x 10 1.10 x 10 2.00x 10

3.3.4. Antimicrobial Effects of Gentamicin and 4-Hydroxybenzoic Acid

Loaded Bone Cements on E. faecium

The study aimed to assess the antimicrobial efficacy of bone cement loaded with
antimicrobial agents against E. faecium. Different combinations of gentamicin and 4-
HBA were compared alongside control groups to evaluate their effectiveness in inhibiting
bacterial growth. The antimicrobial effects of 7 days of preincubated 1 g bone cement

samples were shown in Figure 3.4.
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Figure 3.4. Antimicrobial effect of bone cement samples on E. faecium growth. The
optical densities (OD600nm) were measured at 600 nm at the Oth, 24th, and
48th hours of E. faecium inoculation. “ns” indicates a p-value higher than
0.05, and “****” indicates a p-value equal to or smaller than 0.0001, found
by unpaired t-test.

In the management of Enterococcal infections, the administration of both
gentamicin and either a beta-lactam antibiotic or a glycopeptide is employed to achieve a
synergistic bactericidal impact. Nevertheless, strains that display significant resistance to
gentamicin have lost their susceptibility to this combined therapeutic approach (Kagmaz
and Aksoy, 2005). Therefore, generating new strategies to combat E. faecium-derived
infections is urgent. However, no significant decrease in the bacterial growth rate was
found after 4-HBA-loaded bone cement treatment. However, as mentioned before, higher
doses of 4-HBA would be investigated further.

In a recent study on Enterococcus faecium, a common cause of hospital-acquired
infections, researchers analyzed antibiotic-resistant genomes, identifying potential drug
targets from core genes. Functional analysis revealed metabolic pathways, and subtractive
genomics identified 26 unique therapeutic targets. 3-dehydroquinate dehydrogenase was
proposed as a promising target. Virtual screening with natural compounds found potential
inhibitors. Experimental validation is required for these novel therapeutics (Khan and
Uddin, 2023). For our study, 4-HBA’s higher doses would be further tested on the

bacteria, as mentioned above.
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Null was found with the highest OD values at the 24™ and 48" hours. All the
gentamicin-loaded bone cements, including combinations, killed most of the bacteria at
the 24" and 48™ hours (Figure 3.4). A significant decrease was found in using 4-HBA
liquid and powder-loaded bone cements in the 24" hour. However, compared to null,
slightly decreased bacterial growth in 4-HBA powder and liquid-loaded bone cement
samples was observed at the 48th hour. This data indicates no significant changes
occurred because of 4-HBA addition in E. faecium growth.

In the table 3.7. indicating percent inhibition values of E. faecium, 2 g of
gentamicin powder-loaded bone cements show more than 90% inhibition rate as found in
the other bacteria (MSSA, MRSA, S. epidermidis) in all time points. 4-HBA liquid-loaded
bone cements showed more inhibition percentage than 4-HBA powder-loaded bone
cements in both the 24™ and 48" hours of time points. However, no significant inhibition

rate was reached overall by 4-HBA on E. faecium.

Table 3.7. Percent inhibition values of E. faecium after 24 and 48 hours of incubation.

% Inhibition
Bacteria Bone Cement Sample
24™ hour 48" hour
2 g of Gentamicin Powder 98.2% 99.6%
2 g of 4-HBA Powder 2.79% 1.60%
E 2 g of Gentamicin Liquid 97.4% 96.3%
faecium | 2 g of 4-HBA Liquid 14.8% 2.47%
|1-|§A0f Gentamicin + 1 g of 4- 97.8% 97.9%
|1-|§A0f Gentamicin + 2 g of 4- 97.7% 97 4%

Viable cell counts of E. faecium were indicated in the table after the bacterial load
at the initial time point and after the 24th and 48th hours in the Table... The bacterial
growth in the presence of null bone cement discs was negative control. The initial
inoculum of E. faecium was 108 CFU/mL, and the initial spread was performed after
inoculation. Growth of null, 2 g of 4-HBA powder, and 2 g of 4-HBA liquid increased
100 times at the 24™ hour. Additionally, 4-HBA liquid shows less viable cell counts than

4-HBA powder because of the release level explained before. 2 g of gentamicin-loaded
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bone cements resulted in a higher cell death rate than the combinations loaded ones. The
reason for the result could be less gentamicin amount (1 g) in combinations than
gentamicin alone loaded cements (2g). Additionally, cement samples containing
combinations with gentamicin showed less growth than only 4-HBA-loaded cements; this

indicated that 4-HBA decreases the growth slightly.

Table 3.8. Viable cell counts of E. faecium after incubation with bone cement samples.

Viable cell counts (CFU/mL)

Bacteria | Bone Cement Sample
0 Hour 24" Hour 48" Hour

Null 1.55 x 10° 2.38 x 108 2.34 x 108

2 g of Gentamicin

4
Powder 1.01x 10 0 0

2 g of 4-HBA Powder 1.70 x 10° 1.15 x 108 5.17 x 108

E.

faeci 2 g of Gentamicin Liquid | 1.55 x 10* 0 0
aecium

2 g of 4-HBA Liquid 1.66 x 10° 2.55 x 108 5.00 x 108

1 g of Gentamicin and

4
1g of 4-HBA 7.53x 10 0 0
1 g of Gentamicin and 4
2 g of 4-HBA 9.67 x 10 0 0

3.3.5. Antimicrobial Effects of Gentamicin and 4-Hydroxybenzoic Acid

Loaded Bone Cements on P. aeruginosa

The study aimed to assess the antimicrobial efficacy of bone cement loaded with
antimicrobial agents against P. aeruginosa. Different combinations of gentamicin and 4-
HBA were compared alongside control groups to evaluate their effectiveness in inhibiting

bacterial growth (Figure 3.5).
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Figure 3.5. Antimicrobial effect of bone cement samples on P. aeruginosa growth. The
optical densities (OD600nm) were measured at 600 nm at the Oth, 24th, and
48th hours of P. aeruginosa inoculation. “*” indicates a p-value equal to or
smaller than 0.05, and “***” indicates a p-value equal to or smaller than
0.001, found by unpaired t-test.

A recent study evaluated the addition of various antibiotics (tobramycin,
meropenem, piperacillin, ceftazidime, ciprofloxacin, and aztreonam) to acrylic cement
for preventing skeletal infections caused by gram-negative bacteria. The researchers
conducted both in vitro and animal studies. They found that meropenem-loaded cement
had the most stable and effective antimicrobial properties against gram-negative bacteria
in vitro. In the animal study using a rat model, meropenem-loaded cement demonstrated
improved body weight, reduced inflammation, and better radiological and
histopathological outcomes compared to control unloaded cement. The study suggests
that meropenem-loaded acrylic cement could be a potentially effective preventive
measure against skeletal infections caused by gram-negative bacteria, but further clinical
research is required to assess its safety and efficacy in humans (Wei et al., 2022)

Amikacin, gentamicin, and tobramycin are commonly used aminoglycosides for
the treatment of Pseudomonas aeruginosa infections. The primary resistance mechanism
involves the inactivation of these antibiotics by aminoglycoside-modifying enzymes.
These enzymes reduce the binding affinity of aminoglycosides to the target subunit 30S

of the bacterial ribosome, thereby impairing their effectiveness. Amikacin is relatively
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less susceptible to this resistance mechanism among the three aminoglycosides. However,
it is important to note that these antibiotics should not be used alone as monotherapy for
infections beyond the urinary tract. In addition to the intravenous formulation, alternative
forms of administration have demonstrated efficacy, such as inhaled tobramycin, which
was effective in managing acute exacerbations of cystic fibrosis. Plazomicin, a novel
aminoglycoside agent, is ineffective against resistance mechanisms such as altered
membrane permeability and other aminoglycoside resistance mechanisms. Therefore, its
usage is limited to treating P. aeruginosa urinary tract infections (Karruli et al., 2023).

Microbial biofilms are communities of cells that adhere to surfaces and form a
protective matrix of extracellular polymeric substances. The increased use of antibiotics
to treat infections associated with biofilms has led to the emergence of multiple drug-
resistant strains. Pseudomonas aeruginosa is a well-known pathogenic bacterium that
forms biofilms and is a model for studying biofilm-related infections. Vitexin, a
polyphenolic phytochemical with antimicrobial properties, was investigated for its
potential as an antibiofilm agent against Pseudomonas aeruginosa when combined with
azithromycin and gentamicin. The minimum inhibitory concentration (MIC) of vitexin
was found to be 260 pg/ml. Its antibiofilm activity was assessed through safranin staining,
protein extraction, microscopy techniques, extracellular polymeric substances (EPS)
quantification, and in vivo models using sub-MIC doses. The results demonstrated a
significant reduction in biofilm formation and QS-mediated phenotypes of Pseudomonas
aeruginosa in 110 pg/ml vitexin combined with azithromycin and gentamicin separately.
This study highlights the potential of vitexin as a novel antibiofilm agent against
microbial biofilm-associated pathogenicity, specifically targeting Pseudomonas
aeruginosa (Das et al., 2016). A Similar study was conducted in this thesis; firstly, a
combination of gentamicin and 4-HBA-loaded bone cements was tested. Afterward, the
effects of 4-HBA on the biofilm formation of P. aeruginosa were examined.

A recent study revealed that the trans-translation system is crucial for
Pseudomonas aeruginosa's ability to tolerate both azithromycin and various
aminoglycoside antibiotics. Additionally, they demonstrated that gentamicin can inhibit
the trans-translation activation induced by azithromycin. When combined, gentamicin
and azithromycin exhibited increased efficacy in killing both planktonic and biofilm-
associated P. aeruginosa cells. This effect was observed in different strains, including the

reference strain PA14, its carbapenem-resistant oprD mutant, the mucoid strain FRD1,
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and multiple clinical isolates. Furthermore, combining gentamicin and azithromycin
improved bacterial clearance in murine models of acute pneumonia, biofilm implant, and
cutaneous abscess infection (Ren et al., 2019). In the previous chapter, the effect of 4-
HBA on P. aeruginosa was described by mostly leading defects in protein translation
machinery. Therefore, using 4-HBA with gentamicin could potentially decrease bacteria’s
tolerance to it. Although the mode of action of 4-HBA was not explicitly identified, it can
be seen in Figure 3.5 that in combination with bone cements, increasing the 4-HBA
amount in bone cement increases the elimination of the bacteria at the 48™ hour.

In Figure 3.5. null was found with the highest OD value at the 24™ and 48™ hours.
All the gentamicin-loaded, including combinations and bone cements, killed all the
bacteria at the 24" and 48" hours. Significantly decreased bacterial growth provided by
4-HBA powder and liquid-loaded bone cements was observed at the 24" hour, and 4-
HBA liquid cements caused a significantly decreased growth rate than 4-HBA powder-
loaded cements. At the 48™ hour, both 4-HBA liquid and powder-loaded bone cements
significantly decreased when compared with the null. Additionally, at both the 24™ and
48™ hours, 4-HBA liquid shows the highest decrease in the growth of P. aeruginosa.
According to the data, it was concluded that 4-HBA is significantly effective on the
bacterium.

In Table 3.9., it was shown that 2 g of gentamicin liquid bone cements has a higher
inhibition percentage than 2 g of gentamicin powder bone cements at all time points. It is
observable that 2 g of 4-HBA liquid-loaded bone cements indicated higher inhibition rates
than 2 g of 4-HBA powder-loaded cements at all time points. The same result was also
repeated by the data of a combination of 1 g of gentamicin and 2 g of 4-HBA-loaded
cements having a higher inhibition rate than 1 g of gentamicin and 1 g of 4-HBA-loaded

bone cements.
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Table 3.9. Percent inhibition values of P. aeruginosa after 24 and 48 hours of incubation.

% Inhibition
Bacteria Bone Cement Sample
24" hour 48" hour

2 g of Gentamicin Powder 96.2% 96.8%
2 g of 4-HBA Powder 8.28% 18.9%
b 2 g of Gentamicin Liquid 92.9% 94.7%
aeruginosa | 2 g of 4-HBA Liquid 13.8% 20.4%

1 g of Gentamicin + 1 g of 4- 0 0
HBA 96.5% 94.7%

1 g of Gentamicin + 2 g of 4- 0 0
HBA 96.1% 96.7%

Viable cell counts of P. aeruginosa have been indicated after the bacterial load at

the initial point and after the 24th and 48th hours in Table 3.10. The bacterial growth in

the presence of null bone cement discs was negative control. The initial inoculum of P.

aeruginosa was 10’ CFU/mL, and the initial spread was performed after inoculation.
Growth of null, 2 g of 4-HBA powder, and 2 g of 4-HBA liquid increased 100 times at
the 24th hour. At the 48th hour, 4-HBA powder-loaded bone cements caused 1 log(10)

reduction, and 4-HBA liquid-loaded bone cements caused 2 log (10) reduction.

Additionally, 4-HBA liquid cements showed less viable cell counts than 4-HBA powder

at the 48th hour because of the release level explained before.

Table 3.10. Viable cell counts of P. aeruginosa after incubation with bone cement

samples.
) Viable cell counts (CFU/mL)
Bacteria Bone Cement Sample
0" Hour 24" Hour 48" Hour
Null 1.17 x 107 1.33 x 108 4.90 x 10%°
2 g of Gentamicin Powder 1.67 x 10* 0 0
2 g of 4-HBA Powder 1.82 x 107 1.12x 108 3.70x 10°
P. 2 g of Gentamicin Liquid 1.67 x 10* 0 0
aeruginosa
2 g of 4-HBA Liquid 1.44 x 107 2.63 x 108 5.80 x 108
1 g of Gentamicin and "
1g of 4-HBA 3.33x10 0 0
1 g of Gentamicin and "
2 g of 4-HBA 6.66 x 10 0 0
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3.4. Conclusions

The aim of this chapter was to observe the effect of 4-HBA-loaded bone cements
on MSSA, MRSA, S. epidermidis, E. faecium, and P. aeruginosa for the first time.
Another aim was to compare the effect of powder and liquid-loaded bone cements on the
bacteria. Additionally, gentamicin was used as both a control and to observe a synergistic
effect with 4-HBA.

Polymethyl methacrylate (PMMA) is a bone cement widely used in orthopedic
surgeries. It acts as a space-filling material, securing implants through mechanical
interlock. The incidence of complications, including infection and implant loosening,
emphasizes the need for ongoing research. Antibiotic-loaded bone cement has shown
efficacy in inhibition of infections. Statistics project around 635,000 primary total hip
arthroplasties (THAs) and 935,000 total knee arthroplasties (TKAs) in the US by 2030.
Nearly 50% of revision procedures were accounted for in prosthetic joint infection (PJI).
In summary, PMMA bone cement plays a crucial role in orthopedics, with ongoing
research addressing complications and antibiotic-loaded cement providing localized drug
delivery for infection prevention. Our study found that after 48 hours of incubation, 4-
HBA liquid-loaded bone cements delivered more than 20% inhibition rate on MSSA,
MRSA, and P. aeruginosa. Although gentamicin provided a much higher killing rate of
more than 90%, synergistic effects of 4-HBA and gentamicin evaluated that increasing 4-
HBA amount caused more killing rate on P. aeruginosa. Based on these results, it can be
concluded that where antimicrobial resistance occurs, phenolic acids could be the second
line of defense. A recent study stated that experimental models and clinical data indicate
that achieving high local concentrations of antimicrobials is crucial for maximizing
prophylactic and therapeutic efficacy. It is essential to assess novel carriers and diverse
antimicrobial agents to enhance clinical outcomes (Sabater-Martos et al., 2023). Since
antimicrobial resistance is a growing problem worldwide, the usage of phenolic acids has
become a need. 4-hydroxybenzoic acid is a phenolic acid used for the first time for
loading bone cements to observe the synergistic effect of gentamicin on several different
bacteria. According to our results, a significant decline in the growth of three of the
bacteria was observed. Therefore, it can be concluded that the phenolic acid 4-HBA is a

promising molecule that can be used to eliminate bacterial growth using gentamicin.
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CHAPTER 4

EFFECTS OF 4-HYDROXYBENZOIC ACID ON BIOFILM

OF Pseudomonas aeruginosa

4.1. Introduction

A biofilm can be described as a well-organized population of microorganisms,
predominantly bacteria, which adhere to a particular surface and are encompassed by a
matrix of substances they produce externally. Biofilms are found in various
environments, including medical devices, natural habitats, and industrial systems
(Muhammad et al., 2020).

The formation of biofilms is a multifaceted procedure comprising the initial
adherence of individual bacteria to a surface and subsequent synthesis of extracellular
polymeric substances (EPS) that construct the matrix. This EPS matrix grants the bacteria
both physical and metabolic shelter, rendering them more resilient to antibiotics, immune
responses, and environmental pressures when compared to bacteria existing in a
planktonic state (freely floating). (Hall-Stoodley et al., 2004).

Biofilms play a significant role in many important biological processes, including
nutrient cycling and energy transfer in ecosystems, and they can cause significant
problems in various industrial, medical, and environmental applications. For example,
biofilms can cause corrosion and fouling of pipes and heat exchangers in industrial
systems, infections associated with medical devices such as catheters, and persistent
infections in individuals with weakened immune systems (Sharma et al., 2019).

Understanding the mechanisms of biofilm formation and developing strategies to
prevent and control biofilm growth are important in various fields, including medicine,

environmental science, and engineering.
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4.1.1. Biofilm of Pseudomonas aeruginosa

Pseudomonas aeruginosa is an opportunistic bacterium commonly found in the
environment, including soil and water. One of its unique characteristics is its ability to
form biofilms, which are communities of microorganisms attached to a surface and
surrounded by a self-produced extracellular matrix (Tuon et al., 2022).

In the case of P. aeruginosa, biofilm formation is a common mode of growth, and
it can play a significant role in the persistence and resistance of this bacterium to
antibiotics and host defenses. P. aeruginosa biofilms are frequently associated with
chronic infections, particularly in individuals with weakened immune systems, and are
often difficult to treat. The biofilm structure provides physical and metabolic protection
for the bacteria, making it more resistant to antibiotics and host defenses compared to
planktonic (free-floating) bacteria (Tuon et al., 2022).

Biofilm formation by P. aeruginosa can occur in various environments, including
medical devices such as catheters, artificial joints, and contact lenses, as well as in natural
environments like water and soil. Understanding the mechanisms of biofilm formation by
P. aeruginosa is important in developing strategies to prevent and treat infections

associated with this bacterium.

4.1.1.1. Pseudomonas aeruginosa biofilms and resistance

Pseudomonas aeruginosa, a well-established model organism in biofilm research,
exhibits distinct attributes compared to its planktonic counterparts. These characteristics
include heightened resistance to antimicrobial agents and the ability to evade the host's
immune system. (Costerton et al., 1995). The bacteria can be found in both planktonic
and biofilm forms. Cells surrounded by an extracellular polymeric (EPS) matrix are
within the biofilm of P. aeruginosa. A biofilm matrix consists of proteins,
polysaccharides, lipids, as well as nucleic acids (specifically extracellular DNA or eDNA
and RNA), and biosurfactants. These components play crucial roles in facilitating the
initial adhesion of cells and establishing the structural framework of the biofilm. In the
case of P. aeruginosa, the production of the matrix occurs during the later stages of

biofilm development, leading to a significant degree of autoaggregation among the cells.
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(Friedman and Kolter et al., 2004). P. aeruginosa produces Psl (polysaccharide), Pel
(polysaccharide), alginate, and exopolysaccharides that are involved in biofilm formation
(Ryder, Byrd, and Wozniak et al., 2007). Cyclic di-GMP, a specific nucleotide signaling
molecule known as a bacterial second messenger, serves as the primary regulator of
extracellular polymeric substance (EPS) production. Moreover, it enables bacterial cells
to transition from a motile state to a non-motile (sessile) state and acts as a regulator for
the adherence of cells within biofilms. (Jenal and Malone, 2006). P. aeruginosa biofilm
formation involves four primary stages: initial attachment to a surface (either living or
non-living), subsequent proliferation, formation of microcolonies, and maturation into a
well-organized and resilient microbial community. (Whiteley et al., 2001). Biofilms offer
an alternative mechanism for evading antimicrobial agents, thus rendering the resulting

infections more challenging to treat. (Ghadaksaz et al., 2015).

4,1.1.2. Pseudomonas aeruginosa biofilms confer resistance to

antimicrobials

The exopolysaccharide matrix of the biofilm functions as a barrier that hinders the
diffusion of antimicrobial agents, effectively immobilizing antibiotics. (Drenkard et al.,
2003). Moreover, the diffusion barriers within the biofilm also affect nutrient production.
This reduces the growth rate and metabolic activity, subsequently promoting the
accumulation of more persistent cells. (Sultana, Call and Beyenal, 2016). The growth
patterns of bacterial cells within the biofilm vary depending on the varying levels of
oxygen and nutrient availability across different regions. Surface-dwelling bacterial cells
within the biofilm display higher metabolic activity, while cells in the inner layers grow
at a slower pace. Antibiotics exhibit differential efficacy in distinct biofilm regions, with
certain drugs like polymyxins targeting cells under unfavorable growth conditions,
whereas beta-lactams and aminoglycosides tend to eliminate actively growing cells.
(Drenkard et al., 2003). When antibiotics are administered at low concentrations, they
effectively eliminate a majority of the P. aeruginosa biofilm cells. However, increasing
the antibiotic concentration does not eradicate the persistent cells within the biofilm.
Consequently, researchers have determined that only a small portion of biofilm cells are
accountable for the heightened antibiotic resistance observed. Similar to planktonic cells,

the majority of biofilm cells are susceptible to the effects of antibiotics. (Brooun, Liu, and
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Lewis, 2000). Since the presence of LPS prevents penetration of antibiotics, Gram-
negative bacteria show more resistance to antibiotics (Sultana, Call, and Beyenal, 2016).

Bacterial cells within the P. aeruginosa biofilm exhibit a range of genetic,
metabolic, physiological, and phenotypic alterations. These changes manifest in the form
of diverse colony characteristics, including dwarfed size, mucoid appearance, increased
pilus formation (hyperpiliation), deficiency in lipopolysaccharides (LPS), rough texture,
wrinkled morphology, and antibiotic resistance. (Webb, Lau and Kjelleberg, 2004).
Overproduction of Exopolysaccharide Pel ends up with wrinkled colonies; meanwhile,
alginate overproduction leads to finger-like colonies. Additionally, the generation of
alginate causes an increase in biofilm resistance to the human defense system and
antibiotics (Ghafoor, Hay, and Rehm, 2011). Cystic fibrosis (CF) is an autosomal
recessive disorder primarily attributed to cystic fibrosis transmembrane conductance
regulator (CFTR) gene mutations, resulting in impaired chloride ion channel function. In
CF patients, P. aeruginosa biofilms tend to develop in the lungs, and these biofilms
exhibit resistance to antibiotic therapies. They are not effectively targeted by the host's
inflammatory response involving polymorphonuclear leukocytes (PMNLSs). CF can lead
to severe consequences, including mortality, the necessity for lung transplantation, or
respiratory failure. (Heiby, Ciofu and Bjarnsholt, 2010). During the progression of
infection, a specific subset of phenotypes is favored in P. aeruginosa strains that invade
the lungs of cystic fibrosis (CF) patients. These selected phenotypic variants exhibit
characteristics such as being nonmotile and mucoid. They possess a rough
lipopolysaccharide (LPS) texture and produce excessive amounts of alginate, resulting in
a mucoid appearance. (Garrett, Perlegas and Wozniak, 1999).

In this chapter, the antibiofilm effect of 4-HBA was evaluated in the biofilm of P.
aeruginosa. The aim of the chapter is to understand the impact of 4-HBA on the inhibition
of biofilm formation in P. aeruginosa. The hypothesis was that since 4-HBA could inhibit
P. aeruginosa growth, the biofilm of the bacteria could be inhibited by the phenolic acid
4-HBA, as well.

4.2. Materials and Methods

In this study, Pseudomonas aeruginosa (ATCC 27853) was utilized to examine

the antibiofilm activity of phenolic acid 4-hydroxybenzoic acid by culture colors, crystal
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violet assay, and scanning electron microscopy (SEM). Culture conditions and bacteria

maintenance were conducted, as mentioned in Chapter 2.

4.2.1. Culture Colors

Subinhibitory 4-HBA concentrations that were investigated, as mentioned
previously in Chapter 2 were applied to observe the difference in culture color in the
presence of 4-HBA.

Overnight P. aeruginosa culture was inoculated to a total volume of 4 ml TSB
culture, including 1.6 mg/mL of 4-HBA as 10° CFU/mL. The same number of bacteria
were inoculated in the total volume of TSB culture as control. Then, the images of the

culturesin 0, 1, 2, 4, 6, 12, and 24 hours of intervals were taken.

4.2.2. Crystal Violet (CV) Assay

Overnight P. aeruginosa culture was diluted to 108 CFU/ml in TSB medium. CV
assay was then carried out according to O’Toole et al., 2011 with minor modifications for
both control and 1.6 mg/ml 4-HBA added samples. 100 ul of the standardized inoculum
was added to each well of 96-well plates. Then, incubation was conducted for 0, 4, 8, 12,
24, and 36 hours at 37 °C, individually. At each incubation time point, the culture media
was removed, and wells were washed with distilled water twice to remove planktonic
cells. Biofilms were air-dried for 15 minutes at 37 °C. Then, 125 ul of 0.1% (w/v) crystal
violet solution was added to the wells. After 15 minutes, the excess stain was removed by
extensive washing with water. Then, de-staining was conducted by adding 150 ul of 30%
(v/v) acetic acid to the wells, and the plate was then incubated for 15 minutes at room
temperature. Finally, 125 ul of 30% (v/v) acetic acid was gently pipetted for 1 minute to
release bound crystal violet completely. The acetic acid was transferred into a new 96
well-plate, and the absorbance was quantified at 570 nm at spectrophotometry. 125 ul of
30% of acetic acid was used as blank control. The quantity of biofilm biomass is

proportional to absorbance values.
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4.2.3. Scanning Electron Microscopy

For scanning electron microscopy (SEM) imaging, a single colony of the bacteria
was incubated for 18 hours at 4 mL of TSB. The next day, 1.6 mg/mL of 4-HBA treatment
was conducted for one group, and the other group remained as control. The treatment was
applied for 10%, 10® and 10® CFU/mL of bacteria. Biofilms were grown for 18 hours on
half of the autoclave-sterilized, 0.2-um type 25 mm membrane filters (Gelman Sciences)
in glass petri plates. After 18 hours of biofilm formation, membrane filters containing
biofilms from treated and untreated groups were collected under aseptic conditions. The
collected membrane filters were then fixed overnight using a solution containing 2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer. Subsequently, the
filters were rinsed three times for 10 minutes each with 0.1 M phosphate buffer. To
gradually dehydrate the membranes, they were washed sequentially with alcohol
solutions of increasing concentrations: 10%, 30%, 50%, 70%, and 95% for 10 minutes
each, followed by three sets of 100% alcohol for 10 minutes each. The membranes were
then subjected to overnight drying using hexamethyldisilizane (HMDS). Before
visualization, the membrane filters were sputter-coated with gold for 90 seconds.
Microscopic images were captured using a Phillips XL-30S FEG SEM and FEI Quanta
250 FEG. The SEM scanning was performed at an accelerating voltage of 10 kV.

4.3. Results and Discussion
Biofilm of P. aeruginosa was observed phenotypically using photos of culture
colors, by measuring quantitatively using crystal violet assay, and morphologically by

SEM. In each experiment, a single colony was incubated, and the following subinhibitory

concentration of 4-HBA (1.6 mg/mL) treatment was applied.
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4.3.1. Phenotypic Effects of 4-HBA on Pseudomonas aeruginosa

To observe the phenotypic effects of 4-HBA treatment on P. aeruginosa, color
differences of control and 1.6 mg/mL of 4-HBA treated P. aeruginosa cultures were

compared (Figure 4.1).

C 4-HBA

b

6" Hour 10" Hour 12" Hour 24" Hour

Figure 4.1. 4-HBA treatment against P. aeruginosa liquid cultures. The subinhibitory
concentration (1.6 mg/mL of 4-HBA) was used. C refers to control samples.
The experiment was carried out at different time intervals in the range
between 0 to 24 hours.

In each time point, more opaque culture colors were observed in every control
sample with respect to 1.6 mg/mL of 4-HBA treated samples. A greenish color was shown
at the 24™ hour of the control sample, whereas a yellow color was found at the 24" hour
of the 4-HBA treated sample. Since the greenish color depends on the pyoverdine
presence and thus colonization and biofilm formation related, it was assumed that biofilm

formation of the P. aeruginosa cultures was disrupted.
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4.3.2. Quantitative Analysis on Pseudomonas aeruginosa after 4-HBA
Treatment

To assess whether 4-HBA treatment inhibits biofilm formation by P. aeruginosa
by using crystal violet biofilm assay, a time kinetic experiment was performed to observe
the effects of the 4-HBA on biofilm biomass (Figure 4.2).

4-HBA CONTROL

—» | 4" Hour

—» | 8" Hour

—» | 12" Hour

—» | 24" Hour

~ %" | 36" Hour

4_ RN

1 W Control
B 1.6 mg/mL 4-HBA

OD Values (570 nm)

Figure 4.2.  Crystal violet assay for biofilm biomass of P. aeruginosa treated with 4-
HBA at a subinhibitory concentration of 1.6 mg/mL. OD measurements
were taken at 570 nm using a spectrophotometer. Error bars represent
standard deviations. “ns” indicates a p-value higher than 0.05, “**”
indicates a p-value less than or equal to 0.01, “***” indicates a p-value less
than or equal to 0.001, and “****” indicates a p-value less than or equal to
0.0001, as determined by unpaired t-tests.
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At all time periods, biofilm biomass of 4-HBA treated P. aeruginosa has
decreased compared with control of P. aeruginosa. They showed that a subinhibitory (1.6
mg/mL) concentration of 4-HBA inhibits the formation of P. aeruginosa biofilms. The
significant difference is visible in the thicker bands in the control group compared to the
4-HBA treated group in the 4™ hour (Figure 4.2.a). As time points increase, although the
biofilm amount of 4-HBA treated bacteria slightly increases, there is a significant
observable decrease compared to the control biofilm amount (Figure 4.2.b). Thus, since
the molecular effects of 4-HBA on P. aeruginosa were discussed in previous chapters,
the phenotypic effects of the phenolic acid also desired to be investigated.

Crystal violet assay has been conducted for bone cement experiments, as well. It
has been previously found by HPLC analysis that liquid 4-HBA loaded bone cement
releases 0.250 mg/mL of 4-HBA, whereas powder 4-HBA loaded bone cement releases
0.213 mg/mL of 4-HBA (Dokumaci, 2022). Therefore, the effects of the different
releasing amounts of 4-HBA on the biofilm of P. aeruginosa were examined (Figure 4.3).
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Figure 4.3. Crystal violet assay for biofilm biomass of P. aeruginosa treated with 4-HBA
at two different release rates of liquid and powder 4-HBA loaded bone
cement, 0.250 mg/mL and 0.213 mg/mL, respectively. OD measurements
were taken at 570 nm using a spectrophotometer. Error bars represent
standard deviations. “*” indicates a p-value less than or equal to 0.05, “**”
indicates a p-value less than or equal to 0.01, “***” indicates a p-value less
than or equal to 0.001, and “****” indicates a p-value less than or equal to
0.0001, as determined by unpaired t-tests.

Since it was found in the experiment where a subinhibitory concentration of 4-
HBA was applied to the biofilm of P. aeruginosa, in all time points, 4-HBA treated

samples produced less biofilm than the control sample (Figure 4.3). The most significant
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differences were observed in the 24" and 36™ hours, where biofilm biomass increase was

expected to reach the highest level (Ziemyté et al., 2021).

4.3.3. Morphological Effects of 4-HBA on Biofilm of Pseudomonas
aeruginosa

To observe the morphological effects of 4-HBA treatment on P. aeruginosa, SEM
images of overnight grown 10° CFU/mL of control and 1.6 mg/mL of 4-HBA treated P.

aeruginosa cultures were compared.

Figure 4.4. Scanning electron microscopy (SEM) images showing untreated (A, B, C,
and D) and 4-HBA (A’, B,” C’ and D’) treated P. aeruginosa biofilm cells.
A and A’ were taken at 100000X magnification. B and B’ were taken at
50000X magnification. C and C’ were taken as 25000X magnification. D
and D’ were taken at 10000X magnification. Red circles indicate the
ruptured biofilm structure.

As presented in Chapter 2, proteomic analysis of 4-HBA treated P. aeruginosa
cells showed that the biofilm of P. aeruginosa was affected by the 4-HBA treatment. The
ruptured biofilm structure can also be seen in the cells in Figure 4.4. The figure also shows

the decreased number of cells and dispersed cell shapes throughout the images (A’, B,’

C,” and D’). Ruptured biofilm structure is observable in red circled images (Figure 4. A’
112



and B”). On the other hand, the smooth and standard distribution of cells and biofilm
structure can be examined in untreated cells (Figure 4. A, B, C, and D). Raptured and

irregularly distributed biofilm formation is also observable in Figures B1.B’ (Appendix

B) and C1.B’ and C’ (Appendix C).

4.4. Conclusions

Since biofilm provides both metabolic and physical protection of the bacteria
against antibiotics, eradicating them is an emerging and significant need for dealing with
antibiotic-resistant bacteria. 4-HBA effect on Candida albicans biofilm has been studied
previously by crystal violet biofilm assay (Ottaviano et al., 2021). In this study, it was
shown that 4-HBA resulted as an effective compound in inhibiting biofilm biomass
production. In our research, color differences between 4-HBA treated and no treated
cultures have been observed in a time-dependent manner. The greenish color of P.
aeruginosa culture is provided by fluorescent siderophore pyoverdine, which has a role
in biofilm formation. Therefore, it has been hypothesized that the biofilm of the bacteria
is being seriously affected by the 4-HBA treatment. Therefore, a crystal violet biofilm
assay has been conducted to analyze biofilm amount in a time-kinetic experiment, and it
has been found that biofilm biomass remained the same from the 8" hour; meanwhile,
non-treated bacteria showed exponential growth. According to the SEM images, it has
been found that dispersed accumulation of cells, less amount of cells, and scattered cell
shape of the biofilm cells are observable in the 4-HBA treated group. Since proteomic
analysis and crystal violet assay gave similar results, it was an expected result to examine
a ruptured biofilm structure on the biofilm cells of P. aeruginosa. Overall, according to
proteomics data, virulence-related proteins were found to be only downregulated.
Secondly, virulence-related, a component of the T4P pilM gene’s mRNA expression
level, was seen as significantly downregulated. Thirdly, the yellowish color, mainly
associated with pyoverdine expression level, has been found in 4-HBA treated P.
aeruginosa liquid cultures since pyoverdine is directly related to biofilm formation and it
was a morphological hallmark of the study. Then, biofilm biomass was calculated by
crystal violet assay, and 4-HBA treatment affected it negatively. Lastly, SEM
micrographs showed less cell quantity, dispersed biofilm formation, and raptured biofilm

structure occurred in the 4-HBA-treated P. aeruginosa biofilms.
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APPENDIX A

BOVINE SERUM ALBUMIN STANDARD CURVE

The protein quantification was performed using the Bradford assay. A standard
curve was generated by measuring the absorbance of different concentrations of bovine
serum albumin (BSA). BSA was prepared as a 1 mg/ml stock solution and then diluted to
concentrations ranging from 0 pg/ml to 500 pg/ml for the assay. The dilutions were made
by dissolving BSA in a resuspension buffer containing 7 M urea, 2 M thiourea, and 0.1
M Tris-HCI (pH 7.8).

In a 96-well plate, 180 pl of Bradford reagent (1X) was added to each well and
mixed with 20 ul of each concentration of BSA. As a blank, 20 pl of phosphate-buffered
saline (PBS) or resuspension buffer was mixed with the reagent. After a 10-minute
incubation in the dark, the absorbance was measured at 595 nm. The absorbance values
at 595 nm were plotted against the corresponding BSA concentrations (pg/ml) to create a
standard curve for BSA. This standard curve, depicted in Figure A.1, was used to calculate

the concentrations of isolated proteins during SDS-PAGE.
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Figure A.1. Bovine Serum Albumin standard curve for proteomics.
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APPENDIX B

SEM IMAGES OF Pseudomonas aeruginosa (10' CFU/mL) IN THE
PRESENCE OF 4-HBA

To observe the morphological effects of 4-HBA treatment on P. aeruginosa, SEM
images of overnight grown 10! CFU/mL of control and 1.6 mg/mL of 4-HBA treated P.

aeruginosa cultures have been compared.

Figure B.1. SEM images of Pseudomonas aeruginosa (10 CFU/mL) in the presence of
4-HBA.
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APPENDIX C

SEM IMAGES OF Pseudomonas aeruginosa (10° CFU/mL) IN THE
PRESENCE OF 4-HBA

To observe the morphological effects of 4-HBA treatment on P. aeruginosa, SEM
images of overnight grown 10° CFU/mL of control and 1.6 mg/mL of 4-HBA treated P.
aeruginosa cultures have been compared.

Figure C.1. SEM images of Pseudomonas aeruginosa (10 CFU/mL) in the presence of
4- HBA.
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