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The review presents literature data on the effect of nonsteroidal anti-inflammatory drugs
(NSAIDs) on the formation of bacterial biofilms. The role of biofilm structures as a factor of
virulence of microorganisms is shown, and the protective reactions of a macroorganism in
infectious processes caused by bacteria — producers of biofilms are characterized. The article
also provides the examples of methods for studying biofilm formation and strategies for man-
aging this process. The prospects of further study of the complex interaction between bacte-
rial pathogens in biofilms are shown, which may help to develop further therapeutic strategies
against the biofilm-dependent infections.
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Introduction

Modern medicine uses a considerable arsenal
of drugs of etiotropic, pathogenetic, or symp-
tomatic action to treat infectious and inflam-
matory processes. Diseases caused by micro-
organisms in the form of biofilms are complex
or not at all amenable to treatment since mi-

croorganisms in the composition of biofilms
acquire several environmental and physiologi-
cal advantages, which consist in the formation
of a physical barrier for the specific and non-
specific protection of bacteria against the ef-
fects of stress factors, including antibiotics and
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disinfectants. The process of recognition of
microorganisms by the host immune system is
also disrupted. The strategy of the biofilm is to
ensure the survival of the community of micro-
organisms, protection, and transmission of their
genetic information. When interacting with a
macroorganism, biofilms enhance the inflam-
matory process by expressing virulence factors,
counteracting protective reactions, which de-
termines the generalization of the process with
the participation of the dispersed phase.

In recent years, special attention has been
paid to the issues related to the film formation
on catheters, implants, endotracheal tubes, efc.,
in the conditions of artificial ventilation. The
catheter-associated infections challenge the
treatment with antibiotics, and there is a need
to replace catheters because of biofilms on
their surfaces. However, the biofilm structures
formed by representatives of the normosym-
biont microbiota in natural ecosystems of hu-
mans or animals, being in eubiotic relations
with the macroorganism, have a powerful pro-
tective function against the invasion of patho-
gens as a factor of colonization resistance. The
preservation of integrity contributes to the
implementation of many useful functions of
the normal flora.

The biofilm formation by probiotic bacteria,
such as Lactobacillus spp., is valuable because
it can promote colonization and long-term
stability in the host mucosa, avoiding coloniza-
tion by pathogenic bacteria [1]. It has been
proven that lactic acid bacteria are able to
induce the death of staphylococci in the bio-
film form without converting them to plank-
tonic ones. The biofilm form of lactobacilli
provides stability in the population and per-
forms immunocorrective functions [2].
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Biofilm structures as a factor of viru-
lence of microorganisms

Detection of the ability of microorganisms to
the supracellular organization — the formation
of a biofilm — is one of the most important
areas of research in modern microbiology. The
term “biofilm” was proposed by J. Costerone
in 1978 to denote microbial agglomerations
that grow on a dense surface [3, 4].

According to this concept, the populations
of microorganisms exist in two main forms —
planktonic, when life processes occur in the
liquid phase, and in biofilms — a special form
of extracellular organization, which arises at
the boundary of two phases of the environ-
ment — liquid and dense. Such forms of ex-
istence of microbial populations are known in
both natural conditions and organisms of ani-
mals or humans [5].

Certain characteristics distinguish the bio-
film: stage of development, morphology, and
physiological properties of bacteria that deter-
mine the interaction with the environment and
macroorganisms [6]. The biofilm is character-
ized by a three-dimensional structure that in-
cludes cellular elements and an extracellular
matrix (glycocalyx). Extracellular polymeric
substances (EPSs) play an important role in
the formation of biofilms. The biofilm archi-
tecture provides free access of metabolites and
signaling molecules from the environment to
the cells due to the presence of microchannels
formed by glycocalyx molecules [7]. As a part
of the biofilm, the cells are characterized by a
certain specialization in the synthesis of com-
ponents of the extracellular matrix, which is
the organic basis of the biofilm, as well as
genotypic and phenotypic manifestations of
functional activity [8].
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With the development of the infectious pro-
cess, the bacterial biofilms suppress the body’s
protective reactions. In particular, due to the
ability of bacteria in biofilms to respond to
signaling molecules of the microorganism, the
phagocytosis is suppressed [9, 10], the cascade
of reactions of activation of the complement
system and other protective reactions of the
organism — Kkiller effects, opsonization of
microorganisms by antibodies, other cellular
immune reactions are blocked. There is an
activation of genes that determine the synthe-
sis of toxins, enzymes, and other virulence
factors [11]. Additionally, the formation of
biofilms depends on the course of energy pro-
cesses in the body, particularly on the level of
cAMP and ATP [12, 13] and other biochemical
reactions.

As indicated, the infectious properties of
microorganisms, in particular bacteria, depend
on reaching a certain quantitative threshold —
“quorum sensing”, because, with a small
amount of pathogen, the protective systems of
the macroorganism can recognize and neutral-
ize the virulence factors and block the develop-
ment of infectious processes, which fails at
above-threshold concentrations of microbial
cell biofilms. Such diseases are called “quorum
sensing-dependent infections™ [14].

An essential feature of biofilms is the abi-
lity to resist antibiotics and other antimicro-
bials [15]. Such resistance develops with the
participation of various mechanisms that de-
pend on genotype and phenotypic characteris-
tics. These include the changes in the structure
of the cell wall, blocking the penetration of the
antibiotic into the cell through the barriers of
the capsule or glycocalyx, the production of
enzymes that destroy antibiotics, changes in

the metabolic processes sensitive to the action
of antibiotics. Separate mechanisms provide
rapid removal of the antibiotic from the cell
(efflux). The biofilm architecture provides the
formation of surface cellular structures capable
of resisting antibiotics so that the deep com-
ponents of the cell are not exposed to the an-
tibiotic [16].

Under the influence of unfavorable factors,
individual cells of the biofilm can acquire the
ability for persistence — stability and long-
term survival under the action of this factor
(persister cells). The persister cells determine
the possibility of recurrence after the treatment
of infectious diseases with antibiotics [17, 18].
The ability to form a film has been identified
and studied in many pathogenic and opportu-
nistic bacteria and unicellular fungi species.
Hospital strains of S. aureus were character-
ized by the ability to form a film and the re-
sistance to antibiotics [19, 20]. In many species
of the Enterobacteriaceae family, biofilm-
forming variants are multidrug-resistant [21].
In particular, such properties were found in the
antigenic variant of E. coli 026, pathogenic
for children and young farm animals [22].

Manifestations of the pathogenic action of
P. aeruginosa are associated with the ability
to form biofilms that correlate with toxin for-
mation and antibiotic resistance [23].

The ability to form films has been found in
campylobacteria, particularly C. jejuni, as a
major species that causes intestinal infections
through food (poultry meat) [24]. Film forma-
tion is one of the essential factors in the patho-
genicity of Candida fungi, and such strains
were characterized by resistance to chlorhex-
idine [25]. The biofilms formed on the mucous
membranes of open cavities of the human
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body may contain several species of microor-
ganisms — gram-positive and gram-negative
bacteria and fungi, including the genus
Candida [26].

Protective reactions of a macroorgan-
ism at infectious processes caused by
bacteria — producers of biofilms

As part of the biofilm, bacteria can avoid the
recognition by the immune system. The first
stages of such recognition are provided by the
interaction of pattern-associated molecular
structures — patterns (PAMP) with TLR recep-
tors of the cells [27]. Such recognition acti-
vates the cascade of immune-mediated inflam-
matory reactions — synthesis of interleukins,
acute phase proteins, prostaglandins. Analyzing
the study results of the body’s protective reac-
tions against bacteria — producers of biofilms,
the author of the review questions their effec-
tiveness, pointing out that “mission is impos-
sible” [28]. However, this review provides the
data on the importance of neutrophils in pro-
tective reactions in film-mediated infections.
The conclusion is that protection against such
infections is possible in the early stages of
biofilm formation. One of such protection
mechanisms is the formation of superanti-
gens — a complex of bacterial structures di-
rectly recognized by T- lymphocytes and form
the cell immune defense. As a result, the for-
mation of the biofilm is inhibited [29].
Therefore, the ability of microorganisms to
organize biofilm structures should be attrib-
uted to the most important properties of unicel-
lular organisms, which determine their patho-
genecity and ability to resist the influence of
external factors, protective reactions of the
macroorganism, the action of antimicrobial
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agents, ensuring their survival (persistence) in
adverse conditions.

Based on the study of genetic factors and
biochemical processes in the formation of
biofilms, the strategies to control film forma-
tion, as a critical element in the pathogenesis
of infections, are formed [30].

Methods of studying biofilm formation

To study biofilms, in vitro and in vivo models
could be used. The biofilm research technolo-
gies are presented in the review [31], with
attention to two-component media. The fact of
biofilm formation can be detected by the wash-
ing-resistant changes in the surface and the
transparency of the dense phase. Conventional
methods of microscopy allow identifying the
initial stages of formation of biofilms — the
formation of microcolonies. Scanning electron
microscopy [32] is used to study the biofilm
structure in more detail. Scanning fluorescence
microscopy methods are used to study the
biofilm in live form, especially in real-time
flow chambers [33]. To study biochemical
processes in biofilms, flowing liquid micro-
cameras are used, making it possible to detect
metabolites and the influence of environmen-
tal factors in dynamics [34].

The methods for quantifying the processes
of biofilm formation are given in the review
[35]. The standard method for detecting bio-
film is the method of polystyrene plates with
crystal violet staining. One of the following
techniques for quantitative study of total
metabolic activity of the biofilm is XTT
((2,3-bis(2-methoxy-4-nitro-5-sulfophenyl))-
5-[(phenylamino)carbonyl]-2H-tetrazolium
hydroxide reduction)) which is mainly used
for the quantification of Candida biofilm [35].
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Congo red and luminescent dyes are also
used. More complicated methods include bio-
luminescent analysis, scanning electron or
laser microscopy, infrared spectroscopy; how-
ever, they require complex and expensive
equipment.

In vitro modeling makes it possible to study
the processes of film formation that depend on
the properties of the microbial population. /n
vivo methods have been proposed to study the
interaction of biofilms with a macroorganism
[36]. The most common models are catheters
placed under the animal’s skin, whereby the
biofilm is formed in the catheter before its
introduction. Another technique involves the
introduction of bacteria capable of film forma-
tion through catheters [37].

For a similar purpose, the subcutaneous
fixation of porous balls, inserted into catheters
with bacteria, is used [38].

Mice, rats, guinea pigs, and in some cases,
piglets are used as experimental animals. A
method of research using Drosophila is also
proposed. Endocarditis and wound infection
were simulated using surgery [39].

Strategies for managing biofilm for-
mation processes

The formation and development of the biofilm
are influenced by numerous factors, including
bacterial strain characteristics, surface proper-
ties, and environmental parameters such as pH,
nutrient concentration, and temperature [40].

The results of biofilm research indicate the
need to develop the strategies for managing
film formation processes in a set of antimicro-
bial treatment measures [41]. First of all, these
strategies aim to inhibit and destroy biofilms
by drugs with different mechanisms of action.

It was found that the formation of biofilms is
carried out with the participation of signaling
molecules-oligopeptides in gram-positive bac-
teria and N-acylhomoserine lactones (AHL) —
in gram-negative bacteria [42,43]. The use of
inhibitors will allow inhibition of film forma-
tion.

As a part of biofilms, bacteria can resist
“starvation stress” due to the synthesis of alar-
mons — guanosine derivatives (ppGpp). This
process is inhibited by a peptide (1018-pep-
tide), which blocks the film formation.
Degradation of the biofilm EPSs by the en-
zymes such as DNase or glycoside hydrolase
also causes the biofilm degradation, and pro-
teases destroy protein components. A clinical
effect in treating infections caused by biofilm-
producing bacteria with the drugs such as poly-
myxins and gramicidins, which destroyed li-
popolysaccharide components of the cell wall
of gram-negative bacteria, has been repor-
ted [44]. Additionally, degradation of biofilms
can occur under the action of drugs with anti-
microbial activity produced by probiotic mi-
croorganisms (subtilin, nisin), which destroy
the cytoplasmic membrane [45, 46].

Inhibition of film formation is also ob-
served with the use of drugs that block cell
division (silver, antibiotics impact on cell
wall/protein synthesis or DNA gyrase) [47,
48]. Moreover, one of the key stages — adhe-
sion — is blocked by some peptides (indoli-
cidin-antimicrobial peptide isolated from
cow’s blood neutrophils). Some drugs are
used, for example, to prevent the formation
of biofilms on contact lenses [49].

Some extracellular polysaccharides inhibit
the formation of biofilms and lead to the de-
struction of pre-formed biofilms [50].
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Therefore, the drugs that block the formation
of cyclic diguanosine monophosphate
(diGMP), which is involved in the dispersion
of the biofilm, which, in turn, contribute to the
generalization of the infectious process, have
a potential therapeutic effect [51].

The strategies to overcome the adverse ef-
fects of biofilm are aimed at finding and using
drugs that block the film formation and the
development of the inflammatory process in
the early stages. Such substances include
NSAIDs-cyclooxygenase inhibitors (COX),
which inhibit the reproduction of bacteria ca-
pable of film formation. The action of NSAIDs
i1s mediated by inhibition of the synthesis of
pro-inflammatory prostaglandins. In combined
biofilms involving Candida fungi and bacteria,
bacterial growth is stimulated by the synthesis
of prostaglandin PGE2 by fungi, and NSAIDs
inhibit this effect. The phenomenon of film
formation requires further study, particularly
in the modeling of tools and drugs to overcome
their adverse effects in the macroorganism.

Influence of NSAIDs on biofilm for-
mation processes

NSAIDs are among the most widely used
drugs, and their use for therapeutic purposes
is becoming widespread. According to the
WHO, more than 20 % of the population of
our country regularly takes NSAIDs. In 70-
60 % of patients, their high efficiency is not
in doubt. The main pharmacological effects of
NSAIDs are anti-inflammatory, analgesic, an-
tipyretic action. However, the primary mecha-
nisms of their activity are not fully disclosed.
NSAIDs’ central molecular mechanisms of
action include their cyclooxygenase (COX)
inhibitory activity [52]. In turn, COXs are

252

involved in synthesizing prostaglandins, a
group of molecules produced by many body
cells, and have a broad spectrum of action.

Pro-inflammatory prostaglandins (PG2) are
involved in the development of inflammatory
processes of microbial genesis. The develop-
ment of the inflammatory process under the
influence of virulence factors of microorgan-
isms is mediated through a system of pro-in-
flammatory cytokines — interleukins and pros-
taglandins. The influence of pro-inflammatory
interleukins in the development of urogenital
infections caused by E. coli has been studied
in detail [53, 54]. Yimer ef al. [55] emphasize
the role of NSAIDs as potential sources of new
antibacterial agents, with which the previous
studies and randomized controlled trials have
been conducted. The review also considers the
possible antibacterial mechanism of action and
NSAIDs’ likely effectiveness in combination
with traditional antibacterial drugs [55]. In
studying the mechanism of action of NSAIDs
on bacteria, it was found that some NSAIDs
are the substrates, to which the pumping mech-
anisms at efflux effects among gram-negative
bacteria are directed. Aspirin is likely to cause
efflux-mediated resistance to fluoroquinolones
in some strains of E. coli [56].

The results of studying the effect of NSAIDs
on the activity of bacterial biofilms are pre-
sented in work [57]. Standard strains of
S. aureus (ATCC 6538), K. pneumoniae (ATCC
10031), Ps. aeruginosa (ATCC 10145), and
the clinical strain Proteus mirabilis were in-
vestigated. The ability to form a film was con-
trolled by the method of plates when stained
with crystal violet. Minimum antimicrobial
concentration of the antibiotic (MIC) was de-
termined by the method of diffusion from agar
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wells. The effects of NSAIDs (ketobrufen,
ibuprofen, diclofenac sodium) and
N-acetylcysteine, individually and in combina-
tion, were studied. Ibuprofen showed the high-
est antibacterial effect and the lowest MIC
against S. aureus, Ps. aeruginosa, and Proteus
mirabilis, whereas diclofenac sodium showed
the highest activity against K. pneumoniae.

In the study of synergism between the bio-
film forms of bacteria (S. aureus, E.coil,
P. aeruginosa) and Candida fungi, it was found
that this effect depends on the production of
pro-inflammatory prostaglandin PGE2 [58],
which causes a pronounced influence on the
development of inflammatory process and pro-
tective reactions of the body, inhibits natural
killers, a function of granulocytes, alveolar
macrophages and inhibits phagocytosis [59].
The complex relationship between the compo-
nents of biofilms involving Candida fungi is
indicated in work [60]. The results of the stud-
ies presented in this work indicate the stimula-
tion of S. aureus growth in a mixed culture of
S. aureus and Candida. This effect depended
on the production of prostaglandin E2, synthe-
sized by fungi and was removed by indo-
methacin.

Aspirin (acetylsalicylic acid) is the only
known NSAID that, covalently binding to
serine, inhibits COX-1 and has an active effect
against biofilms in the process of formation as
well as against mature forms of C. albicans
biofilm [61].

The anti-inflammatory drug nimesulide has
an antifungal effect on both filamentous and
yeast-like fungi. This effect is due to the inhi-
bition of prostaglandin PGE2 synthesis by
different species of fungi, including possible
anti-biofilm activity [62].

The results of studies of biofilm formation
on plastic surfaces have shown that some
NSAIDs show good antibacterial activity, a
significant effect on inhibiting the adhesion of
the studied strains to artificial materials, and a
highly destructive effect on mature biofilms.
Therefore, the effect of some drugs on the
adhesion of S. aureus, K. pneumoniae, P. aeru-
ginosa, and Proteus mirabilis on the surface
of catheters and their effect on the formed
biofilms were studied, antibacterial action was
determined [63]. Comparison of the activity
of several drugs on the formed biofilms showed
that the action of ketoprofen was more potent
against the biofilms formed by S. aureus,
K. pneumoniae, and P. mirabilis. However,
ibuprofen showed a more pronounced effect
on the mature biofilm formed by Pseudomonas
aeruginosa.

Thus, many studies have shown that
NSAIDs act in synergy with antibiotics.
Therefore, the use of NSAIDs may increase
the effectiveness of antibiotics, as NSAIDs
have a more destructive effect on mature forms
of biofilm [57]. Using NSAIDs, as [the] com-
pounds for MIC reduction can adjust the anti-
biotic therapy, which can positively affect the
macroorganisms due to a lower level of devel-
opment of antibiotic resistance and less toxic
effects on the patient’s body.

Treatment of infectious and inflammatory
processes is often carried out using a combina-
tion of antibiotics and anti-inflammatory drugs.
The combined effect of NSAIDs with beta-
lactam antibiotics on standard strains of
P. aeruginosa (ATCC 10145) and K. pneu-
moniae (ATCC 10031) is due to the synergy
of the drugs. In the study [63], all tested
NSAIDs significantly reduced the MIC of an-
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tibiotics against these bacteria and daily in-
hibitory concentration (FICI). Additionally,
antibiotic treatment was more effective, than
the use of NSAIDs, in acute uncomplicated
lower urinary tract infections with an overall
average value of evidence [64].

Conclusions

NSAIDs can be used successfully against in-
fectious processes caused by microorganisms
sensitive to beta-lactam antibiotics. The ap-
pointment of specific remedies requires micro-
biological diagnosis to determine the sensitiv-
ity of pathogens to antimicrobial chemothera-
peutic drugs. NSAIDs affect microorganisms
that form biofilms, but the severity of the effect
is different and depends on both the type of
NSAIDs and the type and strain of the micro-
organism — the causative agent of the infec-
tious process. Besides, depending on the type
of microorganism, different activity of NSAIDs
should be expected against the bacteria whose
biofilm formation is at the initial stage and
against the bacteria in the form of a mature
film structure. Therefore, in some cases it is
advisable to employ NSAIDs to adjust the
antibiotic dosage in their combined use.
Particular attention should be paid to the com-
bination of NSAIDs with fluoroquinolone
drugs under the conditions of isolation of the
strains resistant to these drugs.

Further study of the interaction processes
of fungi-producers of PGE2 in the composition
of multicomponent biofilms is needed. Finally,
NSAIDs can be successfully used to treat cath-
eter-associated infections, as their activity lim-
its the formation of biofilm structures on poly-
mer surfaces. Further study of the complex
interactions of pathogens in the biofilms is
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required as it may help to develop further
therapeutic strategies against the film-depen-
dent infections.
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MikpoOHi GionJiBKH Ta JesiKi acneKTH
BHKOPHUCTAHHS MPOTH3ANAJLHUX NMpenaparis

T. M. Pymunceka, A. P. I'ypans, 0. T. Koneunnii,
P. b. Bunnuibka, A. B. Jlo3uncekuii, FO. T. Canura,
O. I1. Kopsiituyk, P. b. Jlecux

B onmsiai HaBeneHo JiTepaTypHi AaHi 100 BIUIMBY He-
CTEPOIHMX MTPOTU3ANAIFHHUX MPENapaTiB Ha yTBOPEHHS
OakrepianpHUX OiomuTiBoK. I[TokazaHo posb 6iOMITIBKOBHX
CTPYKTYP SIK (haKTOpy BIpYJICHTHOCTI MIKPOOPI'aHi3MiB Ta
0XapaKTEepU30BaHO 3aXHCHI peaKilii MaKpoOpraHi3My IpH
IHEKIIHHNX Tpoliecax CIPUYHMHEHIMH OakTepisiMH —
MPOIylieHTaMu OioTUTiBOK. Tako B CTATTI HABE/ICHI IIPH-
KJIaJ{l METOJIiB BUBUCHHS TUTIBKOYTBOPEHHS Ta CTpaTerii
yHIpaBiiHHS MM TporiecoM. [TokazaHa epCcreKTHBHICTR
TO/AJIBIIION0 BUBYEHHSI CKJIaTHOT B3aeMOIiT Mixk Oakrepi-
aIbHIMH TIATOTeHaMHM Y CKJIaJli OiOIUTIBOK, 10 MOXE J0-
ITIOMOTTH Y pO3pOO0IIi TONANBIIHNX TEPAIIeBTHIHNAX CTpaTe-
Tl IPOTH TUTIBKO3AJISKHHUX 1H(PEKIIIH.

Kaw4oBi caoBa: HecTepoigHi mpoTH3anaibHi Ipe-
maparu, Mikpo0ioTa, JucOaKTepios, MPOCTAHOIIN, IIUKIIO-
OKCHUT'eHa3a, O10TUTIBKH
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MukpooHbie OMONJIEHKN H HEKOTOPbIE aCTIeKThI
HCII0JIb30BAHNS MTPOTHBOBOCIATUTENbHBIX
npenaparos

T. M. Pymsinckas, A. P. T'ypans, 10. T. Koneunsiii,
P. b. Bunnunkas, A. B. Jlosunckuii, }O. T. Caneira,
A. TI. Kopuuituyk, P. b. Jlecbik

B 0630pe npuBeneHs! TUTEPATypHbIEC JAHHBIE O BIHSHUH
HECTEPOUIHBIX TPOTUBOBOCHAIUTENBHBIX IIPEapaToB
Ha oOpa3oBaHMe OakTepHaIbHBIX OnorieHok. [lokazaHa
PO OGMOTIEHOYHBIX CTPYKTYp Kak (haKTopa BUPYICHT-
HOCTH MUKPOOPTaHHU3MOB U OXapaKTepHU30BaHbl 3alUT-
HbIE PEeaKkIMy MaKpOOpPTaHW3Ma NpH MH(EKINOHHBIX
MpoLeccax BBI3BAHHBIMU OAKTEPHUSIMHA — IPOLYLIEHTa-
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MU OHOIUIeHOK. Takxke B cTaThe MPHBEACHBI IPHMEPEI
METOJIOB M3YYEHUS IUICHKOOOPAa30BaHUS U CTPATETHH
ynpasieHHs 3TUM TnpoueccoM. [lokazaHna nepcrnexTHB-
HOCTB JAJBbHEHIIEro N3y4eHUs CIOKHOTO B3auMOACH-
CTBHA MEXy OaKTepHaIbHBIMHU [TATOTEHAMH B COCTaBE
OMOIIICHOK, YTO MOXKET TOMOYb B pa3paboTKe JlanbHei-
[IMX TEPaNeBTUYECKUX CTPATErHil IPOTHUB IJICHKO-3a-
BUCUMBIX WH(DEKIIHIA.

KnouyeBble ¢J10Ba: HECTEPOHIHbBIE IPOTHBOBOCTIA-
JIUTENBHBIE TIPETIaparsl, MUKPOOHOTa, TUCOaKTEPHO3, TIPO-
CTaHOW/IBI, IIUKJIOOKCHT€HA3a, OUOTUICHKH.
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