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CONCEPTUAL RESEARCH FRAMEWORK

The relevance and significance of the research study

The discovery and production of penicillin was one of the greatest achievements in the
recent history of mankind, which helped to change the quality of life, reduce mortality rate and
increase life expectancy. This milestone discovery provided the basis for further researches to
develop new antimicrobials. Unfortunately, antimicrobial molecules with new mechanisms of
action were no longer developed since late 1960s. The last class of antimicrobials was discovered
in 1968, meaning that most of the antimicrobials used over this period were adapted versions of
the previously discovered ones [26, 28].

The dramatic decline in the number of novel antimicrobial drugs on the pharmaceutical
market is due to an increase in the costs of research and development of these drugs, as well as
their cost-effectiveness [4].

Despite recent advances in modern medicine, microorganisms continue to be one of the
major health challenges. One of the reasons is the development of microorganisms resistant to
antimicrobial drugs, thus not allowing them to show their effect. Antimicrobial resistance (AMR)
is a natural phenomenon caused by mutations in bacterial genes, while overuse and misuse of
antimicrobials accelerate the emergence and spread of antimicrobial-resistant bacteria. As it
becomes a major public health problem worldwide, RAM imposes a significant economic burden
on the healthcare sector [6,41].

A problem-solving strategy is required both in discovering new antimicrobials and
developing new alternative approaches. The development of alternative methods of treatment is
considered by the World Health Organization (WHO) as a challenge that medical community is
facing today [3, 44].

Studies on synergism of combined compounds show potential in the fight against
antimicrobial-resistant pathogens. Recently, researchers have experimented on combining
synthetic antimicrobials with biological compounds. Studies have shown that in patients with
severe infections, combination or synergistic therapy against resistant microorganisms is a new
way to treat infectious diseases and is likely to have perspectives for further researches [40].

According to literature data, there has been a significant increase in interest on studying
the synergistic interaction of plant extracts and antimicrobials with the potential for the resistance
development. Several investigators have found that crude extracts of various plants, when used in
combination with certain antimicrobials, significantly reduce minimum inhibitory concentration
(MIC) values for multidrug-resistant strains [25].

Trophic ulcer is a major health problem due to its high incidence and significant socio-
economic impact, resulting from an impaired patient's ability to perform daily activities (social
and occupational tasks), low quality of life and financial constraints [2]. The dramatic worldwide
impact of trophic ulcers is driven by rising healthcare costs as a result of frequent and long-term
hospital stays, disabilities and early retirement. In Western Europe countries, 1-2.6% of the
healthcare budget is billed annually for this pathology [18, 34].

Literature data on the incidence of trophic ulcers of the lower extremities show that about
70% occurs due to venous circulation pathology, i.e. varicose veins, which affects about 1% of the
overall population, 3% of the elderly over 60 and 5% of those aged over 80 [27, 33]. Chinese
studies showed that traumas or infected traumatic wounds are the primary etiological factor in the
development of trophic ulcers, which were recorded in approximately 67% of patients [1]. Another
factor is atherosclerosis obliterans, which is the main cause of peripheral arterial disease in the
lower limbs among patients over 30, registered in about 8% of cases [17]. Diabetes is the cause of
about 3% of skin disorders. Other causes include thrombosis, various injuries, innervation
disorders, etc. [12, 13].

Specialized literature data show that the prevalence of trophic ulcers in society ranges from
1.9% to 13.1% [21]. Sasanka S. Chatterjee points out that both population aging and various risk
factors, such as smoking, obesity, diabetes mellitus, etc., are the major reasons for an increase in
the incidence of ulcers [32]. It is estimated that up to 25% of diabetic patients develop trophic
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ulcers of the lower extremities, most of which become infected, and one in five patients require
limb amputation [36]. Studies have shown that approximately 10% of the population develop a
trophic ulcer, of which 2.5% die from this condition [23].

One of the most common complications of trophic ulcer are the associated microbial
infections, which are formed by a mixed bacterial flora in 40-75% of cases. The etiological
spectrum of microorganisms involved in the infection of trophic ulcers is quite diverse, being
predominated by Staphylococcus aureus and followed by Enterobacteriaceae family and
Pseudomonas aeruginosa species. o - or f-hemolytic streptococci and anaerobic bacteria are less
commonly isolated, especially from the genera of Clostridium and Bacteroides [16]. Although
some of these bacteria are not pathogenic, their multiple associations may lead to critical
colonization of trophic ulcers and a delayed healing [43].

Chronic trophic ulcers are prone to bacterial infections, especially to venous ones, as a
result of tissue hypoxia affecting the leukocyte activity on bacteria by reducing the “oxidative
stress” [36]. Compared to conventional wounds, the healing process may stall in the inflammatory
phase and does not progress due to certain factors, such as age, associated infections, ischemia,
diabetes mellitus, tumours, malnutrition, etc.

Microorganisms influence the progression of trophic ulcers in different ways. One of the
most unfavourable phenomenon is the persistence of the inflammatory response with the release
of toxins and enzymes that destroy the regenerative factors, thus delaying healing due to the
development of pseudosquamous tissue [38].

The infected trophic wound healing is also dependent on the development of the microbial
biofilm, which causes resistance to the host's immune response and the action of antimicrobial
drugs, thus triggering an inflammatory response. As a result, an infected trophic ulcer leads to a
long-term inflammation, which in turn results in the release of cytokines and proteases, followed
by tissue degradation.

Microorganisms isolated from trophic ulcers exhibit both antimicrobial-resistant
mechanisms and pathogenicity factors, responsible for initiating complications and leading to
therapeutic failures. Thus, most of the existing antimicrobials do not inhibit some pathogenic
factors, such as biofilm formation, especially in the resistant strains. In order to overcome this
problem, many researches recommend to study the antibiophilic effect of natural compounds (e.g.,
of animal, plant, fungal, bacterial origin, etc.) or synthetic ones. Thus, the issues of antimicrobial
resistance and pathogenicity factors of microorganisms involved in trophic ulcers has led to the
development of new therapeutic strategies [31, 35].

Over the recent decades, new alternative therapies have emerged as a new area of
pharmaceutical research, by using preparations containing active ingredients of natural origin,
combined with synthetic ones [37].

The original and comprehensive study conducted on the antimicrobial activity of
combined drugs and their use in order to develop new dosage forms highlights the importance,
novelty and relevance of this present research.

Purpose of the study. To assess the antimicrobial activity of novel compounds in order
to develop the principles of designing effective multicomponent drugs used in the treatment of
infected trophic ulcers.

Research objectives:

1. To determine the wide microbial spectrum isolated from infected trophic ulcers.

2. To highlight the antimicrobial resistance phenotypes and pathogenicity factors of microbial
strains isolated from trophic ulcers.

3. To determine the antimicrobial activity of new chemical and biological entities against the
reference and clinical microbial strains.

4. To study the synergistic action of chemical and biological substances, as well as of the
possibilities of obtaining multicomponent antimicrobial compounds.

5. To determine the effects of new single-component and combined compounds on the
expression of bacterial pathogenicity factors.
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6. To assess the changes in biochemical parameters of bacterial cultures under exposure to
both separate and combined compounds.

7. To study the effect of biologically active compounds on oxidative stress markers, the
antioxidant system and the inflammatory patterns to obtain potential drugs.

Research hypothesis. The results of recent researches in the field of microbiology
increasingly have proven therapeutic failures regarding the use of modern antimicrobials. New
treatment options are required to counter this life-threatening condition in patients, including those
with infected trophic ulcers. Therefore, it is crucial to conduct studies of the antimicrobial activity
of new compounds of biological and chemical origin, followed by an assessment of the synergistic
effect of effective multicomponent drugs used against microorganisms isolated from an infected
trophic ulcer. Antimicrobials are essential in modern medicine and the emergence of resistant
strains is an inevitable phenomenon that will lead to a decrease in their effectiveness and thus their
further withdrawal. New antimicrobials should be developed to prevent these side effects.
Hitherto, new natural or synthetic antimicrobials were used, whereas, recently, the emphasis has
been placed on combined antimicrobial drugs of different origins. These combinations provide a
synergistic interaction between biological and chemical compounds, which has proven to be the
most effective method of combating resistance to antibacterial drugs.

Thus, the ability of biological compounds to “reuse” the existing antimicrobials in the
treatment of infectious diseases may have a significant impact on fighting resistant
microorganisms. Screening and identification of new chemical and biological compounds having
antimicrobial properties can become the basis for obtaining new drugs that would be active against
resistant strains. Despite the available data, further studies are required to reveal the antimicrobial
effects of combined drugs, as well as to establish the synergistic action and develop principles for
the designing effective multicomponent drugs in the treatment of trophic ulcers.

Synthesis of the scientific research methodology and justification of the chosen
research methods. The study was conducted at the Department of Preventive Medicine,
disciplines of Microbiology and Immunology, in the Biochemistry Laboratory of the "Nicolae
Testemitanu"” State University of Medicine and Pharmacy, at the Phycobiotechnology Laboratory
of the Institute of Microbiology and Biotechnology of the Academy of Sciences of Moldova and
at the Microbiological Laboratory of the National Public Health Agency.

To prove the research hypothesis, specific methods were used for each objective, being
nationally and internationally validated.

The present research included several stages in order to determine the microbial spectrum,
viz. the assessment of the antimicrobial resistance phenotypes and pathogenicity factors of strains
isolated from infected trophic ulcers; study of the antimicrobial activity (MIC and MBC) of
chemical and biological compounds on reference and clinical strains isolated from trophic ulcers;
establishing the synergistic action of chemical and biological single-component, as well as
possibly obtaining the multicomponent antimicrobial compounds; determining the activity of the
new compounds on the expression of pathogenicity factors of microorganisms; identifying the
changes in the biochemical parameters of microorganisms on exposure to chemical and biological
compounds; emphasizing the immunomodulatory action of the isolated compounds.

Based on the stated research purpose and objectives, classical and modern methods were
applied within the present study, including: microbiological methods for determining the
etiological spectrum of infected trophic ulcers, antimicrobial resistance phenotypes and
pathogenicity factors of the studied strains; determination of the action of new compounds on
microorganisms and the expression of pathogenic factors; biochemical and immunochemical
methods for determining the effect of new compounds on the spontaneous production of
biochemical and immunochemical parameters, as well as of the changes in the biochemical
parameters of microorganisms on exposure to chemical and biological compounds; statistical
quantitative and qualitative data analysis methods.

Novelty and scientific originality of the obtained results. For the first time, research was
conducted on the assessment of antimicrobial, antioxidant and immunomodulatory effects of new
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compounds, followed by determining the spectrum of microorganisms involved in the infection of
trophic ulcers, as well as of the new compounds action on the pathogenic factors of microbial
agents.

The obtained results made it possible to develop and implement guidelines for the
management of infected trophic ulcers, which will allow standardizing the diagnostic methodology
and timely identifying the etiological agent, by indicating the target treatment and avoiding both
the therapeutic failure and the development of antimicrobial resistance.

The values of the antimicrobial, antipathogenic, immunomodulatory and antioxidant
potential of the studied compounds indicate the need for further research on the development of
alternative anti-infective strategies, as well as of new multicomponent compounds that might
generate not only empirical, but also evidence-based scientific evidence for their therapeutic use.

The data obtained in this research were used in the development of nine patents.

The scientific research paper implemented some of the findings into the following national
and international research projects:

20.80009.8007.09 Study of the resistance of gram-negative bacilli to antimicrobials in
order to strengthen the national system for surveillance and control of communicable diseases
(2020-2023).

AUF-MECR 2020-2021 Synthese et caracterisations de nouveaux complexes de
coordination pour des applications biologiques (2020-2021).

18.51.07.01A / PS Reduction of contamination of raw materials and food products with
pathogenic microorganisms (2018-2019).

09.816.09.05A Compounds with concomitant antimicrobial and antifungal properties
(2009-2010).

The research problem solved within this paper is to scientifically substantiate the action
of some new chemical and biological compounds on microorganisms isolated from infected
trophic ulcers. The problem solution contributes to the formulation of principles for the
development of multicomponent effective drugs used in the treatment of infected trophic ulcers,
as well as to the elaboration of alternative anti-infective strategies to avoid therapeutic failures and
the development of drug-resistant pathogens.

Theoretical significance and practical value of the study. The study results complement
previous studies on the action of chemical and biological compounds on both reference and clinical
strains isolated from trophic ulcers and the synergistic effect of these compounds by identifying
combinations of compounds that potentiate the antimicrobial action.

During the study, data were collected on the effect of new compounds on the expression of
enzymatic factors of microbial pathogenicity and persistence.

The obtained results allowed highlighting the immunomodulatory effect of chemical and
biological compounds, both separately and combined, by determining their action on the
spontaneous production of biochemical and immunochemical indices.

Based on the data collected during the study, a standardized algorithm was developed for
the diagnosis of the etiological agent, mechanisms of antimicrobial resistance, and pathogenicity
factors of microorganisms associated with trophic ulcers.

The study results into the particular action of compounds of chemical and biological origin
and the synergistic action of compound compounds are scientific evidence that can be used as
structural models to obtain new polycomponent antimicrobial therapeutic agents without major
adverse effects, and in other research initiated in within the discipline.

The research results on the specific action of certain chemical and biological compounds,
as well as on the synergistic action of combined compounds have been scientifically proved, thus
may be used as structural models to obtain new multicomponent antimicrobial and therapeutic
agents with no serious side effects, as well as in other studies initiated within the discipline.

Major scientific results submitted for the defence:

1. Diversity of microbial species associated with infected trophic ulcers.



2. Pathogenicity factors associated with the persistence of microbial strains isolated from
infected trophic ulcers.

3. Characteristics of antimicrobial sensitivity of isolates by highlighting the mechanisms of
resistance to multidrug-resistant pathogens.

4. Evaluation of the antimicrobial activity of some chemical and biological compounds on
reference and clinical strains.

5. Assessment of the synergistic effect of chemical and biological compounds and the Kkill-
time of microorganisms.

6. Scientific validation of the action of single-component and combined compounds on the
expression of pathogenicity factors of microorganisms involved in trophic ulcers.

7. Assessment of the value of biochemical parameters of microorganisms on exposure to
single-component and combined compounds.

8. Providing relevant evidence on the action of biologically active compounds on oxidative
stress markers, antioxidant system, and inflammatory patterns in order to formulate the
principles of designing effective antimicrobial drugs used in the treatment of trophic ulcers.

Implementation of scientific results. The research results were applied within the activity
of the Microbiology Laboratory of IMPH "Timofei Mosneaga" Republican Clinical Hospital, at
the Bacteriology Laboratory of IMPH "Valentin Ignatenco” Municipal Clinical Hospital for
Children, at the Microbiology Laboratory of IMPH “Toma Ciorba” Clinical Hospital for Infectious
Diseases, within the healthcare practice of IMPH Health Centre from Calarasi, at the Surgery
Department of IMPH District Hospital from Calarasi, as well as in teaching the Microbiology and
Immunology disciplines, at the Preventive Medicine Department of the "Nicolae Testemitanu™
State University of Medicine and Pharmacy from the Republic of Moldova.

Approval of scientific results. The study results were presented and discussed within the
following national and international scientific forums: the VIIth National Conference on
Microbiology and Epidemiology on "Current challenges in the diagnosis and epidemiology of
communicable and non-communicable diseases with an impact on public health” (Bucharest,
Romania, 2014) ; the International Conference on “Socio-psycho-medical lifestyle changes of the
modern family” (Bucharest, Romania, 2015); the International Scientific Conference on Microbial
Biotechnology (3rd edition) (Chisinau, Republic of Moldova, 2016); the National Conference on
Otorhinolaryngology and Cervical and Facial Surgery (Sibiu, Romania, 2017); the VIIth Annual
International Scientific and Practical Conference on " Recent Issues in  Medicine” (Baku,
Azerbaijan, 2018); First Balkan Conference of Medical Mycology and Mycotoxicology ‘“Balkan
Fungus 2018 (Timisoara, Romania, 2018); the XXXVth National Conference of Chemistry
Calimanesti - Caciulata (Valcea, Romania, 2018); the International Scientific Conference on
Microbial Biotechnology (4th edition) (Chisinau, 2018); within the Days of the University of
Medicine and Pharmacy of Craiova XLIXth edition (Craiova, Romania, 2019); the International
Conference Achievements and Perspectives of Modern Chemistry dedicated to the 60th
anniversary from the foundation of the Institute of Chemistry (Chisinau, Republic of Moldova,
2019); the National Congress of Specialists in the Field of Public Health and Health Management
from the Republic of Moldova with International Participation “One Health” (Chisinau, Republic
of Moldova, 2019); the Congress dedicated to the 75th anniversary since the foundation of
"Nicolae Testemitanu™ SUMPh (Chisinau, Republic of Moldova, 2020); the National Scientific
Conference with International Participation “Advanced Materials in Biopharmaceuticals and
Technology” (Chisinau, Republic of Moldova, 2021); the National Conference with International
participation "One Health Approach in a Changing World" (Chisinau, Republic of Moldova,
2021).

Moreover, the study results were submitted to the following invention salons, being
awarded with distinctions: The World Exhibition on Inventions, Research and New Technologies
(Valencia, Spain, 2018 - gold medal); 46E Salon International des Inventions de Genéve (Geneva,
2018 — gold medal); Euroinvent 2018 (lasi, Romania, 2018 - gold medal, bronze medal); Inventica
2018 (lasi, Romania, 2018 - 2 gold medals); International Exhibition of Inventions Innovations
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"Traian Vuia" (Timisoara, Romania, 2018 - 2 gold medals); PRO INVENT 17th Edition (Cluj-
Napoca, Romania, 2019 - diploma of excellence); 47E Salon International des Inventions de
Genéve (Geneva, Switzerland, 2019 - silver medal); Euroinvent 2019 (lasi, Romania, 2019 - gold
medal); International Exhibition of Inventions Innovations "Traian Vuia" (Timisoara, Romania,
2019 - gold medal); Inventica 2019 (lasi, Romania, 2019 - gold medal); Infoinvent 16th Edition
(Chisinau, Republic of Moldova, 2019 - silver medal); Euroinvent 2020 (lasi, Romania, 2020 -
gold medal); Inventica 2020 (lasi, Romania, 2020 - gold medal); Innovation and Creative
Education Fair for Youth ICE-USV - IVth Edition (Suceava, Romania, 2020 - silver medal, gold
medal); “Traian Vuia” International Salon of Inventions and Innovations, the 6th edition
(Timisoara, Romania, 2020 - gold medal, silver medal); International Exhibition Inventcor (Deva,
Romania, 2020 - 2 gold medals); Euroinvent 2021 (lasi, Romania, 2021 - gold medal); Innovation
and Creative Education Fair for Youth ICE-USV - Vth Edition (Suceava, Romania, 2021 - gold
medal, silver medal); Inventica 2021 (lasi, Romania, 2021 - 2 silver medals); PRO INVENT, 19th
Edition (Cluj-Napoca, Romania, 2021 - gold medal); Infoinvent, 17th Edition (Chisinau, Republic
of Moldova, 2021 - gold medal); International Exhibition Inventcor, IInd edition (Deva, Romania,
2021 - gold medal).

Publications on the research topic.

The study results were published in 77 scientific papers, including a single-author
monograph on "Resistance of microorganisms to antibiotics” (240 pages), five articles were
submitted to the journals from international databases, six articles in the internationally recognized
scientific journals, as well as 16 articles were submitted to the scientific journals of the National
Register of specialized journals, scientific congresses and conferences, of which eight included
single-author publications, 22 abstracts in paper collections of international conferences (abroad),
18 abstracts at international conferences in the republic, two guidebooks, three methodological
and didactic works, nine patents, and three innovations. The scientific results of the thesis were
presented at 30 international scientific forums and 5 national scientific forums with international
participation.

Summary of thesis compartments

The thesis manuscript is written in Romanian on 191 computer-edited pages. It has been
structured in accordance with the requirements on Habilitation Thesis submission, consisting of a
title page, a copyright page, a table of contents, annotations in Romanian, English and Russian,
introduction, six chapters, general conclusions, recommendations and a bibliography list of 350
references, 8 annexes, the statement on the responsibility assumption and the author's CV. The
research work includes 40 tables, 47 figures and 12 formulas.

Keywords: infected trophic ulcer, pathogenicity factors, new compounds, antimicrobial
activity.

THESIS CONTENT
1. THE CURRENT STATE OF RESEARCH IN THE DEVELOPMENT OF
ANTIMICROBIALS AND NEW APPROACHES IN TROPHIC ULCER THERAPY

The literature study on antibiotic resistance phenomenon, on diagnostic possibilities, as
well as on the new treatment strategies allowed to highlight the shortcomings in the treatment of
trophic ulcer infected with antimicrobial-resistant microorganisms. Thus, therapeutic failures,
which lead to an increased morbidity, disability and mortality, are mainly the consequences of
multiple antimicrobial resistance of these microorganisms.

Both the accuracy and speed of reporting the laboratory test results on the etiological agent,
mechanisms of resistance and the proper antimicrobial drug used in the antibiogram-based
treatment are essential for infectious disease therapy.

Over the last three decades, the infectious disease therapy has become increasingly
challenging due to the lack of new antimicrobials resulting from exacerbated development and
implementation costs, relatively short patent life, introduction of the reserve drugs, and, finally,
small profits for pharmaceutical companies.
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Modern medicine faces a number of problems associated with trophic ulcers, such as the
clinical course, severe complications leading to death, scientific challenges to validate the new
therapeutic and surgical strategies.

Trophic ulcers are prone to microbial invasion, and one of the most frequent complications
is the association of a predominantly mixed microbial infection. Microbiological diagnostics that
determines the microbial pathogens and their resistance mechanisms might prevent the
development of complications.

The microbial adaptation and long-term survival in trophic ulcers have been explained by
the presence of associated pathogenicity and persistence factors that inactivate the mechanisms of
antibacterial resistance of the immune system, such as the anti-lysozyme, anti-complementary,
anti-interferon and other activities. The potential persistence of the microorganisms, including the
resistance level, determines the duration of their survival within the macroorganism. Hence, the
need to develop antimicrobial drugs that can reduce the infectious potential of the microorganisms.

Over the recent years, in attempt to search new therapeutic alternatives in the treatment of
infectious diseases, scientists have focused on the development of combined antimicrobial drugs.
The synergy of biological and synthetic antimicrobial compounds is one of the current areas of
medical research, opening up new perspectives in the development of active molecules against
antimicrobial multidrug-resistant microorganisms, which will reduce the healing time, including
infected trophic ulcers.

2. RESEARCH MATERIALS AND METHODS

This scientific research was conducted during 2013-2021 within the Department of
Microbiology and Immunology, at the Biochemistry Laboratory of the "Nicolae Testemitanu™
State University of Medicine and Pharmacy, at the Phycobiotechnology Laboratory of the Institute
of Microbiology and Biotechnology of the Academy of Sciences of Moldova and at the
Microbiology Laboratory of the National Public Health Agency. Scientific consultants: Rudic
Valeriu, Dr. habil. in Biology, univ. prof., academician, Emeritus of the Republic of Moldova
(specialty 313.02 Microbiology, Medical Virology) and Gulea Aurelian, Dr. habil. in Chemistry,
univ. prof., academician, Emeritus of the Republic of Moldova (specialty 141.01. Inorganic
Chemistry; 141.02; Coordinative Chemistry).

The research methodology was approved by the Research Ethics Committee of "Nicolae
Testemitanu" SUMPh, opinion no. 65 of April 12, 2017.

The main purpose of this study is to evaluate the antimicrobial activity of new compounds
and to develop principles for designing new effective multicomponent preparations in the
treatment of infected trophic ulcers.

The importance and need of this research have aroused due to the significant impact of
antimicrobial resistance phenomenon on global public health. Infections caused by antimicrobial-
resistant microorganisms, as they do not respond to therapy, have a longer course of progression,
requiring longer hospital stays and leading to an increased mortality. [20, 39]. Screening and
identification of new chemical and biological compounds with antimicrobial properties opens up
opportunities for the development of new active preparations against resistant strains. Therefore,
intensive care, transplantation, cancer chemotherapy, premature newborn care, and even
conventional surgery are impossible without these drugs [42].

The reference strains from the international collections served as the study objects for th
present research, including Staphylococcus aureus ATCC 25923, ATCC 29213, Streptococcus
pyogenes ATCC 12344, Enterococcus faecalis ATCC 19433, Enterococcus faecium ATCC 6569,
Bacillus cereus ATCC 11778, Bacillus subtilis ATCC 6633, Candida albicans ATCC 10231,
Cryptococcus neoformans CECT 1043, Escherichia coli ATCC 25922, Klebsiella pneumoniae
ATCC 13883, Acinetobacter baumannii ATCC® BAA-747, Proteus mirabilis ATCC 25933,
Pseudomonas aeruginosa ATCC 27853, Enterobacter cloacae ATCC 13047 and clinical strains
isolated from trophic ulcers. The clinical strains were provided by the Microbiology Laboratory
of the “Timofei Mogneaga" Republican Clinical Hospital.
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The study included new chemical compounds synthesized at the Department of Inorganic
Chemistry, at the Department of Chemistry of the State University of Moldova, whereas the
biological remedies were provided by the Phycobiotechnology Laboratory of the Institute of
Microbiology and Biotechnology of the Academy of Sciences of Moldova and
"Phycobiotechnology” scientific research laboratory of the State University of Moldova.

To achieve the target purpose and objectives, the following standardized methods were
used, being adapted to the studies conducted in the present research:

v" historical, descriptive, bibliographic-analytical, logical methods were used in the
theoretical study of bibliographic sources, concepts and theoretical approaches
epidemiological — in the analysis of epidemiological indicators

microbiological - to isolate the microbial agents associated with trophic ulcers; in

determining resistance patterns; in the study of the pathogenicity factors of isolated strains;

in determining the antimicrobial activity of chemical and biological compounds on

separate and combined reference strains and clinical isolates

v biochemical, immunochemical — in determining the action of chemical and biological
compounds on the spontaneous production of biochemical and immunochemical indices

v’ observation — in the analysis of the antimicrobial and immunomodulatory effects by
analysing cytokines and pro- and anti-inflammatory cytokines

v’ systematic analysis - to identify the object of study, to characterize accurately, precisely
and sensitively the subject of the study, by minimizing deviations

v comparative analysis - used at all research stages, when comparing the antimicrobial
activity of separate and combined chemical and biological compounds on the reference
strains and clinical isolates, thus highlighting the synergistic particularities

v'experimental analysis - to confirm the research hypothesis and to validate the structural
model for obtaining new therapeutic agents with no serious adverse effects

v" synthesis — used for verifying the correctness of in each step, keeping only what was

revealed with maximum clarity and complete reliability

statistics - for the quantitative and qualitative analysis of the data obtained in the study

mathematics - for the numerical data processing, analysis and simulation of the obtained

data

v’ verification and critical evaluation of the results — to exclude other ways leading to the

same results or to identify the possibilities of obtaining other results in this way.

The studies envisaged by the study objectives were organized and carried out according to
the following stages:

Stage 1. The general research plan was designed, the problem was finalized, and the
theoretical and practical documentation on the phenomena was planned for observation. The
research hypothesis was formulated, as well as the means and methods of investigation and data
collection were traced out.

Stage 2. The microorganisms involved in the etiology of the infected trophic ulcer were
determined and studied. Data on antimicrobial susceptibility / resistance of isolated strains were
analysed. There have been studied the pathogenicity factors of microorganisms isolated from
trophic ulcers, which contribute to the persistence of the infectious disease. Pathogenicity factors
were selected for research, depending on their involvement in the microbial persistence
phenomenon within the host organism and chronicity of the infectious process.

Stage 3. There was established the qualitative and quantitative effects of the new chemical
and biological compounds on the reference strains by diffusimetric methods and successive
dilutions in liquid media. The minimum inhibitory and minimum bactericidal concentration of
these compounds was determined and, based on the results obtained, there were selected only those
that exhibited antimicrobial activity confirmed by further studies.

Step 4. There was studied the synergistic action of chemical and biological compounds on
the reference strains by identifying combinations that increased the antimicrobial effect. The
microbial time-Kill rate was determined under the action of the separate and combined compounds.
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The action of the new compounds on the expression of enzymatic factors of pathogenicity
(gelatinase, DNA -ase, lecithinase, amylase, lipase, hemolysin) and the microbial persistence (anti-
complementary and anti-lysozyme action) was studied. The effect of the new compounds on the
bacterial adherence to inert substrates, as well as their anti-biofilm action were also determined.

Stage 5. The immunomodulatory effects of the separate and in combined chemical and
biological compounds were determined. Their effects on the spontaneous production of
biochemical and immunochemical parameters, as well as the changes they cause in some
biochemical parameters of microorganisms, have been established.

Stage 6. The obtained results were systematically analysed based on the suggested
objectives and hypotheses. Practical conclusions and recommendations were formulated based on
the results obtained.

The study results were used to develop two guidelines: "Guidelines for identifying
mechanisms of antimicrobial resistance, interpretation and clinical application of the results" and
"Guidelines for the management of infected trophic ulcers."

3. SPECIES DIVERSITY, ANTIMICROBIAL RESISTANCE AND VIRULENT
FACTORS OF STRAINS ISOLATED FROM TROPHIC ULCERS

3.1. Evaluation of spectrum and occurrence of the microorganisms associated with
trophic ulcers

The etiological spectrum of the infected trophic ulcer greatly varies by involving several
species of microorganisms, predominantly of S. aureus strains, representatives of the family
Enterobacteriaceae or P. aeruginosa strains.

Limited antimicrobial therapeutic options for infected trophic ulcers are among the major
challenges in medicine, thus requiring, first of all, highlighting the species diversity involved in
this pathological process. For this purpose, this study determined the spectrum and occurrence of
microorganisms in the samples retrieved from trophic ulcers. 387 biological samples were
analysed. In 176 (41.5%; CI 5% 44.8-45.4) cases, only one microbial species was isolated, in 172
(40.6%; Cl 95% 40.3-40.9) - two species and in 37 (8.7%; 95% 8.5-8.9) - three species. In 39
(9.2%; 95% CI 38.7-39.3) samples, the microorganisms were not isolated as a diagnosis. A total
of 631 microbial strains were isolated.

Microorganisms often associated with trophic ulcers belonged to the genus Staphylococcus
(predominantly Staphylococcus aureus), followed in a decreasing order of occurrence by
streptococci  (Enterococcus spp., Streptococcus pyogenes), enterobacteria (Klebsiella spp.,
Escherichia, Proteus spp., Citrobacter spp.), non-fermenting bacilli Pseudomonas aeruginosa,
Acinetobacter baumannii and yeast fungi of the Candida genus.

Besides Staphylococcus aureus, the most common species involved in the infections
caused by a single microbial species (19.3%; 95% CI 18.8-19.8), Pseudomonas aeruginosa (17.6%
95% CI 17.1-18.1), Enterococcus spp. (13.6%; 95% CI 13.2-14.0), Proteus spp. (12.5%; 95% CI
12.1-12,9), Klebsiella pneumoniae (11.4%; 95% CI 11.0-11.8), Acinetobacter baumannii (10.2%;
95% CI 9.8-10.6), Streptococcus pyogenes (8.5%; 95% CI 8.2-8.8%) and Escherichia coli (6.8%;
95% CI 6.5-7.1%) were also isolated.

In mixed infections, 62.8% of cases were dominated by S. aureus strains, associated in

47.7% of cases with K. pneumoniae and P. aeruginosa species.
Gram-negative bacilli were more commonly isolated from trophic ulcers (56.3%; 95% CI 53.2-
54.0) than gram-positive cocci (41.5%; 95% CI 41.2-41.8). The most common isolate was S.
aureus species (21.9%; 95% CI 21.7-22.1), followed by a decreasing incidence of P. aeruginosa
(15.2%; 95% CI 15.0-15, 4), K. pneumoniae (13.3%; 95% CI 13.1-13.5) and Enterococcus spp.
(11.9%; 95% CI 11.7-12.1).

3.2.  Antibiotic resistance of strains isolated from trophic ulcers

Of the 158 strains of Staphylococcus spp. isolated from trophic ulcers, 108 (68.4%; 95%
Cl1 67.4-69.4) cases were multidrug-resistant strains, 69 (43.7%; 95% CI 42.9- 44.5) were MRSA
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(Methicillin-Resistant Staphylococcus Aureus), 31 (19.6%; 95% CI1 19.0-20.2) tested positive for
test D and only 20 (12.6%; 95 CI 12,2-13.0) were sensitive to all the tested antimicrobials.

The highest sensitivity level of Staphylococcus spp. strains was recorded to glycopeptides
(100%; 95% CI1 99.5-100.5), followed by tetracyclines (91.8%; 95% CI 91.3-92.3), oxazolidone
(89.9%; 95% CI 89.4-90.4) and amphenicols (87.9%; 95% CI 87.4-88.4).

Of the 158 Staphylococcus spp. strains tested, 31 (19.6%; 95% CI 19.0-20.2) showed
inducible MLSB (macrolide-lincosamide-streptogramins B) resistance, 13 (8.2%; 95% CI 7.8-8.6)
- constitutive MLSB resistance and 44 (27.8%; 95% CI 27.1-28.5) - macrolide-streptogramins B
(MSB) resistance. The inducible MLSB resistance was higher among MRSA compared to MSSA
(p = 0.037) (Table 1).

Table 1. Clindamycin resistance phenotypes in Staphylococcus spp. strains isolated from
trophic ulcers

MRSA MSSA Staphylococcus
Test (n=69) (n=89) spp. in total
Phenotypes E Cm D (n=158)
n (%; Clgs) n (%:; Clgs) N (%:; Clgs)
inducible MLSB R S + 25 6 31
(36,2; 35,7-36,7) (6,7;6,4-7,0) (19,6; 19,0-20,2)
constitutive R R - 7 6 13
MLSB (10,1; 9,8-10,4) (6,7, 6,4-7,0) (8,2; 7,8-8,6)
MSB R S - 14 30 44
(20,3; 19,9-20,7) | (33,7; 33,1-34,3) | (27,8;27,1-28,5)
Sensitive S S - 23 47 70
(33,3; 32,8-33,8) | (52,8; 52,2-53,4) | (44,3; 43,4-45,2)

Note: MLSB - macrolides-lincosamides-streptogramins B; MSB - macrolide-streptogramins
B; E - erythromycin; Cm - clindamycin

The Enterococcus spp., strains isolated from trophic ulcers showed a high resistance to
fluoroquinolones (ciprofloxacin - (84.0%; 95% CI 83.5-84.5); levofloxacin - (78.7%; 95% CI
9578.2-79.2), sulphonamides (54.7%; 95% CI 54.3-55.1), penicillins and tetracyclines (45.3%;
95% Cl 45.0-45.6). Higher sensitivity was reported to carbapenems and glycopeptides (57.3%).

Of the total enterococcus strains, 35 (46.7%; 95% CI 47.8-51.6) were multidrug resistant
and 32 (54.7%; 95% CI 52.7-56.7) were resistant to vancomycin (VRE). Of the multidrug-
resistant strains, 100% (95% CI 97.3-102.7) were non-susceptible to ciprofloxacin, 57.1% (95%
Cl 55.1-59.1) to trimethoprim/sulfamethoxazole, and 54.3% (95% CI 52.3-56.3) to tigecycline.

Enterobacteriaceae strains isolated from trophic ulcers showed a pronounced resistance to
aminopenicillins (ampicillin - 93.2%; 95% CIl 90.4-96.0), penicillins with beta-lactamase
inhibitors (amoxiclav - 89.3%; 95% CI 86.5-92.1) and cephalosporins (ceftazidime - 85.9%; 95%
Cl 83.2-88.6, cefepime - 84.0%; 95% CI 81.3-86.7, cefotaxime - 78.2%; 95% CI 75.6 -80.8). The
most effective drugs, to which enterobacteria showed a lower resistance, were monobactams
(aztreonam - 14.6%; 95% CI 13.5-15.7), sulfonamides (trimethoprim/sulfamethoxazole - 18.4%;
95% CI 17 .1-19.7), carbapenems (imipenem - 21.4%; 95% CI 20.0-22.8), meropenem - 24.8%;
95% 23.3-26.3, ertapenem - 10.2%; 95% CI 10.5-9.9) and aminoglycosides (amikacin - 25.7%;
95% CI 24.2-27.2, gentamicin - 32.5%; 95% CI 30.8-34.2, tobramycin - 20.9%, 95% CI 19.6-
22.2). Enterobacteria strains showed moderate resistance to fluoroquinolones (ciprofloxacin -
68.0%; 95% CI 65.6-70.4; levofloxacin - 38.3%; 95% CI 36.5-40.1).

P. aeruginosa strains showed the highest sensitivity to carbapenems (ertapenem - 91.7%
(95% CI 88.9-94.5), imipenem - 59.4% (95% CI 57.1-61, 7), meropenem - 55.2% (95% CI 53.0-
57.4)) and aminoglycosides (amicacin - 59.4% (95% CI 57.1-61.7), tobramycin - 57.3% (CI 95%
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55.1-59.5)). The remaining groups of drugs showed a higher resistance, namely, penicillins
(ticarcillin - 96.9% (95% CI 94.9-98.9), piperacillin-tazobactam - 90.6% (95% CI 88.6-92.6 %),
cephalosporins (cefepime - 84.4 (95% CI 82.5-86.3), ceftazidime - 80.2% (95% CI 78.3-82.1))
monobactam (aztreonam 83.3% (95% CI 81.4-85.2)) and fluoroquinolones (ciprofloxacin - 75.0%
(95% CI 73.2) -76.8), levofloxacin - 71.9% (95%) 70.1-73 .7%).

The overall resistance rate of gram-negative bacilli to three or more antimicrobials was
71.3%, and only one strain (0.28%) was sensitive to all antimicrobial preparations tested.

When analysing the multidrug resistance patterns of gram-negative bacilli, P. aeruginosa
(88.5%; 95% CI 86.5-90.5) strains had the highest level, followed by K. pneumoniae (81.0%; 95%
Cl178.9-83.1), A. baumannii (71.7%; 95% CI1 68.5-74.9) and E. coli (69.8%; 95% 66.7—72.9). The
overall resistance rate of gram-negative bacilli to three or more antimicrobials was 71.3%, and
only one strain (0.28%) was susceptible to all antimicrobials tested.

Gram-negative bacilli were screened for broad-spectrum beta-lactamases and phenotypic
tests to confirm BLSE production. In the present study, 97 (27.3 £ 0.29%; 95% CI 27.0-27.6) of
gram-negative bacilli strains producing broad-spectrum beta-lactamases were identified by
phenotypic testing. The gram-negative bacilli species, showing a higher rate of BLSE production,
included P. aeruginosa (40.6 + 1.32%; 95% CI 39.3-41.9), followed by K. pneumoniae (36.9 +
1.44%; 95% CI 35.7-38.1) and E. coli (33.9 £ 2.19%; 95% CI 32.7-35.1). However, 15 (28.3 =
2.00%; 95% CI 27.0-29.6) strains of A. baumannii, 7 (8.3 £ 0.68%; 95% CI 7.6-9, 0) of K.
pneumoniae and 4 (4.2 = 0.42%; 95% CI 3.47-4.93) of P. aeruginosa produced AmpC f-
lactamases.

Of the gram-negative bacillus strains isolated from trophic ulcers, 50 (16.6 £ 0.27%; 95%
Cl 16.4-16.8) were positive for carbapenemases at phenotypic testing and only 9 (3.0% ; 95% ClI
2.9-3.1) were confirmed by genotypic tests.

To identify resistance determinants viz. genes that encode carbapenemase production,
molecular characterization of carbapenemase-producing strains revealed 5.9+0.58% (95% CI 5.3~
6.5) isolates from K. pneumoniae, 3.8 £0.73% (95% CI 3.1-4.5) - E. coli and 2.1 £ 0.30% (95%
Cl 1.8-2.4) of P. aeruginosa strains. The most common carbapenemase type found was OXA-48
(2.6 £ 0.10%, 95% CI 2.5-2.7), followed by NDM (0,3 + 0.26%, 95% CI 0.26-0.34). Class A
carbapenemases (KPC) were not found in strains isolated from trophic ulcers.

Carbapenem resistance of A. baumannii strains is mainly mediated by blaoxa genes (such
as blaoxa-s1, blaoxa-s8, blaoxa-23 and blaoxa-40), which encode hydrolyzed carbapenem class D f3-
lactamases. Tests revealed that A. baumanii strains isolated from trophic ulcers in 9.5 £ 1.15%
(95% CI 8.4-10.7) cases showed carbapenem resistance genes, of which 5.7 = 0.90% (95% ClI
4.8-6.6) were blaoxa-23 genes and 3.8 £ 0.73% (95% CI 3.1-4.5) were blaoxa-ss genes.

3.3.  Assessment of pathogenicity factors of microbial strains isolated from trophic
ulcers

Microbial pathogenicity involves all biochemical mechanisms of the microorganisms to
cause diseases. Not all pathogenic or potentially pathogenic microorganisms exhibit this ability in
the same way. For these reasons, it is important to determine and know the entire “arsenal” of
virulence factors , which enable the microbial strains to get involved in the infectious process.

This present research work studied some enzymatic virulence factors of bacterial strains
isolated from trophic ulcers, which allow microorganisms to persist in the infectious outbreak.
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One of these factors is hemolysin, a cytolytic protein that has the ability to lyse human and
animal erythrocytes. Hemolysin is usually produced by strains of bacteria that have shown high
virulence in experimental studies, being associated with even a more severe infectious process.

Among the strains isolated from trophic ulcers, 356 (57.7%; 95% CI 51.6-52.0) showed
hemolytic activity, of which 184 (51.8%; 95% CI 51.4-52.2) gram-negative bacilli and 172
(65.6%; 95% CI 65.2-66.1) gram-positive cocci strains. This pathogenicity factor was found to be
more pronounced among gram-positive cocci (65.6%; 95% CIl 64.7-66.5), followed by non-
fermenting gram-negative bacilli (59.1%; 95% CI 58.2-60.0) and enterobacteria (46.6%; 95% ClI
45.8-47.9).

The enzyme lecithinase was detected in 154 (58.8%) gram-positive coccus strains and in
177 (49.9%) gram-negative bacillus strains. Among the gram-negative bacilli, the most
lecithinase-producing strains were recorded among Proteus spp. (70.4 £ 1.60%; 95% CI 68.8-
72.3), P. aeruginosa (65.6 + 0.49%; 95% CI 65.1-66.1) and K. pneumoniae (57.1 + 0.45%; 95%
Cl1 56.7-57.6). Lecithinase production was higher in gram-negative glucose-nonfermenting bacilli
(52.3 + 1.02%; 95% CI 51.3-53.3) compared to gram-negative glucose-fermenting bacilli strains
(48.1 £ 0.98%; 95% CI 47.1-49.1). The synthesis of this enzyme was found in 58.8 = 0.99% (95%
Cl 57.8-59.8) of gram-positive cocci, predominantly among S. aureus (100%).

Lipase producing microorganisms turned out to be a large number of both gram-negative
(77.2 £ 1.41%; 95% CI 71.1-73.8) and gram-positive (70.2 = 0.36%) strains (95% 69.8— 70.6).
The expression rate of this enzyme was recorded in over 70% of species isolated from trophic
ulcers, except for E. coli (58.5%) and CoNS (25.0%).

DNA-ase is an enzyme that cleaves chromosomal and plasmid nucleic acids. It reduces the
secretion viscosity, which accumulates DNA from damaged cells, providing them with
mononucleotides for their own synthesis, thus allowing their dissemination in the host body [7].
This pathogenicity enzyme was more commonly recorded in gram-positive coccus strains (43.9 =
0.50%; 95% CI 43.4-44.4) compared to gram-negative bacilli (42.2 + 0.4%). 49%; Cl 95% 41.7-
42.7). Among gram-negative bacilli, this pathogenicity factor was more in strains of enterobacteria
(61.7 £ 0.59%); 95% CI 61.1-62.3), compared with non-fermenting gram-negative bacilli (15%), 4
+0.29 %; 95% CI 15.1-15.7).

Hydrolases, such as amylase, are important for microbial metabolism, being responsible
for the breakdown of proteins, carbohydrates and lipids. This pathogenicity factor was recorded in
43.9% of tested strains, being more expressed in enterobacteria (57.8%) and non-fermenting gram-
negative bacilli (53.0%). Gram-positive cocci strains showed enzyme expression in 27.9% of
cases.

The secretion of proteolytic enzymes (gelatinase and caseinase) is extremely important in
the bacterial survival and invasion into the host tissues. Numerous studies have shown that
proteases synthesized by microorganisms involved in the infectious process contribute to the
development of severe infections. According to the study results, the protease production was more
expressed in gram-positive cocci strains (caseinase - 75.6 £ 0.74% (95% CI 74.9-76.3), gelatinase
- 65.6 £ 0, 37% (95% CI 65.2-66.0), especially in S. aureus and Enterococcus spp. strains - 77.3
+0.41% (95% CI 76.9-77.7).

When comparing the degrees of expression of enzymatic pathogenicity factors in single-
culture and associated strains, it was found that it is lower in those isolated in monocultures,
compared to those in microbial associations (p = 0.026) (Figure 1).
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Figure 1. Expression of enzymatic pathogenicity factors in strains isolated in monocultures
and associated strains (%)

When determining and comparing the expression rate of enzymatic pathogenicity factors
in antimicrobial and susceptible gram-negative and gram-positive coccus strains, it showed a
higher level in multidrug-resistant strains, both in gram-negative bacilli (GNB) and in gram-
positive cocci, compared to sensitive ones (p = 0.036).

GNB multidrug-resistant strains showed a higher rate of expression of lipase, gelatinase,
hemolysin and lecithinase by 58.8%, 57.9%, 49.3% and 41.1%, compared to susceptible strains,
respectively. Minor differences were observed in the production of DNA-ase and amylase, the
multidrug-resistant strains exceeding by 35.9% and sensitive strains by 26.0%.

Among the multi-resistant and sensitive gram-positive coccus strains, greater differences
in the production of pathogenic enzymes were found in the case of lipase (73.2%), lecithinase
(65.8%), hemolysin (57.7%) and caseinase. (56.3%).

Another pathogenicity factor studied in the present research was the anti-lysozyme activity
of isolated microorganisms. Of the 631 strains isolated from trophic ulcers, 589 (93.3 + 0.29%;
95% CI1 93.6-94.2) and only 42 (6.7 + 0.08%; 95% (6.6-6.8%) were inactive. Anti-lysozyme
activity was exhibited among 98.8 + 0.79% (95% CI 98.0-99.6) of gram-positive coccus strains,
among non-fermenting gram-negative bacillus strains - 97.3 + 1.35% (95% CI 95.9-98.7), among
the yeast fungi of the Candida genus - 92.9 + 14.95% (95% CI 78.1-107.7) and among the strains
of gram-negative fermenting bacilli - 83 .1 + 1.25% (95% 81.8-84.4). Most of the clinical strains
- 278 (47.2£0.23%; Cl 95% 47.0-47.4) showed a moderate anti-lysozyme expression (K0.5-2.49),
174 (29.5 £ 0.18%; 95% CI 29.3-29.7) - high expression (K> 2.5) and 137 (23.3 £ 0.16%; 95% CI
23.1- 23.5) - low expression level (K <0.49) (Table 2).

Table 2. Lysozyme inactivation capacity of strains isolated from trophic ulcers

Degree of ALA Gram- Non-fermenting Fermenting Fungi of Total
expression positive gram-negative gram- genus
cocci bacilli negative Candida
(n =259) (n =145) bacilli (n = (n=13) (n =589)
172)
abs % abs % abs % abs % | abs | %
High (K>2,5) 73 | 28,2 46 31,7 51 29,6 4 30,8 | 174 | 29,5
Moderate 118 | 45,6 69 47,6 84 48,8 7 53,8 | 278 | 47,2
(K0,5-2,49)
Low (K<0,49) 68 | 26,2 30 20,7 37 21,5 2 154 | 137 | 23,3
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The study also compared the lysozyme inactivation capacity of methicillin-resistant and
sensitive Staphylococcus spp. strains, as well as of multidrug-resistant and susceptible GNB to
antimicrobial drugs. All 100% MRSA strains (95% CI 97.1-100.0) inactivated lysozyme, 45.0%
(95% CI 43.1-46.9) of which showing a high expression of anti- lysozyme activity, 53 .7% (95%
Cl 51.6-55.8) — moderate and 1.3% (95% CI 1.0-1.6) - low expression level. MSSA strains
inactivated lysozyme in 97.1% (95% CI 94.9-99.3) of cases, of which 1.0% (95% CI 0.8-1.1)
showed a high anti-lysozyme expression, 32.3% (95% CI 31.0-3306) - medium and 66.8% (95%
Cl 65.0-68.6) — low expression.

Analysis of the anti-lysozyme activity of multidrug-resistant and antimicrobial-sensitive
GNB strains found that 98.4 + 1.36% (95% CI 97.0-99.8) of multidrug-resistant strains exhibited
this capacity, of which 37.4 £ 0.84% (95% CI 36.6-38.2) showed a high level of expression, 59.4
+ 1.06% (95% CI 58.3-60.5) — moderate level and 3.2 + 0.25% (95% CI 3.0-3.4) - low expression.
The susceptible GNB inactivated lysozyme in 66.7 £ 1.12% (95% CI 65.6-67.8) of cases, of which
5.9 £ 0.33% (95% CI 5.6-6.2) showed a high expression of anti-lysozyme activity, 7.3 £ 0.37%
(95% CI 6.9-7.7) - moderate and 86.8 + 1.28% (95% CI 85.5-88.1) - low level of expression.

Another important factor contributing to the persistence of microorganisms in the outbreak,
is the ability of bacterial cells to inactivate the complement system of the host organism. Of the
631 strains studied, 601 (95.2 + 0.31%; 95% CI 94.9-95.5) showed anticomplementary activity, of
which 480 (79.9 = 0.28%; 95% CI 79.6-80.2) inactivated the complement system at a
concentration higher than 15CH50 / ml, 68 (11.3 £ 0.11%; 95% CI 11.2-11.4) - at a concentration
of 5CH50 / ml up to 15CH50 / ml and 53 (8.8 + 0.0.09%; 95% CI 8.7-8.9%) - at a concentration
of 5CH50 / ml. Only 30 strains showed no anticomplementary activity (4.8 £ 0.07%; 95% CI1 4.73-
4.87%).

The analysis of the complement inactivation of methicillin-resistant and susceptible strains
of Staphylococcus spp. and of multidrug-resistant and antimicrobial- susceptible GNB strains
showed the following results (Figure 2).
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Figure 2. Complement inactivation capacity of multidrug-resistant and antimicrobial-
susceptible strains (%)

According to the analysis results, it was found that 77.5£0.27% (95% CI 77.2-77.8) of
MRSA strains inactivated complement, of which 62.1£0.24% (95% CI 61), 9- 62.3) at a
concentration of 15CH50/ml, 8.9+£0.09% (95% CI 8.8-9.0) - at a concentration of 5CH50/ml to
15CH50/ml and 29.0+£0.16% (95% CI 28.8-29.2) - at a concentration of 5CH50. Of the MSSA
strains, only 26.5+0.15% (95% CI 26.1-26.4) showed this ability, of which 44.4+0.20% (95% CI
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44.2-44, 6) inactivated complement at a concentration of 15CH50/ml, 40.7+0.19% (95% CI 40.5-
40.9) at a concentration of 5-15CH50/ml and 14.8+0.12% (95% CI 14), 7-14.9) - at a concentration
of 5CH50.

100% antimicrobial multidrug-resistant GNB strains and 78.4 £ 1.22% sensitive strains
(95% CI 77.2-79.6) inactivated the complement. Most multidrug-resistant and susceptible strains
inactivated complement at a concentration of 15CH50 / ml, 92.9 £ 1.32% (95% CI1 91.6-94.2) and
68.7 £ 1.14% (95% CI 67.6-69.8), respectively.

When comparing data on anti-lysozyme and anti-complementary activity of monocultures
and their associations, it was found that associated bacterial strains more often exhibited moderate
and high anti-lysozyme and anti-complementary activity (p = 0.028).

The present paper also studied the biofilm-producing ability of strains isolated from trophic
ulcers. Therefore, of the 631 strains isolated from trophic ulcers, 462 (73.2 + 0.27%; 95% CI 72.9-
73.5) produced detectable biofilms (OD> 0.056) and 169 (26 .8 £ 0.16%; 95% CI (26.6-27.0) did
not produce biofilms (DO<0.056). Regarding the biofilm status, 193 (41.8 = 0.20%; 95% CI 41.6-
42.0) of isolates produced strong biofilms (OD> 0.220), 202 (43.7 £ 0, 21%; 95% CI 43.5-43.9) -
moderate biofilms (OD 0.112-0.220) and 67 (14.5 £ 0.12%; 95% CI 14.4-14.6) - weak biofilms
(0.056 <D0O<0.112).

The highest level of adherence and biofilm formation was recorded in gram-negative
bacillus strains (78.0 + 0.50%; 95% CI 77.5-78.5), especially in Proteus spp. 87.0 £ 3.34%; 95%
Cl 83.6-90.4), Klebsiella spp. (86.9 £ 2.21%; 95% CI 84.5-88.9), Citrobacter spp. ( 80.0 + 35.6%;
95% CI 44.5-115.6), P. aeruginosa (73.9 = 1.78%; 95% CI 72.1-75.7) and A. baumannii ( 73.6 £
3.22%; Cl 95% 70.4-76.8). Strong adherent biofilms were formed by 34.9 + 0.42% (95% CI 34.4-
35.3) of the strains, moderately adherent biofilms in 42.9 £ 0.47% (95% CI 42.4-43.4), and weakly
adherent biofilms by 12.2 + 0.25% (95% CI 11.9-12.5) of strains.

The analysis of the relationship between biofilm-forming ability and antimicrobial
resistance of gram-negative bacillus strains showed that among biofilm isolates 52.3 + 0.52% (95%
Cl 51.8-52.8) were MDR strains 31.4 £+ 0.40%. (95% CIl 31.0-31.8) are XDR and only 16.2 +
0.25% (95% CI 15.9-16.5) are non-MDR. MDR and XDR strains formed mainly strong adherent
biofilms - 41.4 + 0.29% (95% CI 41.11-41.69) and 70.1 + 1.20% (95% CI 68.90-71.30), as well
as moderately adherent ones- 57.2 + 1.20% (95% CI 56.0-58.40) and 25.3 + 1.00% (95% CI 24.30-
26.30), respectively. Non-MDR strains were involved in the formation of particularly weakly
adherent biofilms 60.0 + 3.70% (95% CI 56.3-63.7), whereas 55.9 £ 2.20% (95% CI) 53.7-58.1)
of strains produced no biofilms.

A detectable biofilm was formed in 67.6£0.62% (95% CI 67.0-68.2) of Gram-positive
coccus strains. The highest biofilm-forming ability was recorded in strains of Enterococcus spp.
(86.7 £ 2.47% (95% CI 84.2-89.2)), followed by the decreasing incidence of CoNS (65, 0 + 8.02%
(95% C157.0-73.0)), S. pyogenes (62.1 £ 5.41% (95% CI 56.7-67.5)) and S. aureus (58.7 + 1.10%
(95% CI 57.6-59.8)). Strongly adherent biofilm was formed by 65 (36.7 £ 1.85% (95% CI 34.85-
38.55)), moderately adherent biofilms - 80 (45.2 + 1.67% (95% CI 43.53-46.87)) and weakly
adherent biofilms - 32 (18.1 + 2.65% (95% CI 15.45-20.75)) of the gram-positive coccus strains.

When studying the relationship between the biofilm-forming capacity and the methicillin-
resistant staphylococcal strains, a significantly higher biofilm-forming capacity was found in
MRSA strains (94.2 + 2.80%; 95% CI 91.4-97. 0), compared to MSSA strains (32.6 £ 1.28%; 95%
Cl 31.3-33.9) (p = 0.036). Methicillin-resistant staphylococcal strains predominantly formed
strongly adherent (50.8 = 2.06%; 95% CI 48.7-52.9) and moderately adherent biofilms (44.6 +
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1.93%; 95% CI 42.7-46.5), while the methicillin-sensitive staphylococci revealed prevailingly
weakly adherent biofilms (62.1 = 1.76%; 95% CI 59.8-64.4). Of the MRSA strains, only 5.8 +
0.69% (95% CI1 5.1-6.5) did not form a detectable biofilm, and of the MSSA strains - 67.4 + 1.87%
(95% ClI 65.6) -69.2).

According to the analysis results of the relationship between multidrug-resistant
Enterococcus spp. strains isolated from trophic ulcers and the biofilm-forming ability, MDR
strains formed detectable biofilms in 100% of cases, while sensitive strains - in 75.0 £ 1.94% 95%
73.1-76.9) of cases (Figure 3). The MDR Enterococcus spp. strains formed mainly moderately
adherent (57.1 + 1.69% (95% CI 55.4-58.8)) and strongly adherent (40.0 + 1.41% (95% CI) 38.6-
41.4%) biofilms, while the sensitive strains formed moderately adherent biofilms in 42.5 £ 1.46%
(95% CI 41.0-44.0) of cases and weakly adherent biofilms in 17.5 £ 0 94% (95% CI 16.6-18.4) of
cases.
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Figure 3. Biofilm-forming ability of Enterococcus spp. strains isolated from trophic ulcers
(%)

All the microbial strains isolated from trophic ulcers showed a high biofilm-producing
capacity (> 70%).

The study of virulence factors of microorganisms isolated from trophic ulcers showed a
higher expression level in strains isolated from mixed and multidrug-resistant infections (1.0-1.5
times), compared to strains isolated from mono-infections and those sensitive to antimicrobials (p
=0.348).

4. ANTIMICROBIAL ACTIVITY OF NEW CHEMICAL AND BIOLOGICAL
COMPOUNDS

4.1. The assessment results of antimicrobial activity of new chemical and biological
substances

The studied chemical compounds were synthesized in hot ethanol solutions (50-55 ° C) of
imidazole or 3,4-dimethylpyridine (in case I1) with copper nitrate trihydrate (2+) and N- (prop- 2-
en-1-yl) -2- [1- (pyridin-2-yl) ethylidene] hydrazincarbothioamide (4-allylthiosemicarbazone 2-
acetylpyridine), taken in a 2: 1: 1 molar ratio. The reaction mechanism involved adding two amine
molecules to the copper ion (2+) with the formation of the adduct, which interacted with 4-
allylthosemicarbazone 2-acetylpyridine, which is a mono-deprotonated NNS tridentate ligand.
Subsequently, an amine molecule was substituted with polydentate azomethine, resulting in
imidazolium nitrate or 3,4-dimethylpyridinium by deprotonated thiosemicarbazone. The fourth
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and fifth places, in the coordination sphere of this central atom, are taken by 10 nitrate-ions and
the remaining amine molecule.

The highest bacteriostatic and bactericidal activity on S. aureus ATCC 25923 bacteria was
proved by the C14H20CICuN306S (MIC - 0.03 pg / ml; MBC - 0.98 pg / ml) and C1gH22CuNeO3S
(MIC - 0.06 pg / ml MBC - 0.24 pg / ml) compounds.

The highest activity upon the strains of B. cereus ATCC 11778 was proved by the chemical
compound C10H12CuNeOsS, showing a bacteriostatic action at a concentration of 0.007 pg / ml
and bactericidal action at a concentration of 0.03 pg / ml. The compound C11H13BrCuN4S (MIC -
0.06 pg / ml; MBC - 0.12ug / ml) showed high activity on B. cereus ATCC 11778 strains as well.

B. subtilis ATCC 6633 strains proved to be more sensitive to the tested compounds
compared B. cereus ATCC 11778. C1oH12CuNgOsS compound (MIC - 0.007 pg / ml; MBC - 0,
03ug / ml) exhibited the highest activity.

Of all the tested gram-positive bacteria, S. pyogenes ATCC 12344 was the most sensitive
to the chemical compounds. Both compounds C24H32Cu2NgOsS2 and Ci11H14CuNeOsS, MIC -
0.002 pg / ml and MBC - 0.003 ug / ml showed the highest activity on these bacteria.

Most of the tested chemical compounds had a bacteriostatic and bactericidal effect at higher
concentrations on enterococcus strains compared to other gram-positive species. The compound
C11H13BrCuN4S (MIC - 0.06 pg / ml and MBC - 0.12 ug / ml) showed the highest activity on E.
faecalis ATCC 19433, and C11H14CuNgOsS (MIC -0. 12 pg / ml and MBC - 0.24 pg / ml) on E.
faecium ATCC 65609.

According to the results obtained, the compounds C11H14CuNgOsS and Ci11H13BrCuNsS
showed bacteriostatic and bactericidal action on gram-positive bacteria at low concentrations.

MICs and MBCs of the studied compounds were also determined for fermenting gram-
negative bacteria (E. coli ATCC 25922, P. mirabilis ATCC 25933, K. pneumoniae ATCC 13883,
E. cloacae ATCC 13047) and non-fermenting bacteria (P. aeruginosa ATCC 27853, A. baumannii
BAA-747).

The analysis of the obtained results showed that the chemical compound C11H14CuNsOsS,
MIC - 0.24 pg / ml and MBC - 0.49 pg / ml showed a higher activity on E. coli strains ATCC
25922. C10H12CuNsOsS and C24H32Cu2NgOsS2 also showed activity at concentrations of 1.95 g /
ml (MIC) and 3.91 pg / ml (MBC).

Other species of Enterobacteriaceae (K. pneumoniae ATCC 13883, P. mirabilis ATCC
25933 and E. cloacae ATCC 13047) were more resistant to all the studied chemical compounds
compared to E. coli ATCC 13047.

K. pneumoniae ATCC 13883 strains were more sensitive to CigH12CuNsOeS,
C10H11BrCuN4S and C24H32Cu2NgOsS2, MIC and MBC being of 1.95 pug / ml and 3.91 pg / ml,
respectively.

The compounds C10H12CuNsOsS and C11H14CuNeOsS, were more active on P. mirabilis
bacteria ATCC 25933, showing bactericidal and bacteriostatic effects at concentrations of 3.91 pg
/ ml and 1.95 pg / ml, respectively.

E. cloacae ATCC 13047 strains showed a higher sensitivity to CioH11BrCuN4S and
C11H14CuNgOsS, MIC being of 0.98 pg / ml and MBC - 1.95 pg / ml.

The tested chemical compounds showed antimicrobial activity on non-fermenting gram-
negative bacillus strains at higher concentrations. Thus, the most active compound on A.
baumannii BAA-747 strains was found to be C11H14CuNsOsS, with MIC - 0.98 pg / ml and MBC
- 1.95 pg / ml. P. aeruginosa ATCC 27853 strains showed higher sensitivity to C1o0H11BrCuNsS,
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C11H14CuNgOsS, and C11H13BrCuN4S, MIC and MBC being of 3.91 pg / ml and 7.81 pg / mi
respectively.

All reference gram-negative bacteria showed resistance to the four tested chemical
compounds at concentrations of 500 /g / ml, namely Ci4H20CICuN3OgS, CisH20N4NiO3S,
C11H11BroCuN3O2S and C16H14BroCuN4OS. The C18H22CuNeO3S compound showed an activity
only on A. baumanii BAA-747 strains, being at high concentrations (MIC - 333.3 ug / ml and
MBC - 500 pg / ml).

The next stage involved the study of the chemical compound’s activity on yeast fungi (C.
albicans ATCC 10231 and C. neoformans CECT 1043). According to the results obtained, the
highest antifungal activity on C. albicans fungi ATCC 10231 was demonstrated by the
C24H23CuN707S and C18H22CuN603S compounds at MIC -0.49 pg / ml and 0.98 pg / ml, and
MFC 15.6 pg / ml and 1.96 pg / ml, respectively. C1sH20CuN4O2S (MIC - 0.03 pg / ml, MFC -
0.06 pug / ml), C1aH20N4S (CMI - 0.12 pg / ml, MFC - 0,24 pg/ml) and C14H19CuN704S (MIC -
0.24 pug / ml, MFC - 0.24 ug / ml) demonstrated a marked antifungal activity on C. neoformans
CECT 1043 fungi. The other compounds tested showed antifungal activity at higher
concentrations, with the exception of compound C1:H11Br.CuN3zO2S, which was not active on C.
neoformans CECT 1043 fungi at a concentration of 500 /g / ml. C. neoformans CECT 1043 yeast
fungi were inhibited and killed at lower concentrations of chemical compounds compared to C.
albicans ATCC 10231 fungi.

The biological compounds used in the research (ES, ES1, ES2, MX1 and MX2) are extracts
of the Spirulina platensis CNMN CB-02 cyanobacterium. When testing the antimicrobial action
of these extracts on gram-positive reference strains, the MX1, MX2 and ES compounds showed
high activity. The highest antimicrobial activity on gram-positive bacteria was demonstrated by
the MX1 compound (MIC - 0.004-0.02 mg / ml; MBC - 0.009-0.04 mg / ml), followed by a
decrease in MX2 activity (MIC - 0.01-0.03 mg / ml; MBC - 0.01-0.05 mg / ml) and ES (CMI -
0.16-0.62 mg / ml; MBC - 0.16-1.25 mg / ml). The ES1 and ES2 compounds showed antimicrobial
activity at higher concentrations (MIC-1.25-2.5 mg / ml; MBC -1.25-5.0 mg / ml).

This study also assessed the antimicrobial action of the biological compounds on gram-
negative bacteria. According to the data obtained, E. coli ATCC 25922, P. aeruginosa ATCC
27853 and A. baumanii BAA-747 were more sensitive to the action of the MX1 compound, MIC -
0.009 mg / ml, and MBC - 0.02 mg / ml. The MX2 compound (MIC - 0.02-0.03 mg / ml; MBC-
0.03 mg / ml) also showed high activity on gram-negative bacteria, followed by ES (MIC - 0.625-
1.25 mg / ml MBC - 1.25-2.5 mg / ml). ES1 and ES2 extracts showed antimicrobial effect on all
gram-negative bacilli, however at higher concentrations (MIC - 1.25-5.0 mg / ml; MBC - 2.5-5.0
mg / ml).

The antifungal action of spirulina extracts was studied on two yeast fungi, namely C.
albicans ATCC 10231 and C. neoformans CECT 1043. A higher antifungal activity was
demonstrated by MX2 (MIC - 0.007 mg / ml; MFC - 0.01 mg / ml), followed in a decreasing order
by extracts MX 1 (MIC - 0.05 mg / ml; MFC - 0.09 mg / ml) and ES (MIC - 0.31-0.62 mg / ml;
MFC- 0.62-1.25 mg / ml). Similar to the antibacterial effect, ES1 and ES2 extracts showed an
antifungal activity at higher concentrations (MIC - 0.62-1.25 mg / ml; MFC - 1.25-2.5 mg / ml).

Daphnia magna crustacean was used to determine the toxicity of the new chemical
compounds, by performing an immobilization test. Analysing the obtained results, it was found
that both the ligand (LC50 5.53 = 0.90) and the coordination copper compounds of (Cu L Br -
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LC50 4.4 £ 0.96; Cu L CI - LC50 3.5 £ 0. 91) showed lower toxicity compared to doxorubicin
hydrochloride (LC50 3.27 + 0.30).

4.2. Antimicrobial activity of new chemical and biological compounds on strains
isolated from trophic ulcers

The present study, tested seven chemical compounds on 120 clinical strains of S. aureus,
K. pneumoniae, A. baumannii and P. aeruginosa, isolated from trophic ulcers. The lowest
minimum inhibitory concentration on clinical strains of S. aureus was recorded for the following
chemical compounds Ci14H20N4S (MIC: 0.17 £ 0.098) and C10H14CuN4OsS, (MIC: 0.20 + 0.113).
The C10H14CuN4OsS; (MIC: 3.19 £ 2.018 - 18.8 + 6.36) and C14H19CuN70O4S compounds showed
inhibitory activity on A. baumannii strains at minimal inhibitory concentrations (MIC: 0.17 +
0.098).

The MIC and MBC of the biological ES, ES1, ES2, MX1 and MX2 compounds were studied
on 120 gram-positive and gram-negative microbial strains isolated from trophic ulcers.

The biological MX1 (MIC: 0.01 £ 0.001 - 0.02 + 0.003) and MX2 (MIC: 0.015 + 0.003 -
0.03 £ 0.007) compounds showed an inhibitory and bactericidal activity on clinical strains at lower
concentrations. These biological compounds exerted an inhibitory activity at lower concentrations
on gram-negative bacilli compared to S. aureus strains. When comparing the minimum inhibitory
concentrations of the chemical compounds on the reference and clinical strains in both gram-
positive and gram-negative bacteria, it was found that some compounds had an inhibitory effect
on the clinical strains at higher concentrations compared to the reference strains. (Figure 4).

200 2500
150 2000

1500 ] —s
1 T
1.00 1 I 100.0 1 I 1
050 2 ! 500 3

0.00 : 0.0 i

'

cl1 c2 C3 c4 cs C6 c7 500 Cl C2 c4 Cs
=e=S.aureus tulpina clinicd -S.aurens ATCC 25923 =+ P. aeruginosa tulpina clinica P. aeruginosa ATCC 27833
400.00 500,00
300,00 400.00
A 300.00
200,00
200,00 I
—_—
100.00 \ 100.00 > -
1 L
0.00 i i — 1— — 0,00 —
cl c2 3 c4 Cs c6 c7 100,00 1 cs c7
=o=A. baumannii mipina clinicd A. baumannii ATCC BAA-747 ==L prenmonice tmilping clinicd  —e=K. pneumoniae ATCC 13883

Figure 4. The effects of chemical compounds on the reference strains and those isolated
from trophic ulcers

The minimum bactericidal concentration was higher for S. aureus clinical strains than for
the reference strains, especially in Ci3H17CICUN4S, Cig8H22CuNeO3S and Ci3Hi1sBroCuNaS
chemical compounds (MIC for reference strains - 0.49 pg / mL, 0.98 m, 0.98 .98 pg / mL; MIC
for clinical strains - 0.98 ug / mL, 1.46 pg / mL and 1.56 pg / mL, respectively).

The MIC values for C14H19CiCuN4S and C14H20N4S increased significantly from 62.5 pg /
mL to 283.3 pg / mL and from 250 pg / mL to at 308.3 g / mL for A. baumannii clinical strains
compared to the reference strains, respectively. For the remaining tested compounds, the MIC did
not increase significantly for A. baumannii clinical strains compared to that of the reference strains.

When comparing the studied chemical compounds action upon both the clinical and
reference strains of K. pneumoniae and P. aeruginosa, it was found that the MIC for the
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C1gH20CuN4O2S compound considerably increased. The MIC values increased twice, from 250 g
/ mL to 500.0 pug / mL for K. pneumoniae strains, and for P. aeruginosa strains from 125 pug / mL
t0 266.7 pug / mL.

The comparison study on the action of biological compounds on reference and clinical

strains showed the following (Figure 5):
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Figure 5. The effects of biological compounds on both the reference strains and those
isolated from trophic ulcers

Analysis of the obtained results showed that MX1 and MX2 biological compounds showed
antibacterial activity on both the reference and clinical strains at similar concentrations.

4.3. Synergistic effects of new chemical and biological compounds

To determine the type of interaction between the new chemical and biological compounds,
seven chemical compounds (C1gH20CuN4O2S, C14H20N4S, C14H19CICUN4S, Ci10H14CuN4OsSo,
C13H17CICUN4S, C14H19CuN704S, and C13H16BroCuN4S) were tested on six reference strains, in
combination with three biological compounds (ES, ES1, MX1)

The values of the FIC index, which showed the inhibitory concentration of fractions,
determined in the present study, indicated synergistic action in 87.2% of cases, additive action in
6.8%, and indifferent action in 6.0% of cases. Antagonistic actions were not reported among the
tested compounds (FIC> 4).

The tested C14H19CuN7O4S chemical compound in combination with the three biological
compounds under study showed synergy in most cases, except for P. aeruginosa strains, which
showed additive and indifferent actions when combined with the ES and ES1 biological
compounds

The Ci3H16Bro.CuN4S chemical compound showed synergy on the reference
microorganisms in all its combinations, except for being indifferent (FIC = 1.56) when combined
with the ES1 biological compound upon the P. aeruginosa strains.

C10H14CuN4OsS; in combination with the tested biological compounds, showed synergistic
action in 72.2% of cases, additivity - in 22.2% and indifference - in 5.6% on the reference strains.

The Ci3H17CICUN4S compound in combination with all the studied biological compounds
showed mainly a synergistic action (94.4%) and additive action only in 5.6% of cases.

CisH20CuN4O2S in combination with ES1 showed indifferent action on E. coli and P.
aeruginosa strains, whereas combined with ES, it was indifferent only on P. aeruginosa strains.

C14H20N4S showed indifference to A. baumannii strains in combination with ES1 and
additivity in combination with ES.

C14H19CICUN4S in combination with ES1 had an additive effect on E. coli strains.
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All the tested chemical compounds combined with the MX biological compound showed
synergistic action on all reference strains. The combinations between chemical and biological
compounds showed additive and indifferent effect mainly on gram-negative bacilli and yeast fungi
of the genus Candida.

The minimum inhibition concentrations of the combined chemical and biological
compounds were much lower than those of in separate compounds, being reduced by 4-32 times.

Each reference strain showed different profiles of the time-Kkill over a 24-hour period after
inoculation. According to the results obtained, there was no evidence of an increase in the reference
strains over the first 30 minutes after inoculation. The differences in antimicrobial activity of the
tested compounds on the reference strains were recorded over 90 minutes after incubation. There
was no reduction in the number of CFUs in the studied tubes. The individual use of chemical and
biological compounds at a concentration of MIC 0.25 did not induce the death of microorganisms
until for 24 hours. On the contrary, a significant reduction in the microbial count was recorded
when testing the combined chemical and biological compounds.

The chemical compound MIC 0.25 C14H19CuN7O4S in combination with MIC 0.25 MX
showed a bactericidal action on S. aureus strains over 8 hours of action. The combination of MIC
0.25 C14H19CuN70O4S + MIC 0.25 ES completely destroyed S. aureus strains after 20 hours of
action, whereas MIC 0.25 C14H19CuN7O4S + MIC 0.25 ES1 - after 24 hours. Gram-negative
bacillus strains E. coli and A. baumannii were killed after 12 hours of action in combination of
MIC 0.25 C14H19CuN70O4S + MIC 0.25 MX and over 20 and 24 hours in combinations of MIC 0.25
C14H19CuN704S + MIC 025 ES and MIC 0.25 C14H19CuN704S + MIC 0.25 ES1, respectively
(Figure 6).

The combination of MIC 0.25 C14H19CuN704S + MIC 0.25 MX demonstrated an antifungal
effect on C. albicans yeast fungi over 20 hours, whereas the combinations of MIC 0.25
C14H10CuN704S + MIC 0.25 ES and MIC 0.25 C14H190CuN7O4S + MIC 0.25 ES after 24 hours of
action.
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Figure 6. Kinetics of antimicrobial activity of the C14H19CuN7O4S chemical compound and

biological compounds (ES, ES1, MX) upon the reference strains
Note. the values are expressed as the mean + SD of three independent values, the results ranging between the 95% -
99% confidence intervals

The Ci3H16BroCuNsS chemical compound in combination with the MX biological
compound (MIC 0.25 C13H16Br.CuN4S + MIC 0.25 MX) showed a bactericidal effect on S. aureus
strains after 8 hours of action. The combination of MIC 0.25 C13H16Br.CuN4S + MIC 0.25 ES
killed S. aureus strains after 20 hours, and the combination of MIC 0.25 C13H16Br.CuNsS + MIC
0.25 ES1 - after 16 hours (Figure 7).
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Figure 7. Kinetics of antimicrobial activity of the C13H16Br.CuN4S chemical compound and

biological compounds (ES, ES1, MX) on the reference strains
Note. the values are expressed as the mean + SD of three independent values, the results ranging between the 95% -
99% confidence intervals

E. coli strains were killed after 16 hours of exposure to combined 0.25 MIC
C13H16Br2CuN4S + 0.25 MIC MX and 0.25 MIC Ci13H16BrCuN4S + 0.25 MIC ES, and after 20
hours upon exposure to combined 0.25MIC C13H16Br2CuN4S + 0.25MIC ES1.

A. baumannii strains were killed after 12 hours of action by the combined 0.25MIC
C13H16BroCuN4S + 0.25MIC MX, as well as after 16 and 20 hours by combinations of 0.25MIC
C13H16BroCuNsS + 0.25MIC ES and 0.25MIC Ci3H16BroCuN4S + 0.25MIC ES1, respectively
(Figure 7).

The combination of 0.25MIC Ci13H16Br.CuNsS + 0.25CMI MX demonstrated fungicidal
effects on C. albicans yeast fungi after a 12-hour exposure, whereas the combinations of 0.25MIC
C13H16Br2CuN4S + 0.25MIC ES and 0.25MIC C13H16BraCuN4S + 0.25 MIC ES1 over 20 hours of
action (Figure 4.4).

The combination between the C10H14CuN4OsS; chemical compound and the biological
compound MX (0.25MIC C10H14CuN4OsSz + 0.25MIC MX) showed a bactericidal effect on S.
aureus strains after a 12-hour exposure, and the combinations of 0.25MIC C1oH14CuN4OsS; +25
MIC ES and 0,25CMI C10H14CuN4OsS> + 0.25CMI after 16 and 24 hours, respectively (Figure 8).
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Figure 8. Kinetics of antimicrobial activity of the C10H14CuN4OsS2 chemical compound and
biological compounds (ES, ES1, MX) on the reference strains

Note. the values are expressed as the mean = SD of three independent values, the results ranging

between the 95% -99% confidence intervals
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The combinations of 0.25MIC Ci1oH14CuN4OsS; + 0.25MIC MX and 0.25MIC
C10H14CuN4OsS; + 0.25MIC ES demonstrated a bactericidal action on E. coli strains after a 12-
hour and 16-hour exposure, respectively. The combination of 0.25MIC C1oH14CuN4OsS, +
0.25MIC ES1 did not show a bactericidal effect on E. coli strains (Figure 8).

A. baumannii strains were killed after 16 hours of action by the combination of 0.25MIC
C10H14CuN4OsS; + 0.25MIC MX1 and after 20-hour and 24-hour exposure of 0.25MIC
C10H14CuN40OsS; + 0.25MIC ES and 0.25MIC C10H14CuN4OsS;2 + 0.25CMI ES1, respectively.

The combinations of 0.25MIC Ci1oH14CuN4OsS,; + 0.25MIC MX and 0.25MIC
C10H14CuN4OsS + 0.25MIC ES exhibited a fungicidal effect on C. albicans yeast like fungi over
a 16-hour and 20-hour action, respectively, whereas the combination of 0.25MIC
C10H14CuN4OsS2+ 25MIC ES1 showed no fungicidal effect (Figure 8).

When analysing the bactericidal action of the combinations of the Ci3Hi7CICuN4S
chemical compound with the studied biological compounds, it was found that the combination
0.25MIC Cy13H17CICuN4S + 0.25MIC MX showed a bactericidal effect on S. aureus strains after
12 hours of action, whereas the combinations 0.25MIC C13H17CICuN4S + 0.25MIC ES and
0.25MIC C13H17CICUN4S + 0.25MIC ES1 after a 16 -hour and 20-hour exposure, respectively
(Figure 9).
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Figure 9. Kinetics of antimicrobial activity of the C13H17CICuN4S chemical compound and

biological compounds (ES, ES1, MX) on the reference strains
Note. the values are expressed as the mean + SD of three independent values, the results ranging between the
95% -99% confidence intervals

The combination of 0.25MIC C13H17CICuN4S + 0.25MIC MX exhibited a bactericidal
action on E. coli and A. baumannii strains over a 20-hour exposure, whereas the combinations of
0.25MIC C13H17CICuN4S + 0.25MIC ES and 0.25MIC C13H17CICuNs4S + 0, 25MIC ES1 killed the
gram-negative bacilli after 24 hours of action (Figure 9).

The combination of 0.25MIC C13H17CICuN4S C + 0.25MIC MX showed a fungicidal effect
on C. albicans yeastlike fungi after 16 hours of exposure, whereas the combinations 0.25MIC
C13H17CICUN4S + 0.25MIC ES and 0.25MIC C13H17CICuN4S + 0.25MIC ES1 after 24 hours
(Figure 9). The chemical compounds combined with the biological compound MX were the most
effective ones, killing the reference strains over 8, 12, 16 and 20 hours upon exposure.

4.4. The effects of new compounds on pathogenicity factors of the microorganisms

Besides the various mechanisms to resist against the antimicrobial drugs, microorganisms
are also endowed with versatile pathogenic factors, which are responsible for initiating major lethal
effects.

The present study was conducted on the effects of the chemical and biological compounds
tested at different concentrations on the microbial anticomplementary activity on 80 gram-positive
and gram-negative microbial strains, which initially inactivated the complement at concentrations
of 15CH50 / mL (Figure 10).
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Figure 10. The microbial anticomplementary activity under the action of chemical and
biological compounds
Note. C1 - C14H19CuN704S, C2 - C13H16Br2CuN4S, C3 - C13H17CICUN4S

The analysis of the obtained results showed that the tested compounds reduced the
microbial anticomplementary activity mainly at a concentration of 75%. The biological
compounds, namely MX1 and ES, showed the highest-level action on the anticomplementary
activity of the tested strains. Most strains (75.0% of cases) inactivated the complement at a
concentration of 5-15CH50/mL and 20.0% of strains- at a concentration of 5CH50 / mL under the
action of the biological compound 75% MX. The biological compound 75% ES also decreased the
anticomplementary activity of microbial strains in 72.5% of cases at a concentration of 5-15CH50
/' mL, and in 17.5% of cases at a concentration of 5CH50/mL.

Among the chemical compounds, the C14H10CuN704S compound (at a 75% concentration)
revealed a more pronounced anticomplementary activity. Upon its exposure, 78.8% of the tested
strains inhibited the complement at a concentration of 5-15CH50/mL, 7.5% of cases - at 5-
CH50/mL, and 13.8% of strains - at 15CH5/mL.

The anticomplementary action of microbial strains showed slight or no reduction when
both chemical and biological compounds were used at a 25% concentration. It should be noted
that neither compound completely inhibited the complement inactivating property of the strains.

When testing the anticomplementary activity of the combined chemical and biological
compounds, a more pronounced effect was found in the combination of the biological compounds
MX and ES with the chemical compounds (Figure 11).
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Figure 11. The microbial anticomplementary activity under the action of combined
chemical and biological compounds (%)
Note. C1 - C14H19CUN704S, C2 - C13H16Br.CuNsS, C3 - C13H17CICUN,S

The MX biological compound combined with the C13H17CICuN4S and C14H19CuN7O4S
chemical compounds at concentrations of 75% completely inactivated the anticomplementary
activity in 32.5% and 31.3% of the tested strains, respectively.
The biological compound ES combined with the chemical compound Ci14H19CuN7O4S
monohydrate revealed that at a concentration of 75%, 70.0% of strains inactivated the complement
at a concentration of 5CH50 / mL, and 30.0% did not show any anticomplementary action. When
the same combination of compounds was tested at a 50% concentration, 80.0% of the strains
inactivated the complement at a concentration of 5CH50 / mL, and 20.0% did not inactivate the

complement.

The study also determined the anti-lysozyme activity of S. aureus and E. coli strains when
exposed to separate chemical and biological compounds under study (Figure 12).
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The analysis of the obtained results found that both the chemical and the biological
compounds inactivated the anti-lysozyme activity of the tested strains, compared to the control
strains, which showed a high anti-lysozyme activity (K 2,62-2,74). The anti-lysozyme activity of
S. aureus and E. coli strains was maintained high under the action of biological and chemical
compounds at a concentration of 25%. The compounds tested in concentrates of 50% and 70%
resulted in a decreased anti-lysozyme activity expression (medium expression) in both microbial
species, except for the ES1 compound (50%) on E. coli, which showed a high level of anti-
lysozyme activity.

The use of combined chemical and biological compounds (at concentrations of 50% and
70%) showed a low expression of anti-lysozyme activity in S. aureus strains, except for the
combination of 50% ES1 and 50% C13H17CICUN4S, which revealed a medium of anti-lysozyme
activity expression. E. coli strains showed a low anti-lysozyme activity upon exposure to a
concentration of 75%, except for the combination of ES1 and C13H17CICuN4S, which showed a
medium degree of expression.

Combinations of the chemical compound with the biological compound MX showed the
best effect on the anti-lysozyme activity expression of the microbial strains under study. The
combinations of MX + C14H1eCuN704S and MX + C14H19CuN7O4S at concentrations of 50% and
75% decreased to zero the anti-lysozyme activity of the microbial strains.

The microbial strains showed a low anti-lysozyme activity expression upon exposure to
combined chemical compounds with the biological compound MX tested at a concentration of
25%, except for the combination MX + C1gH22CuNsO3S, in which E. coli strains showed a medium
anti-lysosome activity expression (K = 0.63).

The study also determined the effects of chemical and biological compounds on the
microbial biofilm formation (Figure 13). According to the results obtained, the microorganisms
produced a strong biofilm (OD> 0.220) under exposure to chemical and biological compounds at
a 25% concentration, as well as to the compounds ES1 and C13H17CICuNa4S at concentration of
50%. These compounds showed a better anti-biofilm action at a concentration of 75%, the
microorganisms producing predominantly moderate biofilms (0.220 <OD <0.112), except for the
MX biological compound, when strains produced weak biofilms (0.112<DO <0.056). S. aureus
strains also produced weak biofilms under the action of the ES biological compound and the
C13H16BroCuN4S chemical compound.
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Figure 13. The microbial biofilm formation levels under exposure to separate and combined

chemical and biological compounds.
Note. C1 - Cl4H19CUN704S, C2- C13HleBl’chN4S, C3- C13H17C|CUN4S

A higher microbial anti-biofilm activity was demonstrated by the ES and MX biological
compounds combined with the chemical compounds at concentrations of 50% and 75%. Under the
action of these combinations, the microbial strains lost their biofilm-forming ability or formed
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weak biofilms, except for the 50% ES + C13H16Br2CuN4S combination; MX + C14H19CuN7O4S, as
well as combinations of chemical compounds with the ES1 biological compound, to which bacteria
formed a moderate biofilm.

The strains mostly produced strong biofilms under exposure to 25% concentration
combinations, except for the combinations between the biological compound MX and the chemical
compounds as in ES + C14H19CuN7OsS, ES + C13H17CICUN4S and ES1 + Ci3H16BroCuNsS, to
which bacteria formed moderate biofilms.

The results of testing the chemical and biological compounds on the expression of the
lecithinase enzyme pathogenicity are shown in Figure 14. Higher anti-lecithinase activity in both
gram-positive and gram-negative microorganisms has been demonstrated by chemical compounds
at a concentration of 75%. C13H16Br2CuN4S was the most active, followed by C13H17CICuN4S and
C14H10CuN70O4S.
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Figure 14. The microbial lecithinase expression levels under exposure to separate and
combined chemical and biological compounds
Note. C1 - C14H19CUN704S, C2- C13HleBI'2CUN4S, C3- C13H17C|CUN4S

The inhibitory action of the lecithinase enzyme by chemical compounds was higher than
that of the biological compounds. The highest activity was exhibited by the compounds at a
concentration of 75%, especially by C13H16Br2CuN4S, thus decreasing the lecithinase activity from
1.16 + 0.027 units to 0.48 + 0.031 units for S. aureus strains, and from 1, 2 + 0.0 to 0.48 units
0.013 units for E. coli strains.

MX was the most active biological compound, which reduced lecithinase activity from 1.6
+0.027 units to 0.83 £ 0.036 units in S. aureus strains and from 1.2 + 0.00 to at 0.91 £ 0.031 units,
for E. coli strains. The combined use of chemical and biological compounds has proved to increase
the lecithinase-reducing effect. The highest effect was recorded in both gram-positive and gram-
negative bacteria, when combining the biological compound MX with the chemical compounds at
concentrations of 75%.

MX combined with the chemical compound Ci3H17CICuN4S reduced the lecithinase
activity mostly in S. aureus strains from 1.14 + 0.00 to 0.10 £+ 0.024 units and in E. coli strains
from 1.18 £ 0.027 units to 0.23 £ 0.033 units. The biological compound MX combined with the
chemical compound Ci3H16BroCuNsS at a concentration of 50% showed a decrease in the
lecithinase activity for S. aureus strains from 1.14 + 0.00 to 0.32 = 0.027 units, and for E. coli
strains from 1.18 £ 0.027 to 0.41 £ 0.013 units.

The test results on the effects of chemical and biological compounds on the expression
level of the hemolysin enzyme by microbial strains are shown in Figure 15.
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Figure 15. The expression level of bacterial hemolysin under exposure to separate and

combined chemical and biological compounds
Note. C1 - C14H19CUN704S, C2- C13HleBI’2CUN4S, C3- C13H17C|CUN4S
A greater reducing effect of the hemolysin activity was recorded on exposure to

C14H10CUN704S and C13H17CICuN4S chemical compounds at a concentration of 75%. In S. aureus
strains, hemolysin activity decreased from 1.20 + 0.036 to 0.36 + 0.04 and from 1.20 + 0.036 to
0.39 £ 0.04, whereas in E. coli strains from 1.47 £ 0.036 to 0.72 £ 0.036 and from 1.47 £ 0.036 to
0.89 + 0.04. Both chemical and biological compounds at a concentration of 25% almost did not
affect the hemolysin expression level.

The assessment on the effects of the chemical compounds combined with the biological
ones, a major decrease in hemolysin expression was observed when using the combination of the
biological compound MX and the chemical compound C14H19CuN-O4S at all concentrations. This
combination of compounds reduced the enzyme hemolysin expression for S. aureus strains from
1.20 + 0.036 to 0.00 = 0.00 - at a concentration of 75%, from 1.20 + 0.036 to 0.20 £ 0.036 - at a
concentration of 50% and from 1.20 £ 0.036 to 0.72 + 0.036 - at a concentration of 25%.

In the case of E. coli strains, this combination of compounds showed a lesser inhibitory
hemolysin expression: 1.47 + 0.036 units for control strains and 0.22 = 0.071 units at 75%, 0.53 =
0.036 units at a concentration of 50% and 0.89 + 0.04 units at a concentration of 25%.

5. CHANGES IN BIOCHEMICAL PARAMETERS OF MICROORGANISMS CAUSED
BY CHEMICAL AND BIOLOGICAL COMPOUNDS

5.1. Modification of oxidative stress indices in microbial cultures upon exposure to
chemical and biological compounds

The toxicity level of separate and combined chemical and biological compounds was
assessed by the amount of malondialdehyde in the tested microbial biomass. The results obtained
are shown in Figure 16. All the three studied types of microorganisms showed the same reactive
patterns to the tested agents: natural compounds did not change the MDA content, while the
chemical compounds both tested separately and combined with natural compounds, caused a
significant increase in the MDA content, depending on the compound and type of bacteria.
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Figure 16. Effects of the tested compounds on the malondialdehyde content in the cell mass

of (A) P. aeruginosa ATCC 27853, (B) E. coli ATCC 25922 and (C) S. aureus ATCC 25923

Note. C— control samples, 1 — mixoxanthophyll, (MX), 2 —extract of spirulina (ES), 3 — C14H19CuN704S; 4 —
C14H19CuN704S +ES; 5 - C14H19CuUN704S+MX; 6 — C10H14CuN405S2; 7 — C10H14CuN405S2+ES;
8 — C10H14CuN405S2+MX; 9 - CI13H16Br2CuN4S; 10 - C13H16Br2CuN4S+ES; 11-
C13H16Br2CuN4S+MX

Thus, in the case of P. aeruginosa strains, the natural compounds (mixoxanthophyll and
ES spirulina extract, having 2 experimental variants 1 and 2) did not change the level of MDA in
biomass (Figure 5.1A). Although the obtained mean values for these experimental variants were
lower than in the control samples, viz. 13.8 and 17.3%, respectively, the statistical analysis showed
a weak significance level (p = 0.054 and p = 0.078 respectively). The three separate chemical
compounds (experimental variants 3, 6, 9), as well as combined with mixoxanthophyll (variants
5, 8, 11) or with the spirulina extract ES (variants 4,7,10), produced a significant increase in MDA
(for all cases p<0.001). The MDA values in the experimental samples were quite homogeneous
and showed an increase of 2.2 -2.5 times compared to the control samples.

In the case of E. coli strains, the natural compounds produced a decrease in the MDA
amount by more than 20% compared to the control samples. The difference was statistically true
(p = 0.003 for mixoxanthophyll and p = 0.008 for ES) for both compounds. The chemical
compounds C14H19CuN7O4S and C10H14CuN4OsS», both used separately and in combination with
MX and ES, doubled the MDA amount. C13H16BroCuN4S seemed to be more toxic, producing a
threefold increase in the MDA amount, both when used alone and in combination with ES spirulina
extract.

S. aureus strains reacted to natural compounds similarly as in E. coli, however lacking the
reducing effect of the MDA level. The MDA values upon action of myxoxanthophyll and spirulina
extract were the same as in the control group. The toxic effect in this strain was also more
pronounced when tested by C13H16BroCuNsS.

According to the results obtained, the increase in the MDA content was greater in S. aureus
strains. Thus, the compounds C14H19CuN7O4S and C1oH14CuN4OsS, produced a 2.5-2.7-time
increase in the DAM content compared to the control samples (compared to 1.9-2.0 times in E.
coli), whereas the compound C13H16BroCuN4S showed a 3.9- 4.2-time increase (compared to 3.0-
3.2in E. coli).

The obtained test results on the lactate dehydrogenase (LDH) activity released by the three
bacterial species are shown in Figure 17.
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Figure 17. The effects of the tested compounds on lactate dehydrogenase activity released
by (A) P. aeruginosa ATCC 27853, (B) by E. coli ATCC 25922 and (C) by S. aureus ATCC

25923
Note. C — control sample, 1 — mixoxanthophyll, (MX), 2 —extract of spirulina (ES), 3 — C14H19CuN704S; 4 —
C14H19CuN704S+ES; 5 — C14H19CuN704S+MX; 6 — C10H14CuN405S2; 7 — CL0H14CuN405S2 +ES;
8 — CI10H14CuN405S2+MX; 9 - C13H16Br2CuN4S; 10 - C13H16Br2CuN4S +ES; 11 -
C13H16Br2CuN4s +MX

In the case of control samples, this enzyme activity ranged from 38 units / litre for E. coli
to 155 units / litre for S. aureus. This difference was also observed for malondialdehyde, which
can be caused by the natural differences between these two species, as well as by different
sensitivity to DMSO, a solubilizing agent used to dissolve the chemical compounds under the
study.

All the three tested bacterial species responded differently to the action of chemical
compounds, used separately or combined with natural ones, however, as in the case of
malonidialdehyde, both myxoxanthophyll and spirulina extract ES did not alter the LDH activity
released in the culture fluid. The lactate dehydrogenase activity, released by P. aeruginosa strains
was significantly higher when exposed to chemical compounds and their combinations with
mixoxanthophyll and ES, if compared to the control samples (1.21-1.39 times, p<0.001).

It is noteworthy that the three chemical compounds used in combination with ES revealed
a decrease in toxicity compared to the action of the separate compounds. Although these
differences were insignificant, their statistical significance suggests an alleviation of the adverse
effects observed in the experimental variants. Thus, C14H19CuN7O4S caused a 34.7% increase in
LGH activity released by P. aeruginosa strains, while in combination between the chemical
compound Ci4H19CuN7O4S with ES this increase made up 25.2% (P = 0, 0005). The same
phenomenon was recorded in CLOH14CuN405S2 which increased by 35.7% the LDH activity,
whereas in combination with ES the increase was 21.0%. In case of C13H16Br2CuN4S use,
mixoxanthophyll showed a reducing effect on LDH activity released by P. aeruginosa strains (a
decrease from an increase by 41.0% to 35.0%). In both cases, the differences were statistically
true. It should be noted that the amount of separate chemical compounds used in the experimental
variants is four times lower compared to those variants using combinations with natural
compounds. Currently, the present research cannot draw any conclusions on the individual role of
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each component regarding their antibacterial activity. Undoubtedly, these interactions are of
theoretical and applied interest.

Under the influence of chemical and natural compounds (except for separate extracts), the
increase of LDH activity in the extracellular environment was 1.5-2.0 times higher in E. coli strains
compared to the experimental variant. The natural extracts in this bacterial species also seemed to
have an alleviating effect on the separate chemical compounds, especially in C13H16BraCuN4S,
where a quarter of the toxic effect of the compound was removed in mixoxanthophyll and ES
variants.

S. aureus strains reacted similarly to E. coli strains, both under the action of antimicrobial
agents used separately and in the corresponding combinations. Thus, C13H1sBro.CuN4S revealed
the most pronounced toxic effect, both used separately and in combination, except for
myxoxanthophyll which intensified the effect generated by the chemical compound. According to
the results obtained, under the influence of the separate chemical compound Ci3H16Br.CuN,S, the
released LDH activity increased 2.0 times, and when combined with MX, it showed a 2.2 - time
increase, the difference being statistically true (p = 0.0007).

5.2. Modification of the microbial antioxidant capacity under the influence of new
chemical and biological compounds

In case of pronounced stress, the enzyme antioxidant activity decreases, resulting in cell
inability to protect themselves against harmful free radicals, formed by the interaction with toxic
xenobiotics. In the studied bacterial cultures, the first-line antioxidant protection is formed by the
primary antioxidant enzymes. They defeat the superoxide radicals (superoxide dismutase) and
hydrogen peroxide, formed as a product of the dismutation reaction (catalase and glutathione
peroxidase).

The test results for antimicrobial action on P. aeruginosa strains are shown in Figure 18.
Mixoxanthophyll and ES spirulina extract did not significantly alter the SOD activity level, either
the intracellular SOD or that secreted in the culture medium. However, the SOD activity lowered
in all experimental variants, viz. it showed an almost 2-time decrease in the biomass (by 46.7-
54.9%), and by 59.2-78.8% in the culture fluid.

C10H14CuN4OsS2 and Ci3H16BrCuNsS sulphate compounds most strongly reduced the
intracellular SOD activity. SOD activity was similarly reduced in the culture fluid by
C18H22CuNgO3S and CioH14CuN4OsS,. The chemical compound CizHisBroCuNsS was more
active compared to the first two ones. There were no significant differences found in the
superoxide dismutase activity between the experimental variants, where the chemical compounds
were used separately and those combined with spirulina extracts.
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Figure 18. The effects of the tested compounds on superoxide dismutase activity in (A)
biomass and (B) in culture fluid of P. aeruginosa bacteria.
Note. C — control sample, 1 — mixoxanthophyll, (MX), 2 —extract of spirulina (ES), 3 — C14H19CuN;O.S; 4 —
C14H19CUN7O4S+ES; 5 — C14H19CUN7O4S+MX; 6 — Ci10H14CUN4OsSy; 7 — C1oH14CuN4OsS,+ES; 8 —
C10H14CUN4O5S2+MX; 9 — C13H16BroCuN4S; 10 — C13H16BroCuN4sS+ES; 11 — Ci3H16BroCuN4sS+MX
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The physiological level of SOD activity was lower in E. coli strains compared to P.
aeruginosa, but the effects of the tested compounds on this parameter were very similar (Figure
19). However, the decrease in SOD activity in terms of its values was even more pronounced,
especially in the culture fluid, where the compound C13H16Br.CuN4S and its combinations nearly
reduced to zero the enzyme activity. The SOD activity decreased by 53.8-79.9% in the biomass
upon the action of antibacterial agents and by 56.8-97.7% in the culture fluid. Combinations of
chemical and natural compounds proved to be more effective in blocking the SOD activity both
inside the cells and of the released enzyme. Given that the concentrations of the combined
compounds were 2-4 times lower compared to the separate variants, a synergistic effect of the
combined compounds can be assumed, which requires further detailed studies.
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Figure 19. The effects of tested compounds on superoxide dismutase activity in (A) biomass

and (B) in culture fluid of E. coli
Note. C — control sample, 1 — mixoxanthophyll, (MX), 2 —extract of spirulina (ES), 3 — C1aH1sCuN7O.S; 4 —
C14H19CUN7O4S+ES; 5 — Ci4H19CUN704S+MX; 6 — C10H14CUN4OsSy; 7 — C1oH14CuN4OsS,+ES; 8 —
C10H14CUN4O5S2+MX; 9 — C13H16BroCuN4S; 10 — Ci3H16BroCuNyS+ES; 11 — Ci3H1BroCuNsS +MX
Based on the physiological intra- and extracellular SOD activity level, S. aureus was closer

to P. aeruginosa (Figure 20). The antibacterial response also resembled to these two strains.
Furthermore, the intracellular SOD activity was reduced to a lesser extent compared to
extracellular SOD one in case of S. aureus. Thus, the SOD activity decreased by 45-47% in
biomasses and by 69.8-77.9% in the culture fluids of all experimental variants, except for those in
which special natural compounds were used. The obtained values were very close, the differences
being insignificant. When the myxoxanthophyll and the ES spirulina extract were used, both the
intra- and extracellular superoxide dismutase activity was maintained at the level of the control
sample.
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Figure 20. The effects of the tested compounds on superoxide dismutase activity in (A)
biomass and (B) in culture fluid of S. aureus bacteria

Note. C — control sample, 1 — mixoxanthophyll, (MX), 2 —extract of spirulina (ES), 3 — C1sH19CuN7O.S; 4 —
C14H19CUN7O4S+ES; 5 — C14H19CuN7O4sS+MX; 6 — C10H14CuN4O5S,; 7 — CioH14CuN4OsS, +ES; 8 —
C10H14CUN4O5S; +MX; 9 — C13H16BroCulN4S; 10 — C13H16BroCuN4S +ES; 11 — C13H16BroCuN4S +MX
SOD inactivation is a harmful effect for aerobic microorganisms, which become unable to

perform at least normal physiological processes, resulting in the formation of superoxide radicals,

not to mention the pathological ones generated by the presence of toxic substances in the

environment.
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Oxygen peroxide is a reactive molecule with a pronounced harmful effect due to its
relatively long lifespan, compared to other free radicals. In living cells, several enzymes are
responsible for the removal of this substance, the main of which are catalase and peroxidase.

Catalase activity in bacterial cultures treated with the studied antibacterial agents is shown
in Figure 21. As in the case of other parameters assessed above, the separate use of
myxoxanthophyll and ES spirulina extract did not statistically alter the catalase (Ct) activity in the
three reference bacterial cultures. The separate use of chemical compounds significantly decreased
the Ct activity, while combined with mixoxanthophyll or ES spirulina extract, this effect was
partially annihilated and, in some cases, even completely. In the case of P. aeruginosa strains, the
C14H19CuN704S chemical compound reduced the Ct activity by 34%, while combined with ES by
6.4% (P = 0.0021), and with myxoxanthophyll by 14.0% (p = 0.0006). In E. coli strains, the
exposure to C14H19CuN7O4S decreased the Ct activity by 49%, while in combination with ES only
by 9.8%, and in combination with MX it was somewhat more by 34.2%. In S. aureus strains, this
compound alone reduced Ct activity by 52.9%, in combination with ES - by 25.6% and in
combination with MX - by 30.7%. Almost the same effect on the Ct activity of the reference strains
was exerted by two other studied chemical compounds used both separately and in combination
with two biological compounds (MX and ES). Thus, C10H14CuN4OsS; reduced Ct activity in P.
aeruginosa strains by 55.23%, in E. coli strains 58.3%, and in S. aureus by 67.17%. When using
this compound in combination with ES, the decrease in Ct activity was at a lower level, ranging
between 10.6-26.4%. Results very close to those reported in combination with ES were also
obtained in combination with MX.
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Figure 21. The effects of the tested compounds on catalase activity in (A) P. aeruginosa, (B)

in E. coliand (C) in S. aureus
Note. C — control sample, 1 — mixoxanthophyll, (MX), 2 —extract of spirulina (ES), 3 — C1aH19CuN;O.S; 4 —
C14H19CUN7O4S+ES; 5 — Ci4H1sCuN704S+MX; 6 — C1oH14CuN4OsS,; 7 — CioH14CuN4OsS; +ES; 8 —
C10H14CUN4O5S; +MX; 9 — C13H16BroCulN4S; 10 — C13H16BroCuN4S +ES; 11 — C13H16BroCuN4S +MX
Only in the case of P. aeruginosa strains, the difference between the effect of

C10H14CuN4OsS> alone and in combination with MX on Ct activity remained high - 35%.

The most significant reduction in Ct activity (63.6-77.4%) was caused by C13H16BroCuNaS.
In the case of P. aeruginosa strains, the combination of C13H16Br.CuN4S + ES brought the Ct
activity back to normal, being only 7.72% lower compared to the control samples. When
combining this chemical compound with MX, although its concentration was 4 times lower than
when applied alone, Ct activity decreased by 70.2% compared to the control. The results reported
for E. coli strains were very similar. So, when used alone, the chemical compound caused a
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decrease in the activity of Ct by 63.6%, in combination with MX - by 51.8%, and with ES - only
by 15.5%. For strains of S. aureus, the following results were obtained: a decrease in Ct activity
by 77.1% when the compound was used alone; by 72.0% in combination with MX and by 25.7%
in combination with ES.

Another enzyme involved in the degradation of hydrogen peroxide is glutathione
peroxidase (GPx). The results of testing the effects of the studied chemical and biological
compounds on the activity of GPx are shown in Figure 22. Natural compounds, as in the case of
Ct, did not significantly change the activity of GPx, and only in the case of ES, P. aeruginosa
strains showed a statistically significant 10.3% (p=0.004) increase in the activity of this enzyme.
Otherwise, the response pattern of the studied bacteria was very close to that observed for Ct. In
P. aeruginosa strains, Ci4H19CuN7O4S caused a decrease in GPx activity by 51.1%, and in
combination with ES and MX, the difference in enzyme activity compared to the control one was
6.9% and 10.8%, respectively. Compound C10H14CuN4OsS; reduced GPx activity in P. aeruginosa
strains by 47.9%, whereas in combinations- by 25.5% (ES) and by 37.7% (MX). The most
significant decrease in GPx activity in P. aeruginosa strains was reported in C13H16BroCuNaS viz.
by 64%. In combinations, the decrease was much more modest, ranging between 17.5-19.9%.

GPx activity in E. coli strains was reduced by 52.6-64.7% on exposure to three separate
chemical compounds, whereas the combinations caused a lesser but significant decrease by 14.1-
28.1%.
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Figure 22. The effects of tested compounds on glutathione peroxidase activity in (A) P.
aeruginosa, (B) in E. coli and (C) in S. aureus
Note. C — control sample, 1 — mixoxanthophyll, (MX), 2 —extract of spirulina (ES), 3 — C14H19CuN;O.S; 4 —

C14H19CUN7O4S+ES; 5 — C14H19CUN704S+MX; 6 — Ci19H14CUN4OsSy; 7 — Ci1oH14CuN4OsS; +ES; 8 —

C10H14CUN4O5S,; +MX; 9 — C13H16BroCuN4S; 10 — C13H16BroCuN4S +ES; 11 — Ci3H16BroCuN4S +MX

The effects of the tested compounds on GPx activity in S. aureus strains was found to be
similar to that reported in the other two bacterial species. Thus, Ci4H19CuN7O4S used alone
showed a decrease in GPx activity by 46.6%, in combination with ES - by 10.2%, and in
combination with MX - by 20%. CioH14CuN4OsSzoused separately, reduced the activity of
glutathione peroxidase by 44.39%, while in combination with ES and MX - by 11.22 and 11.96%
respectively. Ci3H16BroCuN4S caused the most dramatic decrease in GPx activity - by 68.43%.
When combined with spirulina extract ES and mixoxanthophyll, a strong level of GPx inhibition
was reported- by 42.54 and 39.7%, respectively.

According to the obtained results, the activity of these two antioxidant enzymes, involved
in detoxifying cells by removing hydrogen peroxide, was strongly affected by the chemical
compounds used both separately and combined with ES spirulina extract and mixoxanthophyll,
obtained from the same species of cyanobacteria. The significant decrease in the intracellular
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superoxide dismutase activity and that released in the culture fluid showed that the effects of the
studied antibacterial agents resulted in the blockage of the first-line antioxidant defence of
microbial cells, which made them vulnerable to the protection factors of the host organism. This
finding may be useful to develop a future antimicrobial therapeutic agent.
6. THE INFLUENCE OF BIOLOGICALLY ACTIVE COMPOUNDS ON OXIDATIVE
STRESS MARKERS, ANTIOXIDANT SYSTEM AND INFLAMMATORY PATTERNS

In order to assess the effects of the separate and combined biologically active compounds
on the oxidative stress markers, antioxidant system and inflammatory pattern, in vitro tests were
performed, being slightly adapted by the procedure described by Rajcova S. et al. Summarizing
the results obtained from the comparative evaluation of lots, as well as by conducting post-hoc
tests, allowed us to conclude that the studied substances have a certain effect on in vitro
physiological parameters (Table 3).

The ES biological compound exhibited positive effects on all the studied parameters,
decreasing, on the one hand, the MDA values, pM / L (p = 0.008), OAPP, uM /L (p = 0.018) and
the proinflammatory system indices (IL-1B, pg / ml (p = 0.02), IL-6, pg / ml (p = 0.005)), and
increasing, on the other hand, the antioxidant potential (SOD, u/c (p = 0.003), Ct, uy(M /L (p =
0.002), TAA by ABTS, uM /L (p=0.005), GST, nM /s.L (p =0.024), Gpo, nM /s.L (p = 0.004),
GR, nM /s.L = 0.006)) and the anti-inflammatory indices (IL-10, pg / ml (p = 0.008)).

Table 3. Heatmap illustrating the comparative analysis of the studied parameters and the
control sample for separate and combined compounds

Lots C2 |C2+Bl |C2+B2
Ci&t/rf"MDA’ 00085 00085 = 0,0085 00166 0,0085 0,4908 00113 | 0,0085

C;&‘fﬂ'OAPP’ 0,018 P 0080 | 0695 |0400 MO 0073  BINE

[ Ao S/l 0,0035  0,0096 0,0035 0,0035 0,0035 | 0,0035 | 0,0035 | 0,0035
el 00029 00029 0,0248  0,0029 0,0029 0,0309 | 0,0073

|
| |
SULCURISAL LN 0050 00059 00173 00059 00059  0,0059 | 00125

| |

| |
ABTS, uM/L
Control, GST, 0024 0014 0023 0024 0014 0014 0014
nM/s.L
Control, Gpo 00041 00041 00365 00070 00070 [NCLEH 0,0041
Control, GR, 00064 00064  0,0076 0,0064  0,0064 | 0,0064
nM/s.L
Control, IL-1B,
i 0020 0015 0010 0,020 0,207 0,033
%‘;?:;?"TNF'“’ 07362 | 00579 (UL 0,0579 | 05716 | 0,2062
Control, 1L-6, pg/ml 0,1043 00203 00054 EU:EEIM 0,0112

Control, IL-10,
ng/ml

0,0054 0,0088 ~ 0,0224

0,0082 0,0035  0,0204 0,0035 | 0,0035 | 0,0082 | 0,0035 | 0,0035

statistically significant difference, showing lower value in the control sample

statistically significant difference, showing higher value in the control sample

statistically insignificant difference.

Note: Bl - S. platensis extract (ES); B2 - mixoxanthophyll carotenoid pigment (MX); C1 - chemical
compound C10H14CuN4OsS;; C2 - chemical compound C14H19CuN70.S, MDA - malonic dialdehyde,
OAPP - advanced oxidation protein products, SOD - superoxide dismutase, TAA - total antioxidant
activity, GST - glutadione S-transferase, Gpo - glutadione peroxidase, GR — glutathione reductase,
IL - interleukin, TNF - tumor necrosis factor.

39



The biological compound MX showed similar effects on the ES compound; on the one hand,
it reduced the values of MDA, uM / L (p = 0.008), OAPP, uM / L (p = 0.012) and of the pro-
inflammatory system (IL-1p, pg/ ml (p=0.015), IL-6, pg / ml (p = 0.008)), and, on the other hand,
it increased the antioxidant potential (SOD, u / ¢ (p = 0.009), Ct, uM / L (p = 0.002), TAA by
ABTS, uM / L (p = 0.005), GST, nM / s.L (p =0.014), Gpo, nM /s.L (p = 0.004), GR, nM /s.L
(p = 0.006) )) and the anti-inflammatory system (IL-10, pg / ml (p = 0.003)).

C10H14CuN4OsS, showed negative effects, causing elevated MDA values, uM / L (p = 0.008),
as well as of the pro-inflammatory system components IL-1B, pg / ml (p = 0.010), TNF-a, pg / ml
(p = 0.008), IL-6, pg / ml (p = 0.022). At the same time, this compound favoured the antioxidant
system (SOD, u/c (p=0.003), Ct, uM / L (p =0.024), TAA by ABTS, uM / L (p =0.017), GST,
nM /s.L (p = 0.023), Gpo, nM / s.L (p = 0.036), GR, nM / s.L (p = 0.007)) and the anti-
inflammatory system (IL-10, pg / ml (p = 0.020)).

The CiH1sCuN70,S compound had similar effects as CioH14CuN4OsS,, by increasing the
values of all the studied parameters, compared to the control group: OAPP, uM / L (p = 0.027),
SOD, u/c (p=0.003), Ct, uM / L (p = 0.030), TAA with ABTS, uM / L (p = 0.005), GST, nM /
s.L (p =0.014), GR, nM / s.L (p = 0.006), IL-1pB, pg / ml = 0.020), IL-6, pg / ml (p = 0.005) and
IL-10, pg / ml (p = 0.008).

Positive effects were registered mainly on the anti-inflammatory and the MDA-OAPP
systems by the biological compounds ES and MX, optimal characteristics being registered in the
combination of C14H19CuN7O4S + MX. Biological compounds ES and MX, due to their optimal
characteristics regarding the effects on the studied systems, showed a potential for further studies.

GENERAL CONCLUSIONS

1. Solving the scientific problem by confirming the effects of new chemical and biological
compounds on microorganisms isolated from infected trophic ulcers, made it possible to
formulate the principles for the development of effective multicomponent drugs in the
treatment of infected trophic ulcers, as well as to develop alternative anti-infective
strategies to prevent both therapeutic failures and the development of antimicrobial
resistance.

2. The results obtained in the present study demonstrated that all the infected trophic ulcers
involved a microbial species in 50.6% of cases and several species in 49.4% of cases, which
may explain the flare-ups or delayed healing of the trophic ulcers. The diversity of
microorganisms associated with trophic ulcer was represented mainly by Staphylococcus
aureus (21.9%; 95% CI 21.7-22.1), followed in order of a decreasing frequency by
Pseudomonas aeruginosa (15.2%; 95% CI 15.0-15 ,4), Klebsiella. pneumoniae (13.3%;
95% 13.1-13.5) and Enterococcus spp. species (11.9%; 95% 11.7-12.1).

3. The antimicrobial resistance profiles of isolates from infected trophic ulcers showed a
pronounced resistance to these drugs. Staphylococcus spp. strains exhibited multiple
antimicrobial resistance in 68.4% of cases, including 43.7% of methicillin-resistant strains
and 19.6% of induced clindamycin-resistant strains. Enterobacteria showed strong
resistance to aminopenicillins, penicillins with beta-lactamase inhibitors, and
cephalosporins. P. aeruginosa and A. baumannii strains were highly resistant to most of
the drugs used in treatment.

4. A significant number of gram-negative bacillus strains was found to produce broad-
spectrum B-lactamases, predominantly by the P. aeruginosa strains - 40.6% (95% CI 39.3-
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41.9), followed by K. pneumoniae strains - 36.9% (95% CI 35.7-38.1) and E. coli - 33.9%
(95% CI 32.7-35.1). AmpC-type B-lactamases-producing strains were found to be A.
baumannii - 28.3% (95% CI 27.0-29.6), K. pneumoniae - 4.2% (95% CI 3.47-4.93) and P.
aeruginosa - 4.2% (95% CI 3.47-4.93). The most common types of carbapenemases
involved OXA-48 (2.6%; 95% CI 2.5-2.7) and NDM (0.3%; 95% CI 0.26-0.34), whereas
in the A. baumanii strains - OXA-23 (5.7%; 95% CI 4.8-6.6) and OXA-58 (3.8%; 95% CI
3.1-4.5).

The vpenotypic expression of virulence factors in the tested microbial agents varied,
depending on the reference strains. Most strains expressed pore-forming toxins, especially
lipase (74.2%), lecithinase (53.6%) and hemolysins (57.7%), which were involved in both
invasion and host immune response. Lysozyme was inactivated in 93.3% of strains, while
most of species (47.2%) showed an average anti-lysozyme expression level. 95.2% of the
tested strains showed anticomplementary activity. Biofilm-forming ability was recorded in
73.2% of strains isolated from trophic ulcers. All the determined pathogenicity factors were
recorded at a higher rate in strains isolated from polymicrobial infections, exhibiting
multiple antimicrobial resistance.

The study of the antimicrobial activity of some chemical compounds, which have copper
(1) nitrate as a synthetic precursor, showed a high antimicrobial action on the studied gram-
positive microorganisms. Thiosemicarbazones from transition metal class proved a more
pronounced activity, as well as the copper chloride- synthesized compounds -on gram-
negative bacilli. Biological compounds showed higher antimicrobial activity against gram-
positive bacteria, namely MX1, with a subsequent decrease in the action of MX2 and ES
compounds. While determining the acute toxicity of new chemical compounds to daphnia,
it has been demonstrated that both the ligand (LC50 5.53 £ 0.90) and the coordinating
copper compounds (Cu L Br - LC50 4.4 + 0.96; Cu L Cl - LC50 3.5 £ 0.91) showed a
lower toxicity level compared to doxorubicin hydrochloride (LC50 3.27 + 0.30).

The studied chemical and biological compounds showed synergistic effect in 87.2% of
cases, additive effects in 6.8% and indifferent action in 6.0%. Additive and indifferent
effects have been observed especially for gram-negative bacilli and yeast fungi. No
antagonistic effects were reported in the combined chemical and biological compounds
under study. The MIC values for combined chemical and biological compounds showed a
4-32-time decrease compared to MICs of separate compounds.

The separate use of chemical and biological compounds at a concentration of 0.25MIC
showed no reduction in the number of microbial cells, while combining these compounds,
the microorganisms being killed over 8-24 hours. The shortest microbial kill-time (8-20
hours) was recorded when the chemical compounds were combined with the biological
compound MX1.

The present study showed that some microbial pathogenicity factors such as
anticomplementary activity, anti-lysosyme, lecithinase, hemolytic activity and the
microbial biofilm-forming ability were further reduced by the use of both separate and
combined chemical and biological compounds at concentrations of 75%. A more
prominent inhibition of pathogenicity factors was exhibited by the biological compound
MX1 combined with the chemical compounds.

Spirulina extracts did not show a direct toxic effect on the reference strains, compared to
chemical compounds that, at minimal inhibitory concentrations, had a pronounced toxic
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effect on reference strains. The joint effect of the compounds on the studied parameters
was more effective, since the minimally invasive concentration of the compounds was 2-4
times lower than that of the compounds used separately. The chemical and natural
compounds acted synergistically through mechanisms, which were not identified in this
study, but which hold great promise as antimicrobial agents with low toxicity and low
potential for the resistance development.
As regarding the effects of biologically active compounds on physiological parameters in
vitro, positive effects were recorded on all the studied parameters, manifested by a decrease
in oxidative stress values, pro-inflammatory system, as well as an elevated antioxidant and
anti-inflammatory potential. The chemical compounds showed negative effects with high
values for oxidative stress indices and pro-inflammatory system components being
registered, thus, favouring the antioxidant and anti-inflammatory systems. The combined
effects of the studied compounds showed positive effects, mainly on both the anti-
inflammatory system and the oxidative stress indices.

PRACTICAL RECOMMENDATIONS
Procedures have been suggested to highlight the timely expression of the microbial
pathogenicity factors, which allows developing practical recommendations for
administering targeted antimicrobial treatments that will help reduce antimicrobial
resistance.
Biologically active compounds with pronounced antimicrobial activity should be
recommended as substances with antibacterial action against strains involved in infected
trophic ulcers, as well as further clinical studies are proposed to develop combined
synthetic and natural antimicrobial drugs.
The applied research methods and the results obtained in this study can be further used
within the university and postgraduate training at the disciplines of clinical microbiology
and microbiological laboratory.
Suggestions for Future Research
The obtained study results require further in vivo research studies to be confirmed by
developing preclinical tests on antimicrobial effects of biologically active compounds.
Further studies are needed to highlight the mechanisms of action of bioactive compounds
with pronounced antimicrobial activity on microorganisms associated with trophic ulcers.
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ADNOTARE
BALAN Greta
COMPUSI NOI CU ACTIUNE ASUPRA MICROORGANISMELOR IZOLATE DIN
ULCERE TROFICE
Teza de doctor habilitat in stiinte medicale, Chisinau, 2022

Structura: Introducere, reviul literaturii, materiale §i metode de cercetare, patru capitole
explorative, concluzii generale si recomandari, bibliografia din 350 de titluri, 15 anexe, 191 pagini
de text de baza, 47 de figuri si 40 de tabele. Rezultatele obtinute sunt publicate in 77 de lucrari
stiintifice.
Cuvinte cheie: ulcer trofic infectat, factori de patogenitate, compusi noi, activitate antimicrobiana.
Domeniul de studiu: Microbiologie, Virusologie medicala.
Scopul: Evaluarea activitatii antimicrobiene a unor compusi noi in vederea formularii principiilor
de elaborare a preparatelor policomponente eficiente Tn tratamentul ulcerului trofic infectat.
Obiectivele lucrarii: Determinarea spectrului etiologic al microorganismelor izolate din ulcere
trofice infectate; elucidarea fenotipurilor de rezistentd la antimicrobiene si a factorilor de
patogenitate ai tulpinilor izolate din ulcere trofice; studiul calitativ si cantitativ al activitatii
antimicrobiene a unor entitati chimice si biologice noi fata de tulpinile microbiene de referinta si
a compusilor policomponenti cu actiune antimicrobiand; determinarea influentei compusilor noi
monocomponenti si In combinatie asupra expresiei unor factori de patogenitate a
microorganismelor; evaluarea modificarilor unor parametri biochimici ai culturilor bacteriene sub
influenta substantelor monocomponente si in combinatie; influenta compusilor biologic activi
asupra markerilor stresului oxidativ, sistemului antioxidant si pattern-ului inflamator pentru
obtinerea potentialelor preparate medicamentoase, eficiente in tratamentul ulcerului trofic infectat.
Noutatea si originalitatea stiintifici: In premiera, pe baza unui studiu complex, a fost evaluata
actiunea antimicrobiand, antioxidantd si imunomodulatoare a unor compusi noi, determinat
spectrul microorganismelor implicate 1n ulcere trofice infectate si stabilita actiunea compusilor noi
asupra factorilor de patogenitate ai agentilor microbieni.
Problema stiintific solutionata: fundamentarea stiintifica a actiunii unor compusi chimici si
biologici noi asupra microorganismelor izolate din ulcere trofice infectate. Aceasta contribuie la
formularea principiilor de dezvoltare a preparatelor policomponente eficiente in tratamentul
ulcerului trofic infectat si la elaborarea unor strategii antiinfectioase alternative, in scopul evitarii
esecurilor terapeutice si dezvoltarii rezistentei la antimicrobiene.
Semnificatia teoreticd si valoarea aplicativd a studiului: Rezultatele prezentei cercetari
completeaza studiile anterioare despre efectul compusilor chimici si biologici asupra tulpinilor de
referinta si a tulpinilor clinice, izolate din ulcerele trofice, despre actiunea sinergica a acestor
compusi si despre combinatiile de compusi care potentiaza efectul antimicrobian. Totodata au fost
acumulate date despre influenta compusilor noi asupra expresiei factorilor enzimatici de
patogenitate si a factorilor de persistentd ai microorganismelor. Datele obtinute pot fi utilizate ca
dovezi la elaborarea unor strategii antiinfectioase alternative si la obtinerea altor compusi
policomponenti, generand astfel nu doar o utilizare empirica ci si una bazata pe dovezi stiintifice
privind proprietatile lor terapeutice. Rezultatele obtinute au permis evidentierea efectului
imunomodulator al compusilor chimici si biologici noi aparte i in combinatie, prin determinarea
actiunii lor asupra producerii spontane a indicilor biochimici si imunochimici. Rezultatele privind
pattern-urile de rezistentd la antibiotice vor servi drept argument pentru reactualizarea listei de
antimicrobiene si procurarea argumentatd a acestora, pentru elaborarea masurilor coerente de
control.
Implementarea rezultatelor stiintifice: Rezultatele studiului au fost implementate in activitatea
laboratoarelor microbiologice, a medicilor din cadrul Centrelor de Sanatate, a sectiilor de
chirurgie, in procesul didactic la Disciplina de microbiologie si imunologie, Departamentul
Medicina Preventiva, USMF ,,Nicolae Testemitanu”.
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SUMMARY
BALAN Greta
THE NEW COMPOUNDS ACTING ON MICROORGANISMS ISOLATED FROM
TROPHIC ULCERS
The Habilitation Thesis in Medical Sciences, Chisinau, 2022
Structure: This research paper includes introduction, literature review, research materials and
methods, 4 investigative chapters, general conclusions and recommendations, a bibliography list
of 363 references, 15 annexes, 191 pages of basic text, 47 figures, and 40 tables. The obtained
results have been published in 77 scientific papers.
Keywords: trophic ulcer, pathogenic factors, new compounds, antimicrobial activity.
Field of study: Microbiology and Medical Virology.
The purpose of the research: To assess the antimicrobial activity of new compounds in order to
develop the principles for obtaining multicomponent drug products effective in the treatment of
infected trophic ulcers.
The research objectives: To determine the etiological spectrum of microorganisms isolated from
infected trophic ulcers; to highlight the antimicrobial resistance phenotypes and the pathogenicity
factors of microbial strains isolated from trophic ulcers; to perform a qualitative and quantitative
study of the new chemical and biological antimicrobial entities compared to the reference and
clinical microbial strains; to study the synergistic action of single-component substances and the
possibility to obtain multicomponent antimicrobial compounds; to determine the effects of new
single-component compounds and their combination on the manifestations of microbial
pathogenicity factors; to assess the biochemical changes of bacterial cultures under the action of
single-component and combined substances; to study the impact of biologically active compounds
on oxidative stress markers, antioxidant system and inflammatory patterns for the development of
potential drugs.
Scientific novelty and originality of the research: We report for the first time a comprehensive
study assessing the antimicrobial, antioxidant and immunomodulatory activity of new compounds,
as well as determining the microbial spectrum associated with the infected trophic ulcers and
activity of new compounds on microbial pathogenicity factors.
The scientific problem solved: The present research scientifically validated the activity of new
chemical and biological compounds on microorganisms isolated from infected trophic ulcers. It
contributes to developing the principles for the improvement of effective multicomponent drug
products in the treatment of infected trophic ulcers and for development of alternative anti-
infective strategies to prevent therapeutic failures and the emergence of antimicrobial resistance.
Theoretical significance and applicative value of the study: The research findings complement
the previous studies on the effect of chemical and biological compounds on the reference and
clinical strains isolated from trophic ulcers, as well as on the synergistic action of these compounds
by identifying combinations of compounds that might enhance the antimicrobial effect. At the
same time, new data were collected regarding the influence of new compounds on the
manifestations of enzymatic pathogenicity and microbial persistence factors. The obtained
evidence-based data can be used to develop alternative, anti-infective strategies and other
multicomponent drug compounds, thus providing both an empirical approach and scientific
evidence of their therapeutic properties. The obtained results allowed highlighting the
immunomodulatory effects of single and combined chemical and biological compounds by
determining their action on the spontaneous production of biochemical and immunochemical
indices. The study results regarding the antibiotic resistance patterns will enable updating of the
list of antimicrobials and organizing their justified procurement, as well as developing rational
control measures.
Implementation of scientific results. The results of the study were introduced within the
microbiological laboratories, the medical practice of the Health Centers, at surgery departments,
in teaching the Discipline of Microbiology and Immunology at the Department of Preventive
Medicine of "Nicolae Testemitanu™ SUMPh.
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AHHOTANUSA
B2JIAH I'pera
HOBBIE COEJJMHEHUS C BO3JEMCTBUEM HA MUKPOOPT AHU3MbI
N30JIMPOBAHHBIE U3 TPOOPNYECKHUX 3B

JAuccepranusi 10KTOpa MeAUUMHCKUX HAyK. Knumunes, 2022.
Crpykrypa: Baenenue, 0030p muTeparypbl, Marepuanbl M METOIbl HccieloBaHusA, 4
O3HAKOMUTENIbHBIX IJIaB, OOIIMEe BBIBOJBl M peKoMeHjauuu, Oubnuorpapus wu3z 350
HanMEHOBaHUH, 15 mpunoxenuit, 191 crpanun ocHoBHOTO Tekcra, 47 pucynkos, 40 Tabmui.
[Tonmy4yeHHbIe pe3yIbTaThI OITyOJUKOBAHbI B 77 HAYYHBIX CTATHAX.
KawueBble cioBa: Tpoduueckas s3Ba, IATOTCHHbIE (DAKTOPHI, HOBBIE COCIUHEHHUS,
AHTHUMUKPOOHOE JIEHCTBHE.
Cnenuanuzanusa: MUkpoOnoaorus, MeAULIMHCKAs: BUPYCOJIOTHUSI.
Ileab: olleHKa aHTUMUKPOOHON aKTUBHOCTH HOBBIX COEAMHEHHUH C Lenbio (HOPMYIUPOBKU
NPUHIUIOB pa3pabOTKH TOJMKOMIIOHEHTHBIX TpenapaToB, 3((EKTUBHBIX MPH JICYCHUU
UHQPHUIUPOBAHHBIX TPOYUIECKUX S3B.
3agaum padorbl: OnpeseneHue 3THOJOTMYECKOrO CIIEKTPa MUKPOOPTaHU3MOB, BBIJICIICHHBIX U3
UHQULUHUPOBAHHBIX  TpOPUUECKMX  5A3B;  BBIABICHHE  (PEHOTUIIOB  YCTOWYMBOCTH K
IPOTUBOMUKPOOHBIM IpenapataM M (AaKTOpPOB MAaTOTEHHOCTH IITaMMOB MHMKpPOOPTraHM3MOB,
BBIJICJIEHHBIX U3 TPO(UUECKUX SI3B; KAUECTBEHHOE U KOJIMYECTBEHHOE U3yUeHHE aHTUMUKPOOHOM
AKTUBHOCTH HOBBIX XUMHUYECKHX U OMOJOTMYECKUX COCTUHEHHUH M0 OTHOIIEHUIO K ATAIOHHBIM U
KJIMHUYECKUM IITaMMaM MUKPOOOB; U3yUEHHE CHHEPI€TUYECKOT0 JEHCTBHS 0JIHOKOMIIOHEHTHBIX
BEIIECTB M BO3MOYKHOCTH TMOJYYCHHS ITOJMKOMIIOHEHTHBIX COCIMHEHUH C aHTHMHUKPOOHBIM
JieicTBUEM; ONpeieTICHUE BIUSHUS HOBBIX OJJHOKOMIIOHEHTHBIX COEIMHEHUN 1 UX KOMOMHALIX Ha
nposiBieHue (aKTOpOB MATOTEHHOCTH MHKPOOPIaHU3MOB; OLIEHKA M3MEHEHHs] OMOXUMHUYECKUX
nokaszaresneil OaKTepHalbHBIX KyJIbTYp IOJA BIMSHUEM OIHOKOMIIOHEHTHBIX BELIECTB U HX
KOMOMHALMM; M3yYyeHUE BIUSHUS OHOJOTMYECKM AaKTUBHBIX COEIMHEHUH Ha MapKepbl
OKHCIIUTEIBHOTO CTPECCa, aHTUOKCHIAHTHYIO CUCTEMY.
HayuyHass HOBM3Ha M OPMI'MHAJBLHOCTB: BriepBble, HA OCHOBE KOMIUIEKCHOI'O HCCIIEAO0BAaHUS,
ObUIO OLIEHEHO aHTUMHUKPOOHOE, aHTUOKCHJIAHTHOE U HMMYHOMOAYJIUPYIOLIee 1eHCTBHE HOBBIX
COCMHEHUH, OIpPENEIeH CIEKTP MHMKPOOPIaHM3MOB, BOBJICYEHHBIX B 3THONATOICHE3
UHOUIHUPOBAHHBIX TPOPHUUECKUX 5A3B, U JIEMCTBUE HOBBIX COCIUHEHUN Ha (aKTOPbl MUKPOOHON
aTOT€HHOCTH.
Pemennass nHayunas 3agava: HayuHoe o0ocHOBaHME JEHCTBUS HOBBIX XHMUYECKUX U
OMOJIOTUYECKUX COEIMHEHUN Ha MMKPOOPraHW3MBbl, BBIICICHHBIX W3 WHQUIMPOBAHHBIX
TpopUUECKUX 3B. DTO CIOCOOCTBYET (HOPMYTUPOBAHUIO IPUHIIUIIOB pa3paboTKU 3P (HEKTUBHBIX
HOJMKOMITOHEHTHBIX NPEenapaToB 1Jis JeueHHst THPULIUPOBAHHBIX TpO(EI/I‘leCKI/IX 3B ¥ BBIpaOOTKe
aIbTEPHATUBHBIX IPOTUBOUH(EKIIMOHHBIX CTpaTerui, MIO3BOJISIOIINX n30exaTh
TeparneBTUYECKUX HeyJau U pa3BUTHs YCTOWYUBOCTU K MPOTUBOMUKPOOHBIM ITpernapaTam.
TeopeTnueckas 3HAUUMOCTb U IPUKIIAIHAS [IEHHOCTh UCCIEA0BAHUSA: PE3YJIbTAThl NCCIIEI0OBAaHUS
JOTIOHSIIOT MPEbIYIUe UCCIEA0BAHNS BIUSHUS XUMHUYECKUX M OMOJIOTMYECKUX COEAMHEHUN
Ha DTaJOHHBIE IITAMMBbI, KJIMHUYECKHE IUTAMMBbI, BbIIEJICHHbIE W3 TPOYUUYECKHX $3B, U
CHUHEPreTHYeCcKoe AECUCTBUE ITHX COEIUHEHMH IyTeM BBIABICHHMS KOMOWHAIMN COEIMHEHHH,
KOTOpbIE YCHJIMBAJIM NPOTUBOMHUKPOOHBIH 3¢ ¢dekt. OAHOBPEMEHHO HAKaIUIMBAJIMCh HOBBIE
JaHHblE O BIMSHMM HOBBIX COEIMHEHUN Ha OHKCIpeccrio (epMEHTAaTUBHBIX (HDaKTOPOB
MAaTOT€HHOCTHU U (PAKTOPOB MEPCUCTEHIIUU MUKPOOPTraHU3MOB. [loydeHHbIe TaHHbIE MOTYT OBITh
UCIOJb30BaHbl B KAauecTBE  JIOKA3aTeabCTBA  JUISL  MOJYYEHHsS  ajJbTepHATUBHBIX
IPOTUBOMH(EKIIMOHHBIX CTPATETHH U APYTHX MOJIUKOMIOHEHTHBIX CO€IMHEHHUM, TAKUM 00pa3oM
oOecrieunBasl UX HE TOJIBKO SMIUPUYECKOE HCIOJIb30BAHHWE, HO M OCHOBAaHHOE Ha HAy4HBIX
JaHHBIX MX TepaneBTUUECKue cBoiicTBa. [lomydeHHblE pe3yabTaThl NO3BOJIMIM BBIIEIHUTH
MMMYHOMOIYJIMPYIOIIee JeHCTBHE XUMUUYECKUX U OMOJIOTHYECKUX COETUHEHUH 0 OT/IEIbHOCTH
U B KOMOWHAIMH, OIpeNeiauB AEHCTBHE 3THUX COEIUHEHWIl Ha CIOHTAaHHYIO BBIPAOOTKY
OMOXMMHYECKMX W HMMMYHOXMMHYECKHMX IOKa3zareneil. Pe3ynpraThl, Kacaromuecsi MaTTEpHOB
YCTOMUMBOCTH K AaHTUOMOTHKAM, MOCIYXaT JI0Ka3aTeJIbCTBOM il OOHOBIIEHHS CIIMCKa
IPOTUBOMHUKPOOHBIX MpPENapaToB M OpPraHM3alMU MX OOOCHOBAaHHOM 3aKyNKH, pa3pabOTKu
NIOCJIE0BATENBHBIX MEP KOHTPOJIS.
BHenpenue Hay4yHbIX pe3yabTaToB. Pe3ynbrarhl HccleoBaHUS ObUIM  BHEJPEHBI B
NEeSTENIbHOCTh ~ MUKPOOMOJIOTHYECKUX  JlabopaTopuii, Bpauell  MEAMIMHCKUX LIEHTPOB,
XUPYPru4ecKuX OTHEeNeHUH, B y4eOHBId mporecc mno JlUcuMIIIMHE MHUKPOOHONOTHS U
umMMmyHosorust  [lemapramenta mpodunaktudeckod  memuiunbl, KIYMu®  «Hukonae
Tecremuuany».
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