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Abstract. Background. The situation regarding the prevalence of resistant pathogens, types of f-lactamase products,

and, accordingly, the justification of rational approaches to antibacterial therapy in Ukraine remains insufficiently
studied. Objective: based on the determination of the etiological structure of the causative agents of hospital infections
in the Kharkiv region and the state of their resistance due to the production of -lactamases, to propose rational
approaches to antibacterial therapy and assess the feasibility of using aztreonam as a potentially effective mean of
treating infections caused by resistant bacteria. Materials and methods. In 251 patients, samples of biomaterials
were tested by the polymerase chain reaction for the presence of the following gram-negative pathogens: P.aeruginosa,

Enterobacter, E.coli, K.pneumoniae, Proteus spp. and A.baumanii. A molecular genetic study was also conducted to
identify certain types of f-lactamases. Results. In the structure of hospital pathogens, the absolute majority of gram-
negative bacteria belong to the enterobacteria family. When determining the profile of f-lactamases, we found that
in 59.38 % of cases, E.coli was able to produce metallo-f-lactamases, which makes the therapy with carbapenems
or ceftazidime-avibactam impossible. An alternative in such cases is a combination of aztreonam and ceftazidime-

avibactam. When the causative agent K.pneumoniae is detected, in some cases there may also be a need for combined
therapy with the use of aztreonam. It was found that Enterobacter spp. in most cases is sensitive to carbapenems.

A.baumanii is completely insensitive to carbapenems and requires alternative approaches to antibacterial therapy,

including aztreonam, ceftazidime-avibactam, and polymyxins. P.aeruginosa was found only as part of polymicrobial
associations, so it was impossible to analyze its f-lactamase production profile. Conclusions. The results of the
conducted study demonstrate an extremely high detection of gram-negative antibiotic-resistant pathogens in patients
of the intensive care units in the Kharkiv region. Microorganisms such as E.coli and A.baumanii have the most
unfavorable profile of antibiotic resistance, which is due to the high frequency of production of serine carbapenemases
and metallo-3-lactamases, whose presence makes the effective use of carbapenems impossible.
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Introduction

The rate of diseases caused by polyresistant pathogens has
accelerated dramatically in recent years. Previously, it was
believed that bacterial antibiotic resistance was encountered
mainly in hospital patients, especially in the intensive care
units. However, there is now increasing reports of resistant
strains in patients with community-acquired infections. For

instance, there is a rapid spread of fluoroquinolone-resistant
strains of Salmonella spp. and Shigella spp., polyresistant
S.pneumoniae, methicillin-resistant S.aureus [1, 2]. There are
even reports that polyresistant P.aeruginosa, K.pneumoniae,
A.baumanii, and methicillin-resistant S.aureus could be the
cause of 3.3 to 7.6 % community-acquired pneumonia cases
in some European countries [3]. These microorganisms,
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resistant to carbapenems and producing extended-spectrum
B-lactamases, are classified by WHO as critical in terms of
danger. In particular, these bacteria are among the so-called
ESKAPE pathogens.

The current state of antibiotic resistance has three grada-
tions of severity, namely:

— multidrug resistant — acquired nonsusceptibility to
at least one agent in three or more antimicrobial categories;

— extensive drug resistant — nonsusceptibility to at least
one agent in all but two or fewer antimicrobial categories;

— pandrug resistant — nonsusceptibility to all agents in
all antimicrobial categories.

Carbapenem-resistant Enterobacteriaceae, as defined by
the US Centers for Disease Control and Prevention, are
pathogens that non susceptible to at least one of the following
antibiotics: meropenem, imipenem, doripenem, or ertape-
nem. Also, they are resistant to all third-generation cepha-
losporins; associated with high mortality (up to 40—50 %);
resistant to other groups of drugs; pandrug-resistant strains
of K.pneumoniae are registered.

The main mechanisms of inactivation of antibacterial
drugs in gram-negative pathogens are considered to be efflux
pumps, modification of porin proteins, and production of
various B-lactamases. According to WHO, in the European
Union and the USA, antibacterial resistance leads to more
than 20,000 fatal cases and costs the economies of these
regions from 1.5 to 20 billion in direct losses annually [4].

The most accessible for clinical assessment of resistance
of pathogens are f-lactamases. It is known that they can
belong to four groups — A, B, C, D [5]. The most concern
worldwide is caused by the spread of carbapenemases, which
are increasingly found in gram-negative bacteria, namely:
P.aeruginosa, Enterobacteriaceae spp. and A.baumanii. The
presence of such enzymes in pathogens makes them resis-
tant to any carbapenems. Carbapenemases include class A
serine enzymes (KPC — Klebsiella pneumoniae carbapene-
mase; imipenem-hydrolyzing f-lactamase; GES — Guiana
extended-spectrum p-lactamase), class D OXA enzymes
and metallo-B-lactamases (MBL) of class B(NDM — New
Delhi metallo-B-lactamase; VIM — Verona integron-borne
metallo-p-lactamase; IMP — imipenem-resistant Pseudo-
monas carbapenemase, etc.) (according to Ambler) [5]. The
problem of treating infections caused by serine carbapene-
mase producers was solved by introducing into clinical prac-
tice beta-lactam antibiotics protected by new -lactamase
inhibitors (avibactam, vaborbactam, relebactam), which
also protect antibacterial agents from extended-spectrum
B-lactamases [6]. The only such drug available in Ukraine
is ceftazidime-avibactam. However, the situation is much
worse with producers of class B metallo-f-lactamases, as
none of the new and old B-lactamase inhibitors can protect
neither penicillins, nor cephalosporins, nor carbapenems
from hydrolysis by enzymes of this class. Therefore, until
recently, in the treatment of patients infected with bacteria-
producing metallo-f-lactamases, it was only possible to rely
on the use of tigecycline and polymyxins whose effectiveness
is quite limited. Thus, Kagami K. et al. (2020) state that
therapy of resistant gram-negative infections with colistin
had clinical success in only 60 % of patients, and micro-
biological eradication was achieved in only 42.9 % of cases.

It is worth noting that in 47.6 % of patients, nephrotoxicity
developed [7]. According to Garg S.K. et al. (2017), the
effectiveness of monotherapy with polymyxin B in patients
with infections caused by extensive drug-resistant A.baumanii
was 33.3 %, and with tigecycline — 28.6 % [8]. The effec-
tiveness of monotherapy with polymyxin B in patients with
infections caused by carbapenem-resistant K.pneumoniae
is also unsatisfactory, as the 30-day mortality was 48.7 %
[9]. So, we are forced to conclude about the unsatisfactory
effectiveness of these drugs. However, in the difficult situa-
tion associated with the treatment of infections caused by
metallo-B-lactamase-producing pathogens, a new hope has
appeared for the well-known monobactam antibiotic aztreo-
nam. Widely used in the 1980s and 1990s, this drug began
to lose clinical significance due to instability to hydrolysis
by extended-spectrum f-lactamases, AmpC B-lactamases,
and serine carbapenemases. But this antibiotic has a unique
property, a resistance to metallo-f3-lactamases and even the
function of their inhibitor, that is, the ability to protect other
B-lactam antibiotics from the influence of these enzymes.
The editorial comment “Aztreonam Combination Therapy:
An Answer to Metallo-p-Lactamase-Producing Gram-
Negative Bacteria?” states that aztreonam has the ability
to unproductively bind to metallo-p-lactamase molecules
and is a promising tool for solving the problem of this type
of resistance [10]. The condition for conducting effective
therapy of infections caused by gram-negative bacteria —
metallo-B-lactamase producers is the protection of aztreo-
nam by a new inhibitor avibactam, which led to the release
of a new combined antibiotic aztreonam-avibactam, which
is unfortunately not registered in Ukraine. A systematic re-
view and meta-analysis of 35 in vitro and 18 in vivo studies of
the combination of aztreonam and avibactam for the treat-
ment of infections caused by gram-negative MBL-producing
pathogens demonstrated that the high antibacterial activity of
aztreonam-avibactam was observed at a minimum inhibitory
concentration of 4 mg/1 in relation to 80 % of Enterobacteria-
ceae MBL producers, 85 % of Stenotrophomonas, and 6 % of
Pseudomonas MBL producers. Clinical data on the treatment
of 94 patients, 83 % of whom had bacteremia, demonstrated
the 30-day survival of 80 % [11]. But the possibility of using
combined therapy with aztreonam and ceftazidime-avibac-
tam, imipenem-relebactam, or meropenem-vaborbactam is
also being considered. Of the listed combinations, only the
combination of aztreonam and ceftazidime-avibactam is
available in Ukraine. Falcone M. et al. (2020) report on the
treatment of 102 patients with bloodstream infections, which
in 82 cases were caused by f-lactamase NDM producers (79
K.pneumoniae and 3 E.coli), in 20 — by p-lactamase VIM pro-
ducers (14 K.pneumoniae, 5 Enterobacter spp., | M.morganii).
The 30-day mortality was 19.2 % in patients treated with the
combination of ceftazidime-avibactam and aztreonam and
44 % in the comparator group (colistin, tigecycline, fosfomy-
cin, gentamicin, and meropenem) (p = 0.007) [12]. It is also
reported that the combination of ceftazidime-avibactam and
aztreonam provides a synergistic effect against carbapenem-
resistant Enterobacteriaceae in 97.5 % of cases [13].
Therefore, numerous literature data demonstrate the
presence of a complex problem of resistance to carbape-
nems in the world, which is further growing in the context of
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the COVID-19 pandemic [14]. A series of studies shows that
infections caused by carbapenem-resistant gram-negative
bacteria are characterized by a 2—3 times higher mortality
rate than those caused by carbapenem-sensitive pathogens
[15, 16]. However, the situation regarding the prevalence of
resistant pathogens, types of B-lactamase production, and,
accordingly, the justification of rational approaches to anti-
bacterial therapy in Ukraine remains inadequately studied.
This fact was the basis for conducting our study.

The purpose. Based on determining the etiological struc-
ture of pathogens of hospital infections in the Kharkiv re-
gion and the state of their resistance assessed by p-lactamase
production, to propose rational approaches to antibacterial
therapy and the appropriateness of using aztreonam as a
potentially effective mean of treating infections caused by
resistant bacteria.

Materials and methods

To achieve the set goal, we have examined data from
251 patients with clinical-laboratory signs of sepsis. They
were treated in the intensive care units of Kharkiv hospitals
(Kharkiv Regional Clinical Infectious Hospital, Kharkiv
Regional Children’s Clinical Infectious Hospital, Kharkiv
Regional Clinical Hospital, Kharkiv Regional Children’s
Clinical Hospital, Kharkiv Regional Oncology Center,
Kharkiv City Clinical Hospital, and other municipal hospi-
tals) during 2020—2021. We conducted laboratory studies of
material samples (blood, tracheobronchial content, pus from
the pleural and joint cavities, cerebrospinal fluid, wound
content, urine) using the polymerase chain reaction method
for the presence of the following gram-negative pathogens:
P.aureginosa, Enterobacter, E.coli, K.pneumoniae, Proteus
spp., and A.baumanii. The diagnosis of sepsis was made based
on the consensus criteria of the Surviving Sepsis Campaign
2021 [17]. Molecular genetic research was also carried out to
determine the following types of p-lactamases: DHA-AmpC,
KPC, GES, VIM, NDM, IMP, OXA-10 like, OXA-23 like,
OXA-40 like, OXA-48 like. All studies were conducted on the
CFX96 Real-Time PCR Detection System (Bio-Rad, USA)
using the appropriate resistomes.

Results

The material under study was obtained from 218 blood
samples, 15 tracheobronchial content samples, 10 joint fluid
samples, 6 urine and pleural content samples, 1 cerebrospinal
fluid sample, and postoperative wound content.

The structure of hospital pathogens is presented in
Table 1. From it, the absolute majority of DNA of gram-neg-
ative bacteria belongs to the Enterobacteriaceae family. The
total number of DNA samples obtained (360) is greater than
the number of patients examined (251) due to the presence
of polymicrobial associations in some cases. In 24 patients,
the material obtained did not contain DNA of gram-negative
pathogens. Polymicrobial associations were identified in 124
samples.

To determine the profile of B-lactamase production,
a study of their structure was conducted in those samples
where DNA of one of the Enferobacteriaceae pathogens was
detected, but not a polymicrobial association. Regarding
FE.coli, such samples were found in 32 cases. The structure
of B-lactamase resistomes of E.coli is presented in Table 2.

From the Table 2, it is evident that in 56.25 % of cases,
E.coli was a producer of AmpC B-lactamases, which excludes
the possibility of using cephalosporins not protected by in-
hibitors. Class A serine carbapenemases were produced in
87.5 % of cases, which excludes the possibility of effective use
of carbapenems but gives reason to rely on effective therapy
with ceftazidime-avibactam. However, we must state that in
59.38 % of cases, E.coli was capable of producing metallo-
B-lactamases, which makes the use of both carbapenems
and ceftazidime-avibactam impossible. The only alternative
therapy in such cases is the combination of aztreonam and
ceftazidime-avibactam.

DNA of K.pneumoniae without combination with
other pathogens was found in 25 patients. The structure
of B-lactamase resistomes of K.pneumoniae is presented in
Table 3.

Table 3 demonstrates that in 32.0 % of cases,
K.pneumoniae was a producer of AmpC B-lactamases. Class
A serine carbapenemases were produced in 20.0 % of cases.
Only in 8.0 % of cases, K.pneumoniae was capable of produ-

Table 1. Etiological structure of hospital pathogens

Pathogen K.pneumoniae E.coli Enterobacter A.baumanii P.aeruginosa
Amount 125 120 90 14 11
Table 2. Structure of B-lactamase production in E.coli
AmpC Class A serine Class D Class B
P carbapenemases serine carbapenemases metallo-B-lactamases
. OXA-10 | OXA-23 | OXA-40 | OXA-48
The resistome DHA KPC GES like like like like NDM VIM IMP
Amount 18 16 12 1 0 0 0 5 14 0
Table 3. Structure of B-lactamase production in K.pneumoniae
AmopC Class A serine Class D Class B
P carbapenemases serine carbapenemases metallo-B-lactamases
: OXA-10 | OXA-23 | OXA-40 | OXA-48
The resistome DHA KPC GES like like like like NDM VIM IMP
Amount 8 2 3 1 0 0 0 0 2 0
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Table 4. Structure of B-lactamase production in Enterobacter spp.

AmoC Class A serine Class D Class B
P carbapenemases serine carbapenemases metallo-B-lactamases
; OXA-10 | OXA-23 | OXA-40 | OXA-48
The resistome DHA KPC GES like like like like NDM VIM IMP
Amount 5 1 0 0 0 0 0 0 0 0
Table 5. Structure of B-lactamase production in A.baumanii
AmoC Class A serine Class D Class B
P carbapenemases serine carbapenemases metallo-B-lactamases
; OXA-10 | OXA-23 | OXA-40 | OXA-48
The resistome DHA KPC GES like like like like NDM VIM IMP
Amount 4 3 0 1 2 4 4 1 1 0

cing metallo-B-lactamases. Thus, it can be thought that this
pathogen has a better profile of sensitivity to carbapenem
group antibiotics, but in individual cases may also require
combined therapy using aztreonam.

DNA of Enterobacter spp. without combination with
other pathogens was found in 12 patients. The structure of
B-lactamase resistomes of Enterobacter spp. is presented in
Table 4.

From the Table 4, it is evident that in 41.7 % of cases,
Enterobacter spp. were producers of AmpC B-lactamases.
Class A serine carbapenemases were found in only one case
(8.3 %). Production of metallo-B-lactamases was not de-
tected at all. Thus, it can be thought that this pathogen is
predominantly sensitive to carbapenems.

DNA of A.baumanii without combination with other
pathogens was found in 4 patients. The structure of

B-lactamase resistomes of A.baumanii is presented in
Table 5.

Table 5 shows that A.baumanii in all cases was a producer
of AmpC B-lactamases and class D serine carbapenemases.
In 50 % of cases, it was also capable of producing metallo-
B-lactamases.

Therefore, this pathogen is absolutely insensitive to car-
bapenems and requires alternative approaches to antibacte-
rial therapy, including the use of aztreonam, ceftazidime-
avibactam, and polymyxins.

P.aeruginosa was encountered only as part of polymi-
crobial associations, hence an analysis of its f-lactamase
production profile was impossible.

In addition to assessing the resistance of individual
gram-negative bacteria, we find it appropriate and useful
to look at the general profile of f-lactamase production for

120

100

80

60

40 —

20 —

Amount

Figure 1. General profile of B-lactamase production for all pathogens
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all pathogens (Fig. 1). From it, it is evident that in 39.0 %
of cases, there was the production of AmpC B-lactamase,
in 41.4 % — class A serine carbapenemases, in 51.0 % —
class B metallo-p-lactamases, and in 14 % — class D serine
carbapenemases. Therefore, an extremely unpleasant
conclusion can be drawn about the end of the carbapenem
era in the intensive care units of Kharkiv hospitals, which
can probably be extrapolated to Ukraine as a whole. Chaotic
antibacterial therapy, antibacterial therapy in patients who
do not need it, indiscriminate abuse of third-generation
cephalosporins and carbapenems, lack of adequate
microbiological control and epidemiological surveillance
have led to the critical spread of antibiotic-resistant strains.

Discussion

The data we obtained for the first time in Ukraine testify
to the extremely high prevalence of gram-negative pathogens
as agents of hospital infections and sepsis in the intensive care
units. The most significant among them are enterobacteria,
capable of producing various B-lactamases, including class
A serine carbapenemases and non-fermenting pathogens —
producers of class D serine carbapenemases. In every se-
cond patient, strains are found that have resistomes of class
B metallo-B-lactamases. The results of our work demonstrate
a much greater prevalence of critical antibiotic resistance as-
sociated with the production of all classes of carbapenemases
than in the countries of the European Union. This situation
can be considered catastrophic, which, including through the
widespread and unjustified prescription of antibiotics for the
treatment of patients with COVID-19, leads to the develop-
ment of an antibiotic resistance pandemic in the intensive
care units, an extraordinary increase in the cost of treating
patients with hospital infections, and, very regrettably, to an
increase in hospital mortality. The only direction to curb this
catastrophe is to ensure strict monitoring of antibiotic pre-
scriptions, create commissions with the participation of cli-
nical pharmacologists, create passports of antibiotic resis-
tance for each hospital institution, apply modern bacterio-
logical analyzers to optimize the possibilities of antibacterial
therapy, and establish control over the state of asepsis in the
intensive care units. It should be noted that inadequate pre-
scription of antibiotics is one of the main mistakes in the
intensive care units [18]. The authors hope that finally do-
mestic anesthesiologists and doctors of other specialties will
also understand the importance of this problem.

Conclusions

Growing antibiotic resistance is a challenge for health
care systems worldwide, and for a country like Ukraine,
which suffers from constant underfunding of the medical
system, it can become a real catastrophe.

The results of the study conducted demonstrate an ex-
tremely high detection of gram-negative antibiotic-resis-
tant pathogens in patients of the intensive care units in the
Kharkiv region.

The most unfavorable profile of antibiotic resistance is
possessed by microorganisms such as E.coli and A.baumanii,
which is determined by the high frequency of production of
serine carbapenemases and metallo-p-lactamases, whose pre-
sence makes the effective use of carbapenems impossible.
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POAb 03TPEOHAMY B PALIOHAABHIN AHTUOAKTEPIAABLHIN Tepanii Pe3UCTEHTHUX FTOCRITAAbHUX IHDEKUIN,
BUKAUKAHUX FPAMHEratmpHMmMmn 6aktepismu. Hose XXUTTS BIAOMOro 3-AaKTamy

Pestome. Axmyaavnicms. Cutyaliist 111010 TTOLIMPEHOCTI Pe3UC-
TEHTHUX 30yHUKIB, TUIiB MPOAYKLIl B-JlaKkTama3 Ta, BiMOBiIHO,
OOI'PYHTYBaHHS pallioOHAJIbHUX ITiIXOMIiB 10 aHTUOAKTepiaabHOT
Teparii B YKpaiHi 3aJUIIIaETbCSI HEIOCTaTHLO BUBYEHOIO0. Mema:
Ha IiJcTaBi BU3HAYEHHSI €TiOJOTiYHOI CTPYKTYpU 30YAHUKIB rOc-
niTaabHUX iHpekuiil y XapKiBCbKOMY perioHi Ta ctaHy ix pe3uc-
TEHTHOCTi, 00YMOBJIEHOI MPOAYKIIi€l0 B-TaKTaMas, 3arporioHyBaTh
palioHaJbHi MiAX0au 10 aHTUOAKTepiaJlbHOI Tepalrii Ta OLiHUTHU
JOLIJIBHICTh BUKOPUCTAHHSI a3TPEOHaMy SIK MOTEHLIHO e(eK-
TUBHOTO 3aco0y JIiKyBaHHs iH(bEK1ii, BUKIMKAHUX CTIHKUMU
Oakrepisimu. Mamepiaau ma memodu. Y 251 maiieHTa METOIOM
MoJliMepa3Hoi JIaHIIOTOBOI peakliii 0yJ0 BUBUEHO 3pa3ku 0io-
MaTepialliB Ha HasiBHICTb HACTYITHUX I'PaMHEraTUBHUX 30y IHUKIB:
P.aeruginosa, Enterobacter, E.coli, K.pneumoniae, Proteus spp. Ta
A.baumanii. Takox MPOBOAMIOCS MOJIEKYJISIpHE-TEHETUUHE J10-
CITIIKEHHSI 1711 BU3HAYEHHS TIEBHUX TUTIB P-JlakTamas. Pe3yas-
mamu. Y CTPYKTYpi rOCHiTaIbHUX 30YTHUKIB a0COJIIOTHA OLIbIICTD
rpaMHEraTHBHUX OaKTePiii HAJIEKUTh 10 POAMHU EHTEPOOAKTEPid.
[pu BusHaueHHi npodinio B-1akTamas BUSIBIEHO, 110 B 59,38 %
BUMNAAKiB F.coli Oyna 31aTHA MPOAYKYBAaTU METalo-f-1akTamasu,
110 YHEMOXKJIMBIIIOE Teparlilo KapbarneHeMaMu abo LehTa3uam-
MOM-aBibaKTaMOM. AJIBTEPHATUBOIO B TAKMX BUIAIKaX € KOMOi-

Hallisl a3TpeoHamy Ta LedTazuaumy-aBioakTamy. [1pu BusiBieHHi
30ynHuKa K.pneumoniae B OKpEMUX TALlIEHTIB TAKOX MOXKe OyTH
rmorpeba B KOMOiHOBaHili Tepartii 3 BUKOPUCTaHHSIM a3TpeOHaMy.
YcraHoBneHo, 110 Enterobacter spp. y IlepeBaXKHili OiLIbIIOCTI BU-
MajKiB € YyTJIUBUM J0 KapOaneHeMiB. A.baumanii € abCONIOTHO
HEYYTJIMBUM 10 KapOareHeMiB, 1110 MOTpedye albTepHaTUBHUX
IMIXOMiB 10 aHTUOAKTepiaIbHOI Tepallii 3 BKIIIOUEHHSIM a3Tpeo-
Hamy, edTazuaumMy-aBidakTamMy Ta NONiIMiKCUHIB. P.aeruginosa
3ycTpiyaBcsl JIMIIE B CKJIai MOJiIMiKpOOHHUX acollialliii, oTxxe, BU-
KOHATH aHali3 podiiio NpoayKiii B-akramas 0yJ10 HEMOXITMBO.
Bucnoeku. 3a pe3ynbratramMu MpoOBEIESHOTO MTOCIIIKEHHS TTpojie-
MOHCTPOBAHO HaA3BUYATHO BUCOKHMIA TPOLIEHT BUSIBIICHHSI IpaM-
HEeraTUBHUX aHTUOIOTUKOPE3UCTEHTHUX 30YAHUKIB y Talli€HTIB
BilIiIeHb iIHTEHCUBHOI Teparlii XapkiBcbKoro periony. Haitoinbii
HECHPUSITIUBUMN TPOdiib aHTUOIOTUKOPE3UCTEHTHOCTI MaIOTh
Taki MiKpoopraHi3mu, siK E.coli Ta A.baumanii, 110 00YMOBJIEHO
BMCOKOIO YaCTOTOIO MPOAYKILil HIMU CEpMHOBUX KapbarneHeMas Ta
MeTajo-f-1akramas, HassBHICTb SIKMX YHEMOXJIUBIIIOE e(heKTUBHE
BUKOPUCTAHHS KapOaIieHeMiB.

KirouoBi ciioBa: rpamueratuBHa iHdeKLis; B-I1aKTaMa3u; aHTH-
0iOTMKOPE3UCTEHTHICTh; aHTUOAKTepiaabHa Teparlisi; BiaIiIeHHS
iHTeHCcHBHOI Teparii
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